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Metachromatic leukodystrophy (MLD) is an inherited 
lysosomal storage disorder resulting from a functional 
deficiency of arylsulfatase A (ARSA), an enzyme that 
catalyzes desulfation of 3-O-sulfogalactosylceramide 
(sulfatide). Lack of active ARSA leads to the accumula-
tion of sulfatide in oligodendrocytes, Schwann cells 
and some neurons and triggers progressive demyelin-
ation, the neuropathological hallmark of MLD. Several 
therapeutic approaches have been explored, including 
enzyme replacement, autologous hematopoietic stem 
cell-based gene therapy, intracerebral gene therapy 
or cell-based gene delivery into the central nervous 
system (CNS). However, long-term treatment of the 
 blood-brain-barrier protected CNS remains challenging. 
Here we used MLD patient-derived induced pluripotent 
stem cells (iPSCs) to generate long-term self-renewing 
neuroepithelial stem cells and astroglial progenitors for 
cell-based ARSA replacement. Following transplantation 
of ARSA-overexpressing precursors into ARSA-deficient 
mice we observed a significant reduction of sulfatide 
storage up to a distance of 300 µm from grafted cells. 
Our data indicate that neural precursors generated via 
reprogramming from MLD patients can be engineered 
to ameliorate sulfatide accumulation and may thus serve 
as autologous cell-based vehicle for continuous ARSA 
supply in MLD-affected brain tissue.

Received 10 November 2014; accepted 31 May 2015; advance online  
publication 14 July 2015. doi:10.1038/mt.2015.106

INTRODUCTION
Metachromatic leukodystrophy (MLD) is an autosomal reces-
sively inherited lysosomal lipid storage disorder resulting from 
a functional deficiency of arylsulfatase A (ARSA, EC 3.1.6.8).1 
The physiological role of this lysosomal enzyme involves desul-
fation of the galactose moiety of 3-O-sulfogalactosylceramide 
(sulfatide), being the first step in the lysosomal degradation of 

this acidic sphingolipid. No other enzyme can compensate for 
the lack of ARSA activity. Consequently, ARSA deficiency causes 
accumulation and deposition of sulfatide in lysosomes of various 
cell types including oligodendrocytes, Schwann cells, microglia, 
and subpopulations of neurons.2 The accumulating sulfatide is 
thought to disrupt physiological cell functions eventually leading 
to a progressive and widespread loss of myelinating cells in the 
central and peripheral nervous system. The resulting demyelin-
ation is associated with rapidly deteriorating neurological symp-
toms such as ataxia, spastic tetraparesis, optic atrophy, seizures, 
and dementia leading to premature death.2,3

As with other soluble lysosomal enzymes, lysosomal target-
ing of newly synthesized ARSA depends on mannose 6-phosphate 
(M6P) residues that are added to the N-glycans of the enzyme 
during its passage through the Golgi apparatus.4 In the trans Golgi 
network, the M6P residues bind to M6P receptors that cycle to 
the endosomal/lysosomal compartment and separate their ligands 
from the secretory route. A small fraction of newly synthesized 
soluble lysosomal enzymes escapes, however, from this biosyn-
thetic sorting pathway and is subsequently released from the cell. 
Extracellular enzyme can then be endocytosed and lysosomally 
delivered via M6P receptors that also cycle between the plasma 
membrane and endosomes. This release-recapture pathway pro-
vides the rationale for allogeneic hematopoietic stem cell trans-
plantation as it allows the metabolic correction of ARSA-deficient 
cells by the transplanted, enzyme competent donor cells. Indeed, 
hematopoietic stem cell transplantation may prevent the dis-
ease progression in milder variants of MLD (juvenile forms), if 
performed before loss of walking, which typically initiates rapid 
deterioration.5

Enzyme replacement therapy based on intravenous injec-
tion of recombinant enzyme represents another therapeutic 
approach. It requires repeated and life-long treatment and has 
been clinically approved for some lysosomal storage diseases 
without central nervous system (CNS) involvement.6 In mouse 
models of MLD, intravenous injection of recombinant human 
ARSA showed some promising effects including improvement 
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of the CNS histopathology and function.7,8 However, due to 
poor penetration of the blood–brain barrier, repeated applica-
tions with high doses of ARSA are required. In an approach to 
circumvent the blood–brain barrier, MLD mice were treated 
by intracerebroventricular infusion of ARSA using implantable 
minipumps.9 Infusion of ARSA into the cerebrospinal fluid of the 
brain resulted in the complete clearance of sulfatide storage from 
the infused hemisphere and partial normalization of the ataxic 
gait. The therapeutic efficacy of a similar approach using an intra-
thecal application route is presently evaluated in a clinical phase 
1/2 trial (NCT01510028).

The peculiarities of the lysosomal sorting process with 
exchange of soluble lysosomal enzymes between cells make 
MLD particularly suitable for vector-mediated in vivo and ex 
vivo gene therapy approaches. Direct delivery of ARSA into the 
brain using intracerebral injections of lentiviral, adenoviral, 
or  adeno-associated viral vectors resulted in widespread CNS 
expression of ARSA in rodents and nonhuman primates as well as 
in improvement of neuropathological and behavioral changes in 
a mouse MLD model.10–14 Whether these results can be translated 
to humans is currently not clear, first results from clinical trials in 
human are expected shortly (NCT01801709, intracerebral admin-
istration of AAVrh.10cuARSA 4/2018).

Cell-based delivery of ARSA using hematopoietic stem cells 
overexpressing ARSA showed ambiguous results in MLD mice 
ranging from only mild reduction of CNS sulfatide storage14 to 
almost complete reversion of peripheral and central nervous stor-
age.15 Based on these findings, a phase 1/2 clinical trial was initi-
ated (NCT01560182). First results from these studies indicate that 
patients receiving treatment before the onset of major cognitive or 
motor deficits can benefit from this therapy.16

Expression of ARSA by brain cells transplanted into the 
CNS has emerged as innovative methodology, which bypasses 
the limitations associated with the blood–brain barrier and per-
mits long-term and continuous delivery of ARSA directly into 
the brain parenchyma. Indeed, primary mouse neural precur-
sors engineered to overexpress ARSA and transplanted into 
ARSA-deficient hosts were shown to differentiate into neurons, 
astrocytes, and oligodendrocytes and to partially reduce sulfatide 
storage.17,18 Considering the limited access to neural donor tis-
sue in a clinical scenario, we have previously explored embryonic 
stem (ES) cells as a potential source for cell-mediated ARSA trans-
fer. We could show that mouse ES cell-derived glial precursors 
overexpressing ARSA and transplanted in a MLD mouse model 
efficiently differentiate into astrocytes and oligodendrocytes and 
reduce sulfatide storage in the vicinity of the transplanted cells.19

Figure 1  Generation and characterization of patient-specific induced pluripotent stem (iPS) cells. (a–d): Metachromatic leukodystrophy (MLD) 
iPSCs stain positive for pluripotency-associated alkaline phosphatase (a), Oct4 (b), Tra1-60 (c), and Tra1-81 (d). (e–j): Immunocytochemical and 
histological analysis of in vitro (e,g,i) and in vivo (f,h,j) differentiated MLD iPSCs shows generation of cell types from all three germ layers including 
βIII-tubulin-positive neurons (e) and neural rosettes (f, both ectoderm), α1-fetoprotein-positive cells (g) and glandular structures (h, both endoderm) 
or smooth muscle actin-positive cells (i) and cartilage (j, both mesoderm). (k) Silencing of the reprogramming factors OCT4, SOX2, KLF4, and 
C-MYC was confirmed by quantitative reverse transcription polymerase chain reaction (RT-PCR). Histogram shows relative expression levels. Blue bars 
represent the iPS cells. Expression of hESC line H9.2 (red bars) was set to 1 for endogenous gene expression. Expression of virus producing PhoenixGP 
cells (green bars) was set to 1 for transgene expression. Error bars show SD of triplicates. (l) Sequencing of genomic DNA confirmed the P426L mis-
sense mutation within the coding region of the arylsulfatase A gene. Scale bars: 100 µm.
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With the advent of cellular reprogramming of somatic cells 
toward pluripotency, human pluripotent stem cells directly 
derived from patients suffering from a particular disease are 
now available as a possible autologous cell source for translating 
such results to human. Here we show that panneural and astro-
glial progenitors derived from induced pluripotent stem cells 
(iPSCs) generated from a patient with MLD and engineered 
to overexpress ARSA efficiently engraft into a mouse model of 
MLD and substantially reduce CNS sulfatide storage within the 
host brain.

RESULTS
Generation of MLD patient-specific lt-NES cells and 
astroglial progenitors
iPSCs were generated from skin fibroblasts derived from a 
 14-year-old female patient suffering from a juvenile variant of 
MLD using retroviral delivery of the reprogramming factors 
OCT4, SOX2, KLF4, and c-MYC. The donor carried a homozy-
gous mutation in the ARSA gene resulting in a change of proline 
to leucine at position 426. The respective P426L allele is the sec-
ond most frequent MLD allele among European patients.1,20 The 
mutant enzyme is expressed at slightly reduced levels compared to 
healthy control cell levels and with an activity in the physiological 
range, but is rapidly degraded in the lysosome. Thus, the cause of 
deficiency is decreased intralysosomal stability.20 Five of the pri-
mary iPSC clones were expanded and further validated for pluripo-
tency marker expression, transgene silencing, their differentiation 
potential, and karyotypic integrity. Based on this validation, clone 
1 was selected for further experiments. The iPSC line derived 
from this clone showed expression of the pluripotency-associated 
markers alkaline phosphatase (AP), OCT4, Tra1-60, and Tra1-81 
(Figure 1a–d) and differentiated into cells of all three germ lay-
ers in vitro and in vivo (Figure  1e–j). Karyotypic integrity was 
investigated using genome-wide SNP analysis (Supplementary 
Figure S1). Sustained silencing of the viral transgenes was con-
firmed by quantitative PCR analysis of endogenous and transgene 
expression of the reprogramming factors (Figure 1k). The muta-
tion in the ARSA gene was further confirmed by genomic DNA 
sequencing (Figure 1l).

From iPSCs, we generated long-term self-renewing neu-
roepithelial stem cells (lt-NES cells), a robust and homoge-
neous neural precursor population with strong neurogenic 
potential in vitro and in vivo.21,22 In the presence of the growth 
factors FGF2 and EGF, these cells grow in rosette-like struc-
tures and express Nestin together with the neuroepithelial 
stem cell-associated transcription factors SOX2, DACH1, and 
PLZF (Figure  2a–d). As a correlate of their epithelial nature, 
the zonula occludens protein 1 (ZO-1) is located apically in 
these cells (Figure 2d). Upon growth factor withdrawal, lt-NES 
cells differentiate into a major fraction of neurons expressing 
βIII-tubulin and MAP2ab (Figure  2e–g) and an only minor 
fraction of glial fibrillary acid protein  (GFAP)-positive astro-
cytes (Figure 2f).21 To generate a culture of astroglial progeni-
tor cells (APCs), the cells were differentiated for 4 weeks and 
subsequently trypsinized and replated in the presence of FGF2 
and EGF. Under these conditions, the small fraction of APCs 
proliferate and can be further expanded for multiple passages 

showing elongated, fibroblast-like morphologies (Figure  2h). 
Upon growth factor withdrawal, this population gives rise to 
a virtually pure population of GFAP-positive astrocytes within 
3–4 weeks (Figure 2i,j).

Figure 2 Lt-NES cells and astroglial precursor cells from induced 
 pluripotent stem cells. (a–d) Lt-NES cells grow in rosette-like structures 
(a) expressing the neural stem cell-associated markers SOX2 (b), Nestin, 
the dachshund homolog like 1 protein (DACH1; c), the zinc finger and 
BTB domain containing protein 16 (PLZF) and the apically accentuated 
protein ZO-1 that is associated with the zona occludens (d). (e,f) Upon 
growth factor withdrawal, lt-NES cells give rise to a dominant fraction 
of neurons expressing βIII tubulin (e,f) and only a minor fraction of 
astrocytes positive for glial fibrillary acidic protein (GFAP; f). (g) Lt-NES 
 cell-derived neurons also express the neuron-specific microtubule associ-
ated protein 2 (MAP2ab). (h) Astroglial precursors exhibit a  fibroblast-like 
morphology. (i,j) Upon growth factor withdrawal, they differentiate into 
cells expressing GFAP. Scale bars: 100 µm.
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Lentiviral transduction results in neural cell 
populations with strong ARSA activity
To generate neural cell populations with high and sustained ARSA 
activity, we transduced the patient-derived lt-NES cells with a len-
tiviral vector containing the human ARSA cDNA linked via an 
internal ribosomal entry site (IRES) to an enhanced green floures-
cent protein (EGFP) under transcriptional control of the eukary-
otic translation elongation factor 1α (EF1α). Progenitor cells 
transduced with a control vector containing EGFP only served 
as control (Figure  3a). Cells were selected for Blasticidine S- 
resistance expressed from an EM7 promoter on the same 

vector. APCs were subsequently generated from these popula-
tions. Overexpression of ARSA was first validated by immuno-
fluorescence. Whereas control lt-NES cells exhibited only a faint 
ARSA immunoreactivity, strong ARSA expression was observed 
in  lt-NES cells transduced with the ARSA vector (Figure 3b). To 
assess ARSA enzyme activity in lt-NES cells, APCs and their dif-
ferentiated progeny, we performed enzymatic ARSA activity assays 
using the artificial substrate p-nitrocatechol sulfate. As healthy 
controls we included lt-NES cells and APCs from an unaffected 
donor.22,23 This assay revealed a strongly reduced ARSA activity 
in the MLD  patient-derived cells compared to healthy control 

Figure 3 Lentiviral gene correction induces high levels of arylsulfatase A (ARSA) activity. (a) Schematic representation of the lentiviral vectors 
used in the study. (b) Immunofluorescence analysis of ARSA expression in metachromatic leukodystrophy (MLD)-derived lt-NES cells before (left 
panel) and after lentiviral transduction (right panel). (c) Enzymatic ARSA activity in lt-NES cells and astroglial progenitor cells from unaffected con-
trol cells, MLD patient-derived cells and gene corrected MLD cells both, in the proliferating state and following terminal differentiation. Shown are 
means ± SEM of technical duplicates performed from biological duplicates. (d,e) Intracellular and extracellular ARSA concentrations. Concentrations 
were measured by enzyme-linked immunosorbent assay (ELISA). To allow for a direct comparison with ARSA levels and to adjust for different cell 
densities, the calculated total intracellular and extracellular ARSA content was normalized on the total protein content of the cell homogenate of 
each specific sample (n = 3 wells per cell type). All samples were measured in triplicates. Shown are means ± SD. (d) Intracellular concentrations; 
(e) extracellular concentrations. (f) Specific activities of ARSA polypeptides expressed by ARSA-transduced cells. Specific ARSA activity was calculated 
by dividing the total ARSA activity per fraction (mU, measured in the activity assay) through total ARSA mass per fraction (µg, measured in the ELISA) 
and expressed as mU/µg. Values are means ± SD. APC, astroglial progenitor cells; diff, differentiated cells; prol, proliferating stage. Scale bars: 20 µm.
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cells (Figure 3c). While lt-NES cells and APCs from healthy con-
trol cells exhibited ARSA activities of 0.43 ± 0.05 mU/mg protein 
and 7.37 ± 0.04 mU/mg, respectively, activities of patient-derived 
cells were below the limit of detection under the same experi-
mental conditions (assay adjusted to ARSA overexpressing cells). 
Following differentiation, we observed a slight increase of ARSA 
activity in patient-derived cells (lt-NES cells: 0.43 ± 0.02 mU/mg; 
APCs: 0.25 ± 0.01 mU/mg), which was still several fold lower than 
in controls (lt-NES cells: 1.87 ± 0.17 mU/mg; APCs: 10.25 ± 0.49 
mU/mg). In stark contrast, ARSA overexpressing cells showed a 
strong increase in ARSA activity under all conditions (Figure 3c). 
Proliferating lt-NES cells and APCs exhibited ARSA activity lev-
els of 140.19 ± 10.59 mU/mg and 612.53 ± 15.15 mU/mg protein, 
respectively. Remarkably, these levels further increased upon dif-
ferentiation with differentiated lt-NES cells showing 760.75 ± 15.62 
mU/mg and APCs 1792.61 ± 25.52 mU/mg protein ARSA activity.

We next analyzed the extracellular and intracellular ARSA 
concentrations by enzyme-linked immunosorbent assay (ELISA). 
For the intracellular ARSA content, the levels of proliferating 
lt-NES cells and APCs as well as differentiated APCs from the 

patient were below the detection level. Differentiated lt-NES cells 
contained a normalized value of 0.0006 ± 0.0003 µg ARSA per mg 
of total protein. For the healthy control, we detected ARSA in all 
samples with differentiated APCs exhibiting the highest values 
(proliferating lt-NES cells: 0.003 ± 0.0004; proliferating APCs: 
0.01 ± 0.025; differentiated lt-NES cells: 0.006 ± 0.0006; differenti-
ated APCs: 0.34 ± 0.11; all in µg ARSA per mg of total protein). 
ARSA-transduced samples showed strongly elevated values, again 
with differentiated APCs exhibiting the highest levels (proliferat-
ing lt-NES cells: 1.14 ± 0.12; proliferating APCs: 2.02 ± 0.42; differ-
entiated lt-NES cells: 4.41 ± 0.59; differentiated APCs: 12.03 ± 3.1; 
all in µg ARSA per mg total protein; Figure 3d).

Similar results were obtained for ARSA concentrations in 
the supernatant. While proliferating lt-NES cells and both dif-
ferentiated populations were under the detection level, proliferat-
ing APCs showed low levels of secreted ARSA of 0.02 ± 0.02. In 
contrast, we detected secreted ARSA in all samples derived from 
the healthy control (proliferating lt-NES cells: 0.05 ± 0.03; prolif-
erating APCs: 0.24 ± 0.008; differentiated lt-NES cells: 0.1 ± 0.03; 
differentiated APCs: 0.13 ± 0.04; all in µg ARSA per mg of total 

Figure 4 Engraftment and in vivo differentiation of lt-NES cells and astroglial progenitor cells. (a) Three months after transplantation into the 
brain of postnatal day 1 immunodeficient arylsulfatase A knockout mice, lt-NES cell-derived transplants differentiated predominantly into neurons 
expressing human-specific neurofilament. (b) In contrast, astroglial progenitor cell-derived cell clusters exhibited expression of the astrocytic marker 
glial fibrillary acid protein and only a minor fraction was positive for human neurofilament. Transplanted cells were identified by virtue of their green 
flourescent protein expression or with the pan-human marker SC121. Schematic drawings on the right depict preferential localization of donor cell 
clusters. Scale bars: 50 µm.
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protein). ARSA secreted from the transduced samples was, again, 
strongly elevated (proliferating lt-NES cells: 1.54 ± 0.21; proliferat-
ing APCs: 2.0 ± 0.38; differentiated lt-NES cells: 0.35 ± 0.06; differ-
entiated APCs: 0.72 ± 0.3; all in µg ARSA per mg of total protein; 
Figure 3e). Interestingly, and in contrast to the intracellular lev-
els, proliferating cell populations exhibited the highest levels of 
secreted ARSA in this measurement.

We also calculated the specific activities of ARSA polypep-
tides, which is the total ARSA activity divided through the total 
ARSA mass per fraction. For this calculation, ARSA activities 
were quantified from homogenates and supernatants of the same 
samples used for the ELISA measurements. As this calculation 
is error-prone and misleading if ARSA levels are very low, it was 

only performed for the ARSA-transduced cells. We detected very 
similar specific activities for all samples, ranging from approxi-
mately 60 to 80 mU/µg in the cells and from 30 to 50 mU/µg in 
the supernatants (Figure 3f). Thus, lentiviral transduction results 
in robust ARSA expression, activity and secretion in lt-NES cells, 
astroglial progenitors and their differentiated progeny.

Engrafted neural precursor cell populations survive 
and differentiate into neurons and glia
We previously demonstrated that mouse embryonic stem 
 cell-derived glial precursors engineered to overexpress human 
ARSA reduce CNS sulfatide storage in a mouse model of MLD.19 
To investigate the potential of gene-corrected ARSA-expressing 

Figure 5 Reduction of sulfatide storage in the vicinity of transplanted arylsulfatase A (ARSA)-expressing cells. (a) Example of an astroglial 
progenitor donor cell cluster located in the septum. High-magnification inserts depict the density of Sulph1-positive deposits directly next to the 
grafted cells and in more remote areas. (b) Reduction of Sulph1-positive deposits was also observed in the ARSA “diffusion zone.” In this area, diffuse 
ARSA-immunoreactivity, but no ARSA-positive cellular structures could be identified. (c) Frequently, reduction of Sulph1-positive deposits was found 
to extend well into adjacent brain regions abutting the donor cell clusters. Shown are the dentate gyrus in the vicinity of green flourescent protein 
(GFP)-positive donor cells and the contralateral hippocampus of the same animal. (d,e) Strong reduction of Sulph1-positive deposits was also present 
in the vicinity of single cells (d) and in the surrounding of GFP-positive neurites (depicted is a merged image from confocal stacks) (e). Scale bars: 
a–d: 100 µm, e: 20 µm.
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human neural cell populations to integrate into the brain of ARSA-
deficient mice and to prevent the formation of sulfatide deposits 
in adjacent tissue, we transplanted these cells into the telenceph-
alon of postnatal day 1 ARSA-/- mice.24 While human cells were 

detectable 4 weeks after transplantation, they were completely 
depleted by month 3—a time, that was necessary to result in rel-
evant sulfatide deposits—most likely due to rejection of the trans-
planted cells (data not shown). Hence, we cross-bred  ARSA-/- mice 
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with an immunocompromized recombination-activation gene 2 
deficient (RAG2-/-) mouse strain25 to obtain  ARSA-/-/RAG2-/- mice 
for further transplantation experiments. Three months following 
intraventricular injection, donor cell clusters derived from trans-
planted cells (identified by GFP expression or the human cyto-
plasma-specific antibody SC121) were observed in various brain 
regions including cortex, the basal ganglia, fiber tracts, and the 
hippocampus (see schematic representation of preferential local-
ization in the right panels of Figure 4).

Differentiated cell types were identified by human-specific 
antibodies to neurofilament (HO-14; detecting neurons) and 
GFAP (SC123; detecting astrocytes). Comparable to what we 
observed in vitro and in analogy to previous transplantation 
studies,21,26,27 lt-NES cell-derived grafts predominantly differenti-
ated into neurons immunoreactive for the human-specific neu-
rofilament antibody, while human GFAP-positive cells were only 
observed occasionally (Figure 4a, representative donor cell clus-
ter located in the cortex). In contrast, the majority of transplanted 
APCs were positive for human GFAP, and only a minor fraction 
expressed human neurofilament (Figure 4b, representative donor 
cell cluster located in the anterior–dorsal part of the amygdala). 
Oligodendrocytes could not be detected in any of the transplanted 
host brains, which is in line with our previous findings demon-
strating that lt-NES cells preferentially differentiate into neurons 
and astrocytes (data not shown, 21). No teratoma formation or 
neural overgrowth was observed in any of the animals analyzed.

Engrafted neural precursor cell populations reduce 
sulfatide storage in a mouse model of MLD
We next investigated whether engrafted neuronal and astro-
glial cell populations are capable to reduce sulfatide storage in 
 ARSA-/-/RAG2-/- mice brains. Transplanted cells were identified 
by GFP or ARSA expression. Remarkably, we observed signifi-
cant reduction of sulfatide deposits (identified with an antibody 
to sulfatide (Sulph1))28 not only in close vicinity of donor cell 
clusters but also up to several hundred micrometers next to such 
clusters. In some grafts, almost complete extinction of sulfatide-
positive immunoreactivity was detected in the areas surrounding 
the  transplant-derived clusters (Figure  5a, representative APC 
donor cell cluster in the septum). Interestingly, ARSA immuno-
reactivity was not restricted to transplanted cells but also showed 
a diffuse distribution in the adjacent tissue suggesting transfer 
of ARSA from the transplanted cells into the adjacent host brain 
(Figure 5b, representative APC-derived donor cell cluster located 
in the septum). Strong reduction of sulfatide immunoreactivity 
was also present in brain regions adjacent to donor cell clusters 
as for instance in the hilus of the dentate gyrus of animals with 

donor cell clusters located in the fissure between hippocampus 
and thalamus (Figure 5c; shown are the ipsilateral and contralat-
eral side of the same animal). Remarkably, at higher magnification 
individual GFP-positive cells and even cell processes exhibited a 
deposit-free halo of approximately 10–20 micrometers, suggest-
ing a clearance effect even around single cells or even processes 
(Figure 5d,e).

To quantify sulfatide load, we determined both the number 
of Sulph1-positive particles per area and the particle coverage per 
area using unbiased automatic image analysis software (ImageJ). 
Donor cells were identified by virtue of their GFP expression, and 
a ladder of rectangles (each “spoke” 50 µm in height) was placed 
next to the border of the graft as depicted in Figure 6a. As con-
trol, the corresponding contralateral brain region from the same 
histological specimen not containing any grafted cells was quan-
tified and set to 100. Results were grouped according to donor 
cell population (lt-NES cells or APCs) and anatomical location 
(donor cell clusters located in cortical areas, basal ganglia, or the 
hippocampus). This analysis revealed a direct inverse relationship 
between sulfatide clearance and distance from the graft.

When comparing the number of Sulph1-positive depos-
its and the total area covered by the deposits directly in donor 
 cell-containing areas, these parameters were reduced to 
6.36 ± 10.95 and 4.57 ± 8.86% for lt-NES cell-derived transplants 
and 6.38 ± 13.20 and 3.07 ± 5.69% for APC-derived transplants, 
respectively. With increasing distance from donor cells sulfa-
tide deposits became more abundant, but a significant reduc-
tion of both parameters was still detectable at distances of up to 
300 µm away from transplantation-derived donor cell clusters 
(Figure  6b,c). Interestingly, we observed no major differences 
in the sulfatide clearance capacity of both populations (lt-NES 
cells or APCs). However, in contrast to donor astrocytes, lt-NES 
 cell-derived neurons typically extend widespread axonal pro-
jections into the host brain.21,26,27 We therefore asked whether 
reduction of sulfatide storage could also be observed in neuronal 
projection areas (defined as areas > 500 µm away from donor cell 
clusters containing human neurofilament-positive axonal pro-
cesses but no human cell bodies). Indeed, quantification of the 
number of Sulph1-positive particles per area and the particle cov-
erage per area revealed a significant reduction of both parameters 
of up to > 50% in such projection regions such as the corpus callo-
sum (Figure 7a,b). Together, these findings indicate that neuronal 
and astroglial cell populations derived from iPS cells generated 
from a MLD patient and engineered to overexpress human ARSA 
permit an efficient reduction of sulfatide storage across a large 
perimeter around transplanted donor cells. In case of a neuronal 
donor cell phenotype, additional and more widespread reduction 

Figure 6 Quantification of sulfatide load in different brain region. (a) Schematic demonstrating the approach used for semiquantitative assess-
ment of sulfatide deposits. A grid of rectangles (each 50 µm wide) was placed next to the borders of the grafted cells identified by their green 
flourescent protein content. (b) Quantification of the average number of Sulph1-positive particles and the area covered by Sulph1-positive particles 
in the vicinity of donor cell clusters derived from lt-NES cells in percentage compared to the contralateral side. Transplants were grouped according 
to their localization into cortical transplants, transplants localized in the basal ganglia or hippocampal transplants. The same area of the contralat-
eral ungrafted side of the same animal and the same histological specimen served as control and was set to 100% (indicated as dashed grey line). 
Numbers (n) given on top of the individual bars represent numbers of areas analyzed for the distance indicated. Graphs were generated and analyzed 
using Graphpad Prism. Error bars depict SEM. Following analysis of variance test, Fischer’s least significant difference test was performed to com-
pute statistics of multiple comparisons to nongrafted contralateral control areas; n.s., not significant, P values * < 0.05, ** < 0.01, *** < 0.001, and 
**** < 0.0001. (c) Quantification of the average number of Sulph1-positive particles and the area covered by Sulph1-positive particles in the vicinity of 
transplants derived from astroglial precursor cells. Quantification and statistical analysis was performed analogously to lt-NES cell-derived transplants.
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of sulfatide storage can be achieved in areas containing axonal pro-
jections from transplanted ARSA-overexpressing neurons. Thus, 
autologous transplantation of engineered iPS cell-derived neural 
cell populations might represent an attractive tool for  cell-based 
delivery of functional ARSA in MLD-affected brain tissue.

DISCUSSION
Lysosomal storage diseases have been discussed as promising can-
didates for gene therapy, cell transplantation, and enzyme replace-
ment therapies due to the particular characteristics of inter- and 
intracellular sorting of lysosomal enzymes.4,29 Soluble lysosomal 
enzymes characteristically carry mannose 6-phosphate (M6P) res-
idues on their N-glycans. This unique modification enables bind-
ing of lysosomal enzymes to M6P receptors within the trans Golgi 
network. From here, these receptors mediate the further vesicular 
transport of the enzymes to the lysosome. A considerable fraction 
of M6P bearing enzymes, however, escapes the lysosomal sort-
ing pathway and is released from the cells. M6P receptors on the 
plasma membrane of neighboring cells can bind the secreted lyso-
somal enzymes and deliver them to the lysosomal compartment 
via the endocytotic route. This intricate transfer mechanism opens 
significant therapeutic options for lysosomal storage disorders.

In gene therapy, cells can be genetically modified to overex-
press recombinant enzymes defective in the patient. This genetic 
modification can either be introduced by direct in vivo injection 
of viral vectors into the brain or by transplantation of cells, which 
have been modified ex vivo. The enzyme delivered from such cells 
can be endocytosed by the resident deficient cells of the patient, 
a phenomenon referred to as metabolic cross-correction.30 In 
such a scenario, a single genetically modified cell may suffice 
to substitute enzyme activity in many cells of the patient. Based 
on this rationale we previously transplanted mouse embryonic 
stem cell-derived glial precursors genetically engineered to over-
express ARSA into the brain of neonatal ARSA-deficient mice.19 
We showed that sulfatide storage was reduced in the vicinity of 
ARSA delivering engrafted cells. Here, we aimed at extending 
this approach to human cells and to a scenario enabling autolo-
gous transplantation, which would bypass the need of immuno-
suppression. To that end, we employed iPS cells, which represent 
a versatile autologous donor source for a cell-mediated gene 
therapy. Generated from somatic cells of a patient and modified 
in vitro, they provide an inexhaustible source of “healthy cells” 
for transplantation without the risk of transplant rejection. In a 
proof of principle experiment, iPSCs generated from a mouse 
model of sickle cell anemia were genetically corrected and, fol-
lowing differentiation into hematopoietic progenitors, trans-
planted back into the mouse, resulting in phenotypic recovery.31 
In another pioneering study, human iPSCs from limb-girdle 
muscular dystrophy Type 2D (LGMD2D) patients were differen-
tiated into  mesangioblast-like mesodermal progenitor cells that 
were lentivirally engineered to express wild type α-sarcoglycan. 
Following transplantation into a mouse model of LGMD2D, 
these cells differentiated into α-sarcoglycan-positive muscle 
fibers resulting in improved muscle function compared to non-
transplanted animals.32 We extended this autologous transplan-
tation approach to a cell-mediated enzyme replacement therapy 
in MLD.

Lentiviral overexpression of ARSA in neural progenitors 
derived from patient-specific iPS cells resulted in strongly ele-
vated levels of intracellular and secreted ARSA compared to 
GFP-only transduced cells or cells derived from healthy controls. 
Importantly, the specific activity of ARSA from the supernatant of 
the lentivirally transduced populations ranged between ~30 to 50 
mU/µg. For comparison, enzyme that has been purified from the 
supernatant of ARSA-overexpressing Chinese hamster ovary cells 
has a specific activity of ~40 mU/µg.8 Thus, lentivirally transduced 
iPSC-derived cells generate ARSA with a physiological specific 
activity, indicating correct modification of the newly expressed 
ARSA by the formyl glycine generating enzyme (FGE).33 The fact 
that FGE becomes not limiting under the condition of high ARSA 
overexpression renders it unlikely that ARSA depletes FGE and 
thereby lowers the specific activity of other cellular sulfatases, also 
requiring this modification for their activation.

The ratio between intracellular and extracellular ARSA 
varied substantially between the different cultured cell types 
(see Figure  3d,e). The rate by which lentivirally transduced 
 patient-derived cells deliver ARSA is of particular interest, as they 
are supposed to serve as a local enzyme donor following implan-
tation into the brain parenchyma. Notably, ARSA-overexpressing 
patient-derived cells (APCs and lt-NES cells) secrete substan-
tial amounts of enzyme into the medium as long as they are 
in the proliferating state. As a consequence, ARSA is almost 

Figure 7 Quantification of sulfatide storage in axonal projection 
areas. (a) Network of donor-derived axons in the corpus callosum, 
identified with an antibody to human neurofilament. Sulfatide-positive 
deposits are stained by an antibody to Sulph1 (left panel). Isolated 
presentation of human Neurofilaments (black) and Sulph1-positive 
deposits (red) in false colors (right panel). For sake of visualization, 
 hNeurofilaments and Sulph1-positive deposits have been digitally 
enlarged in false color image. (b) Quantification of the average num-
ber of  Sulph1-positive particles and the area covered by Sulph1-positive 
particles in areas containing donor-derived axonal projections expressed 
as percentage of the contralateral control region (n = 8; t-test detected 
significance with P < 0.0001 for both particles/area and particle cover-
age/area; error bars depict SEM). Scale bar: 40 µm.
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equally distributed between the medium and the cellular frac-
tion. However, as the cells differentiate and total ARSA increases, 
this ratio drops and less ARSA is secreted, both on a percentage 
basis and in absolute terms. Compared to the extracellular ARSA 
concentration of proliferating APCs and lt-NES cell cultures, the 
extracellular levels decrease to 35.8 and 22.8% after differentiation, 
respectively. Still, ARSA overexpressing differentiated patient-
derived cells secrete considerable amounts of ARSA. Compared 
to healthy control cells, the extracellular levels are  5.6-fold (APCs) 
and 3.7-fold (lt-NES cells) higher, respectively.

Consequently, we detected a significant reduction of sul-
fatide storage when transplanting these cells into the brain of 
 ARSA-deficient mice. Depending on the brain region, significant 
reduction of sulfatide storage could be observed up to a distance 
of 300 µm away from transplanted cells, with both, lt-NES cell- 
and APC-derived transplants exhibiting comparable efficiencies 
in reducing sulfatide storage in the vicinity of donor cell clus-
ters. In addition, we observed a significant reduction of sulfa-
tide deposits around processes of donor neurons, implying that 
neuron-mediated gene transfer might, in the end, permit ARSA 
delivery to larger and more remote host brain regions than glial 
cells. In line with this notion, axonal transport and release has pre-
viously been demonstrated in primary mouse neurons lentivirally 
transduced with a tagged version of human ARSA.34 On the other 
hand, it is currently not clear to what extent neuronal innervation 
of transplanted cells might lead to pathological innervation and 
disturbance of endogenous networks. Until addressed in detail, 
glial cells as a more “inert” cell population might be considered 
as a safer alternative for cell-mediated gene transfer in MLD. 

Importantly, our quantification was only performed using coronal 
sections and in one plane, which does not permit extrapolation 
of sulfatide reduction across 3D space. Another limitation of the 
current study is that we used bulk infection of the cells resulting 
in a polyclonal cell population. Translation toward a clinical set-
ting would require clonal lines subjected to stringent quality con-
trol including viral copy numbers and their integration potential. 
In addition, cell delivery to far larger areas would be required. 
It is difficult to extrapolate how many cells might be required to 
achieve widespread distribution of ARSA secreting cells through-
out human CNS. While some of the transplanted precursor cells 
continue to proliferate, others die. Results from our previous stud-
ies involving transplantation of pluripotent stem cell-derived neu-
ral stem cells indicate that only <20% of the initially grafted cells 
survive on long-term.26 However, surviving neurons extent very 
elaborate axonal projections, which may be sufficient to reach 
large parts of the human brain. The proliferative potential of astro-
glial progenitors, on the other hand, seems to be more extensive so 
that one might speculate that lower initial numbers in combina-
tion with multiple injection sites might suffice for proper distribu-
tion throughout the brain. In line with this notion, recent studies 
showed an impressive distribution of human astrocytes derived 
from human fetal glial cell progenitors after multifocal injection 
into the postnatal brain.35 How these findings can be translated to 
the human brain need to be determined.

Comparing our transplantation model to the clinical scenario 
it is important to note that the immunodeficient host animals 
used in this study cannot reflect the immunological situation of 
a MLD patient brain where neuroinflammation is a prominent 

Table 1 Antibodies and concentrations used

Antibody Epitope Order number Dilution Species Manufacturer

AFP α1-fetoprotein A0008 1:200 Rabbit Dako (Carpinteria, CA)

hARSA Human arylsulfatase A 1:1,000 Rabbit Provided from V. Gieselmann  
(Bonn, Germany)

βIII-tubulin Tubulin β3 chain MMS-435P 1:2,000 Mouse Covance (Münster, Germany)

βIII-tubulin Tubulin β3 chain PRB-435P 1:2,000 Rabbit Covance

DACH1 Dachshund homolog 1 10914-1-AP 1:50 Mouse Proteintech (Chicago, IL)

GFAP Human glial fibrillary acidic protein Stem123 1:250 Mouse StemCells (Newark, CA)

hNeurofilament Human neurofilament 1:100 Rat Provided by V. Lee (Pennsylvania, USA)

MAP2ab Microtubule-associated protein 2, isoform a + b M1406 1:500 Mouse Sigma Aldrich (St Louis, MO)

NESTIN Nestin MAB1259 1:250 Mouse R&D Systems

OCT4 Oct-3/4, AA1-134 sc-9081 1:400 Rabbit Santa Cruz (Dallas, TX)

PLZF Zinc finger and BTB domain containing 16 OP128 1:50 Mouse Merck Millipore (Darmstadt, Germany)

SC121 Cytoplasmic protein of human cells Stem121 1:250 Mouse StemCells

SMA Smooth muscle actin M0851 1:200 Mouse Dako

SOX2 SRY (sex determining region Y)-box 2 MAB2018 1:100 Mouse R&D Systems

Sulph1 Sulphatide 1:250 Mouse Provided by Jan-Eric Mansson 
(Gothenburg, Sweden)

Tra1-60 Podocalyxin-like protein 1, sialidase-sensitive 
epitope

MAB4360 1:500 Mouse Merck Millipore

Tra1-81 Podocalyxin-like protein 1, unknown epitope MAB4381 1:500 Mouse Merck Millipore

ZO-1 Zonula occludentes associated protein ZO-1 61–7,300 1:100 Rabbit Life Technologies
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component of the disease. Whether and to what extent neuroin-
flammatory changes may impede such a transplantation approach 
cannot be predicted from our preclinical study.

Compared to other methods of enzyme delivery, our 
 cell-mediated approach comes with distinct advantages. First, 
direct cell delivery to the CNS bypasses problems associated with 
poor penetration of recombinant enzyme or peripherally admin-
istered cells across the blood–brain barrier. Second, integration 
of enzyme-releasing cells into the host CNS can enable stable and 
perhaps life-long supply, rendering repetitive invasive interven-
tions unnecessary. On the other hand, the peripheral nervous sys-
tem and non-neural tissues will not benefit from such transplants 
at the same extent. Thus, combinatorial methodologies including 
efficient delivery of ARSA to the periphery might be required to 
affect ARSA deficiency in both systems.

It is important to note that neurological symptoms in MLD are 
considered to derive to a large extent from demyelination result-
ing from the demise of oligodendrocytes accumulating sulfatide. 
While lt-NES cells represent a highly standardized cell population 
suitable for neural transplantation,21,26 they show notoriously low 
oligodendroglial differentiation potential.21,22 Although in case 
of early intervention demyelination might be prevented, more 
advanced cases would benefit from enzyme delivery from a cell 
population more amenable to oligodendroglial differentiation, 
thereby tackling both, enzyme deficiency and myelin loss.

MATERIALS AND METHODS
Human material. The study was approved by the local ethics committee. 
All subjects (MLD patient and healthy control) gave written informed 
consent.

Generation and validation of iPS cells. Retroviral plasmids for OCT4, 
SOX2, KLF4, and c-MYC (plasmids 17217, 17218, 17219, and 17220)36 
were obtained from Addgene (Cambridge, MA). PhoenixGP cells (ATCC 
no. 3514; Wesel, Germany) cultured in 10-cm plates were cotransfected 
with the individual retroviral vectors and the VSV-G vector (plasmid 
12259, Addgene)  using the CaPO4 method. Viral supernatants were har-
vested on day 2 and 3 after transfection, filtered through a 0.45 µm cel-
lulose acetate filter and pelleted at 5 × 104 average g force for 120 minutes. 
Dermal fibroblasts were plated at a density of 5 × 104 cells per well of a gel-
atin-coated 12-well plate and infected overnight with a combination of all 
four retroviruses in the presence of 6 mg/ml polybrene and 4 ng/ml FGF2. 
Four days after transduction, cells were split into plates preseeded with 
mouse embryonic fibroblasts (MEFs). Medium was switched to human 
iPSC medium containing DMEM/F12 culture medium supplemented with 
20% KnockOut serum replacement, 0.1 mmol/l nonessential amino acids, 
1 mmol/l L-glutamine, 0.1 mmol/l β-mercaptoethanol and 8 ng/ml basic 
fibroblast growth factor (bFGF; all from Life Technologies, Darmstadt, 
Germany). Four weeks after transduction, colonies with human ES cell-
like morphology were manually isolated, carefully triturated and expanded 
to establish human iPSC lines. iPSCs were maintained on irradiated MEFs 
in iPSC media and split at a 1:3 to 1:4 ratio every 4–5 days. For teratoma 
formation, 1 × 106 cells were resuspended as clumps in iPSC medium and 
injected into the testis of immune-compromised SCID beige mice. After 
5–8 weeks, tumors were isolated, fixed overnight in 4% paraformaldehyde, 
and subjected to histological examination using hematoxylin and eosin 
staining. For transgene silencing, total RNA was extracted using TRIzol 
reagent (Life Technologies). To generate cDNA, RNA was incubated with 
DNase I (Promega, Mannheim, Germany) and reverse transcribed with 
BioRad iScript Kit (BioRad, Munich, Germany) according to the manu-
facturer’s manual. Quantitative RT–PCR was performed using the iCycler 

(BioRad) platform following the manufacturer’s instruction. All results 
were normalized to GAPDH. Primers used for the analysis of transgene 
silencing and expression of pluripotency-associated genes were:

OCT4 endo forward: GACAGGGGGAGGGGAGGAGCTAG
OCT4 endo reverse: GTTCCCTCCAACCAGTTGCCCCAAAC
SOX2 endo forward: GTATCAGGAGTTGTCAAGGCAGAG
SOX2 endo reverse: TCCTAGTCTTAAAGAGGCAGCAAAC
c-MYC endo, forward: TTCGGGTAGTGGAAAACCAG
c-MYC endo reverse: CCTCCTCGTCGCAGTAGAAA
KLF4 endo, forward: GACCAGGCACTACCGTAAACA
KLF4 endo reverse: CTGGCAGTGTGGGTCATATC
OCT4 trans forward: GTACTCCTCGGTCCCTTTCC
SOX2 trans forward: CATGTCCCAGCACTACCAGA
c-MYC trans forward: GGAAACGACGAGAACAGTTGA
KLF4 trans forward: GACCACCTCGCCTTACACAT
ALL trans reverse: TGACACCAGACCAACTGGTAA
“Endo” refers to primers for amplification of endogenous genes, 

“trans” to primer pairs specific for the amplification of the viral transgenes.

SNP analysis. Genomic DNA was prepared using the DNeasy Blood & 
Tissue Kit (Qiagen, Hilden, Germany). Whole-genome single nucleo-
tide polymorphism (SNP) genotyping was performed at the Institute of 
Human Genetics at the University of Bonn. Genomic DNA at a concen-
tration of 50 ng/µl was used for whole-genome amplification. Afterwards, 
the amplified DNA was fragmented and hybridized to sequence-specific 
oligomers bound to beads on an Illumina HumanOmniExpress BeadChip 
12V1.0 chip (Illumina, San Diego, CA). Data were analyzed using Illumina 
GenomeStudio V2011.1 (Illumina).

Genotype analysis. Genomic DNA was extracted using the Viagen 
DirectPCR DNA Extraction System (Viagen Biotech, Los Angeles, 
CA). PCR amplification of exon 9 including parts of the 3′ UTR was 
performed using Phusion polymerase (Finnzymes; primers: MLDfw, 
CTAGATCCCTGGCCCCTCCTC; MLDrv, CCCAGTGAGGAGCCAT 
CACATG). PCR included a preincubation at 98 °C for 30 seconds followed 
by 35 cycles of denaturation at 98 °C for 10 seconds, annealing at 60 °C for 
30 seconds and extension at 72 °C for 30 seconds with a final extension step 
at 72 °C for 10 minutes. The 423 bp fragment was extracted from the gel 
and subsequently sequenced (Seqlab, Göttingen, Germany).

Neural differentiation. Lt-NES cells were generated as described previ-
ously21 and continuously propagated on poly-L-ornithine/laminin-coated 
plates in N2 medium supplemented with B27 (1 µl/ml, Life Technologies), 
10 ng/ml FGF2, and 10 ng/ml EGF (both from R&D systems, Minneapolis, 
MN). Neuronal differentiation was induced by removing the growth fac-
tors FGF2 and EGF from the media and culturing the cells in Neurobasal 
medium supplemented with B27 (1:50, Life Technologies) and DMEM/
F12 supplemented with N2 (1:100) mixed at a 1:1 ratio. 300 ng/ml cAMP 
was added to the differentiation media. Astroglial progenitors were gen-
erated by withdrawal of growth factors from lt-NES cells for 4 weeks. 
Following dissociation by trypsin and further cultivation in the presence 
of the growth factors FGF2 and EGF, a proliferating cell population exhib-
iting a fibroblast-like morphology was established. Differentiation was 
induced by omitting the growth factors for 3–4 weeks in the presence of 
10% fetal calf serum (FCS).

Vector design and lentiviral transduction. For constitutive overex-
pression, a modified version of the pLenti6/V5-D-TOPO system was 
employed in which the cytomegalovirus promoter of the pLenti6/V5-D-
TOPO plasmid had been replaced with the truncated elongation factor 
1α promoter and a woodchuck postregulatory element (WPRE) added 
before the SV40/EM7 promoter controlling the Blasticidine resistance 
gene (pLentiWE). The cDNA sequence of the EGFP was amplified by PCR 
and cloned into the pLentiWE plasmid, resulting in pLentiWE-EGFP. The 
cDNA sequence of human ARSA followed by an IRES was cloned into 
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the pLentiWE-EGFP plasmid just before the EGFP sequence, resulting 
in the plasmid  pLentiWE-hARSA-IRES-EGFP. Lentiviral particles were 
generated and concentrated as described previously.37,38 Briefly, 293FT 
cells were transduced with the lentiviral plasmids pLentiWE-EGFP or 
 pLentiWE-hARSA-IRES-EGFP, the packaging plasmid psPAX2, and the 
envelope plasmid pMD2.G, harvested daily for 2 days and enriched by 
centrifugation. Lt-NES cells were transduced with pLentiWE-EGFP or 
 pLentiWE-hARSA-IRES-EGFP vectors and passaged in the presence of 
20 µg/ml Blasticidine S (Life Technologies) for 1 week to generate stable 
cell lines. From selected lt-NES cell lines, astroglial progenitor cells were 
generated as outlined above.

Enzymatic activity assay. Cells were grown to confluency in six-well 
tissue culture plates. Cell extracts were obtained by cell lysis in ice-cold 
 Tris-buffered saline/0.5% Triton X-100 supplemented with protease inhib-
itors (1 mmol/l iodoacetamide, 1 mmol/l phenylmethanesulfonyl fluoride, 
and 5 mmol/l ethylene-diaminetetraacetic acid), followed by a 5-minute 
centrifugation at 11,000 g. ARSA activity in cell lysates was determined 
with the artificial substrate p-nitrochatechol sulfate.39 Fifty microliters 
of each sample were incubated for 30 minutes at 37 °C with 10 mmol/l 
p-nitrochatechol sulfate in 0.5 M sodium citrate-phosphate buffer (pH 5) 
containing 10% NaCl (w/v) and 0.2% bovine serum albumin (w/v). The 
reaction was stopped by addition of 500–750 µl of 1 M NaOH and absor-
bance was measured at 515 nm on a Beckman DU640 spectrophotometer 
(Beckman-Coulter, Pasadena, CA). ARSA activities were related to protein 
concentrations determined by the DC protein assay (BioRad).

Determination of intra- and extracellular ARSA levels by ELISA. Transduced 
and nontransduced iPSC-derived neuronal and APCs were cultured to con-
fluency in six-well tissue culture plates and 2 ml  serum-free culture medium. 
After a culture period of 48 hours without change of medium, cells and 
conditioned media were harvested. Conditioned media were centrifuged at 
11,000 g for 5 minutes to remove floating cells. The supernatant was trans-
ferred to a new vial and supplemented with bovine serum albumin to a final 
concentration of 1% (w/v) in order to stabilize ARSA. Cells were harvested by 
trypsinization and homogenized in 100 µl ice-cold Tris-buffered saline/0.5% 
Triton X-100 supplemented with protease inhibitors (Halt Protease Inhibitor 
Cocktail, Thermo Scientific, Sankt Leon-Rot, Germany). The homogenates 
were centrifuged at 11,000 g for 5 minutes, and aliquots of the supernatant 
were used for the determination of the ARSA content and protein concentra-
tion (DC protein assay,  Bio-Rad). ARSA concentrations and activities were 
determined in triplicates using an indirect sandwich ELISA40 and the arti-
ficial substrate p-nitrochatechol sulfate,39 respectively. Recombinant human 
ARSA expressed from Chinese hamster ovary cells was utilized as a stan-
dard.8 Optical densities were measured with a Genios Spectra Fluor Plus 
96-well plate reader from Tecan (Groedig, Austria).

Statement about animal studies. Rag2-/--immunodeficient animals were 
used for teratoma assays validating multi-germ layer differentiation of 
iPSCs as previously described.41 Neonatal ARSA-deficient Rag2-/- mice were 
used for the assessment of lt-NES cells or astroglial progenitors to reduce 
sulfatide storage. The studies are in accordance with the legal require-
ments of the local authorities (permit numbers: 8.87-50.10.37.09.290 and 
87.51.04.2010.A022).

Transplantation of neonatal animals. Neonatal animals (postnatal day 1)  
were anesthetized by hypothermia. Using transcranial injection with a 
glass capillary, 100,000 lt-NES cells or astroglial progenitors suspended in 
a total volume of 2 µl were injected into the lateral ventricle. Transplanted 
animals were placed on an electrical thermal blanket at 37 °C for recovery 
and relocated to their mothers.

Immunocytochemical analysis. Cells were fixed in 4% paraformaldehyde 
for 10 minutes at room temperature, washed with phosphate-buffered saline 
(PBS) and blocked with 10% fetal calf serum in the presence of 0.1% Triton 

X-100 (blocking solution). Primary antibodies were applied in blocking 
solution for 16 hours at 4 °C. Secondary antibodies were added for 1 hour 
at room temperature. 4′,6-diamidino-2-phenylindole solution was used for 
5 minutes for nuclear counterstaining (Life Technologies) and cells were 
mounted with Mowiol/DABCO before visualization by a Zeiss Axiovision 
microscope with Apotome technology (Zeiss, Jena, Germany). Antibodies 
applied and concentrations used are outlined in Table 1.

Immunohistochemical analysis. One to three months following trans-
plantation, animals were sacrificed and perfused with paraformaldehyde 
(4%). Thirty-µm thick coronal sections were generated using a cryostat, 
dried, reconstituted, and washed with PBS for 30 minutes at room tem-
perature. For analysis of sulfatide deposits, the histological specimen then 
was treated with a 0.05% Glycine/PBS solution for 30 minutes at room 
temperature, washed three times with PBS and blocked overnight at 4 °C 
with 1% bovine serum albumin and 0.05% Tween 20 in PBS. Specimens 
were washed additional three times (PBS, 10 minutes) and primary anti-
bodies were applied overnight at 4 °C in PBS supplemented with 0.01% 
Tween 20 and 1% bovine serum albumin. Following washing with PBS 
(3×, 10 minutes), secondary antibodies were applied for 2 hours at room 
temperature. The expression of all other epitopes was examined by block-
ing the sections in 10% FCS, 0.1% Triton X-100 and 0.1% sodium azide 
and applying primary and secondary antibodies in the same solution for 
the same times as indicated above. Primary antibodies and concentrations 
used are outlined in Table 1.

Quantification of sulfatide storage. For quantification of sulfatide stor-
age, 30-µm thick sections were processed and images were acquired under 
standardized acquisition times using a Zeiss Axiovision microscope. 
Grafted cells were identified by virtue of their GFP expression, and a lad-
der of rectangular sectors (each “spoke” 50 µm in height) was tangentially 
aligned to the border of the graft in a way, which (i) allowed continuous 
quantification into the adjacent host tissue within the same anatomical 
brain region for at least 50 µm and (ii) enabled a maximal width of tan-
gential apposition of the bar-ladder to the graft. The number and area of 
sulfatide-positive deposits was quantified using unbiased automatic image 
analysis software (ImageJ; http://imagej.nih.gov/ij/) and correlated to the 
total analyzed area. Quantification of sulfatide deposits in contralateral 
areas devoid of donor cells was used as control (set to 100%). The number 
of sulfatide deposits within sectors with an identical distance to the donor 
cell clusters was averaged across multiple animals and sites within the same 
anatomical compartment. Measurements were conducted dependent on 
the feasibility to stay within the same anatomical compartment, resulting 
in different numbers (n) for different regions.

For quantification of sulfatide storage in axonal projection areas, host 
brain regions >500 µm away from transplanted donor cells containing 
human neurofilament-positive donor cell-derived axons but no human 
cell bodies were selected. Corresponding regions from the contralateral 
side were used as control, and values of the grafted side were expressed as 
percentage of the control (which was set to 100%).

SUPPLEMENTARY MATERIAL
Figure S1. Single nucleotide polymorphism-based karyotyping.
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