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Metachromatic leukodystrophy (MLD) is a fatal lysosomal stor-
age disease characterized by the deficient enzymatic activity of ar-
ylsulfatase A (ARSA). Combined autologous hematopoietic stem
cell transplantion (HSCT) with lentiviral (LV)-based gene ther-
apy has great potential to treat MLD. Achieving the optimal bal-
ance between high enzyme production for therapeutic efficacy
and maintaining a low vector copy number (VCN) is crucial.
Insufficient enzyme levels can lead to the progression of motor
symptoms, undermining treatment goals. Conversely, elevated
VCN increases the risk of genotoxicity, which poses safety con-
cerns, and contributes to higher production costs, making the
therapy less accessible. Striking this balance is essential to maxi-
mize clinical benefit while minimizing risks and costs. To address
this need, we increased the expression of ARSA cDNA at single
integration by generating novel LVs, optimizing ARSA expres-
sion and enhancing safety. In addition, our vectors achieved
optimal transduction in mouse and human hematopoietic stem
cells (HSCs) with minimal multiplicity of infection (MOI). Our
top-performing vector (EA1) showed at least 4x more ARSA ac-
tivity than the currently US and European Union (EU)-approved
vector and a superior ability to secrete vesicle-associated
ARSA, a critical modality to transfer functional enzymes from
microglia to oligodendrocytes. Three-month-old Arsa-knockout
(KO) MLD mice transplanted with Arsa-KO bone marrow (BM)
cells transduced with 0.6 VCN of EA1 demonstrated behavior
and CNS histology matching wild-type (WT) mice. Our novel
vector boosts efficacy while improving safety as a robust
approach for treating MLD patients.

INTRODUCTION

Leukodystrophies (LDs) are a group of hereditary diseases affecting
the central nervous system (CNS). LDs result in severe and often pro-
gressive neurologic disease, primarily affecting young children."” The
possibility of definitive, targeted gene therapies has become a reality
for some LDs.> One promising target of gene therapy is metachro-
matic LD (MLD), an autosomal recessive lysosomal storage
disease arising from biallelic pathogenic variants in the ARSA gene,
encoding the enzyme arylsulfatase A (ARSA), which converts 3-O-
sulfogalactosylceramide (sulfatide) to galactosylceramide. Decreased
ARSA activity disrupts this lipid conversion process, altering the
composition of myelin sheaths and inducing a buildup of sulfatides
in the CNS and peripheral nervous system (PNS)."* The most com-
mon clinical subtype is the late infantile (LI)-MLD form, which re-
sults in rapid loss of neurologic skills, beginning before the age of
2.5 years, and early death.'

Historically, MLD treatment in the US was based on hematopoietic
stem cell transplantation (HSCT),>®
especially after symptom onset.' Because of the limitations of
HSCT, including availability of transplant matches and lack of effi-
cacy in younger children with MLD, an autologous stem cell
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transplant with lentiviral (LV) treatment strategy was developed.
The drug product indicated as atidarsagene autotemcel (Lenmeldy
in the US or Libmeldy in the European Union [EU]), is made by
transduction of autologous hematopoietic stem cells (HSCs) with
an LV, indicated in this report as clinical vector (CV), encoding
the ARSA gene.” CV is approved for treating pre-symptomatic
early-onset patients (onset < 7 years) and children, minimally symp-
tomatic, with onset of disease between 2.5 and 7 years old.®> ! The
concept behind the success of the current clinical LV is that supra-
physiological expression of ARSA in pre-symptomatic patients via
the phosphoglycerate kinase (PGK) promoter provides more enzy-
matic activity than allogeneic healthy HSCs to suppress the detri-
mental effects of sulfatide buildup.® A key factor in the success of
this therapy is the ability of the transplanted bone marrow (BM)
product to cross the blood-brain barrier (BBB) and replenish the
endogenous microglia.'>"”

Despite the success of the CV, there is a need to explore whether a
more efficient system can be developed given the high vector copy
numbers (VCNs) required with the currently available product.
This places an increased burden on manufacturing needs and poten-
tially a higher risk of complications such as genotoxicity for the pa-
tient. With increasing numbers of viral integration, there is a greater
probability of genome toxicity and leukemogenesis, which may place
children at increased risk for complications.M’15 Additionally, while
the pre-symptomatic LI-MLD populations respond well to CV, treat-
ment is inadequate to address the needs of early-symptomatic indi-
viduals." Additional enzyme activity without increasing the need for
integration may be needed to help this population. These limitations
suggest that an improved vector design could enhance therapeutic ef-
ficacy. To this end, we generated novel vectors to be compared with
the CV.

Our vector designs demonstrate greater ARSA expression and activity
across biologically relevant cell lines. In addition, our vector allows
generation, from the transduced cells, of secreted extracellular vesicles
(EVs) loaded with the ARSA protein. In vitro, these EV's can transfer
the ARSA protein and activity to other cells. Our LVs illustrate a
robust safety profile as indicated by genotoxicity assays and transduc-
tion into wild-type (WT) mice. Finally, our vector ameliorates MLD
disease phenotypes in Arsa-KO mice at a lower VCN than the CV.
The combination of genetic regulatory elements that increase ARSA
expression in our novel vectors can serve as a backbone for other con-
structs to treat similar lysosomal storage diseases and leukodystro-
phies, such as multiple sulfatase deficiency (MSD). Developing
more efficient vectors is a critical step in reducing genome toxicity
and improving outcomes for early-symptomatic patients.

RESULTS

A novel vector design for improved transgenic expression by
LVs

Several PGK and elongation factor 1 alpha (EFla) promoter-driven
enhanced green fluorescent protein (eGFP) reporter vectors were
designed to assess how ankyrin and foamy insulators and the
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woodchuck hepatitis virus posttranscriptional regulatory element
(WPRE)/bovine growth hormone poly(A) signal (bGHpA, indicated
as pA) sequences affected transgene expression (Figure 1A). The
ARSA gene expression in our LV is driven by the 1.184 kb human
EFla promoter, which demonstrates significantly stronger expression
across tissue types compared to other promoters, including PGK.'>"”
The core part of the promoter sequence required for the high level of
activity is contained in the 943 bp first intron sequence.'® In the EFlo
promoter, a 231 bp sequence precedes the first intron, comprising the
first exon and the 5’ upstream sequence flanking it, which is all a part
of the non-coding region. The WPRE (indicated as W) is traditionally
utilized to increase viral RNA integrity and titer.'”*° However, when
included in the transgenic cassette (between the 5" and 3’ long termi-
nal repeats [LTRs]), WPRE limits vector capacity and becomes struc-
turally integrated into the DNA of patient cells. In addition, the
human immunodeficiency virus (HIV) polyadenylation signal in
the 3’ LTR leaks, allowing viral RNA readthrough.'® As previously
shown,'” these limitations can be overcome by cloning the WPRE
downstream of the 3’ LTR together with the pA. In addition, several
laboratories, including ours, have documented the use of insulators to
reduce position effects, silencing, and enhance safety.”’ > We
included insulator elements in our LV design, which may minimize
undesirable promoter activation and aberrant transcription in regions
of LV integration.'®"”

In the CV, a PGK promoter drives ARSA expression, where a mutated
WPRE (WPRES) is downstream of ARSA and upstream of the 3’ self-
inactivating (SIN) LTR.” WPRE6 was generated to prevent potential
oncogenic activity of WT WPRE, as described by Kingsman et al.”®
Our constructs were compared to CVG and PGK-G-W vectors,
which were identical to CV, except for replacing the ARSA transgene
with an eGFP reporter gene (Figure 1A) and the non-mutated WPRE
sequence in PGK-G-W. PGK-G-W demonstrated the same mean
fluorescence index (MFI) as the CVG construct and was used as a
comparison to all other vectors in Figure 1. This allowed us to directly
compare how the different genomic elements and their rearrange-
ments enhanced transgene expression. We tested these constructs
in murine erythroid leukemia (MEL) cells, which are sensitive to inte-
gration-based position effects and transgene silencing.”"*’

The MFI of GFP" cells was measured for each vector as a metric of vec-
tor potency (Figures 1B, S1A, S1B, and S1C; Table S1). The percentage
of transduced positive eGFP™ cells was kept at 10% or below to limit
having more than one integration per genome and to assess the MFI
in cells predominantly with a single integration (Figures S1A and
S1C). The inclusion of the ankyrin insulator (comparing EF1a-W vs.
EFla-W-A) demonstrated a 2-fold increase in MFI (Figure 1B).
Rearrangement of WpA (EF1a-WpA) showed an almost 10-fold in-
crease in MFI compared to EF1o-W (Figure 1B). Combining insulators
with WpA (EFla-WpA vs. EFla-F-WpA, EFla-A*-WpA, and
EFlo-A*F-WpA) had limited effects on the MFI (Figure 1B).

WPpA rearrangement significantly increased MFI, which correlated
with a ~2-fold higher eGFP mRNA expression for EFla-WpA
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(Figure 1B). This ultimately led us to use the
EFla-A*F-WpA arrangement of elements to
design a more potent ARSA-expressing vector
compared to the construct of the CV.

Novel LV vectors increase ARSA expression
and activity in patient-derived fibroblasts
and ARSA-KO human microglia cells
Based on the preliminary results with the eGFP
reporter constructs, we generated six new vec-
tors to drive ARSA expression and compared
them to an in-house replica of the approved
clinical vector for MLD (cloned according to
the published literature on atidarsagene auto-
temcel), indicated as CV (Figure 2A)."" The
ARSA coding sequence was optimized to in-
I crease its translation in human cells and/or

EF10
Insulator Configuration

compared to EFla-W (Figure S2). Overall, the data suggest that
removing the WPRE from the 3’ of the eGFP gene promotes
mRNA transcription and/or stability and, ultimately, eGFP expres-
sion after genomic integration.

Similar modifications were introduced in PGK-based vectors
(Figures 1A and S1B). None significantly impacted eGFP expression
(Figures 1B, S1B, and S1C with all PGK-driven vector MFI values and
statistics described in Figure S1C). However, EF1o-W demonstrated
a ~2-fold increase in MFI compared to PGK-G-W, while EFla-F-
WpA and EFla-A*F-WpA showed almost a 10-fold increase

generate a coding sequence that could discrim-
inate between patient and vector ARSA mRNA
by RT-PCR (E1-E4). Additional modifications
were applied to generate EA1 and EA2, which
contained the foamy insulator in the 3’ LTR
with and without the ankyrin insulator 5 of the EFla promoter.
Both vectors contained the sequence-modified ARSA (without
UTRs) to retain the ability to discriminate between endogenous
and transgenic mRNA sequences, described in Figure 2A.

WT and ARSA-deficient primary fibroblasts (cell line 2331) derived
from a healthy individual or a patient with MLD, respectively, were
used to test ARSA expression and enzymatic activity upon transduc-
tion with either CV or one of our vectors. We analyzed ARSA activity,
normalized to VCN, in specimens with transduction of VCN 2 or
lower to evaluate the correlation between ARSA activity and VCN
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as a linear relationship. CV-treated cells demonstrated enhancement
in ARSA activity over WT cell baseline activity (Figure 2B), concor-
dantly with data previously published.*” Comparing El, E2, E3,
and E4 vectors that contained the ankyrin insulator, neither optimi-
zation of the coding sequence nor inclusion of the 5" and 3’ UTRs
significantly modified ARSA synthesis. In addition, although we
observed a trend in increased ARSA activity in most of these vectors
compared to CV, the differences were not significant (Figure 2B).
EAl-treated cells showed 4-fold greater activity in ARSA-deficient fi-
broblasts than those treated with CV (Figure 2B). Therefore, EA1 was
chosen for further studies. To assess if the presence of the EFla. intron
in the promoter would lead to a significant proportion of viral ge-
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Figure 2. Improved activity and protein expression
of ARSA in MLD patient-derived fibroblasts and
ARSA-KO human microglia cells

(A) Vector schematics comparing the CV and our six Effa.
vectors used to test ARSA expression based on the best
MFIs from the eGFP pilot vectors. (B) Fibroblast ARSA
enzyme activity normalized to VCN for our six test vectors,
including the CV (n = 3-10). (C) A western blot for ARSA
from the same transduced patient-derived fibroblast in
(B). (D) A western blot using a human microglia cell line
(HMC3-ARSA-KO) transduced with vectors CV, EA1, and
EA2. Fold change in band intensity was normalized to
beta-actin. (C1 and D1) Quantification of ARSA from
western blots shown in (C) and (D) as average from
independent experiments; n = 3. LTR, long terminal
repeat; Sin-LTR, self-inactivating long terminal repeat;
WPRE, woodchuck hepatitis virus posttranscriptional
regulatory element; PGK, phosphoglycerate kinase
promoter; EF1a, elongation factor 1 alpha (EF1a)
promoter. *p < 0.05, *p < 0.01, **p < 0.001,
****p < 0.0001.
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nomes with a deletion of this region, we
analyzed the EA1 viral genomic RNA by next-
generation sequencing. The expected full-
length sequence was observed in the over-
whelming majority of the reads, indicating
that most of the genomic RNA preserved the
predicted structure, including the WPRE-
poly(A) sequence downstream of the 3’ LTR
(Figure S3A), as previously seen.'” We also
amplified the sequence of the EA1 vector inte-
grated into mouse BM cells. We observed an
intactand full-length PCR product (Figure S3B),
corroborating that most, if not all, of the se-
quences integrated included the EFla intron.
The sequence of the vector EA1, for the LTR
to WPRE-pA sequence, and the fully annotated
plasmid map are shown in Figures S4 and S5,
respectively. At this initial stage of our study,
EA2 was also selected because of its structural
similarity to EAl and to test the effect of
expressing an intermediate level of ARSA
(compared to EAl and CV). EAl- and EA2-treated fibroblasts
demonstrated more transgenic ARSA expression than those treated
with CV (Figure 2C). EA1- and EA2-treated specimens synthesized,
on average, 7-fold and 4-fold greater ARSA protein (normalized to
beta-actin and VCN; expanded description in the materials and
methods) than specimens treated with CV (Figures 2C and 2C1).
EAl vs. CV was assessed in transduced human CD34" cells (Fig-
ure S6), in which EA1 showed ~3x more ARSA expression (normal-
ized to VCN) than CV-transduced CD34" cells.
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Transfer of ARSA protein to MLD-affected cells in the CNS by HSC-
derived microglia may contribute to treatment efficacy through
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cross-correction but has not been proven to play a role.”>*’ Therefore,
ARSA synthesis and activity were also assessed in the ARSA-knockout
(KO) human microglia cell line (HMC3) exposed to EA1, EA2, or CV.
As shown in Figures 2D and 2D1, ARSA expression of EA1- and EA2-
treated specimens was, on average, 27-fold and 8-fold greater (again
normalized to beta-actin and VCN) than that measured in CV-
treated cells (1.8 VCN), further confirming superior ARSA expression
over CV.

EV secretion as a modality of ARSA enzyme transfer in the CNS
and superior ARSA production by EA1 in EVs

Secreted small EV's ranging from 50 to 200 nm in size have been well
demonstrated to transfer functional biological cargo from host to
recipient cells. Clinical interest has thus emerged in engineering
EVs for the therapeutic delivery of functional enzymes in lysosomal
storage disorders, together with other mechanisms of cross-correc-
tion.””** Cellular overexpression of target cargo may facilitate phys-
iologic loading and secretion of constitutive EVs from modified cells.

We evaluated secretory levels of ARSA from cell-conditioned me-
dium (CM) of primary patient MLD fibroblasts and ARSA-KO mi-
croglia after transduction with CV or EAl. EAl-transduced cells
demonstrated increased cell-conditioned medium ARSA activity at
comparable VCN to CV-transduced cells (Figure 3A). Cell-free CM
was depleted of beta-actin and enriched in CD63, a tetraspanin pro-
tein associated with secreted EVs.

harvested cells and EVs demonstrated higher ARSA
activity in cells for EA1 at a VCN range of 0.6-2.4
compared to CV VCN in a range of 3.5-6.8 (n = 4). (D)
Fold change in ARSA activity of the untransduced
patient cell line alone (2331—) compared to when CM is
added to the untransduced cells (2331+) demonstrates
an increase in ARSA activity to the transferred cell line
(n=4). *p < 0.05, *p < 0.01.

To measure vesicle-associated ARSA abundance
and activity, secreted EVs were isolated from hu-
man MLD primary fibroblasts transduced with
EA1, EA2, or CV. Levels of ARSA were mainly
enriched in small, secreted vesicles isolated after
ultracentrifugation (100,000 x g) and enriched in
small EV markers Hepatocyte growth factor-regulated tyrosine kinase
substrate (HRS) and CD81 compared to larger HRS-CD81' vesicles
isolated after a low-speed (10,000 x g) centrifugation (Figure 3B; Fig-
ure S7A). Further purification of small EVs using a density-gradient
enrichment strategy confirmed that vesicles from EAl- and CV-trans-
duced cells were enriched in ARSA, with detectable levels in EA2-
transduced EVs (Figure S7B).”"* EAl-transduced cells showed
increased ARSA activity in secreted vesicles at lower VCN (EA1 range,
0.6-2.4 versus CV range, 3.5-6.8) (Figure 3C). Functional ARSA activ-
ity was enhanced about 2-fold in EAl-transduced cells and secreted
vesicles compared to CV-treated cells (Figure 3C). CM from EAl-
transduced cells was added to ARSA-deficient patient fibroblasts
(2331-) to test whether EV-associated ARSA could be functionally
transferred. This yielded a significant increase of about 4-fold more
cellular enzyme activity compared to the deficient fibroblast cells alone
(Figure 3D). These data indicate that EAl transduction enhances
EV-associated secretion of functional ARSA compared to CV. This
increased production of the ARSA enzyme will likely impact the enzy-
matic load delivered to non-hematopoietic cells, which may improve
outcomes after gene therapy.

EA1 and EA2 vectors exhibit no observable immortalization in
transduced HSCs

In addition to maximizing ARSA expression and activity, vector
safety is a vital feature in preclinical consideration. To exclude
genome toxicity in vitro, we evaluated our vectors’ potential to
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transform lineage-negative selected mouse BM cells in long-term re-
plating experiments, as shown previously.”

Lineage-negative selected mouse HSCs were transduced with CV,
EAl, and EA2. LV-transduced mouse HSC cells were compared
to mock un-transduced cells, and, as a positive control, we used a
well-established gamma retroviral vector named pMSCV-eGFP.*>**
We did not observe clonal expansion in any of the lentiviral
transduced cells, up to 6.4 VCN, while, as expected, pMSCV-eGFP
induced clonal expansion starting at week 5 and VCN starting at
1.7 (Figures 4A and 4B). For the pMSCV-eGFP vector, the transfor-
mation frequency was proportional to the VCN (Figure 4B).

EA1 and EA2 vectors do not perturb physiological
hematopoiesis in transplanted WT mice

We further explored the safety of our vector by transplanting WT mice
with eGFP donor marrow alone or transduced with EA1, EA2, and a
modified CV vector, where ARSA was replaced by eGFP (CVG from
Figure 1A).

Several animals infused with eGFP mouse BM transduced with EA1
and EA2 showed high VCNs (VCN > 5; Figure 5A) analyzed approx-
imately 5 months post HSCT. We did not observe gross abnormalities
in erythroid or lymphocyte populations between animals engrafted
with transduced or untransduced HSC and WT control mice
(Figures 5B and 5C). The percentage distribution of erythroid cells
at different stages of maturation (Figure 5B) was similar among co-
horts. Lymphoid B and T cell populations demonstrated a compara-
ble percentage distribution in vector-transduced mice compared to
controls (Figure 5C, with full flow profiles for every harvested mouse
described in Figures S8A and S8B). In addition, the distribution of
macrophages between populations was unaltered (Figure 5D). A
mouse BM colony-forming unit (CFU) assay showed no difference
between treated and control mice (Figure 5E).

Arsa-KO mouse disease model of MLD is corrected with, on
average, 5-fold less EA1 vector than CV

We generated a novel Arsa-KO mouse model of MLD, as described in
Figure S9. This mouse model is expected to recapitulate the phenotype
of a previously generated mouse model, which was not available for our
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Figure 4. Genotoxicity assay

(A) Atable of VCN and percentage of wells transformed in
multi-well plate format of vector-transduced mouse
HSCs. The positive-control pMSCV-eGFP vector-treated
wells are the only plates with cell transformation and
medium depletion (yellowing) due to cell immortalization.
All other vector-transduced plates after 9 weeks show
cellular senescence and absence of medium depletion.
(B) A graphical representation of absence in cell trans-
formation in all cell lines aside from the pMSCV-eGFP,

NN NN
Iﬂl M indicating the safety of our vector at higher (>4) and
VCN>4 VCN<1.5 clinically relevant (1.5>) VCN.

studies.”” In pilot experiments, after 8 months, we observed significant
sulfatide accumulation and microglia inflammation in Arsa-KO brains,
hallmarks of MLD pathology (Figure S10A). However, at 8 months,
Arsa-KO mice did not demonstrate a significant difference in rotarod
performance compared to a control mouse. The motor deficit became
apparent in 1-year-old Arsa-KO mice, which showed a significant dif-
ference on the rotarod, corroborating evidence of disease phenotype
and the need to assess mice at 1 year of age (Figure S10B).

With these parameters in mind, we compared the efficacy of thera-
peutic vectors: 8- to 12-week-old Arsa-KO lethally irradiated mice
were infused with Arsa-KO HSC transduced with CV, EAIl, EA2,
or control Arsa-KO HSCs. Untransduced Arsa-KO and WT were
used to identify baseline values. Phenotypic rescue was evaluated
10 months post HSCT, at approximately 12 months total age.

Our study aimed to design a vector to prevent MLD disease at lower
VCN. Therefore, challenging our vector to outperform CV at lower
VCN was critical. Given the potency of EA1 observed in vitro, we aimed
fora VCN of around 1. On rotarod testing, WT mice (untransduced; age
matched) showed improvement in their maximum duration over the
course of the 5-day testing period, starting at about 230 s and going
to almost 260 s by day 5 (Figure 6A). To assess the performance of
the Arsa-KO mice after myeloablation, two sets of Arsa-KO mice,
both age matched, one non-transplanted and the other transplanted
with BM from Arsa-KO donor mice, were used. Both sets of MLD mice’s
duration on rotarod were diminished at baseline compared to WT and
demonstrated some improvement over the testing period by day 5 (Fig-
ure 6A). There were no significant differences in the performance of the
transplanted and untransplanted Arsa-KO mice. CV-treated mice
began at 200 s in duration and improved very little by day 5, generally
performing poorly compared to WT (Figure 6A). It is important to
note that the 2-VCN range is the clinically relevant VCN for the efficacy
of this vector.” In contrast, the performance of EAl-treated mice
matched that of the WT group, at an average VCN of 0.35 (Figure 6A),
about 5-fold less than that of the 1.1-2.6 therapeutic VCN range of CV-
treated mice.

As a baseline in the pole-descent assay, WT mice demonstrated signif-
icantly more rapid descent times than Arsa-KO mice, traversing the pole
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in about 3 s on average (Figure 6B). WT mice performed with less than
half of traction-loss event per trial during descent compared to Arsa-KO
mice (Figure 6C). In comparison, Arsa-KO mice demonstrated the
longest descent times, averaging around 7 s, and significant difficulty
gripping the pole, with an average of over one traction-loss event per
trial during the descent (Figures 6B and 6C). CV-treated Arsa-KO
mice had an average descent time of over 4 s and significantly differed
from untreated Arsa-KO mice. However, the overall traction-loss events
for all CV-treated cohorts were similar, showing no significant differ-
ence to Arsa-KO mice, again highlighting a lack of complete disease pre-
vention for CV irrespective of VCN. The EA1 cohorts showed more
significance than CV compared to Arsa-KO for descent times, with
an average descent of 3.8 s. Traction control on the pole during the
EA1 group’s descent was in line with WT mice. The marked improve-
ment in motor function with EA1 treatment was accomplished with an
average of only 0.35 VCN of vector integration across all VCN-treated
groups compared to 1.1-2.6 VCN for the CV cohort with a higher VCN.
These data consolidated EAI as our best vector and highlighted the

Macrophages

with improved behavior is accompanied by
amelioration of brain physiology, we performed
neuropathology on the brain sections of the
same treated mice at 12 months of age. Arsa-
KO mice presented many sulfatide bodies in the
corpus callosum and other brain areas relative
to WT mice (Figure 7A). Quantification of sulfa-
tide bodies indicated that EAl-treated mice
dosed with lower VCN (at 0.6) had counts in
line with WT mice. In the CV cohort with lower VCN (0.6), sulfatide
bodies demonstrated more accumulation compared to that of the
EA1 cohort (Figures 7A and 7A1). The CV cohort with higher VCN
showed no sulfatide bodies and efficiently corrected this phenotype
(Figure S12A; Table S2).

Next, we evaluated myelin deficits and patterns using eriochrome
cyanine (Eri-C) staining in Arsa-KO mice. Arsa-KO mice demonstrated
demyelination spots or vacuoles (Figure 7B, indicated by white arrows)
compared to WT mice. We quantified these demyelination vacuoles in
untreated and treated groups (Figure 7B1). Mice treated with EAI at
VCN of 0.6 showed no vacuoles and well-preserved myelin. In compar-
ison, mice treated with CV at lower VCN failed to show complete
correction in myelin. Only at VCN > 1.1 did CV-treated mice show
improving phenotypic features (Figures 7B1 and S12B; Table S3).

Further, to evaluate neuroinflammation in Arsa-KO mice, we
performed GFAP and Ibal staining in astrocytes and microglia.
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Arsa-KO mice showed increased astrogliosis and microgliosis relative
to WT mice (Figures 7C and 7D). In the treated groups, EAl-treated
mice at lower VCN (0.6) exhibited no neuroinflammation in
different areas; instead, CV-treated mice with equivalent VCNs
demonstrated some astrogliosis and microgliosis (Figures 7C1 and
7D1). At higher VCNs, CV-treated mice demonstrated complete
correction (Figures S12C and S12D; Tables S4 and S5).

Overall, our novel EA1 vector is highly efficacious in ameliorating the
disease phenotype at considerably lower VCN.

DISCUSSION
We have engineered a novel LV for autologous hemopoietic stem cell
gene therapy of MLD that provides more robust ARSA expression at
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CV VCN Range: 0.6-2.6
EA1 VCN Range: 0.08-0.6

Molecular Therapy: Nucleic Acids

Figure 6. Rotarod and pole descent motor control
assays of untreated Arsa-KO disease mice
compared to vector-treated mice

(A) Rotarod assessment over a 5-day time course for WT,
untreated, or CV or EA1 vector-treated mice (n = 4-7). (B)
Descent time duration for a predetermined pole segment
in vector-treated groups compared to Arsa-KO mice (n =
4-7). (C) Report of times mice slipped or lost grip during
the pole-descent assay (n = 4-7). (D) Table of mice
assessed and corresponding VCN and chimerism.
***p < 0.001, ***p < 0.0001.

Arsa-KO No BMT

lower VCN compared to a copy of the clinical
vector currently approved in the US and EU
for MLD, here named CV. In vitro, the EA1 vec-
tor produces 4x more ARSA activity per VCN
than CV. This prevented the development of
the MLD phenotype in Arsa-KO mice with,
on average, 5x fewer copies per genome
(VCN 0.35) of EA1 than CV at clinically rele-
vant therapeutic range (VCN 2). In previous ex-
periments with a vector-like CV, a protective ef-
fect in Arsa-KO mice was achieved with VCN in
the range of 3-951In patients, a vector-like CV
produces a protective effect closer to the 2-VCN
range.”” This highlights the need for a more
robust vector to accomplish the same effect at
a much lower VCN. The low VCN in MLD an-
imals rescued by EA1 could limit possible gen-
otoxic effects and improve manufacturing effi-
ciencies, improving equity and access. There is
also the potential that a more efficient vector
could require less myeloablation, further
reducing potential therapy-related complica-
tions. With the adrenoleukodystrophy lentiviral
product, the risk of myelodysplastic syndrome
highlights the need to develop safer gene ther-
apy vectors.”® We have taken further precau-
tions by including insulator elements to help
mitigate insertional genotoxicity.”»**”” Achieving the most optimal
expression possible while maintaining safety should be the bench-
mark for new cutting-edge gene therapies.

Fkdkk

In our hands, EA1 transduces human CD34" cells very efficiently,
with a minimal MOI of 10, which yielded a VCN of 1.8. In trans-
planted mice, EA1 VCNs in the range of 1 were achieved with low
MOIL. Given the current hurdles and costs in LV production, our
vector provides a strong case for being less expensive (reduced
MOI to achieve optimal transduction), and efficient (low VCN
to be effective).38 Compared to CV, if a lesser amount of vector
can be implemented to achieve the same effect, this could drasti-
cally reduce the cost of vector production. Atidarsagene autotem-
cel is one of the most expensive therapies, priced at $4.25 million



www.moleculartherapy.org

A
[¢]
=1
e
s Bl WT
g
< Arsa-KO
|| Bl Ccv
B_ I EA1
ofl
LI:J ns
Al
ns
| kKK
C_ “"E *okk
E 1000 skokokk ns
a
c [}
= oo
)
o g 500 .
(VI
°
a8 =
3 3 0
Hippo . CA1 ns
| | *
D
R ns
B1
* ns ns
= °
5 £3 :
& 28
a T’ B o|o
29
E C]
B>
3
c1 ” D1 .
- sk
- *k
E 2500 k% ns ns £ 15001 il
a 2000 o 13 kkdkk ns
= ) i
S 1500 = 0D °
s e
o 1000- =
X 5001 ®
o 2
0- 0-

(legend on next page)

Molecular Therapy: Nucleic Acids Vol. 36 March 2025 9


http://www.moleculartherapy.org

or €3 million per treatment.’® The high cost of existing gene ther-
apies poses a significant challenge to delivering transformative
treatments to patients. Although the current gene vector is effec-
tive for a subset of children with MLD, there remains a critical
need for more efficient, cost-effective approaches. These advance-
ments would expand accessibility, enabling broader patient popu-
lations to benefit from potentially life-saving therapies while
reducing the financial burden on healthcare systems. Given that
LV treatments are becoming increasingly mainstream as a highly
effective treatment strategy, we must strongly consider making
our vectors more competitive for widespread and affordable imple-
mentation.”” The amount of CV integration required for effective
treatment is a critical consideration for viable treatment of MLD.
For the first time, we have demonstrated that the CV has a limited
effective range in protective ability to prevent MLD in an Arsa-KO
mouse model. Mice treated at around and below 1 (at low) VCN
showed no amelioration in behavior on rotarod analysis, pole
descent, and traction-loss events and performed similarly to the
untreated Arsa-KO mice overall.

Cross-correction and transfer of functional ARSA enzyme from mi-
croglia to the surrounding CNS is a potential treatment modality,
although this is controversial.”*** We determined EVs to be a signif-
icant source of ARSA secretion. In vitro, conditioned medium con-
taining EVs served as a source of active ARSA enzyme transfer
from transduced cells to untransduced ones, with EA1 producing
more functional ARSA per VCN in EVs than CV. As ARSA-deficient
CNS neurons are not directly corrected during MLD gene therapy,
effective treatment relies upon optimal secretion of the enzyme
from BM-derived microglia that repopulate the nervous system.'”
Since there is only one opportunity per patient for the adoptive trans-
fer of autologous gene-modified cells, the amount of ARSA secreted
from microglia, including into EVs, should be maximized for delivery
into other CNS cells.

As we advance therapy development across the leukodystrophies
(and rare diseases in general), we face serious limitations regarding
vector production and concerns about increased risk with
increased copy requirements. We propose that a more efficient
vector system, such as EAl, may meet the growing needs of the
rare-disease community. This has the potential to also support
populations that are not currently served by commercial vectors,
including symptomatic and late-onset populations. Currently, the
existing atidarsagene autotemcel is approved only for pre-symp-
tomatic and early-symptomatic patients. This, in turn, requires
neonatal/prenatal screening or a familial history of MLD to
address this population of children. However, widespread identifi-
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cation of the broad panel of rare diseases, such as MLD and other
lysosomal storage disorders, is still lagging.*"** Therefore, being
adequately prepared to overcome diseases at any stage is critical
for successful treatment. With our more potent EA1 vector, we
may be able to offer options for children of families currently
with no alternative and address a population over a much broader
range of clinical manifestations.

The effectiveness of the improved backbone and regulatory elements
in LV design"*"** has a potential to make an impact on other related
leukodystrophies, such as MSD. The ability to address multiple asso-
ciated diseases with a single vector backbone highlights the versatility
and advancement of our lentiviral vector program.

MATERIALS AND METHODS

Cell lines

MLD patient fibroblast cell line, designated GM02331, was generated
by Adeline Vanderver (Children’s Hospital of Philadelphia [CHOP]
IRB 14-011236) and maintained in MEM supplemented with 15%
non-heat-inactivated fetal bovine serum (FBS) with 10% penicillin/
streptomycin (pen-strep). ARSA-KO microglia cell lines were gener-
ated using human HMC3 cells. CRISPR was utilized by Synthego
to develop ARSA-KO cells according to the strategy outline in
Table S6. Cells were then cultured according to ATCC guidelines,
and single cells were sorted to derive a homogeneous population of
characterized HMC3 ARSA-KO cells. Colonies were expanded and
sequenced to verify the KO of ARSA and the lack of ARSA synthesis.
One of these colonies was selected as our model microglia ARSA-KO
line and indicated as HMC3 14.

CD34" cells were thawed by rapidly incubating them at 37°C and then
adding a 10x volume of IMDM 5% FBS drop by drop. Cells were first
prestimulated in StemSpan serum free expansion medium (SFEM)
(09650, STEMCELL Technologies, 1618 Station Street Vancouver,
BC, V6A 1B6, Canada) supplemented with 300 ng/mL hSCF (300-
07, PEPRO TECH, 29 Margravine Road London W6 8LL, UK),
300 ng/mL hFLT3 (300-19, PEPRO TECH), and 100 ng/mL hTPO
(300-18, PEPRO TECH). Cells were transduced with 10 MOI of
EAl two times, 12 h apart, using Poloxamer 338 2 pL/mL
(P2164021, Sigma) and PGE2 0.141 pL/mL (72192, STEMCELL
Technologies) as adjuvants. Cells were then subsequently cultured
for 2 weeks in expansion medium (StemSpan SFEM supplemented
with CC-100 10 pL/mL; 02690,STEMCELL Technologies), Epogen
(55513-126-10, Amgen, Thousand Oaks, CA) 1 pL/mL, dexametha-
sone 1 pL/mL (D2915, Sigma Aldrich), and pen-strep 10 pL/
mL(15140-122, LifeTechnologies, Carlsbad, CA) before harvest for
ARSA activity assay.

Figure 7. Neuropathological deficits of untreated Arsa-KO diseased mice relative to vector-treated mice

Treatment groups include WT, untreated, CV, and EA1 vector treated at lower VCN. (A) Representative images of sulfatide accumulation in the corpus callosum across
treatment groups. (A1) Quantification of sulfatide accumulation across groups. (B) Representative myelin staining (Eri-C) images of the corpus callosum in treatment groups.
(B1) Graphical presentation of # of demyelinated vacuoles as shown by white arrows in (B). (C) Representative immunofluorescent images of GFAP (astrocytes) in different
brain areas. (C1) Astrocytes (GFAP) counts/mm? in the corpus callosum. (D) Representative immunofluorescent images of Ibal (microglia) in different brain areas. (D1)
Microglia (Iba1) counts/mm? in the corpus callosum (n = 3-6 per group). *p < 0.05, **p < 0.01, **p < 0.001, ***b < 0.0001. Extended significance is shown in Tables S$2-S5.
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Plasmid, virus production, and transduction of MEL cells

We used PGK or EFla promoters to drive transcription of the gene
encoding the eGFP to assess more robust vector constructs. Vectors
were constructed with an eGFP reporter to determine the MFL**
LV constructs were designed in our laboratory, and all plasmids
were manufactured by Genscript (Piscataway, NJ). Plasmid DNAs
were expanded and isolated using a Qiagen Maxiprep kit (catalog
no. 12162, Germantown, MD).

Our LV vectors were assembled using a third-generation LV system
(VSVG, REV, and RRE) in 293T cells and concentrated via ultracen-
trifugation.'” eGFP vector construct transductions were conducted in
MEL cells.”' MEL cells are erythroid progenitors derived from isola-
tion of Friend virus-infected spleen cells of Swiss mice, and their
development is arrested at the proerythroblast stage.*” MEL cells
were isolated by and distributed from the laboratory of Drs. Marks
and Rifkind at Columbia University, New York.** MEL cells were
grown in RPMI (Cellgro, Corning, Glendale, AZ) and supplemented
with 10% FBS (Hyclone, South Logan, UT) and 1% pen-strep. Trans-
duction was conducted at 5 x 10° cells/mL concentration, comple-
mented with 1% polybrene (Millipore, Billerica, MA).

MEL cell erythroid differentiation was achieved by seeding 2 x 10°
cells, in log phase, into 3 mL of fresh culture medium containing
N,N’-hexamethylene bis(acetamide) (HMBA) at a final concentration
of 1 mg/mL. Treatment with HMBA (Millipore Sigma, Burlington,
MA) was repeated after 2 and 4 days of culture, with cells being
collected for analysis after 7 days. MEL cells were transduced with a
low titer of virus and were assessed to have under 20% eGFP% by
flow (Figure S1A). This was essential to ensure MFI was proportional
to one integration per cell (under 20% eGFP+). BD FACSCanto (Pis-
cataway, NJ) was used for flow cytometry analysis.

ARSA activity assay

ARSA activity was assessed through a nitrocatechol colorimetric sul-
fatide assay.** ARSA activity was measured in nmol/h/mg. ARSA
colorimetric activity assay was conducted as outlined by Baum
1.** Assay details were taught by David Wenger from Thomas Jef-
ferson University and adopted to a 96-well plate by us. Briefly, frozen
pellets were sonicated at 50% amplitude in 1 s pulse on and 1 s off for
six pulses. 4-Nitrocatechol substrate, phosphate reaction buffers, and
NaOH solutions were all prepared as outlined by Baum et al."* After
reaction quenching, 300 pL of the liberated nitrocatechol reaction
volume was added to a well of a 96-well plate, and absorbance was
read at 515 nm.

eta

ddPCR

Primers for PSI (HEX, Bio-Rad custom assay, Hercules, CA) were
used to detect viral integration and PCBP2 (FAM, Bio-Rad custom
assay) as an integrated control in mouse cells and RPP30 (FAM,
Bio-Rad custom assay, Hercules, CA) in the human fibroblast cells.
Reactions were done with ddPCR Supermix for probes (no dUTP)
(Bio-Rad, Hercules, CA). Primers are detailed in Table S7 ddPCR
plates were prepared using a Bio-Rad automated droplet generator

and Px1 plate sealer. The PCR was conducted on a Bio-Rad C1000
thermocycler and analyzed on the Bio-Rad QX200.

Acetone precipitation and conditioned-medium transfer

We conducted a TCA-DOC culture-medium protein precipitation
according to Pare et al."” to assess for medium secretion of ARSA. Af-
ter 72 h of culture, acetone precipitation was conducted on medium
harvested from these cells to precipitate all secreted proteins. The
concentrated medium preparation was run on a western blot and
probed for ARSA.

Conditioned medium was generated by incubating EA1-transduced
fibroblasts in growth medium for 72 h. The conditioned medium
was centrifuged at 300 x g for 5 min to precipitate any left-over cells
or cellular debris. The supernatant was harvested for ARSA activity
assay or incubated with untransduced fibroblasts for 48 h. Harvested
conditioned medium was concentrated using a Centricon plus cen-
trifugal filter for 100 kDa before measuring activity. Conditioned-
medium-incubated fibroblasts were then phosphate-buffered saline
(PBS) washed 2 x after medium incubation, then cell pellets were har-
vested and lysed for ARSA activity levels as described by the ARSA
activity assay.

EV enrichment and purification

EVs from transduced fibroblast cultures were harvested using the pre-
viously described ExtraPEG method.*® Briefly, cell-conditioned me-
dium was centrifuged at 500 x g for 5 min, 2,000 x g for 10 min,
and then 10,000 x g for 30 min before incubating with a 1:1 volume
of 2x PEG solution (16%, w/v, polyethylene glycol, 1 M NaCl) over-
night. Solutions were centrifuged for 1 h at 100,000 x g to obtain
crude EV pellets. Pellets from 10,000 x g and 100,000 x g spins
were lysed in 2x nonreducing Laemmli sample buffer (4% SDS,
100 mM Tris-HCI [pH 6.8], 0.4 mg/mL bromophenol blue, 20% glyc-
erol) for immunoblot analysis. For further purification of small EVs,
pellets from 100,000 x g spins were resuspended in 1.5 mL of 0.25 M
sucrose buffer (10 mM Tris, pH 7.4) for bottom-loaded flotation
gradient separation. Briefly, 60% iodixanol (Optiprep; Sigma,
D1556, St. Louis, MO) was added 1:1 to the EV/buffer solution and
transferred to the bottom of a 5.5-mL ultracentrifugation tube. Sub-
sequently, 1.3 mL of 20% iodixanol and 1.2 mL of 10% iodixanol
were carefully layered on top. Gradients were ultracentrifuged at
maximum speed in an SW-55 rotor for 70 min with minimum decel-
eration break. Ten fractions of 490 uL were taken from the top of the
gradient. Fractions 3, 5, and 6, previously demonstrated to contain
purified EVs,”"*” were diluted in PBS and washed by ultracentrifuga-
tion at 100,000 x g for 2 h before lysis in 2x nonreducing Laemmli
sample buffer for immunoblot analysis. We have previously pub-
lished extensive and reproducible characterization of purified vesicles
following these detailed approaches according to minimal informa-
tion for studies of EVs (MISEV) 2018 guidelines.”"*>***

Long-term replating assay

Transduction of HSCs was performed to achieve VCNs in the
range of 4-6 to maximize transformation. Following 2-3 weeks of
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expansion post transduction to achieve millions of cells for replating,
cells were plated into multi-well culture dishes and replated as the
proliferation of the cells dictated. Transformed cells grow and
consume medium, while cells in which genomic mutagenesis did
not occur enter senescence and stop growing. Mouse HSC cells
were transduced with a pMSCV-eGFP vector as a positive control
of cell transformation. In contrast, cells transduced with EA1, EA2,
and CV demonstrated no immortalization of mouse HSCs after
9 weeks in culture. This was indicated by a lack of medium depletion
(and confirmed by microscopy) with VCN ranging from 1.0 to 6.3.

CFU assay

Whole BM cells were isolated from WT-transduced and WT-un-
transduced harvested mouse bones. Whole BM cells were suspended
in MethoCult GF M3534 (StemCell Technologies, Vancouver, Can-
ada) as indicated by the manufacturer. Briefly, cells were resuspended
in a 3-mL thawed aliquot of MethoCult GF M3534. After preparation
in the 3-mL syringe with the 16-gauge blunt-end needles (28110),
1.1 mL of cells was dispensed per well into a 6-well SmartDish to a
final concentration of 50,000 cells per assay well. The myeloid popu-
lation was interesting for CFU assay because it is the progenitor pop-
ulation crossing the BBB after BMT to generate microglia. Each con-
dition was plated in duplicate according to the MethoCult technical
guide. The assay measures the number of colonies formed in the
myeloid-defined medium after 2 weeks in culture using the stem
vision plate analyzer (Stem Cell Vision, Stem Cell Technologies, Van-
couver, Canada).

Mice, lineage-negative selection, and mouse BM transplantation
Arsa-KO (Cyagen, Santa Clara, CA). eGFP or WT were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA) CD45.2 mice
were bred at the CHOP facility. Lin™ cells isolated from the BM of
donor mice (8-12 weeks old) via immunomagnetic separation using
a mouse lineage cell depletion kit (Miltenyi Biotec, Auburn, CA,
USA). Lin~ cells were transduced overnight at a viral multiplicity
of infection (MOI) of 0.3-50 (Table S8) in StemSpan SFEM culture
medium (StemCell Technologies, Vancouver, Canada) supplemented
with 50 ng/mL recombinant murine stem cell factor (SCF), 10 ng/mL
recombinant murine interleukin (IL)-6, 6 ng/mL IL-3 (PeproTech,
Rocky Hill, NJ, USA), 200 mM L-glutamine, 100 U/mL pen-strep
(Gibco, Thermo Fisher Scientific, Waltham, MA), and 2 pL of Lenti-
blast Premium (OZBiosciences, San Diego, CA). Specific cell numbers
and MOI for CV, EAl, and EA2 Arsa-KO mouse transplants are
found in Table S8. A minimum of 300,000 viable Lin~ donor cells
in PBS (Gibco, Thermo Fisher Scientific, Waltham, MA) were intra-
venously injected into lethally irradiated ARSA-KO recipient mice
(8-12 weeks old) of the opposite gender. For WT mice, two rounds
of virus transduction were performed 18 h apart at MOI between
~10 and 50.

Behavior assays

Rotarod assays were started with a training period 2 days before the
assay time. Mice were trained at 10 rpm for 300 s. Mice were placed
back on the rod if a fall occurred to acclimatize them. Three trials were
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done with a 15-min break between each trial. The trial began 2 days
after the training period and was conducted with a 5- to 40-rpm ramp
over 300 s. This was done for three trials with a 15-min break between
5 days in a row. Pole-descent assay was conducted using a ring-stand
rod taped and covered with a cloth lab sheet for grip. The top was
covered with a large spherical object to prevent mice from going to
the top and hugging the pole. The tape was placed as a starting region
for the first 5-6 cm. The distance from the tape start to the bottom
was approximately 34 cm. An acclimation period was conducted
for the mice to familiarize them with the space and rod until a basic
proficiency for descent was reached. All animals were video recorded
during descent; times and loss of footing/traction were assessed from
the recording after passing the marked tape start line. The pole-
descent assay metrics were split into two parameters: time of descent
over a specified pole distance and loss of traction events for the mice
during descent. A traction-loss event was defined as a sudden and un-
controlled fall, drop, or slip downward during pole descent, reported
as events per trail. Descent time was evaluated by measuring the un-
interrupted downward movement of the mice across half of a section
of the 34 cm traversed (approximately 17 cm). Change of direction,
upward movement, or stopping on the pole was not part of the
descent-duration measure. This ensured the highest fidelity and
robustness of measured descent data, accumulating more measures
of descent time per trial and eliminating aberrant/uncontrolled move-
ment and variability from assessed times.

Western blot analysis

Protein was quantified with Pierce BCA Protein Assay Kit (Thermo
Fischer Scientific, Waltham, MA). Gels were run on a NuPAGE
4%-12% Bis-Tris 1.5 mm x 12-well gel (Thermo Fischer Scientific,
Waltham, MA). The transfer was conducted onto a polyvinylidene
fluoride (PVDF) membrane (Bio-Rad, Hercules, CA). Gels were
probed with antibodies against hARSA (R&D systems, Minneapolis,
MN), CD63 (Abcam, Waltham, MA) beta-actin (Santa Cruz, Dallas,
TX), HRS (Santa Cruz, Dallas, TX), calnexin (Santa Cruz, Dallas, TX),
Rab5 (Abcam, Waltham, MA), Syntenin-1 (Abcam, Waltham, MA)
CD81 (Santa Cruz, Dallas, TX), and CD9 (Millipore, Darmstadt, Ger-
many), then visualized with SuperSignal Extended Duration Substrate
(Thermo Fischer Scientific, Waltham, MA). Audioradiography films
(Thomas Scientific, 1141]J52, Swedesboro, NJ) and band densitometry
were analyzed by Image] (https://imagejnet/ij/index.html). Beta-
actin band intensities were normalized internally to the lowest beta-
actin signal for each vector-treated sample VCN series. Human
ARSA band intensity was then normalized to beta-actin for each
lane. Finally, each beta-actin-normalized ARSA band intensity was
normalized to its respective VCN. These normalized values were
then used to determine the fold change in band intensity compared
to the CV. All raw audioradiograms are presented in Figures S13-S18.

Flow cytometry

Flow cytometry was performed using a BD FACSCalibur (BD Biosci-
ences, Franklin Lakes, NJ) instrument. Erythroid populations were
characterized using fluorescein isothiocyanate (FITC) anti-
mouse CD71 (113806) and APC Anti-Mouse Ter119 (116212), PE
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anti-human/mouse CD44 (103008), as well as 7-AAD Viability Stain-
ing Solution (420404) (Biolegend, San Diego, CA). Lymphoid popu-
lations were characterized using APC anti-mouse CD3 (100236,
Biolegend, San Diego, CA) and PE-Cyanine7 CD45R (B220) mono-
clonal antibody (RA3-6B2) (25045282, Thermo Fisher Scientific,
Waltham, MA). The flow cytometry results were analyzed using
FlowJo v10.8 Software (BD Life Sciences).

Histological processing

Mice were anesthetized and transcardially perfused with an initial
flush of PBS followed by 4% paraformaldehyde (PFA). Anesthetic
was provided by weight-based injection of a mixture of ketamine/
xylazine for adult mice (>P21) with a supplemental isoflurane/oxygen
flow. The harvested whole-brain tissue was post-fixed with 4% PFA in
PBS overnight at 4°C, then rinsed in 1x PBS (Thermo Scientific) and
transferred to 30% sucrose in PBS at 4°C until the sample was no
longer buoyant (>3 days), indicating penetrance of the sucrose solu-
tion. The whole brain was then embedded in a Tissue-Tek Optimum
Cutting Temperature compound (Sakura, 4583) and cryosectioned by
a cryostat microtome (Leica, CM3050S) into 50-um sections in a
coronal orientation. Sections were stored in free-floating in PBS
and transferred to a freezing medium composed of a mixture of
DMEM containing HEPES (Gibco 11885084 and Sigma H7523,
respectively) and glycerol (Sigma G6279-500) for long-term storage
at —20°C.

Staining

Alcian blue solution was prepared using 3% glacial acetic acid (Am-
resco, 0714-500) and Alcian blue 8GX (Sigma, A-5268) with a pH
adjusted to 2.5 and filtration after overnight stirring. Brain sections
of thickness 50 jum were mounted onto a Superfrost Plus slide glass
(Fisher, 12-550-15) and dried at room temperature. These slides
were then quickly hydrated in distilled water, submerged in 3% ace-
tic acid, and incubated in Alcian blue solution for 1 h at room tem-
perature. Sections were washed in tap water and rinsed in distilled
water before exposure to Nuclear Fast Red Counterstain (Vector,
H-3403). After washing in tap water, slides were dehydrated in
increasing ethanol gradients, cleared with Histo-Clear (National Di-
agnostics, HS-200), and cover-slipped with Thermo Fisher Gold
Seal Cover Glass 24 x 60 mm no.1 thickness (Electron Microscopy
Sciences, 63770-01). Sections were imaged using a Leica CTR6000/B
microscope to quantify sulfatide accumulation in different brain
areas.

Eriochrome cyanine (Eri-C) staining was conducted using previously
established methods.*” Sections were imaged using a Leica CTR6000/
B microscope, and ImageJ software was used to quantify demyelin-
ation vacuoles in the corpus callosum.

For immunofluorescence, brain sections of thickness 50 um were
washed in PBS, blocked in 10% normal goat serum (EMD Milli-
pore, S26), 2% bovine serum albumin (Sigma, A7030-100G), and
0.1% Triton X-100 (Sigma, T-9284) in PBS for 1 h at room tem-
perature and incubated in primary antibodies (Anti-GFAP,

DDRC hybridoma, courtesy Dr. Judith Grinspan, IHC dilution
1:1; Anti-Ibal, FUJIFILM Wako Pure Chemical Corporation,
019-19741, THC dilution 1:250; anti-NeuN, Millipore Sigma,
MAB377, IHC dilution 1:250) overnight at 4°C. Following this in-
cubation, sections were washed with 0.1% Triton X-100 (Sigma,
T-9284) in PBS, incubated in fluorescent secondary antibodies
for 1 h, and protected from light at room temperature. The sec-
ondary antibodies used in this study are Alexa Fluor 488, Alexa
Fluor 555, and Alexa Fluor 647 conjugated secondary antibodies
against rat (Invitrogen, A21208), mouse (Invitrogen, A315570),
and rabbit (Invitrogen, A21245) at 1:1,000 dilutions. Sections
were sequentially washed with 0.1% Triton X-100 (Sigma,
T-9284) in PBS, counterstained with DAPI, and mounted onto
Superfrost Plus Microscope Slides (Fisher, 12-550-15). The tissues
were mounted using ProLong Gold Antifade Mountant with DAPI
(Thermo Fisher, P36931). Sections were imaged using a Keyence
BZ-X810 microscope and a Keyence BZ-X800 Analyzer system
to quantify the immunofluorescence staining.

Statistics

All statistical analysis was performed using Prism 10 for MacOS
(GraphPad Software, Boston, MA, USA, www.graphpad.com, San
Diego, USA). A comparison of two independent groups was conduct-
ed by unpaired t test (Figures 3C and 3D). A normality and lognor-
mality test was done on all data at an alpha of 0.05. Depending on
the normality of data, either a one-way ANOVA or a nonparametric
analysis was applied to compare more than two groups. In Figure 1B a
Holm-Sidék’s multiple comparisons test was done. For Figures 2C1,
2D1, 6B, and 6C a Dunnett’s multiple comparisons test was done.
In Figures 5E, 7A1, 7B1, 7Cl1, and 7D1, a Tukey’s multiple compari-
sons test was completed. In Figure 2B, a non-normal distribution of
data and a nonparametric analysis with a Kruskal-Wallis test and
Dunn’s multiple comparison test was conducted. Rotarod data are
presented as SEM. The rest of the data are represented as mean +
standard deviation. Significance levels were *p < 0.05, **p < 0.01,
**p < 0.001, and ****p < 0.0001. If no statistical significance was
found, it was not reported.
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