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Mucopolysaccharidosis type I (MPS I) is a metabolic disorder
characterized by a deficiency in a-L-iduronidase (IDUA), lead-
ing to impaired glycosaminoglycan degradation. Current
approved treatments seek to restore IDUA levels via enzyme
replacement therapy (ERT) and/or hematopoietic stem cell
transplantation (HSCT). The effectiveness of these treatment
strategies in preventing neurodegeneration is limited due to
the inability of ERT to penetrate the blood-brain barrier
(BBB) and HSCT’s limited CNS reconstitution of IDUA levels.
We reprogrammed human cord blood cells into induced
pluripotent stem cells (iPSCs), differentiated them into human
induced neural stem cells (hiNSCs), and sorted them using
fluorescence-activated cell sorting (FACS). Our in vitro studies
showed that these hiNSCs can migrate and cross-correct IDUA
deficiency. Purified hiNSCs were then transplanted into
neonatal immunodeficient MPS I mice (Idua�/�). Analysis of
brain tissue obtained 8 months after transplantation showed
partially restored IDUA activity, with distribution and differ-
entiation of engrafted hiNSCs throughout the brain into glial
cell types. The presence of engrafted hiNSCs was associated
with decreased levels of biomarkers commonly elevated in the
Idua�/� mouse brain, such as b-hexosaminidase, CD68, and
LAMP1, suggesting physiological efficacy. These results high-
light the potential of hiNSCs for use as a patient-specific
cellular therapy for MPS I.

INTRODUCTION
Mucopolysaccharidosis type I (MPS I; MIM: 607014-6) is a rare auto-
somal recessive lysosomal storage disorder caused by a deficiency of
the enzyme a-L-iduronidase (IDUA; Enzyme Commission [EC] num-
ber: 3.2.1.76). Lack of this enzyme impairs the degradation of complex
glycosaminoglycans (GAGs), heparan sulfate (HS), and dermatan sul-
fate, causing subcellular accumulation, which in turn triggers a cascade
leading to tissue damage and organ dysfunction, including neurode-
generation.1,2 The current approved treatments forMPS I include allo-
geneic hematopoietic stem cell transplantation (HSCT) and enzyme
replacement therapy (ERT) with recombinant human (rh)IDUA.3

Both treatments exogenously supplement the deficient IDUA and
enrich enzyme-deficient cells via mannose-6-phosphate receptor-
mediated internalization to facilitate GAG clearance.4,5
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Thus far, ERT has been the standard of care for MPS I6; however,
there is limited or no CNS penetration by the enzyme because of
the blood-brain barrier (BBB).3 Additionally, patients may develop
immunoglobulin G (IgG) antibodies against rhIDUA from ERT
over time.3 While HSCT is considered the standard of care for MPS
IH (Hurler syndrome, the severe phenotype of MPS I) and optionally
for MPS I-Hurler/Scheie syndrome (the attenuated phenotype of
MPS I), HSCT has shown limited neurocognitive benefit, resulting
in survivors with continued learning disabilities and below-average
cognition scores, even with early transplantation.7,8 The overall effi-
cacy of these treatments in preventing or slowing the progression of
neurodegeneration remains constrained by their limited ability to
penetrate the BBB.

Consequently, there has been a surge in exploring novel alternative
treatments to circumvent the BBB, not only for MPS I but also for
other neuropathic MPS diseases such as MPS II (Hunter syndrome),
MPS III (Sanfilippo syndrome), and MPS VII (Sly syndrome). The
aim for these neurogenic gene and cellular therapies is to repair
and regenerate cells in the brain, thereby providing functional
improvement in CNS-related diseases.9 These alternative treatments
include gene therapy10 and other direct neural stem cell (NSC) trans-
plants that have shown potential to correct disease with varying
promising results.11–18 A cord blood-derived, induced pluripotent
stem cell (iPSC)-derived neurogenic cellular therapy may provide a
more readily available and long-term IDUA supplementation to the
CNS for refractory neuropathic MPS IH and would serve as a comple-
ment to HSCT therapies to better protect the CNS.19

In our previous studies, human cord blood cells were reprogrammed
into iPSCs and differentiated into human induced NSCs (hiNSCs).20
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Figure 1. Purification and characterization of hiNSCs derived from iPSC

(A) Fluorescence-activated cell sorting (FACS) analysis of hiNSCs. CD184+/CD44�/CD271�sorting captured approximately 75.7% of the hiNSC population (top). After

4 months, approximately 89.44% of these previously sorted hiNSCs retained CD184 expression (bottom), indicating stability in the expression profile over time. (B)

Immunocytochemistry staining for NSC markers Nestin, PAX6, SOX1, and SOX2 alongside CD184, a marker for migration capacity. Notably, the absence of OCT3/4,

typically found in induced iPSCs, confirms the differentiated nature of the NSCs. Scale bar, 50 mm. (C) Cell migration assay. CD184+ hiNSCs grew and migrated primarily

toward chemoattractant SDF-1a (100 ng/mL) (yellow arrow; left chamber) after 72-h incubation. Scale bar, 100 mm. (D) hiNSC transwell co-culture assay. Left graph:

intracellular IDUA activity was significantly increased inMPS I-NSCs cross-corrected (light gray) with hiNSCs (dark gray), compared to uncorrected MPS I-NSCs (black). Right

graph: GAG levels were significantly reduced in cross-corrected MPS I-NSCs, while GAG levels remained 2-fold higher in uncorrected MPS I-NSCs, with minimal amounts of

enzyme activity as seen in the left graph. Data from biochemical assays are presented as mean ± SD. Statistical significance is denoted by asterisks (**p < 0.01;

****p < 0.0001; ns, not significant).
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To further explore the potential applications of hiNSCs as a comple-
mentary cellular therapy to alleviate lysosomal dysfunction in the
CNS, we sought to increase the purity of the hiNSC population.
This was accomplished using fluorescence-activated cell sorting
(FACS) to enrich a CD184-expressing subset, while excluding cells
expressing CD44 and CD271.21 We selected CD184 as a surface
marker for hiNSC because CD184 and its ligand, SDF-1a (stromal
derived factor 1a, CXCL12), guide hiNSC migration, which is crucial
for in vivo applications.22,23 Cells expressing CD44 and CD271 were
excluded to mitigate the risk of spontaneous differentiation into other
ectodermal lineage cell types, thereby maintaining the sorted cells’
status as NSCs.21

CD184-enriched hiNSCs were then transplanted into neonatal
immunodeficient Idua�/� mice24 and allowed to engraft for
8 months. Brain tissue sections of treated mice were stained with
a human-specific antibody, and the observed staining pattern
showed that transplanted hiNSCs had migrated and engrafted in
the mouse brain, differentiated into glial lineage cells, and partially
restored IDUA enzymatic activity. This engraftment led to the
reduced expression of biomarkers commonly elevated in MPS I
mice such as b-hexosaminidase (b-hex), CD68, and LAMP1.
Importantly, no evidence of tumors was seen. These outcomes sug-
gest that engrafted hiNSCs may be promising for future clinical
applications.
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RESULTS
Characterization of purified human iPSC-derived NSCs

hiNSCs generated from CD34+ cord blood cells from a healthy donor
were differentiated from iPSC as described previously,20 resulting in a
heterogeneous cell population. To refine and enrich a purified homo-
geneous population of hiNSCs for animal transplantation, the hetero-
geneous cell populations were analyzed and sorted using FACS for
cell surface markers CD184, CD44, and CD271. Among the pre-
sorted populations, approximately 75.7% were CD184+/CD44�/
CD271�; this subpopulation was further expanded in culture. To
test the stability of our CD184+/CD44�/CD271�enriched hiNSCs,
the sorted population was re-analyzed after multiple freeze-thaw cy-
cles and culturing after 4 months. The results showed that the hiNSC
population was stably maintained, with 89.4% of the population ex-
pressing the selection criteria of interest (Figure 1A). Karyotyping
of iPSCs prior to hiNSC differentiation and hiNSCs post-FACS
enrichment revealed no chromosomal abnormalities.

Post-sorted cells were further evaluated for conventionalNSC and iPSC
markers. Key NSC protein markers such as Nestin, PAX6, SOX1, and
SOX2 were detected, confirming the NSC-differentiated state of these
cells. Notably, the absence of OCT3/4, a marker of iPSCs due to its as-
sociation with pluripotency, in our hiNSC population affirms their
differentiated nature.25Moreover, CD184, the selectionmarker utilized
for hiNSC purification, was also positively expressed (Figure 1B).
er 2024



A

B

Figure 2. Biochemical evidence of therapeutic

effects in immunodeficient Idua–/– mice after hiNSC

transplantation

(A) IDUA enzyme activity quantification (U/mg protein) in

brain sections (refer to Figure S1D for further details), brain

1 + 2, brain 3, brain 4, and brain 5 + 6 for unaffected

carriers (+/�; n = 6, white), untreated Idua�/� (�/�; n = 6,

black), and transplanted Idua�/� (�/� Tx; n = 8, gray)

cohorts at 8 months post-hiNSC transplantation. Trans-

planted mice showed higher variability in brain 1 + 2 and

brain 3 IDUA activity. Each dot represents the measure-

ment from each animal. (B) b-Hexosaminidase (b-hex)

activity quantification (U/mg protein) from the same brain

sections in (A). In each brain region examined, b-hex ac-

tivity is significantly lower in transplanted mice, compared

to untreated mice. This decrease suggests functional

expression of IDUA by engrafted cells. Data are presented

as mean ± SD. Statistical significance is denoted by as-

terisks (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Enriched hiNSCs exhibited chemotaxis toward SDF-1a

To confirm the migratory capacity of purified CD184+ hiNSCs to-
ward their chemoattractant, SDF-1a, a gradient of SDF-1a (0–
100 ng/mL) was established across the ibidi m-Slide. Following a
72-h incubation period, a significant portion of proliferating hiNSCs
cultured in the center observation chamber demonstrated migration
toward the left chamber reservoir containing SDF-1a. This observa-
tion underscores the functionality of CD184 receptors on the surface
of our hiNSCs, which enabled their migration toward SDF-1a.
Conversely, minimal to no growth was noted in the direction of the
right chamber reservoir, which lacked SDF-1a (Figure 1C; Video S1).

Reduced GAG levels in NSCs derived from MPS I patient

IDUA and GAG levels were measured in NSCs derived from anMPS I
patient fibroblast cell line (GM00415; MPS I-NSCs) and in enriched
hiNSCs, were co-cultured in a Transwell culture system. No detectable
IDUA was seen in the cells or conditioned medium of cultured MPS
I-NSCs. IDUA activity, however, was detectable in both cells and
conditioned medium of hiNSCs. The results of Blyscan assays showed
a 2-fold increase in intracellular GAG accumulation in MPS I-NSCs,
compared to our hiNSCs. After 96-h incubation in the Transwell sys-
tem, a discernible amount of intracellular IDUA enzymatic activity was
detected in co-culturedMPS I-NSCs (approximately 10.2% of the activ-
ity observed in hiNSCs;MPS I-NSCs corrected in Figure 1D). Similarly,
after cross-correction, GAG levels in MPS I-NSCs significantly
decreased, approaching the levels observed in our hiNSCs. These find-
ings suggest that even modest amounts of restored IDUA in MPS
Molecular Therapy: Methods & C
I-NSCs are sufficient to mitigate abnormal
GAG accumulation levels in vitro (Figure 1D).

Assessment of hiNSC engraftment in

immunodeficient Idua–/– (NSGI) mice

To assess the distribution and subsequent
impact of hiNSCs on disease-associated neuro-
pathology in vivo, enriched hiNSCs were transplanted into neonatal
Idua�/� mice (Figure S1C). No adverse events were observed in the
treated animal cohort (n = 8) during the duration of this study.
IDUA and b-hex enzymatic activity in brain sections was assessed
at 8 months in hiNSC-treated NSGI mice, and in controls from
age-matched unaffected Idua+/� and untreated Idua�/� mice. Mean
levels of IDUA enzyme activity in each brain section homogenate
were undetectable in each untreated Idua�/� mouse, but ranged
from 1.09–1.56 U/mg protein, across sections, in unaffected Idua+/�

controls (p < 0.001 in brain 4–6, but not significant in brain 1–3
due to the higher variation in a small number of animals in the treated
group (Figure 2A). In hiNSC-treated NSGI mice, mean IDUA
enzyme activity varied across brain sections Figure 2A). Notably,
six of eight samples from the cerebellar area exhibited a significant in-
crease in IDUA activity (mean: 1.09 ± 0.27 U/mg protein) compared
to the same region in untreated Idua�/�mice. These levels were com-
parable to the average range observed in Idua+/� control mice. This
observation suggests a potential correlation between the observed in-
crease in IDUA activity and proximity to the three sites used for intra-
parenchymal transplantation to the cerebellar area (Figure 2A).

Measurements of b-hex enzyme activity were also used to assess the
effect of hiNSC engraftment on the MPS I disease phenotype. Brain
homogenate from untreated Idua�/� mice showed a consistent 1.7-
to 2.8-fold increase in b-hex enzyme activity compared to age-
matched unaffected Idua+/� controls (p < 0.001). In Idua�/� mice
that received a single neonatal hiNSC transplantation, b-hex enzyme
linical Development Vol. 32 December 2024 3
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Figure 3. Distribution of hiNSC in immunodeficient Idua–/– mice 8 months post-transplantation

Immunohistochemical staining of STEM121 is shown in representative animal images. Positive STEM121 signal was observed in olfactory bulb (OB), midbrain (MB), cer-

ebellum (CB), and pons/medulla (P/MD). Full brain scan images (top) and selected regions of interest (bottom) show broad distribution of engrafted hiNSCs across multiple

brain regions. For each full-brain image, selected regions below (left) are 10�magnification and further expanded to 40�magnification for detailed examination (right). Scale

bars, 50 mm.
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activity was significantly reduced in all brain sections, compared to
the corresponding brain section in untreated Idua�/� mice
(p < 0.01). b-Hex enzyme activity in treated Idua�/�mice approached
the level observed in unaffected Idua+/� controls (Figure 2B).

Distribution and differentiation of engrafted hiNSCs

To further investigate the distribution and characteristics of engrafted
cells, brain sections harvested from transplanted Idua�/� mice were
probed with STEM121, an antibody specific for human cytoplasmic
protein. Positive STEM121 staining thus marks hiNSCs that have suc-
cessfully migrated and differentiated in the Idua�/�mouse brain after
the initial transplantation. Strong STEM121 staining was observed
throughout the brain in hiNSC-engrafted mice, particularly in areas
such as the olfactory bulb, midbrain, cerebellum, pons, and medulla
(Figure 3). This pattern of expression was consistent with the
observed pattern of restored IDUA enzymatic activity, as shown in
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
Figure 2. Additionally, these human cells in various areas of the brain
were observed to display multiple processes, suggesting the potential
differentiation of the hiNSCs after engraftment (Figures 3 and 4).

In addition to STEM121 staining, we explored STEM123, a marker
specific to human glial fibrillary acidic protein (GFAP), to assess
the differentiation status of hiNSCs in treated mouse brains. Human
GFAP+ cells, primarily exhibiting larger cell bodies of star-shaped
morphology indicative of typical astrocytes, were observed in brain
tissue from Idua�/� mice treated with hiNSCs. Cells with astrocyte-
like morphology were most prominent in the cerebellum and medulla
areas of the brain (Figure S2).

The differentiation status of engrafted hiNSCs was further character-
ized by co-staining with STEM121 (red) and various CNS cell
markers (green): GFAP and Olig2 for astrocytes and
er 2024



Figure 4. Differentiation of engrafted hiNSCs into glial cells in the brains of immunodeficient Idua–/– mice

Immunohistochemical staining of brain tissue from Idua�/� mice transplanted with hiNSCs shows the differentiation status of engrafted cells. STEM121 staining marks

engrafted hiNSCs (red, first column). CNS cell-type markers (green, second column) are designed for use in human or mouse tissue. Co-staining for STEM121 and CNS cell

markers reveals the differentiation of hiNSCs into distinct CNS cell types, while single staining for CNS markers identifies resident mouse CNS cells. In merged images (third

column), colocalized staining marks hiNSCs that have differentiated into glial cell types, such as astrocytes (GFAP) and oligodendrocytes (Olig2). Selected areas frommerged

images are expanded to provide additional detail (fourth column). Notably, there is no co-staining observed for neuronal markers (NF, NeuN), indicating the absence of

neuronal differentiation. Scale bars, 50 mm.

www.moleculartherapy.org
oligodendrocytes; neurofilament (NF) and neuronal nuclear antigen
(NeuN) for neural cell phenotypes. Notably, the CNS cell markers
utilized in this study can effectively label specific cell types in both
human and mouse tissues. Co-staining for STEM121 and a CNS
cell marker thus indicated that hiNSCs had differentiated into
distinct CNS cell-type lineage, while staining for CNS markers
only identified resident mouse CNS cells (Figure 4). In the images
captured from representative medulla areas, multiple overlapping
cell signals from STEM121 and GFAP staining (yellow) were
observed, suggesting differentiation of the hiNSCs into astrocytes
by 8 months of engraftment (Figure 4). This co-staining result mir-
rors the previously observed star-like cell morphology distribution
pattern of STEM123 staining in cells that had engrafted in the mouse
brain (Figure S2).
Molecular T
We also examined the expression of Olig2, a transcription factor pri-
marily for oligodendrocytes that localizes in the nucleus.26 In repre-
sentative sections from the cerebellar areas, nuclear staining of
Olig2 is surrounded by cytoplasmic human STEM121 signal. While
Olig2 may also stain specialized neurons such as motor neurons,26

no colocalization of STEM121 with either NF or NeuN markers
was observed, suggesting that transplanted hiNSCs did not differen-
tiate into neuron-lineage cells by 8 months of engraftment (Figure 4).

Engrafted hiNSCs improves MPS I pathology

To evaluate the functional efficacy of our transplanted hiNSCs in host
mouse tissues, immunofluorescence (IF) co-staining of hiNSCs was
performed using STEM121 with LAMP1 or CD68, respectively. We
chose to stain for LAMP1 and CD68 because these markers were
herapy: Methods & Clinical Development Vol. 32 December 2024 5
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Figure 5. Histological evidence of improved MPS I pathology after hiNSC transplantation in Idua–/– mice

Representative immunofluorescence images of cortex and pons brain tissue show elevated expression of common neuropathic markers LAMP1 (A) and CD68 (B) in Idua�/�

mice compared to unaffected carriers (Idua+/�). After successful engraftment of transplanted hiNSCs in Idua�/� mice (red), levels of LAMP1 (A) and CD68 (B) (green) are

similar to those observed in unaffected carriers. Conversely, in regions devoid of engraftment (absence of red), levels of LAMP1 (A) and CD68 (B) (green) are comparable to

those observed in untreated Idua�/� mice. No staining for STEM121 is observed in the first three rows because animals did not receive hiNSCs. Scale bars, 50 mm.
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significantly elevated in the cortex and pons regions of brains in our
Idua�/� mouse model compared to the Idua+/� mouse model. In
mice treated with hiNSCs, areas devoid of STEM121 signal (repre-
senting no engraftment of hiNSCs) exhibited sustained elevation in
LAMP1 and CD68 levels similar to those observed in untreated
Idua�/� mice. However, in regions where STEM121 signal was pre-
sent, expression levels of LAMP1 and CD68 decreased significantly
to levels similar to those observed in unaffected Idua+/� mice (Fig-
ure 5). This observation suggests that our hiNSCs possess a degree
of physiological efficacy in mitigating MPS I neuropathology, as evi-
denced by the reduced expression of markers such as LAMP1
and CD68.
DISCUSSION
Since the pioneering work of Thomson et al., using human blastocyst-
derived pluripotent stem cells,27 and Takahashi and Yamanaka, using
postnatal derived iPSCs,28 the applications of phenotype-specific cells
have been studied to develop as cellular therapies for a host of diseases
and injuries. This innovative approach formed the basis of what is
now commonly referred to as regenerative medicine.29 Our studies
have focused on using a population of iPSC-derived NSCs to treat
the neurological manifestations of the severe form of the lysosomal
storage disorder, MPS IH. Importantly, the goal is to complement
current forms of therapy, such as HSCT and/or ERT, and to extend
those therapeutic effects to the CNS.
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
The results of the present study demonstrate success with the pro-
posed application for brain-engraftable hiNSCs, which included
streamlining steps designed to facilitate clinical use. While the pro-
spective transplantation would be preferably autologous, this is not
possible for a genetic disease without gene correction. We used
cord blood, rather than bone marrow, as a starting material because
these cells demonstrate superior engraftment, lower associated risk
of graft-versus-host disease,30 and CD34+ cells derived from cord
blood are also easily converted into iPSCs, as we have previously
shown.20 Since our goal was to generate an add-on therapy to current
best practices, we propose that the same cord blood used for alloge-
neic HSCT also be used to derive the NSCs used for “autologous”
CNS transplantation—autologous to the new hematopoietic system
derived from the cord blood HSCT.

In this study, we sorted human CD34+ hematopoietic stem cells that
were then reprogrammed into iPSCs and further differentiated and
sorted into purified hiNSCs. This cell-sorting step was critical not
only to enrich a homogeneous NSC population but also to select
for the migratory capacity specific to CD184 (CXCR4)+ NSCs.
CD184 is known to migrate toward its chemoattractant SDF-1a, or
CXCL12, a chemokine actively expressed in the developing brain
with a crucial role in engraftment and stem cell progenitor recruit-
ment.31 After birth, SDF-1a exhibits prominent expression in areas
such as the brainstem, olfactory bulb, cerebellum, and various areas
of the brain vasculature, agreeing with the distribution of engrafted
er 2024
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cells in this study.32 SDF-1a is also increased in the presence of neuro-
inflammation and lesions in brain tissue that require tissue repair.33,34

In the presence of inflammation in the brains of MPS I neonates in
this study, there is proposed increased expression of SDF-1a that at-
tracts our hiNSCs to regions of the developing brain.

CD184+ hiNSCs were also negatively sorted based on the presence of
CD271 and CD44 phenotypes. CD271 has broad differentiation po-
tential (ectodermal and mesodermal germ layers),21 and CD44 is
known to be a marker for glial progenitors and astrocyte cells. Nega-
tive selection for these markers aims to minimize the risk of sponta-
neous differentiation or commitment to other cell-type lineages,
thereby maintaining hiNSC status as progenitors capable of SDF-
1a-guided migration.21

FACS-sorted hiNSCs showed approximately 90% retention of their
characteristic CD184+/CD44�/CD271� phenotype at 4 months after
multiple passages and freeze-thaw cycles. They continued to express
NSCs markers such as Nestin, PAX6, SOX1, and SOX2, but not the
undifferentiated pluripotent stem cell marker OCT3/4 (Figures 1A
and 1B). Additionally, hiNSCs showed normal karyotypes, indicating
genomic stability during differentiation,35 ensuring the stability and
progenitor nature of hiNSCs that are critical for in vivo studies.
Our CD184+ hiNSCs also demonstrated the capacity formigration to-
ward SDF-1a on a chemotaxis slide and were able to release func-
tional IDUA, which in turn allowed for the cross-correction of
MPS I cells in the transwell system (Figures 1C and 1D). The results
of these in vitro assays indicate that these minimally manipulated
iPSC-derived hiNSCs are well suited for in vivo testing.

Once cells were observed to exhibit the characteristics and function-
ality of NSCs in vitro, in vivo studies were conducted in a newly gener-
ated immunodeficient Idua�/�mouse strain on the NSG background,
which lacks mature T cells, B cells, and functional natural killer cells,
and is deficient in cytokine signaling. Our previous study demon-
strated that this mouse model can successfully accept human en-
grafted cells without transplant rejection.24 In addition, these animals
have a longer lifespan due to their resistance to lymphoma, which is
ideal for the preclinical testing of novel PSC-based therapies.36 At
8 months post-hiNSC transplant, immunostaining with the human-
specific antibody STEM121 revealed that the injected cells had
migrated away from the injection sites and successfully engrafted in
the Idua�/� mouse brain, indicating successful integration of human
cells into the host tissues (Figure 3). Engrafted hiNSCs were observed
in multiple brain regions, including the olfactory bulb, midbrain, cor-
tex, and cerebellum. However, variability in engraftment among
treated mice was noted, which may be attributed to differences in
the delivery technique used to apply the hiNSCs at each injection site.

In parallel, the biochemical results from brain sections of the hiNSC-
treated Idua�/� mice showed partial restoration of IDUA enzyme ac-
tivity and near-complete elimination of b-hex levels (Figure 2). b-Hex
is among the most abundantly expressed lysosomal enzymes, and sec-
ondary elevation of b-hex is observed in the Idua�/� mouse model.37
Molecular T
Normalization of this elevation is commonly employed as a metric to
evaluate the efficacy of treatments due to its correlation with rescued
lysosomal function.24,38 Our results demonstrate a strong association
between the recovery of IDUA expression and the restoration of base-
line b-hex levels in hiNSC-treated Idua�/� mice. These findings sug-
gest the existence of a cross-correction mechanism mediated by the
engrafted hiNSCs. Therefore, the supplemental IDUA delivered by
our hiNSCs is presumed to be functional. However, due to the
observed variance between brain regions in levels of IDUA restora-
tion, we believe that the endogenous IDUA from our hiNSCs may
exert only local effects.

We conducted further co-staining with human STEM121 antibody in
combination with a series of NSC markers to monitor the differenti-
ation of engrafted hiNSCs in Idua�/� mouse brain after 8 months.
Our observations revealed elevated levels of engrafted cells expressing
GFAP and Olig2 transcription factor. These findings strongly indicate
that our hiNSCs differentiated into the glial cell lineage, specifically
astrocytes and oligodendrocytes. The glial cell lineage is known for
its higher mitotic nature compared to post-mitotic neurons, as seen
in Figure 4. In addition, immunohistochemistry (IHC) using
STEM123, specific to human GFAP protein, highlighted the presence
of human GFAP+ cells in the cerebellum and medulla regions of the
brain. The distinct stellate morphology and numerous processes
observed in these cells are characteristic of typical astrocytes,
providing additional evidence of their differentiation into the glial
cell lineage (Figure S2).

No substantial co-staining was observed between STEM121 and
neuronal-lineage cell markers NF and NeuN, however. This absence
suggests that the transplanted hiNSCs may not have differentiated
into neuronal-lineage cells by 8 months of engraftment or, if they
did differentiate, they did not survive the long engraftment period.
It is important to note that previous studies have indicated the poten-
tial for neurons marked by NF and NeuN to form within 4–
12 weeks.39,40 Our observation that transplanted cells had differenti-
ated into glial-lineage cells rather than neuronal-lineage cells was
anticipated, as glial cells play a more supportive role in the brain,41

and their mitotic nature allows for more stable transplantation as
seen with their prevalence after 8 months in our study.

In addition to partially restoring IDUA enzymatic activity and reducing
elevated b-hex levels in the brains of Idua�/� neonates treated with
hiNSCs (Figure 2), differentiated astrocytes and oligodendrocytes
appear to induce observable physiological changes in the expression
of markers such as LAMP1 and CD68. LAMP1 is a specific lysosomal
marker that is heavily expressed in MPS I due to lysosomal enlarge-
ment from GAG accumulation.42 CD68 is a marker associated with
inflammation in macrophages and activated microglia.43 Both
LAMP1 and CD68 have been shown to be upregulated inMPS I mouse
models.24,44 In this study, the observed LAMP1 and CD68 staining pat-
terns demonstrated a reduction or reversal of phenotypes in the pres-
ence of hiNSCs similar to those seen in unaffected mice (Idua+/�).
However, these co-staining results must be considered with the
herapy: Methods & Clinical Development Vol. 32 December 2024 7
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qualification that our hiNSCs may have exhibited localized efficacy
because only thin brain sections in the sagittal plane were analyzed.
Therefore, our results may not accurately reflect the distribution of
hiNSC in the three-dimensional structure of the brain or the efficacy
of hiNSC treatment in tissue surrounding the engrafted cells.

In future preclinical studies, it may be beneficial to assess cell engraft-
ment at several time points post-transplant until end of life. This may
help in guiding or estimating future dosing, true efficacy over longer
periods of time, and the potential for various cellular fates (e.g.,
neuronal) in the initial stages of engraftment/differentiation.39 Previ-
ous work from other groups have used various transplantation meth-
odologies in animal models, including the introduction of genetically
modified cells to enhance expression, uptake, distribution, safety, and
CNS delivery.12–16,18 Studies similar to ours that implanted geneti-
cally modified mouse iPSC-derived NSCs were conducted in MPS
II, MPS IIIB, and MPS VII mouse models. These studies observed
partial cross-correction around the grafts in the CNS with varying
characterization and maturity of the grafted cells.12–14,16 Systemic
HSC gene therapy (HSCGT) has been applied in mouse models of
MPS I,45 MPS II,46,47 MPS IIIA,48,49 and MPS IIIB,50 with results
also showing varying levels of CNS improvement.

In the present study, neonatal MPS I mice were transplanted with
hiNSCs shortly after birth to reduce the neuropathic effects of MPS
I. Early treatment age is considered critical for NSC transplantation
to effectively improve the CNS pathology characteristic of mucopoly-
saccharidoses. Over time, the accumulation of HS may decrease the
SDF-1a-induced migration of NSCs and thus limit the efficacy of
stem cell transplantation.47,51 With the inclusion and rise of newborn
screening forMPS I in the United States19 and the accessibility of cord
blood, earlier intervention is more feasible52; therefore, we believe that
early administration of this treatment is essential for MPS I because of
the reduced efficacy associated with increased levels of HS.51

Taking our preliminary results and animal studies into account,
future studies for MPS I and other related diseases affecting CNS
function may benefit from the inclusion of ex vivo gene therapy to up-
regulate the deficient enzyme in either allogeneic cord blood or autol-
ogous patient cells. This approach may allow for a more widespread
effect, in contrast to the localized efficacy observed in this study.
Currently, several active clinical studies have administered autolo-
gous53–55 or allogeneic56 CD34+HSCGT to neuropathicMPS patients
with no safety concerns yet reported, with ongoing patient follow-up.3

Numerous other clinical treatment approaches attempt to circumvent
the BBB; one such example is AAV gene therapy, which shows prom-
ising results in the treatment of MPS with CNS involvement.57–59

However, use of the AAV vector is associated with constraints such
as smaller packaging capacity and limited opportunity for repeat
dosing if a patient does not respond to treatment, due to the risk of
immune reactions or a decrease in efficacy from neutralizing anti-
bodies against AAV vectors.60,61 These factors highlight the benefits
of the “autologous”NSC transplant that we have described, especially
for refractory cases of MPS IH variants.
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In this proof-of-concept study, we successfully demonstrated that the
engraftment of iPSC-derived hiNSCs from cord blood of a normal
donor can partially restore deficient IDUA enzyme and reduce neuro-
pathic phenotypes in the Idua�/� mouse brain. Further modification
to expression of the IDUA gene, such as introducing the transgene un-
der a stronger promoter (e.g., EF1 promoter), may significantly in-
crease the expression level of IDUA as well as potentially decrease
the dose of genetically modified cells required to reach the same de-
gree of treatment efficacy.

MATERIALS AND METHODS
Human cell culture

Reagents for cell culture were sourced from Thermo Fisher Scientific
(Waltham, MA), unless stated otherwise. Human CD34+ cells were
purified from umbilical cord blood acquired from the CHOC Cord
Blood Bank under institutional review board-approved protocols.20

Mononuclear cells were isolated using Ficoll-Paque PLUS density
gradient media (Cytiva, Marlborough, MA) according to the manu-
facturer’s instructions. Subsequently, CD34+ cells were isolated using
the human CD34MicroBead Kit (Miltenyi Biotec, Auburn, CA). Cells
were cryopreserved and later thawed for iPSC reprogramming. Hu-
man skin fibroblasts from a Hurler’s patient (GM00415) were ob-
tained from the Coriell Institute for Medical Research (Camden,
NJ). Fibroblasts were maintained in DMEM high glucose with 10%
fetal bovine serum and passaged with TrypLE Express.

Human iPSC derivation and differentiation

Human iPSCs (hiPSCs) were generated from either CD34+ cord
blood cells or skin fibroblasts using the CytoTune-iPS 2.0 Sendai Re-
programming Kit, as previously described.20 hiPSCs were expanded
in StemPro hESC SFM (human embryonic stem cell serum-free me-
dium) on Matrigel (Corning Life Sciences, Tewksbury, MA)-coated
6-well plates. On day 0 of induction, hiPSC cultures at 90% conflu-
ency were passaged with StemPro Accutase onto a low-attachment
plate to encourage the formation of embryoid bodies (EBs). During
days 1–12, neural induction in EBs was performed with the
STEMdiff SMADi Neural Induction Kit (STEMCELL Technologies,
Vancouver, Canada). On day 13, EBs were further plated on Matri-
gel-coated plates to start neural rosette formation using NSC growth
medium (GM) formulated with 10% BIT9500 (STEMCELL Technol-
ogies), 20 ng/mL recombinant human fibroblast growth factor (FGF)-
basic (Peprotech, Cranbury, NJ), 20 ng/mL recombinant human
epidermal growth factor (EGF; R&D Systems; Minneapolis, MN),
and 10 mM heparin (Sigma-Aldrich, St. Louis, MO) in DMEM/F12
with 2.5 mM GlutaMAX for 7 days. On day 20, neural rosettes
were selected with STEMdiff Neural Rosette Selection Reagent
(STEMCELL Technologies), then cultured on Matrigel-coated plates
and maintained for �3 days before analysis and sorting. Character-
ization and karyotyping of hiPSCs prior to hiNSC differentiation
and post-FACS enrichment was conducted as previously described.20

Flow cytometry and cell sorting

Cells were harvested with non-enzymatic cell dissociation buffer
(Sigma-Aldrich) and resuspended cold NSC FACS staining buffer
er 2024



Table 1. Summary of antibodies used in histology

Primary antibodies Source Isotype Vendor, catalog no. RRID Usage Dilution

Nestin (Molecular
Probes Kit, A24354)

mouse IgG1 eBioscience, 14-9843-82 AB_1548837 ICC 1:100

PAX6 (Molecular
Probes Kit, A24354)

rabbit IgG Thermo Fisher Scientific, 42-6600 AB_2533534 ICC 1:100

SOX1 (Molecular
Probes Kit, A24354)

goat IgG R&D Systems, AF3369 AB_2239879 ICC 1:100

SOX2 (Molecular
Probes Kit, A24354)

rabbit IgG Thermo Fisher Scientific, 48-1400 AB_2533841 ICC 1:100

OCT3/4 mouse IgG1, k BD Biosciences, 560253 AB_1645304 ICC 1:20

STEM 121 mouse IgG1 Takara Bio, Y40410 AB_2632385 IHC/IF 1:50

STEM 123 mouse IgG1 Takara Bio, Y40420 AB_2833249 IHC/IF 1:50

Olig2 goat IgG R&D Systems, AF2418 AB_2157554 IF 1:50

GFAP rabbit IgG Abcam, ab68428 AB_1209224 IF 1:50

NeuN rabbit IgG Cell Signaling Technology, 24307 AB_2651140 IF 1:100

NF rabbit IgG Cell Signaling Technology, 2837 AB_823575 IF 1:200

CD68 rabbit IgG Abcam, ab283654 AB_2922954 IF 1:100

LAMP1 rabbit IgG Abcam, ab24170 AB_775978 IF 1:50

Secondary antibodies Isotype Conjugate Vendor, Catalog no. RRID Usage Dilution

Donkey anti-mouse IgG AF488
Molecular Probes, A24354,
part no. A24350

– ICC 1:200/1:250

Donkey anti-goat IgG AF488
Molecular Probes, A24354,
part no. A24349

– ICC 1:250

Donkey anti-rabbit IgG AF594
Molecular Probes, A24354,
part no. A24342

– ICC 1:250

Goat anti-mouse IgG(H + L) AF555 SouthernBiotech, 1031-32 AB_2794317 IF 1:250

Donkey anti-goat IgG(H + L) AF488 Thermo Fisher Scientific, A11055 AB_2534102 IF 1:250

Donkey anti-rabbit IgG(H + L) AF488 Thermo Fisher Scientific, A21206 AB_2535792 IF 1:250–1:1,000

Donkey anti-rabbit IgG(H + L) AF647 Thermo Fisher Scientific, A31573 AB_2536183 IF 1:500
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formulated with DMEM/F-12, 15 mM HEPES (R&D Systems), 10%
BIT9500, 5 mM EDTA, 2.5 mM GlutaMAX, 20 ng/mL recombinant
human FGF-basic (Peprotech), 20 ng/mL recombinant human EGF,
and 10 mM heparin. Cells were then counted to a final concentration
of 1 � 106 cells/mL and stained for 30 min with conjugated anti-
bodies: CD184 (BD Biosciences, San Diego, CA, catalog no. 555976,
RRID: AB_398616), CD44 (BD Biosciences, catalog no. 555479,
RRID: AB_395871), and CD271 (BD Biosciences, catalog no.
560927, RRID: AB_10564069) at a dilution of 1 � 106 cells/test, as
defined in each manufacturer’s protocol. Cells were washed before re-
suspension in appropriate NSC FACS buffer. Cells were further
strained through a 40-mm cell strainer (CELLTREAT Scientific Prod-
ucts, Pepperell, MA) before being analyzed and sorted with a BD
FACSMelody cell sorter (BD Biosciences) using BD FACSChorus
Software (BD Biosciences). Sorted CD184+/CD271�/CD44� cells
were collected at a concentration of 3.5 � 105 cells/mL in NSC GM
and then plated in 96-well plates pre-treated with anti-adherence
rinsing solution (STEMCELL Technologies) to encourage neuro-
sphere formation before being plated on Matrigel-coated plates for
further expansion.
Molecular T
Immunocytochemistry

Approximately 2.5 � 104 dissociated hiNSCs were cultured on a Ma-
trigel-treated 8-chamber slide for 24 h prior to staining. Cells were
stained using Nestin, PAX6, SOX1, and SOX2 antibodies from the
Human Neural Stem Cell Immunocytochemistry (ICC) kit (Thermo
Fisher) according to the manufacturer’s instructions. CD184 and
OCT3/4 antibodies were also included in the study for confirmational
purposes, with details summarized in Table 1. After secondary anti-
bodies were applied, cells were mounted with Vectashield Plus Anti-
fade Mounting Medium with DAPI (Vector Laboratories, Newark,
CA). Cells were imaged using a Keyence BZ-X810 imaging system
(Keyence, Osaka, Japan).

Cell migration assay

CD184+ hiNSC migration and functionality assays were conducted
using a two-dimensional m-slide chemotaxis migration assay (ibidi
GmbH, Gräfelfing, Germany), according to themanufacturer’s proto-
col, with minor modifications. The ibidi m-slide was pre-coated with
fibronectin (reservoir, 40 mg/mL; observation chambers, 70 mg/mL;
Gibco, Brooklyn, NY) at least 24 h before the application of 10 mL cells
herapy: Methods & Clinical Development Vol. 32 December 2024 9
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(density 6.5 � 106 cells/mL) in the center observation chamber (Fig-
ure S1A). NSC GM was equilibrated overnight at 37�C with 5% CO2

in a vented cell culture flask prior to cell seeding. To create the SDF-
1a gradient, the left reservoir was filled with medium containing
100 ng/mL SDF-1a (Invitrogen,Waltham,MA), while the right reser-
voir contained medium without chemoattractant (Figure S1A) inside
a BioSpherix ex vivo chamber (Cytocentric , Parish, NY). Images of
migration were acquired every 5 min over 72 h with cells at 37�C
with 5% CO2 and 80% humidity using an Olympus CKX41 Inverted
Phase Contrast Microscope (Olympus Life Science, Waltham, MA).
Images were processed with cellSens imaging software (Olympus
Life Science).

Transwell and co-culture assays

For transwell cross-correction assays, MPS I-NSCs derived from an
MPS I patient (GM00415) were plated at a concentration of 1–
1.5 � 106 cells/well in 6-well plates. hiNSCs were plated on 6-well
Transwell Permeable Support Inserts (Corning Life Sciences) pre-
treated with 10 mg/mL fibronectin, at a concentration of 1 � 106

cells/well (Figure S1B). After 96 h of incubation at 37�C with 5%
CO2, MPS I-NSCs were washed three times with PBS before being
harvested for biochemical analyses, including an assay of IDUA enzy-
matic activity and Blyscan quantification.

Enzyme activity and GAG quantification

Unless otherwise specified, all chemicals and reagents used in this
study were purchased from Sigma-Aldrich. For biochemical analyses,
cell pellets or brain slices were homogenized in CelLytic MT cell lysis
reagent. Diluted samples were used to estimate protein concentration
using a bicinchoninic acid assay kit (Thermo Fisher Scientific), with
BSA as standard. The catalytic activity of IDUA was assessed with
4-methylumbelliferyl substrate a-L-iduronide (Glycosynth, Warring-
ton, UK) at final concentration of 250 mmol/L. The catalytic activity of
b-hexosaminidase (combined A and B isoforms) was determined by
the hydrolysis of 4-methylumbelliferyl-N-acetyl-b-glucosaminide us-
ing 1.25 mM substrate in the incubation mixture.38 Reactions were
performed at 37�C for 1 h and quenched with glycine carbonate
buffer (pH 10.5). Fluorescence was measured with an Infinite M
Plex spectrofluorophotometer (Tecan Systems, Morgan Hill, CA) at
excitation and emission wavelengths of 360 and 450 nm, respectively.
One activity unit (U) was defined as 1 nmol converted substrate per
hour. Specific activity reported in the study was defined as U/mg
protein.

GAG quantification was performed using the Blyscan assay
(BioVendor, Asheville, NC), a quantitative dye-binding method.
Briefly, diluted tissue homogenate, GAG standards, and blank con-
trols were incubated with the dye to form a dye-GAG complex, which
precipitated within 30 min. The GAG-bound dye was then recovered
using dissociation reagent. Absorbance readings were obtained at
656 nm using an Infinite M Plex spectrofluorophotometer (Tecan
Systems). GAG levels were normalized to total protein and expressed
as mg GAG/mg protein. Each sample was measured in triplicate for all
biochemical assays reported in this study.
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Experimental animals

Animal experiments conducted as part of this study were approved by
the Institutional Animal Care andUse Committee at Children’s Hospi-
tal of Orange County (approval no. 120701). The immunodeficient
MPS I knockout mouse model (NOD.Cg-Iduatm1Clk Prkdcscid

Il2rgtm1Wjl/SzJ; NSGI) was generated and maintained on an inbred
background (NOD.Cg- Prkdcscid Il2rgtm1Wjl/SzJ; NSG) at our institu-
tion,24 and is now available at The Jackson Laboratory (RRID: IM-
SR_JAX:035007). The MPS I genotype was determined using primers:
oIMR1451: 50-GGAACTTTGAGACTTGGAATGAACCAG-30, oIMR
1452: 50-CATTGTAAATAGGGGTATCCTTGAACTC-30, and oIMR
1453: 50-GGATTGGGAAGACAATAGCAGGCATGCT-30. Homozy-
gousmales (Idua�/�) and heterozygous females (Idua+/�) were used to
generate affected (Idua�/�) and unaffected control (Idua+/�) mice. An-
imals were housed in sterile cages in high-efficiency particulate air-
filtered cage racks and were provided irradiated food and sterile deion-
izedwater ad libitum under a 12:12 h light:dark cycle. Experiments were
conducted on age-matched mice (usually littermates) of either gender.

Enriched hiNSCs (1 � 105 in 5-mL sterile phosphate-buffered saline
[PBS]) were injected bilaterally into the lateral cerebroventricular
space, and three sites of cerebellar tegmentum of NSGI neonatal
mice (postnatal day 1 or 2) under cryo-anesthesia using 32G needles
and Hamilton syringes (Hamilton Company, Reno, NV). The injec-
tion sites in lateral ventricles were as described previously.13 Cere-
bellar injection sites are shown in Figure S1C, and the depth for injec-
tions into the cerebellum was 2.5 mm. The lambda and bregma points
in mouse brain were used as reference landmarks for injections. A to-
tal of eight animals were treated and analyzed for this study.

Tissue harvesting, processing, and histological staining

At 8 months post-transplantation, animals were euthanized using
CO2 asphyxiation followed by transcardial perfusion with cold PBS.
Brains were dissected sagittally along the midline, and right brain
hemispheres were further sectioned into 2-mm-thick coronal slices
using an adult mouse brain slicer matrix (Zivic Instruments, Pitts-
burgh, PA) and then rapidly frozen and stored at �80�C until
IDUA and b-hex activity assays were performed (Figure S1D). Left-
brain hemispheres were post-fixed overnight at 4�C in 4% parafor-
maldehyde, then stored in 70% ethanol and sent to the Experimental
Tissue Resource Center at University of California, Irvine to be
embedded in paraffin blocks and cut in 4-mm-thick sections for
further staining.

IHC and IF staining

All slides used for staining were treated with heat-induced antigen
retrieval with 10 mM sodium citrate buffer at pH 6.0 and incubated
in 0.3% hydrogen peroxide in Tris-buffered saline (TBS) to block
endogenous peroxidase activity. Primary antibody was applied after
tissue was blocked in 1% BSA in TBS. Details related to antibodies
and their dilutions are summarized in Table 1.

IHC was performed with primary antibodies STEM121 and
STEM123, followed by horseradish peroxidase-conjugated secondary
ber 2024
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antibodies. Sections were developed with an ImmPACT DAB Sub-
strate Kit (Vector Laboratories) and mounted using Permount
Mounting Medium (Thermo Fisher Scientific). IF co-staining was
performed using STEM121 with one of the following primary anti-
bodies: Olig2, GFAP, NeuN, NF, CD68, or LAMP1. Slides were
mounted using DAPI Fluoromount-G (SouthernBiotech, Birming-
ham, AL). Images were acquired using a Keyence BZ-X810 imaging
system (Keyence) with 20–40� magnification. Full brain scans were
acquired using the advanced observation module (Keyence).

Statistical analyses

All statistical analyses were performed using GraphPad Prism soft-
ware version 9.0 (GraphPad, La Jolla, CA). One-way ANOVA was
used to compare groups greater than two. Results were considered
statistically significant when p < 0.05.
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All data and materials are available upon reasonable request.
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Figure S1: 

A. ibidi µ-Slide Chemotaxis assay set-up used to measure qualitative migration. HiNSCs were 

seeded in the center observation chamber (yellow); chemoattractant SDF-1α on the left side of 

reservoir chamber (blue); chemoattractant-free media on the right side of the reservoir chamber 

(pink). Image was authorized for use with minor modifications from ibidi GmbH. 

B. Transwell® co-culture setup used to measure cross-correction efficacy.  MPS I-NSCs (GM00415) 

at the bottom of the well (blue); hiNSCs in the Transwell® insert on top (red).  

C. Immunodeficient MPS I knockout (Idua-/-) mice aged 1-2 days received hiNSCs via bilateral 

injections into both lateral ventricles and intraparenchymally at three sites in the cerebellum (1x105 

hiNSCs per site). 

D. Top view of an adult mouse brain from an engrafted animal at 8 months post-transplantation. 

Mouse brain was dissected sagittally along the midline. The right hemispheres were coronally 

sectioned at 2 mm thickness and fractionated for biochemical analysis. Left hemispheres were fixed 

in 4% PFA for histological examination.  
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Figure S2: 

Representative images show immunohistochemical staining for STEM121 and STEM 123 in the 

cerebellum area. To determine the differentiation status of hiNSCs after 8 months engraftment in the 

Idua-/- mouse brain, sections were stained with STEM123, a marker specific to human glial fibrillary 

acidic protein (GFAP). Scale bars, 50 µm 
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Video S1: 

Description: Time-lapse video of hiNSCs (center) migrating towards the chemoattractant SDF-1α 

(left) in an ibidi µ-slide chemotaxis assay, with no chemoattractant present in the right reservoir. 
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