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Mucopolysaccharidosis type II (OMIM 309900) is a lysosomal
storage disorder caused by iduronate 2-sulfatase (IDS) defi-
ciency and accumulation of glycosaminoglycans, leading to
progressive neurodegeneration. As intravenously infused
enzyme replacement therapy cannot cross the blood-brain bar-
rier (BBB), it fails to treat brain pathology, highlighting the un-
met medical need to develop alternative therapies. Here, we test
modified versions of hematopoietic stem and progenitor cell
(HSPC)-mediated lentiviral gene therapy (LVGT) using IDS
tagging in combination with the ubiquitous MND promoter
to optimize efficacy in brain and to investigate its mechanism
of action. We find that IDS tagging with IGF2 or ApoE2, but
not RAP12x2, improves correction of brain heparan sulfate
and neuroinflammation at clinically relevant vector copy
numbers. HSPC-derived cells engrafted in brain show effi-
ciencies highest in perivascular areas, lower in choroid plexus
and meninges, and lowest in parenchyma. Importantly, the ef-
ficacy of correction was independent of the number of brain-
engrafted cells. These results indicate that tagged versions of
IDS can outperform untagged IDS in HSPC-LVGT for the
correction of brain pathology in MPS II, and they imply both
cell-mediated and tag-mediated correction mechanisms,
including passage across the BBB and increased uptake, high-
lighting their potential for clinical translation.

INTRODUCTION
When first reported in 1917 by Charles Hunter, Mucopolysacchari-
dosis type II (MPS II) or Hunter syndrome (OMIM 309900) was hy-
pothesized to result from congenital defects of development.1 It was
not until 1972 that the causing factor was identified as a deficiency
of iduronate 2-sulfatase (IDS), a lysosomal enzyme involved in the
stepwise degradation of the glycosaminoglycans (GAG) heparan sul-
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fate (HS) and dermatan sulfate (DS).2–4 Disease-associated variants of
the IDS gene (HGNC ID: 5389) are inherited in an X-linked manner,
causingMPS II in males and in rare cases in females depending on the
pattern of X-inactivation (global incidence of �0.7 per 100,000 living
newborns).5 Progressive neuronal abnormalities, gliosis, and demye-
lination are among the pathological manifestations of the neurono-
pathic form of MPS II, which affects approximately two-thirds to
�three-fourths of the total MPS II population. These patients experi-
ence a more severe disease progression and a shortened life expec-
tancy of only up to 20 years of age compared with non-neuronopathic
patients, who can survive until late adulthood.

As large molecules cannot penetrate the blood-brain barrier (BBB),
intravenous enzyme replacement therapy (ERT) with recombinant hu-
man idursulfase (Elaprase)was foundnot to improveCNS symptoms in
long-term studies with more than 9 years follow-up.6,7 Since then, ef-
forts focused on the development of alternative therapies able to treat
the neurological symptoms of MPS II patients, including modified ver-
sions of ERT8,9 and gene therapy. Among these, gene therapy has the
potential to provide long-term treatment following a single interven-
tion.10–12An example is ex vivo lentiviral transduction of autologoushe-
matopoietic stem and progenitor cells (HSPCs), followed by a standard
HSPC transplantation. This approach, referred to as HSPC-mediated
lentiviral gene therapy (LVGT), combines an ex vivo transduction of
stem cells with the ability of lentiviral vectors to stably integrate into
the host genome. A number of clinical trials with more than 10 years
linical Development Vol. 31 December 2023 ª 2023 The Authors. 1
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follow-up proved the safety of this approach13–17 and, importantly, its
potential in the treatment of neurological disorders.13,16 The latter is
classically explained by the well-documented brain engraftment of
HSPC-derived cells following the preconditioning procedures.18,19

Once engrafted, HSPC-derived cells differentiate into microglia-like
cells, and serve as an in loco source ofmissing enzyme, aiding in the pre-
vention of pathology.

HSPC-LVGT has been tested for MPS II in few preclinical studies. In
most cases, codon-optimized human IDSwas placed under the control
of the MND (myeloproliferative sarcoma virus enhancer, negative
control region deleted, dl587rev primer-binding site substituted)-
derived MCU3 promoter, a strong ubiquitous promoter that resulted
in an increase of IDS activity in bone marrow and plasma of 30- to
296-fold above activity in wild-type (WT) animals.20–22 Nevertheless,
the use of unmodified IDS in these studies caused only a partial reduc-
tion of GAG levels and pathology in the CNS. To improve the efficacy
in brain, Gleitz and co-workers used human IDS-tagged C-terminally
with ApoE2, an epitope tag derived from apolipoprotein E and able to
undergo transcytosis across the BBB.23 This resulted in near-complete
normalization of cerebral GAG levels and neuroinflammation after
gene therapy with IDS.ApoE2, while gene therapy with untagged
IDS only partially reduced CNS pathology. The transgenes were ex-
pressed under the myeloid-specific promoter CD11b, which resulted
in IDS overexpression in bone marrow and plasma at levels 3- to
10-fold above healthy mice, well below the levels reached by others
with the MCU3 promoter.

Here, we combined high transgene expression driven by the strong
ubiquitous MND17,24 promoter with fusion of IDS to different pep-
tides. In a first experiment, we compared lentiviral vectors encoding
IDS or insulin-like growth factor 2 (IGF2)-tagged IDS in a dose-
response analysis. We previously showed that IGF2 tagging of acid
alpha-glucosidase (GAA) strongly improved the efficacy of HSPC-
LVGT in a mouse model for Pompe disease. Among the corrected tis-
sues, brain was the best responding one, showing correction of path-
ological glycogen accumulation already at a low dose of lentiviral gene
therapy with IGF2.GAA, while HSPC-LVGT with untagged GAA
failed to correct the brain even at high doses.25 In a second experiment
of the present study, we compared lentiviral vectors encoding the pre-
viously reported IDS.ApoE2,23 as well as IDS tagged with a tandem
repeat of the receptor-associated protein (RAP) minimal peptide
(RAP12x2), an epitope able to undergo transcytosis across the BBB.26

We found that, upon HSPC-LVGT with untagged IDS, correction of
brain pathology was partial and restricted to those areas where
engraftment of donor-derived cells was observed. IDS-tagging with
IGF2 and ApoE2, but not with RAP12x2, improved correction of ce-
rebral HS accumulation and pathology via mechanisms that were in-
dependent of the extent of engraftment of donor-derived cells. This
may involve tag-mediated mechanisms—such as blood-to-brain
transport and/or cross-correction via enhanced uptake—that are
not necessarily the same for the IGF2 and ApoE2 tags. These results
highlight the potential of tagging lysosomal proteins to enhance the
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
efficacy of HSPC-LVGT in the treatment of neuronopathic lysosomal
storage disorders (LSDs), and identify IDS.IGF2co, in addition to ID-
S.ApoE2co in combination with the MND promoter, as promising
new vectors for the correction of brain pathology during HSPC-
LVGT for Hunter disease.

RESULTS
Tag-dependent effects of C-terminal tagging of IDS on

processing, secretion, specific activity, and uptake

Codon-optimized tag sequences encoding either IGF225 (human in-
sulin-like growth factor 2; amino acid [aa]: 1, 8–67), ApoE227 (human
apolipoprotein E; aa: 141–149 in a double tandem repeat), or
RAP12x226 (human receptor-associated protein; aa: 151–262 in a
double repeat separated by a Gly residue) were fused C-terminally
to a codon-optimized sequence encoding human IDS using a linker
sequence consisting of Leu(Gly-Gly-Gly-Gly-Ser) x 4. The resulting
sequences were cloned into third-generation self-inactivating (SIN)
lentiviral vectors (Figure 1A) under the control of the MND (myelo-
proliferative sarcoma virus enhancer, negative control region deleted,
dl587rev primer-binding site substituted) promoter.28

To assess the effect of tagging on IDS protein expression and processing,
we transiently transfected HEK293T cells with the lentiviral vectors
shown in Figure 1A. Human IDS is synthesized as precursor protein
with an apparent molecular weight (MW) of 76 kDa and it is further
processed by proteolytic cleavage into mature forms with apparent
MWs of 55 and 45 kDa.29 SDS-PAGE followed by immunoblot analysis
at day 4 after transfection revealed the presence of a precursor protein at
an apparent MW of 76 kDa after transfection with IDSco and
IDS.ApoE2co, while slightly higher MW precursors were visible after
transfection with IDS.IGF2co (�84 kDa) and IDS.RAP12x2co
(�81 kDa) (Figure 1B, total protein load is shown in Figure S1A) (theo-
retical MWs of precursor proteins: IDS = 61.87 kDa; IDS.IGF2 =
69.97 kDa; IDS.ApoE2 = 65.60 kDa; IDS.RAP12x2 = 66.32 kDa). All
tagged versions of IDS were successfully processed into the 55 and
45 kDa mature forms, suggesting that the tag is cleaved off upon lyso-
somal sorting (Figures 1B, 1C, and S1B; values in Figures 1C and S1B
are quantified within the linear range of detection shown in Figure S1C
and corrected for total protein and transfection efficiency shown in
Figures S1A and S1D, respectively). IDS and IDS.IGF2 had a similar
processing pattern (Figures 1C and S1B), while IDS.ApoE2 showed a
higher amount of the 55 and 45 kDa mature forms compared with
the IDSco (Figures 1C and S1B). IDS.RAP12x2 was mainly present as
the 76kDa formand showed reduced levels of the 45 and 55kDamature
forms compared with the other tagged IDS versions (Figures 1C and
S1B). Relative IDS enzyme activity in cells for IDS, IDS.IGF2, and
IDS.ApoE2 matched intracellular IDS protein levels, except for
IDS.RAP12x2, which showed lower enzyme activity levels despite
higher protein levels relative to the other tagged IDS proteins (compare
Figures 1C and 1D; values in Figure 1D are normalized for transfection
efficiency shown in Figure S1D).

To evaluate differences in secretion, we measured IDS levels in me-
dium over 4 days after transient transfection of HEK293T cells
er 2023
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Figure 1. In vitro characterization of tagged IDS proteins

(A) Cartoons of pCCL third-generation lentiviral vectors encoding codon optimized (co) human IDS proteins under the control of theMNDpromoter. Human IDSwas either not

tagged or tagged C-terminally with IGF2 (IDS.IGF2co), ApoE2 (IDS.ApoE2), or RAP12x2 (IDS.RAP12x2co). An identical lentiviral vector encoding GFP served as control. IDS

SP, IDS signal peptide; hIGF2, human insulin-like growth factor 2; hApoE, human apolipoprotein E; hRAP, human receptor-associated protein. (B–F) HEK293T cells were

transfected with lentiviral vectors shown in (A). (B) Immunoblot analysis using an anti-IDS antibody of cell lysate and medium at day 4 after transfection. Three biological

replicas are shown. Quantification of (B) is shown in (C and E). Protein loading was determined by quantification of the stain-free signal (Figure S1A) and was used for

normalization. (D) Intracellular IDS enzyme activity at day 4 after transfection. (F) IDS enzyme activity in medium at days 2, 3, and 4 after transfection. Data in (C)–(F) were

normalized for transfection efficiency (Figure S1D). Captured IDS protein using IDS sandwich ELISA after 24 h uptake into bEND.3 cells (G) and MPS II fibroblasts (H). Data in

(C), (E), (G), and (H) were quantified within the IDS antibody linear range (Figure S1C). Data represent means ± SEM and were analyzed by one-way ANOVA followed by

Bonferroni’s multiple testing correction. n = 3 biological replicates/condition. *p % 0.05, **p % 0.01, ***p % 0.001. Significant comparisons are indicated by brackets.
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(Figures 1B, 1E, and 1F; values in Figure 1E are normalized for total
protein shown in Figure S1A and for transfection efficiency shown in
Figure S1D, while values in Figure 1F are normalized for transfection
efficiency shown in Figure S1D). At day 4, immunoblot analysis using
an IDS antibody revealed that IDS and tagged IDS versions were
secreted as a precursor protein of the same apparent MW as the intra-
cellular precursor protein, in addition to other precursor forms
ranging from 72 to 90 kDa (Figure 1B).29 Immunoblot quantification
showed comparable IDS protein levels in medium for IDS,
Molecular T
IDS.ApoE2, and IDS.RAP12x2, while IDS.IGF2 levels were lower
(Figures 1B and 1E). In agreement, medium IDS enzyme activity
levels of IDS.IGF2 were lower compared with the other IDS proteins
already at day 2 after transfection, and continued to be lower until day
4 (Figure 1F). Addition of excess recombinant IGF2 peptide (1.5 mM)
in the medium after transient transfection of HEK293T cells with ID-
S.IGF2co resulted in higher IDS activity levels in the medium—but
not in cells—compared with medium from cells transfected with ID-
S.IGF2co without IGF2 peptide addition (Figure S1E), suggesting that
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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IGF2-mediated reuptake of secreted IDS.IGF2 contributes to the
reduced levels of IDS.IGF2 protein and activity in medium.

To assess the effect of tagging on IDS enzyme activity, IDS protein levels
and enzyme activity levelsweremeasured in three 2-folddilutions of cell
lysate and medium of transfected HEK293T cells (Figures S1F–S1H).
By plotting protein levels vs. IDS enzyme activity levels in cell lysates
and medium, we observed similar slopes for all versions of IDS
(Figures S1G and S1H), with small differences that were not significant
(Table S1). The calculated specific activity in cells relative to the un-
tagged IDS protein (set to 100%) for IDS.IGF2, IDS.ApoE2, and
IDS.RAP12x2 was as follows: 114.72% (SD 25.47%), 103.09% (SD
3.28%), and 74.92% (SD 4.52%), respectively. Inmedium, the calculated
relative specific activities were 131.40% (SD 11.21%), 135.96% (SD
17.45%), and 114.24% (SD 13.77%) for IDS.IGF2, IDS.ApoE2, and
IDS.RAP12x2 relative to the untagged IDS protein (100%), respectively.

Next, conditioned medium from transfected HEK293T cells was
applied to the mouse brain endothelial cell line bEND.3 and to primary
human MPS II fibroblasts to compare uptake of IDS proteins. Condi-
tionedmedium fromGFP-transfectedHEK293T cellswas used as nega-
tive control (Figures 1G and 1H). In both bEND.3 cells and MPS II fi-
broblasts, IDS.IGF2 showed a �5-fold higher uptake compared with
untagged IDS across the dilution range tested, with EC50 values that
were 5 times lower compared with IDS (EC50ratio bEND.3 cell: IDS =
1 a.u.; IDS:IGF2: 0.223 a.u.; EC50ratioMPS IIfibroblasts: IDS= 1 a.u.; ID-
S:IGF2: 0.204 a.u.; Table S1). The ApoE2 tag provided a modest
enhancement of uptake in both cell types, with EC50 values that were
1.5 times smaller compared with untagged IDS (EC50ratio bEND.3 cells:
IDS = 1 a.u.; IDS:ApoE2: 0.666 a.u.; EC50ratioMPS II fibroblasts: IDS = 1
a.u.; IDS:ApoE2: 0.675 a.u.; Table S1). In bEND.3 cells, uptake of IDS
and IDS.RAP12x2 were indistinguishable, while the RAP12x2 tag
caused an increase of 1.35-fold of the EC50 values inMPS II fibroblasts,
resulting in reduced uptake compared with untagged IDS (EC50ratio

bEND.3 cells: IDS = 1 a.u.; IDS:RAP12x2: 0.983 a.u.; EC50ratio MPS II
fibroblasts: IDS = 1 a.u.; IDS:RAP12x2: 1.355 a.u.; Table S1).

These results show that the tagging strategy of IDS adopted here has a
differential effect on uptake depending on the tag used, and results in
minor effects on specific activity that were not significant. The fusion
proteins tested were functional to different extents: IGF2 and ApoE2
tags caused an improvement of 5 and 1.5 times of the uptake in the
cell lines tested, respectively, without causing detrimental effects on
specific activity and processing, while tagging with RAP12x2 had a
negative effect on intracellular specific activity and showed no
improvement of cellular uptake in vitro.

Gene therapy results in supraphysiological IDS activity levels in

bone marrow and plasma

Gene therapy was performed in two rounds of transplantation using
an established Idsy/� mouse model for MPS II.30,31 In the first round,
we tested IDSco and IDS.IGF2co in a dose-response analysis by varying
the lentiviral vector dose (MOI= 0.1, 1, and 3). In the second round, we
compared IDSco, IDS.IGF2co, IDS.ApoE2co, and IDS.RAP12x2co at a
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
single dose of lentiviral gene therapy (MOI = 1; Figure 2). We trans-
planted lentiviral-transduced HSPCs into 2-month-old irradiated
Idsy/�mice and analyzed correction of brain pathology 6months after
transplantation. Vector copy number (VCN) in bone marrow ranged
between0.5 and4depending on the lentiviral dose applied (Figure 2A).
Chimerism in bone marrow was �85% for all the conditions, indi-
cating efficient engraftment of HSPCs (Figures 2B and S2A).

Gene therapy resulted in supraphysiological levels of IDS enzyme ac-
tivity in bone marrow (�150-fold over WT) for all the treatment
groups comparedwith theGFP groups and untreated Idsy/�mice (Fig-
ure 2C). IDS activity levels in bone marrow varied according to VCN
in bone marrow and followed a hyperbolic function with a maximal
IDS activity at a VCN between 2 and 4 for all treatment groups (Fig-
ure 2D; Table S1). In agreement, supraphysiological levels of IDS ac-
tivity were detected in plasma after lentiviral gene therapy (IDSco, ID-
S.ApoE2co, IDS.RAP12x2co > 60-fold over WT; IDS.IGF2co > 30-fold
overWT; Figure 2E). Plasma IDS activity levels increased linearly with
the bone marrow VCN, with the IDS.IGF2co treatment showing a
more modest slope compared with the other treatments, which may
be explained by reduced secretion and/or stability of IDS.IGF2 pro-
tein, or increased elimination rate from plasma compared with the
other IDS proteins (Figure 2F; Table S1). Plasma IDS activity levels
correlated with IDS protein levels in plasma as shown by immunoblot
analysis (Figure S2B; levels in Figure S2B were normalized for total
protein shown in Figure S2C). These results demonstrate high expres-
sion of all the vectors tested, resulting in supraphysiological IDS activ-
ity levels in bone marrow and plasma at low VCNs.

IGF2 and ApoE2 tagging of IDS result in superior correction of

brain pathology

Gene therapy resulted in partial restoration of IDS enzyme activity in
brains of Idsy/�mice (Figure 3A). In general, IDS enzyme activity levels
were�10- to 30-fold lower comparedwith untreatedWTmice and var-
ied according to the lentiviral vector dose administrated, with similar
levels for IDSco, IDS.IGF2co, IDS.ApoE2co, and IDS.RAP12x2co.

Untreated and GFP-treated Idsy/� mice showed �70-fold higher HS
levels in brain lysates compared with untreatedWTmice (Figure 3B),
but not significantly higher levels of DS (Figure S3).32 Gene therapy
with IDSco resulted in a �3-fold reduction of brain HS levels, but
failed to show a dose-dependent effect (Figure 3B, experiment 1).
In contrast, IDS.IGF2co caused a dose-dependent reduction of brain
HS levels (Figure 3B, experiment 1): low dose gene therapy with ID-
S.IGF2co (MOI = 0.1) was able to reduce brain HS to levels that were
comparable with IDSco MOI 3 treatment, while higher doses of ID-
S.IGF2co resulted in a further reduction of brain HS to levels that
were �3-fold lower than IDSco MOI 3 and �11-fold lower than un-
treated Idsy/� animals. The second set of experiments confirmed the
previous finding for IDSco and IDS.IGF2co vectors, with IDS.IGF2co
being �3 times more effective than IDSco in reducing HS accumula-
tion in brain at an MOI of 1 (Figure 3B, experiment 2). After gene
therapy with IDS.ApoE2co, the extent of HS reduction was compara-
ble with gene therapy with IDS.IGF2co, although IDS.ApoE2co
er 2023
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Figure 2. Supraphysiological IDS activity levels after gene therapy

Two-month-old Idsy/�mice were treated with gene therapy using 9Gy total body irradiation (TBI) and the indicatedmultiplicity of infection (MOI). Gene therapy was performed

in two separate experiments, as indicated. (A) VCN per genome measured in bone marrow by qPCR on PSI and Albumin loci. (B) Chimerism in bone marrow measured by

flow cytometry and expressed as percentage of CD45.1+/CD45.2� cells. For IDSco and IDS.IGF2co, MOI 1 groups from experiments 1 and 2 were combined in the same

graph. (C) IDS enzyme activity in bone marrow. (D) Non-linear regression analysis between vector copy number and IDS enzyme activity in bone marrow. (E) IDS enzyme

activity in plasma. (F) Linear regression analysis between vector copy number in bone marrow and IDS enzyme activity in plasma. Regression analysis of (D and F) is shown in

Table S1. Data represent means ± SEM and were analyzed by one-way ANOVA followed by Bonferroni’s multiple testing correction. Experiment 1: n = 5 or 6 per group.

Experiment 2: IDSco, IDS.IGF2co, GFP, Idsy/� and WT n = 6; IDS.ApoE2co n = 10; IDS.RAP12x2co n = 7. *p% 0.05, ***p% 0.001, ****p% 0.0001. Significant results are

indicated by brackets.
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resulted in marginally lower HS levels (�11- and �15-fold reduction
vs. Idsy/� mice, respectively). HS levels in brain homogenates of mice
treated with IDS.RAP12x2co gene therapy were similar to the levels
detected after gene therapy with the IDSco vector. Importantly,
none of the vectors resulted in complete normalization of brain HS
levels under the conditions employed. The best outcomes were
achieved by the IDS.IGF2co and IDS.ApoE2co vectors with 8- and
5-fold higher HS levels than WT animals, respectively (WT: 0.06 ±

0.004 mg/mg; Idsy/� 3.80 ± 0.28 mg/mg;GFP: 3.78 ± 0.16 mg/mg; IDSco
MOI 1: 1.20 ± 0.23 mg/mg; IDS.IGF2coMOI 1: 0.39 ± 0.08 mg/mg; ID-
S.ApoE2coMOI 1: 0.24 ± 0.10 mg/mg; IDS.RAP12x2coMOI 1: 1.41 ±
0.45 mg/mg). Brain HS was reduced with the VCN in bone marrow
following a negative exponential curve that reached a plateau for all
vectors (Figure 3C; Table S1). Treatment with IDSco and IDS.-
RAP12x2co resulted in comparable plateau values of�1.20 mg/mg ce-
rebral HS, while IDS.IGF2co and IDS.ApoE2co plateaued at 0.46 mg/
mg and 0.22 mg/mg brain HS, respectively. The exponential decay
constant (l) was not significantly different after gene therapy with
the vectors tested (Table S1), although IDS.ApoE2co caused a steeper
decrease of brain HS with VCN compared with the other vectors,
reaching plateau values at VCN as low as 0.3 (Figure 3C). Correction
of brain HS also followed an exponential decay curve when plotted
against IDS activity in brain (Figure 3D). Plateau values after IDSco
and IDS.RAP12x2co treatments were comparable at �1.10 mg/mg
HS. IDS.IGF2co plateaued at around 0.43 mg/mg HS, while IDS.A-
poE2co showed a plateau value of 0.21 mg/mg HS (Table S1).
Molecular T
Alcian blue staining of Idsy/� brains showed a widespread accumula-
tion of sulfatedmucins in perivascular cells, parenchymal cells,menin-
geal cells, and in the choroid plexus (Figures 3E and S4), as described
previously.31 Quantification of Alcian blue-positive cells in brain after
gene therapy at MOI of 1 showed complete normalization at all brain
regions analyzed for IDS.IGF2co and IDS.ApoE2co (Figures 3F and
S4). IDSco- and IDS.RAP12x2co-treated animals showed marginally
higher levels of Alcian blue-positive perivascular cells and paren-
chymal cells in midbrain, brainstem, and cerebellum compared with
WT mice (Figures 3F and S4). Scoring of Alcian blue staining in
choroid plexus and meninges showed full correction without differ-
ences between the vectors tested (Figures 3G and S4; Table S2).12

These data demonstrate that gene therapy reduced HS accumulation
and Alcian blue staining in all the cerebral areas analyzed and that
tagging of IDS with IGF2 or ApoE2, but not RAP12x2, improved
the efficacy of gene therapy. Low VCN values in bone marrow (<2
VCN per genome) were sufficient to reach plateau HS levels, which
varied depending on the vector used and resulted in the best outcome
with IDS.IGF2co and IDS.ApoE2co vectors.

Alleviation of lysosomal pathology and neuroinflammation after

gene therapy

Idsy/� mice showed a widespread upregulation of LAMP1-positive
cells in brain to levels ranging from 16-fold (hypothalamus) to
4-fold (corpus callosum) over WT depending on the brain area
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 3. Correction of brain after gene therapy

(A) IDS enzyme activity in brain. (B) Mass spectrometry quantification of total brain heparan sulfate. (C) Relationship between brain heparan sulfate content and vector copy

number in bone marrow. (D) Non-linear regression between brain heparan sulfate content and IDS enzyme activity in brain. (E) Representative examples of Alcian blue-

positive areas in brain areas of untreated Idsy/�mice andmatchedWT controls. Scale bar, 50 mm. (F) Quantification of Alcian blue staining in different regions of the brain after

gene therapy by counting positive cells. Representative examples of Alcian blue staining after gene therapy are shown in Figure S4. (G) Quantification of Alcian blue-positive

staining using a scoring system (see Table S2) in choroid plexus and meninges after gene therapy. Data are presented as means ± SEM. In (A) and (B) data were analyzed by

one-way ANOVAwith Bonferroni’s correction. In (F) data were analyzed by two-way ANOVAwith Bonferroni’s correction, using treatment (IDSco, IDS.IGF2co, IDS.ApoE2co,

or IDS.RAP12x2co) and brain areas as categorical variables. Regression analysis of (C and D) is shown in Table S1. Asterisks represent significance vs. WT; hashmarks

represent significance vs. Idsy/�. Other significant comparisons are identified by brackets. PV, perivascular cells; PC, parenchymal cell; Mg, meninges; CP, choroid plexus;

PN, perineuronal net. (A–D) Experiment 1: n = 5 or 6 per group. Experiment 2: IDSco, IDS.IGF2co,GFP, Idsy/� and WT n = 6; IDS.ApoE2co n = 10; IDS.RAP12x2co n = 7. (F

and G) n = 3. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001. #p % 0.05, ###p % 0.001, ####p % 0.0001.
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Figure 4. Gene therapy relieves LAMP1 pathology in

brain

Representative examples of LAMP1 staining of sagittal

sections of cortex, corpus callosum, hippocampus,

thalamus, hypothalamus, midbrain, brainstem, and

cerebellum of gene therapy-treated Idsy/� mice and

controls. CC, corpus callosum; DG, dentate gyrus. Scale

bar, 100 mm.
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analyzed (average increase of 8-fold compared with healthy mice; Fig-
ures 4, 6A, and 6B). Gene therapy at an MOI of 1 (see Figure S9 for
VCNs of mice used for histology) reduced LAMP1 immunoreactivity
for all vectors tested to different extents. IDSco and IDS.RAP12x2co
resulted in an average reduction of LAMP1 levels of 25% and 34%
compared with untreated Idsy/� mice, respectively. IDS.RAP12x2co
was marginally more effective than IDSco in all the brain areas
under analysis, with the highest difference registered in hippocampus
Molecular Therapy: Methods &
(IDSco: 13% reduction vs. Idsy/�; IDS.-
RAP12x2co: 45% reduction vs. Idsy/�) (Figures 4
and 6B). Gene therapy with IDS.IGF2co resulted
in a further reduction of LAMP1-positive stain-
ing to levels 44% and 36% lower compared with
IDSco and IDS.RAP12x2co treatments, respec-
tively, and 60% lower than untreated Idsy/�

mice. IDS.ApoE2co was slightly better than ID-
S.IGF2co, reducing LAMP1 immunoreactivity
to levels 80% lower than Idsy/� levels. IDS.A-
poE2co showed a significantly higher efficacy in
specific brain areas, namely in the cortex (ID-
S.IGF2co: 60% reduction vs. Idsy/�; IDS.ApoE2co:
90% reduction vs. Idsy/�), thalamus (IDS.IGF2co:
60% reduction vs. Idsy/�; IDS.ApoE2co: 85%
reduction vs. Idsy/�), and hypothalamus (ID-
S.IGF2co: 52% reduction vs. Idsy/�; IDS.ApoE2co:
84% reduction vs. Idsy/�). IDS.ApoE2co and ID-
S.IGF2co showed similarly high efficacy in corpus
callosum, hippocampus, midbrain, brainstem,
and cerebellum (Figure 6B).

Next, we analyzed correction of neuroinflamma-
tion after gene therapy in Idsy/� mice (Figures 5,
6C–6F, and S6). By staining astrocytes for glial fi-
brillary acid protein (GFAP), we observed an
increased number of GFAP-positive cells in Idsy/
�mice in the cortex (13-fold overWT), thalamus
(13-fold over WT), hypothalamus (5-fold over
WT),midbrain (13-fold overWT), and brainstem
(18-fold over WT), but not in the corpus cal-
losum, hippocampus, and cerebellum, where
GFAP immunoreactivity levels ranged from com-
parable with to marginally lower than WT mice
(Figures 6C and 6D). Gene therapy caused
changes in GFAP levels depending on the brain
region (Figures 5, 6C, 6D, and S5). In cortex, IDSco and IDS.-
RAP12x2co vectors reduced GFAP-positive cells by 30% compared
with Idsy/�. IDS.IGF2co caused a further reduction in GFAP-positive
cells of �30% over IDSco and IDS.RAP12x2co and 60% compared
with untreated Idsy/� animals. In this area, IDS.ApoE2co resulted in
90% reduction of GFAP immunoreactivity, reaching levels compara-
ble with WT animals (IDS.ApoE2co: 20 GFAP+ cells/mm2; WT: 15
GFAP+ cells/mm2). In thalamus, all the vectors reduced GFAP
Clinical Development Vol. 31 December 2023 7
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Figure 5. Gene therapy relieves neuroinflammation in

brain

Representative examples of cortex, hippocampus, thal-

amus, and brainstem stained for GFAP and CD68 of gene

therapy-treated mice and controls. DG, dentate gyrus.

Scale bar, 100 mm. GFAP and CD68 stainings of corpus

callosum, hypothalamus, midbrain, and cerebellum are

shown in Figure S6.

Molecular Therapy: Methods & Clinical Development
immunoreactivity to similar levels (�60% reduction vs. Idsy/�), with
the IDSco vector resulting in slightly higher and the IDS.ApoE2co vec-
tor resulting in slightly lower immunoreactivity. GFAP immunoreac-
tivity in the hypothalamus was marginally reduced by treatment with
IDS.RAP12x2co and was best corrected by the IDSco, IDS.IGF2co, and
IDS.ApoE2co vectors to levels 4, 3, and 1.6 times higher than WT,
respectively. In the midbrain, treatment with IDSco, IDS.RAP12x2co,
and IDS.ApoE2co resulted in 60% reduction of Idsy/�GFAP levels. ID-
S.IGF2co was the best performing vector in this area, causing 85%
reduction of GFAP pathology to levels 2.4 times ofWT. All the vectors
8 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
showed comparable correction of GFAP immu-
noreactivity in brainstem and had no effect in
the corpus callosum and hippocampus (which
did not display elevated GFAP levels in Idsy/�

mice), except for IDS.ApoE2co, which resulted
in marginally increased numbers of GFAP-posi-
tive cells in the corpus callosum (Figures 5, 6C,
6D, and S5).

We also investigated clusters of differentiation 68
(CD68), a lysosomal protein expressed in the
soma ofmicroglial cells that is upregulated in func-
tionally activated microglia.33,34 We observed a
widespread increase of CD68 immunoreactivity
in brains of Idsy/� mice (Figures 5, 6E, 6F, and
S5). Gene therapy with IDSco and IDS.RAP12x2co
resulted in an average reduction of�60% of CD68
immunoreactivity in all the areas analyzed. In the
hippocampus, brainstem, and cerebellum, IDSco
and IDS.RAP12x2co reduced the number of
CD68-positive cells by � 75%. In the rest of the
areas, IDSco and RAP12x2co treatments resulted
in an average reduction of 50% compared with
Idsy/� CD68-positive cells. IDS.IGF2co vector had
an overall better outcome on CD68 pathology
compared with both IDSco and IDS.RAP12x2co,
particularly in the cortex (65% reduction vs. IDSco
and IDS.RAP12x2co), hypothalamus (70% reduc-
tion vs. IDSco and IDS.RAP12x2co), and midbrain
(75% reduction vs. IDSco and IDS.RAP12x2co),
while IDS.ApoE2co further reduced CD68 levels
mainly in the corpus callosum and thalamus to
near WT levels.
In conclusion, we demonstrated that gene therapy in which IDS pro-
tein was fused with IGF2 and ApoE2 resulted in better correction of
LAMP1, GFAP, and CD68 pathology in brain compared with un-
tagged or RAP12x2-tagged IDS.

Low engraftment of HSC-derived cells in brain does not explain

correction of brain pathology

Gene therapy caused alleviation of brain HS accumulation, lysosomal
pathology, and neuroinflammation, with no (RAP12x2) to beneficial
(IGF2 and ApoE2) impact of the tag used on the efficacy of the
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Figure 6. Quantification of LAMP1-, GFAP-, and CD68-positive cells in brain

Quantification of LAMP1 (A andB),GFAP (CandD), andCD68 (E andF) in total brain (A, C, andE) and in different brain areas (B, D, and F). Data representmeans±SEM. In (A), (C),

and (E) datawereanalyzedbyone-wayANOVAwithBonferroni’scorrection. In (B), (D), and (F) datawereanalyzedby two-wayANOVAwithBonferroni’scorrection, using treatment

(IDSco, IDS.IGF2co, IDS.ApoE2co, or IDS.RAP12x2co) and brain areas as categorical variables. Asterisks represent significance vs. WT; hashs represent significance vs. Idsy/�.
Other significant comparisons are indicated by brackets. n = 3. *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001. #p% 0.05, ##p% 0.01, ###p% 0.001, ####p% 0.0001.
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treatment. As previous reports pointed at brain engraftment of
HSPC-derived cells and in loco cell-mediated secretion of the thera-
peutic protein as the driving mechanism for brain correction after
HSPC-mediated lentiviral gene therapy,16,35–40 we performed stain-
ing for human IDS and GFP in sagittal sections of gene therapy-
treated mice. We observed IDS-positive cells in the brain at levels in-
dependent of the vector used (Figures 7A–7C and S6A). IDS-positive
cells were mainly detected in meninges, choroid plexus, and perivas-
cular areas, in addition to a widespread and rare engraftment in
parenchymal areas (Figures 7A–7C, S6A, and S7). No IDS staining
was detected inGFP-treated and untreated Idsy/� brain sections, while
immunoreactivity was observed in cortical layer II, hippocampal CA,
and perivascular areas of WTmice (Figures 7, S6A, and S7). In agree-
ment, we observed low engraftment of GFP-positive cells in brains of
GFP-treated Idsy/� animals, with a similar distribution pattern
compared with IDS, suggesting that IDS-positive cells are likely to
be donor-derived cells (Figures 7D and S6B). Next, we assessed
VCN in brain homogenates of gene therapy-treated mice. VCN in
brain was between 0.005 and 0.2 vector copies per genome (average
of 0.025 vector copies per genome). Similar as for VCN in bone
marrow, there was a dose-dependent increase in VCN in brain after
IDS.IGF2co treatment, which was less prominent for IDSco treatment
(IDS.IGF2co MOI 3 = 0.074 VCN per genome; average of the other
conditions except GFP = 0.02 VCN per genome; Figure 7E), while
the GFP-treated groups showed very low brain VCN at values
marginally higher than those of the untreated groups. Plotting
VCN in brain vs. bone marrow or liver, an organ without physical
barriers such as the BBB, revealed a weak but significant correlation
between VCN in bone marrow and brain (p = 0.0062, R2 = 0.2)
and a stronger correlation between VCN in bone marrow and liver
(p < 0.0001, R2 = 0.63; Figure S8A; Table S1). Brain VCN values
were �20-fold lower compared with liver VCN (Figure S8A;
Table S1), suggesting a much lower cerebral engraftment of donor-
derived cells in brain than in liver. In agreement, analysis of chime-
rism in brain showed low levels of around 1 donor cell every 100
resident cells, with similar levels in the different treatment groups
(Figure 7F). Of note, marginally lower chimerism values were de-
tected in experiment 2 compared with experiment 1 (experiment
1 = average 1.42% brain chimerism; experiment 2 = average 0.79%
chimerism; Figure 7F). We observed no correlation between brain
HS levels and VCN or chimerism in brain for all the vectors
(Figures 7G and 7H). This suggests that the improved efficacy
observed after IDS.IGF2co and IDS.ApoE2co treatments is not caused
by an enhanced brain engraftment of donor-derived cells.

Improved correction of brain pathology could be explained by the
levels of affinity of the fusion proteins for their target receptors. For
this reason, we tested the binding affinity of IDS, IDS.IGF2,
IDS.ApoE2, and IDS.RAP12x2 proteins for the LRP-1 receptor
(ApoE2 and RAP12x2) and domain 11 of the IGF2R (IGF2) by per-
forming receptor ELISAs. LRP-1 receptor is known to mediate trans-
cytosis across the BBB and its cluster IV is targeted by ApoE2 and
RAP12 tags. Domain 11 of the CI-M6P/IGF2R binds with high affin-
ity to IGF2 peptide, but does not bind M6P moieties that are targeted
10 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
by repeats 3 and 9 of the same receptor. As expected, IDS protein did
not bind to LRP-1 cluster IV, while IDS.ApoE2 efficiently bound this
receptor resulting in a Kd of 319.2 ng/mL (Figure 7I). Binding of
IDS.RAP12x2 to LRP-1 cluster IV was very weak and resulted in a
Kd value that was �75-fold higher than the Kd of IDS.ApoE2 (Fig-
ure 7I; Table S1). This may indicate that the RAP12x2 epitope
when fused to IDS is not available for binding to the LRP-1 receptor.
In addition, IDS tagged with RAP22 (IDS.RAP22), a tag comprising a
longer sequence of the LRP-1 binding domain of the RAP protein and
with higher affinity for the LRP-1 (RAP22: aa: 251–272 of the RAP
protein; RAP12: aa: 251–262 of the RAP protein),26 did not efficiently
bind to LRP-1 cluster IV (Figure S8B). This suggests that the RAP22/
12 sequences are incompatible as epitope tag for IDS under the con-
ditions employed. Functional ELISA for the IGF2R domain 11
showed that IDS did not efficiently bind, as expected, while binding
of IDS.IGF2 had high affinity, resulting in a Kd of 225.7 ng/mL (Fig-
ure 7J; Table S1). IDS.IGF2 did not bind to LRP-1 cluster IV (data not
shown).

We analyzed the correlation between IDS plasma activity levels and
correction of brain HS (Figure 7K). Non-linear regression analysis
showed correlation between brain HS and IDS activity levels in plasma,
resulting in an exponential decay curve for all vectors (Figure 7K;
Table S1). IDSco and IDS.RAP12x2co treatments showed similar pla-
teaus and l values of around 1.07 and 1.15 mg/mg (Table S1). ID-
S.IGF2co and IDS.ApoE2co treatments plateaued at lower values that
were similar (IDS.IGF2co: 0.35 mg/mg; IDS.ApoE2co: 0.20 mg/mg) and
also showed similar l values (IDS.IGF2co: 0.09 [nmol/mg� 4 h]�1; ID-
S.ApoE2co: 0.05 [nmol/mg� 4 h)�1) (Table S1). IDS activity in plasma
correlated more with HS levels compared with VCN and chimerism in
brain for all the vectors (compare Figure 7K with Figures 7G and 7H).

DISCUSSION
As we learnt about the limitations of ERT in the treatment of the
neurological manifestations of MPS II, HSPC-LVGT emerged as a
candidate approach for addressing this challenge. Using a highly sen-
sitive GAG detection method (HPLC-MS/MS), which revealed a
broader detection range compared with previous studies (7.5-fold,23

1.2-fold20,22), we demonstrated that fusion of IDS with IGF2, as well
as the previously published IDS.ApoE223 in combination with the
MND promoter, provided a near complete prevention of neurological
pathology in Idsy/� mice during HSPC-LVGT. These results identify
the MND-driven IDS.IGF2co and IDS.ApoE2co as candidate trans-
genes for future clinical developments ofHSPC-LVGT forHunter dis-
ease, and provide insight into their mechanisms of action.

Untagged IDS was only moderately effective after HSPC-LVGT,
reducing brain HS levels and slightly ameliorating pathology, as
shown previously.20–22 As we found engraftment of small numbers
of donor-derived cells in the same cerebral areas where most of the
Alcian blue staining—and thus sulfated GAG—was detected (e.g.,
in choroid plexus, meninges and some perivascular areas), we hy-
pothesize that brain-engrafted donor-derived cells were responsible
for the correction of HS levels in these areas via cross-correction
ber 2023
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Figure 7. Mechanisms of brain correction after gene therapy

(A) Quantification of IDS-positive cells in brains of gene therapy-treated mice and untreated Idsy/� and WT mice. (B) Example of distribution of IDS-positive cells in a IDSco-

treated mouse. Examples of other treatment conditions are shown in Figure S7. (C) IDS staining in sagittal sections of cortex, brainstem, choroid plexus, and meninges.

Representative pictures of other treatment conditions are shown in Figure S6. Scale bar, 25 mm. (D) Quantification of GFP-positive cells in brain of GFP-treated Idsy/� mice

andWT. Representative pictures are shown in Figure S6. (E) VCN per genomemeasured in brain by qPCR on PSI and Albumin loci. (F) Chimerism analysis of brain measured

by allele-specific qPCR on the Cd45.1 locus. Validation data are shown in Figure S10. (G) Non-linear regression analysis between VCN in brain and cerebral heparan sulfate.

(H) Non-linear regression analysis between chimerism in brain and heparan sulfate in brain. (I) Functional ELISA analysis of IDS, IDS.ApoE2, and IDS.RAP12x2 proteins using

the LRP-1 receptor (cluster IV). (J) IDS and IDS.IGF2 proteins binding to the CI-M6P/IGF2 receptor (domain 11) in a functional ELISA. (K) Non-linear regression analysis

between brain heparan sulfate content and IDS enzyme activity in plasma. Data are presented as means ± SEM. In (E) and (F) data were analyzed by one-way ANOVA with

Bonferroni’s correction. Regression analysis of (G), (H), and (K) is shown in Table S1. Asterisks represent significance vs. WT; hashs represent significance vs. Idsy/�. In (E) ^

represent significance vs. the IDS.IGF2coMOI 3 group. Other significant comparisons are indicated by brackets. PV, perivascular cells; PC, parenchymal cell; Mg, meninges;

CP, choroid plexus. (A–C) n = 3. (E and F) Experiment 1: n = 5 or 6 per group. Experiment 2: IDSco, IDS.IGF2co, GFP, Idsy/� and WT n = 6; IDS.ApoE2co n = 10; IDS.-

RAP12x2co n = 7. (G and H) n = 6. (I and J) n = 3. *p % 0.05. #p % 0.05. ^p % 0.05, ^^p % 0.01, ^^^p % 0.001, ^^^^p % 0.0001.
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that was not largely dependent on the protein tag. Alcian blue staining
was, however, still detected in some perivascular areas and rare paren-
chymal cells after IDSco gene therapy, along with a widespread in-
crease of GFAP-positive and CD68-positive cells, suggesting that un-
tagged IDS, when produced locally by engrafted donor-derived cells,
is unable to reach all brain cells that are affected in Idsy/� mice. A
further correction of brain pathology was only achieved upon IGF2
and ApoE2 tagging of IDS, but not RAP12x2 tagging. The observed
enhanced correction mediated by the IGF2 and ApoE2 tags was inde-
pendent of the extent of HSPC-derived cells engraftment in brain,
which represents a well-established correction mechanism for the
brain during HSPC-LVGT for LSD.19,40 Below we elaborate upon
these findings.

IGF2-mediated correction of brain pathology

The improved correction of brain pathology observed after IDS.IGF2co
gene therapy is in line with our previous report showing improved
correction of the CNS after gene therapywith IGF2-taggedGAA inmu-
rine Pompe disease,25 and provides evidence that IGF2-tagging might
be a general strategy to increase the therapeutic efficacy of HSPC-
LVGT for brain manifestations of LSDs. The rationale of IGF2 tagging
of lysosomal proteins is based on the ability of IGF2 to bind the CI-
M6P/IGF2R with an affinity higher than the affinity of mannose
6-phosphate for the same receptor.25,41 In agreement, IDS.IGF2 protein
showed high affinity binding to the CI-M6P/IGF2R during a functional
ELISA assay, as well as 5-fold higher cellular uptake levels over IDS
(Figures 1G, 1H, 7I, and 7J). These results, together with previous re-
ports showing enhanced uptake into astrocytes and neurons upon
IGF2 tagging of lysosomal proteins,42,43 point at enhanced cross-
correction of affected cells as a prominent candidate mechanism
driving the IGF2-mediated correction of brain pathology.

IGF2 protein was also shown to accumulate in the brain parenchyma
upon intravenous infusion,44–47 suggesting an active transport of
IGF2 from the blood to the brain, although themechanisms responsible
remain to be elucidated. The CI-M6P/IGF2R might be involved in a
blood-to-brain transport of IGF2 as this receptor was shown tomediate
transcytosis across the BBB, but only in the perinatal period and up to
age 7weeks inmice.48–50 In addition, IGF2 can also efficiently bind IR-A
and IGF1R—both shown to mediate transcytosis across the BBB of
IGF1 and insulin—with an affinity of 1 order of magnitude within the
affinity of insulin and IGF1 for these receptors, respectively.46,51 Future
work is required to determine to what extent and how IDS-IGF2 may
undergo transcytosis during HSPC-LVGT in Idsy/� mice.

Tagged IDS protein might also reach the brain via CSF-to-brain
transport, a mechanism that could take place following engraftment
of donor-derived cells in meninges or choroid plexus—as docu-
mented in Figure 7—and secretion into the CSF, or upon transport
of tagged IDS from blood to the CSF at the choroid plexus. Such a
transport has been suggested for IGF1,46,52 and, given the high struc-
tural and sequence similarity between IGF1 and IGF2,53–55 it is
possible that a similar transport mechanism plays a role in the
IGF2-mediated correction of pathology in brain. In line with this hy-
12 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
pothesis, ICV injection of IGF2-tagged NAGLU has been reported to
normalize brain pathology in an MPS IIIB mouse model,56 although
therapeutic efficacy upon ICV injection has also been reported for un-
tagged IDS.57

ApoE2-mediated correction of brain pathology

The generation of ApoE2-tagged IDS was described previously as a
strategy to combine a brain-shuttle peptide with gene therapy for
the correction of brain pathology in an MPS II mouse model.23 The
design for tagged IDS described by these authors was left unchanged
in the experiment reported here and only the promoter driving the
transgene expression was changed (MND instead of CD11b).
IDS.ApoE2 protein has been shown to undergo transcytosis in vitro
in a transwell experiment with bEND.3 cells.23 In agreement, we
showed that IDS.ApoE2, but not IDS.RAP12x2 or untagged IDS, effi-
ciently bound LRP-1, a receptor capable of transcytosis across the
BBB.58,59 This is consistent with the enhanced efficacy in brain of
IDS.ApoE2 and the lack of an effect on brain pathology of
RAP12x2 tagging of IDS, and strongly implies an active blood-to-
brain transport, particularly transcytosis at the BBB, for the
IDS.ApoE2 fusion protein. However, we cannot conclusively rule
out other potential ApoE2-mediated correction mechanisms such
as increased uptake into affected cells via cross-correction, which is
in line with our findings in MPS II fibroblasts and bEND.3 cells
and with previous studies documenting an augmented uptake into
neurons and glia of lysosomal proteins after ApoE2 tagging.23,60–62

Comparison of IGF2- and ApoE2-mediated correction of brain

pathology

Additional clues for the mechanism underlining IGF2- and ApoE2-
mediated correction of brain pathology come from the comparison
of the therapeutic efficacy of IDS.IGF2co and IDS.ApoE2co gene ther-
apy. We found that residual brain HS levels after IDS.IGF2co (plateau
0.46 mg/mg HS) and IDS.ApoE2co (plateau 0.21 mg/mg HS) gene ther-
apy correlated with IDS enzyme activity in plasma, with activity levels
being lower in plasma for IDS.IGF2co-treated mice compared with
the IDS.ApoE2co treatment group. Although the causality of this rela-
tionship needs to be further investigated, it is consistent with the pres-
ence of transport from blood to brain, which is expected to be limited
by the plasma availability of tagged IDS. In addition, plasma concen-
tration appears to be predictive for the correction of brain pathology
after gene therapy with IDS.ApoE2co or IDS.IGF2co, as it correlated
more with the HS levels after IDS.IGF2co and IDS.ApoE2co treat-
ments compared with VCN and brain activity (compare Figure 7K
vs. Figures 3C and 3D). This observation is relevant for a future clin-
ical implementation of HSPC-LVGT, as measurement of plasma ac-
tivity is minimally invasive for patients and broadly available as a
diagnostic tool. However, the presence of a blood-to-brain transport
mechanism for IDS.IGF2 and IDS.ApoE2—and thus the delivery of
additional IDS protein copies to the brain from the bloodstream—

is in disagreement with the observed comparable levels of IDS activity
in brain homogenates after treatment with tagged or untagged IDS.
Such a discrepancy was previously shown after HSCP-LVGT experi-
ments in Pompe25 and Hunter23 murine models, where tagged and
ber 2023



www.moleculartherapy.org
untagged enzymes were compared. We hypothesize that most of the
activity detected in total brain homogenates originate mainly from
brain-engrafted donor-derived cells which were present at compara-
ble levels in the different treatment conditions, as shown by immuno-
histological staining of the IDS protein, as well as by VCN and chime-
rism analysis of brain homogenates. On the other hand, tag-mediated
enhanced correction of brain pathology is likely to arise from small
differences of IDS protein levels, which could not be distinguished
by the IDS enzyme activity assay and could not be detected by the im-
munohistological protocol employed. For example, intravenous injec-
tion of IDS fused to a Tfr-binding transport vehicle was shown to
result in only �0.3% transport to the brain 2 h after injection,8 while
BBB transport models suggested that the transport is limited by
exocytosis to the abluminal side, estimated to have a t1/2 of �14
h,63 which is comparable with the cellular half-life of the IDS protein
(�1.5 days in MPS II fibroblasts, data not shown). Future work is
required to determine the possible contribution of transport from
blood to brain to the correction or brain pathology in Idsy/�mice after
HSPC-LVGT with IDS.IGF2co and IDS.ApoE2co.

In conclusion, the enhanced correction of brain pathology during
HSPC-LVGT with IDS.IGF2co and IDS.ApoE2co gene therapy is
likely to arise from multiple mechanisms—which may include
engraftment of HSPC-derived cells into the brain, increased uptake
into affected cells, and active transport from blood to brain—that
are not necessarily the same for these two tags and that might act
concomitantly for the correction of brain pathology.

Concluding remarks

In the experiments here reported, we used the MND promoter to drive
transgene expression. This allowed supraphysiological expression for all
the vectors tested, resulting in levels�30- to 150-fold higher than WT
mice atVCN lower than 2. This result expands uponprevious reports of
HSPC-LVGT in Idsy/� mice with MND or MND-derived pro-
moters.20–22 The MND promoter was shown to be safe in a number
of clinical trials and pre-clinical works, without evidence of genotoxicity
in long-term reports.17,24 Despite this, ongoing trials for cerebral adre-
noleukodystrophy (CALD) (NCT01896102; NCT03852498) reported 3
patients out of 67 with myelodysplastic syndrome. These patients were
transplanted with HSPCs treated with Lenti-D, a lentiviral vector en-
codingABCS1 under the control of theMNDpromoter, whichwas sus-
pected to cause the transactivation of neighboring genes.64,65 In this re-
gard, the Food and Drug Administration (FDA)’s Cellular, Tissue, and
GeneTherapies Advisory Committee (CTGTAC) decided that the ben-
efits of the therapyoutweigh the risks for any sub-populationof children
with CALD.64–67 For this reason, it remains important to evaluate the
genotoxic potential of the lentiviral vectors here presented before and
during clinical implementation.

During HSPC-LVGT, the preconditioning regimen applied is one of
the main factors influencing the engraftment of HSPC-derived cells in
the brain.18,19,38,40,68–71 Here, we used a myeloablative dose of total
body irradiation (TBI) as preconditioning prior to HSPC-LVGT,
which resulted in low brain engraftment of �1%, as previously re-
Molecular Th
ported.20–22 Preconditioning with a myeloablative dosage of busulfan
was previously tested during HSPC-LVGT in Ids y/� mice and re-
sulted in VCN in bone marrow and brain23 at levels comparable
with the ones reported by us and by others21 using TBI in Idsy/�

mice, suggesting similar cerebral engraftment of donor cells in the
two procedures. In addition, the distribution of donor-derived cells
documented by us is comparable with the distribution observed in
an MPS II patient receiving cord-blood transplantation upon
busulfan, cyclophosphamide, and fludarabine conditioning.72 In
this case report, the authors showed that brain engraftment of
donor-derived cells was low—at levels lower than liver, as shown by
us—and was insufficient for improvement of brain pathology. In
line with this, we showed that HSPC-LVGT resulted in low engraft-
ment of donor cells and, using untagged IDS, the efficacy of the treat-
ment plateaued at partial correction of pathology which could not be
increased by increasing the dose of cell engraftment to the brain or the
MOI (this study; similar results were obtained for Pompe disease).25

The incorporation of protein tagging in the design of HSPC-LVGT
enabled a more potent correction of brain pathology and could there-
fore be the key to a more efficacious clinical application of HSPC-
LVGT for the treatment of severe neurological conditions like MPS II.

MATERIALS AND METHODS
Animals and procedures

Heterozygous female B6N.Cg-Idstm1Muen/J mice were purchased from
the Jackson Laboratory (JAX stock no. 024744)73 and bred with WT
C57BL/6J males (JAX stock no. 024744) to generate male hemizygous
Idsy/�B6N.Cg-Idstm1Muen/Jmice (hereafter Idsy/�) andmalewild-type
B6N.Cg-Idstm1Muen/J littermates (hereafter WT). Heterozygous fe-
male B6N.Cg-Idstm1Muen/J mice were backcrossed with B6.SJL-Ptprca

Pepcb/BoyJ (JAX stock no. 002014) and selected for Ptprca (via quan-
titative polymerase chain reaction [qPCR], see below) and Ids+/� to
generate heterozygous female Ids+/� on the B6.SJL-Ptprca Pepcb/
BoyJ congenic background (hereafter Ids+/� CD45.1). Heterozygous
female Ids+/� CD45.1 were bred with wild-type male B6.SJL-Ptprca

Pepcb/BoyJ to generate male hemizygous Idsy/� B6N.Cg-Idstm1Muen/J
mice (hereafter Idsy/� CD45.1), which were used as donor mice to
distinguish donor and recipient cells via the Ptprca pan leukocytes
marker, as previously described.23 Mice were bred according to stan-
dard procedures of the Laboratory Animal Science Center (EDC) at
the Erasmus MC, which included a 12-h light-dark cycle and ad libi-
tum diet. Genotyping for the Ids-KO locus was performed as described
by Jackson Laboratory. Genotyping of the CD45.1/2 locus was per-
formed via qPCR as described below. All mice used in this study
were grouped in two to four animals atweaning andhoused under spe-
cific pathogen free conditions at the EDC. At the end of the experi-
ment, mice were anesthetized by ketamine (10%, Alfasan, Woerden,
the Netherlands) and medetomidine (1 mg/mL, Eurovet, Bladel, the
Netherlands) and sacrificed by intracardiac perfusion with 50 mL of
phosphate-buffered saline (PBS). Relevant tissues were harvested
and processed according to the follow-up analysis. All animal experi-
ments in this study were approved by the Animal Experiments Com-
mittee (DEC) in the Netherlands and these complied with the Dutch
legislature to use animals for scientific procedures.
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Lentiviral vector construction, production, and titration

Codon-optimized human IDS and IDS.ApoE2 (kindly provided byProf.
Dr. BrianBigger)were cloned into the third-generation self-inactivating
lentiviral pCCL vector pCCL-MND-c.o.RAG174 (kindly provided by
Prof. Dr. Frank Staal) by replacing the RAG gene using BamHI and
SalI restriction sites to generate pCCL-MND-IDSco (hereafter IDSco)
and pCCL-MND-IDS.ApoE2co (hereafter IDS.ApoE2co). IDSco en-
codes IDS aa: 1–550, while IDS.ApoE2co encodes IDS aa: 1–550 fused
C-terminally to ApoE2 (LRK LRK RLL LRK LRK RLL)75 via the
Leu(Gly-Gly-Gly-Gly-Ser)� 4 linker sequence. Codon-optimized cas-
settes encoding IDS aa: 530–550 fused to either IGF2 (ALC GGE LVD
TLQ FVCGDRGFY FSR PAS RVS RRS RGI VEE CCF RSCDLA LLE
TYC ATP AKS E)25,41 or to a minimal peptide of the human receptor-
associated protein (RAP12x2; AKI EKH NHY QK G AKI EKH NHY
QK)41 were subcloned into the IDSco vector to generate pCCL-MND-
IDS.IGF2co (hereafter IDS.IGF2co) and pCCL-MND-IDS.RAP12x2co
(hereafter IDS.RAP12x2co). In some experiments (Figure S8B),
pCCL-MND-IDS.RAP22co (hereafter IDS.RAP22co) was used.
IDS.RAP22co was cloned as described for IDS.IGF2co and IDS.-
RAP12x2co by subcloning into IDSco a cassette comprising IDS aa:
530–550 fused to RAP22 (EAK IEK HNH YQK QLE IAH EK).41

GFP sequence from the pRRL.PPT.SF.GFP.bPRE4*.SIN25 vector was
cloned into the pCCL-MND-c.o.RAG174 using BamHI and SalI restric-
tion sites. N-terminal tagging of IDSwith IGF2was attempted by fusing
IGF2 to IDS aa: 26–550 via theGly-Ala-Pro linker sequence. The result-
ing fusion protein was not functional as the precursor protein failed to
be processed to themature formand showedno intracellular or secreted
enzymatic activity (data not shown). Lentiviral particles were generated
by calcium-phosphate transfection of HEK293T cells. In brief,
HEK293T cells were plated in complete medium (Dulbecco’s modified
Eagle’s medium [DMEM]) (10% FCS, 1% penicillin/streptomycin [PS];
see transfection and uptake of IDS for further details on themedium) at
a confluence of 120,000 cells/cm2 in a T175 flask (Sarstedt) 24 h before
transfection. The following day, complete medium was replaced with
20mL of PS-free medium. The transfection solution was then prepared
using the following procedures: 24mg of transfer vectorweremixedwith
15.6 mg of pMDL-g/pRRE, 8.4 mg pMD2-VSVg, 6 mg of pRSV-Rev,
1080mL of double-distilled water, and 120 mL of 2.5M calcium chloride
(Sigma).76 After 5 min incubation, 1,200 mL of HEPES buffer (pH 7.1)
(Sigma)were addeddropwisewhile bubbling the solution. The resulting
solution represents the transfection solution that was immediately
added to the T175 flak. Twenty-four hours after transfection, the me-
diumwas replaced with 20mL of complete medium. The day after, len-
tiviral particles were concentrated by ultracentrifugation (Beckman,
SW32Ti rotor) of the medium supernatant at 20,000 rpm for 2 h at
4�C. Concentrated viral particles were resuspended in 100 mL of PBS.
This was achieved by pipetting 40 times, with intervals of 20 min,
over a span of 1 h, while on ice. Aliquots (10 mL) were stored at
�80�C until use. Functional viral titers were measured by transduction
of HeLa cells as shown previously.25 Specifically, 200,000 HeLa cells
were seeded in eachwell of a 6-well plate about 8 h prior to transduction.
To the viral stock (10 mL), we added 990 mL of completemedium (1mL
in total). Thereafter, 500, 50, or 5mLof the diluted viruswas added to the
HeLa cells incubated in 2,500, 2,950, or 2,995 mL of complete medium,
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respectively. This ensured that each viral titer was assessed in three-log
dilutions. The subsequent day, the mediumwas refreshed, as well as on
day 3 after transduction, and cells were harvested on day 5 after trans-
duction. Genomic DNA was purified as described below. VCN per
genomewas determined as described below. Viral titers were calculated
using the formula: {VCN � 200,000(number of HeLa cells
plated) � dilution factor}/mL, where the dilution factors are 1:2 for
500 mL of virus, 1:20 for 50 mL, and 1:200 for 5 mL. In transduction ex-
periments, an MOI of 1 is defined as the amount of virus capable of
transducing a given number of cells (in this case, HeLa cells), resulting
inVCNper genomeof 1 (e.g., if the viral titer of a givenviral batch is 109/
mL, 1 mL of this batch is the amount of virus needed to infect 106 HeLa
cells at MOI of 1, resulting in a VCN per genome of 1).

Transfection and uptake of IDS versions

For analysis of secretion, HEK293T cells were transfected as shown
previously.25,77 In short, IDSco, IDS.IGF2co, IDS.ApoE2co, IDS.-
RAP12x2co, or GFP lentiviral transfer plasmids were transfected
into HEK293T cells via calcium phosphate transfection in complete
medium (1% PS, Gibco 15070) and 10% fetal bovine serum (FBS-
12A) (Capricorn Scientific) in high-glucose DMEM (Gibco).
Twenty-four hours after transfection, the medium was replaced. In
transfection + competition experiments (Figure S1E), the medium
was replaced with complete medium containing 1.5 mM of recombi-
nant IGF2 (Cell Sciences MU100). In secretion experiments
(Figures 1D and 1F) 200 mL of medium was sampled every 24 h start-
ing from 48 h and up until 96 h post-transfection for IDS enzyme ac-
tivity analysis. At 96 h, cells were washed with PBS and lysed as
described below. IDS activity was measured in media samples and
cell lysate using 4-methylumbelliferyl-a-L-idopyranosiduronic acid
2-sulphate disodium salt analysis as described below. Western blot
analysis was performed on cell lysate and media samples at 96 h
post-transfection as described below. Transfection efficiency was
measured by qRT-PCR analysis of the expression of PSI on the lenti-
viral vector (FW primer: 50-CAG GAC TCGGCT TGC TGA AG; RV
primer: 50-TCC CCC GCT TAA TAC TGA CG) and normalized by
GAPDH expression (FW primer: 50-CGG TTT CTA TAA ATT
GAG CCC G; RV primer: 50-GCG ACG CAA AAG ATG C) using
qRT-PCR, as described previously.77 Formeasuring of the relative spe-
cific activity, biological triplicates were combined and IDS activity
levels were measured in media and cell lysates. RNA was extracted us-
ing the RNeasy Micro Kit (QIAGEN, 74004) and cDNA was obtained
using the iScript cDNA Synthesis Kit (Bio-Rad, 1708891). Activity
levels were equalized by dilution inwater (cell lysates) or completeme-
dium (media) and three 2-fold dilutions were performed (1, 1:2, and
1:4). IDS enzyme activity and western blot analysis was performed
in each dilution as described below. For uptake experiments,
HEK293T cells were transfected as described above. Twenty-four
hours after transfection, transfection mediumwas replaced with com-
plete medium which was harvested after 24 h and used as conditioned
medium. Conditioned medium containing secreted IDS proteins or
from GFP-mock transfection was centrifuged at 300 � g for 5 min
and filtered (0.45 mm filter, Millipore). Media were aliquoted and
stored at �80�C. Protein concentration was measured by IDS
ber 2023



www.moleculartherapy.org
sandwich ELISA in one of the aliquots. Uptake experiments were per-
formed on primary MPS II fibroblasts or on bEND.3 cells (seeding
density 48 h before start of uptake: bEND.3 cells 75,000 cells/cm2,
MPS II fibroblasts 50,000 cells/cm2) via incubation in conditionedme-
dium (frozen aliquots of conditioned medium were thawed and
warmed up to 37�C before incubation) at the indicated IDS protein
concentrations for 18–24 h. Captured IDS protein was measured by
IDS sandwich ELISA as described below.

Western blotting

Protein extracts from HEK293T cells and medium supernatant, bone
marrow, and plasma were obtained as described below (IDS activity
section). Protein concentration was determined using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. For SDS-PAGE analysis of IDS protein, a total
of 20 mg (transfection, cells), 12 mL (transfection, medium) or 267 mg
(plasma) of total protein were used. Sample preparation and SDS-
PAGE analysis were performed as described previously.78 In brief,
samples were denatured by dilution with 5� Laemmli sample buffer
(62.5 mM Tris-HCL [pH 6.8], 2% SDS, 25% glycerol, 0.01% bromo-
phenol blue, 5% b-mercaptoethanol) and heating at 95�C for 5 min.
SDS-PAGE was performed on a 4%–15% polyacrylamide gel (Crite-
rion TGX, Bio-Rad) and total protein load was measured using Gel-
doc XR+ (Bio-Rad). Proteins were transferred to nitrocellulose blot-
ting membranes (GE Healthcare) and blocked with 5% non-fat
milk powder in PBS and probed by overnight incubation at 4�C
with goat anti-human IDS (1:1,000, R&D Systems) in 5% non-fat
milk powder in PBS supplemented with 0.1% Tween. Proteins were
detected with IRDye 800 CW or IRDye 680 RD secondary antibodies
(1:10,000; LI-COR Biosciences, Lincoln, NE) and were imaged using
the Odyssey Infrared Imaging System (LI-COR Biosciences). Protein
content was quantified using Fiji; equal loading was determined by
quantification of the total bands using the stain-free signal on the
same gel used for immunoblotting. Quantification was performed
within the linear range of detection (S1C).

IDS enzyme activity

Brain samples (right hemisphere) were disrupted with metal beads
(stainless steel beads 5mm,QIAGEN) in 1mL of double-distilledwater
by TissueLyser II (QIAGEN, Venlo, the Netherlands) at 30 Hz for
10 min. Disrupted brain samples (200 mL) were diluted with 200 mL
of 0.4% Triton X-100 (Sigma) and further disrupted with a Disruptor
Genie (Scientific Industries) for 2 min. Debris was pelleted at
12,000� g for 10 min at 4�C. Supernatant was diluted 4 times in dou-
ble-distilledwater formeasurement of IDS enzymeactivity and 12 times
for measurement of total protein. Extracts from transfected HEK293T
cells and bone marrow were obtained in 100 mL of water by snap-
freezing on dry-ice and mechanical disruption. Debris was pelleted by
centrifugation at 10,000 rpm for 5 min. Medium from HEK293T cell
transfection was centrifuged at 10,000 rpm for 5 min to remove debris.
To obtain plasma, blood samples were mixed 3:1 with 4% citrate buffer
(Sigma, 6132-04-3) and plasma was separated by centrifugation at
2,000 � g for 10 min at 4�C. Lysate from HEK293T cells was diluted
17 times in 0.2% bovine serum albumin (BSA) in water (BSA, Sigma)
Molecular Th
for measurement of IDS enzyme activity, and 9 times in water for mea-
surement total protein.Medium from transfected 293T cells was diluted
5 times in complete medium for measurement of IDS activity. Lysate
from bone marrow was diluted 51 times in 0.2% BSA in water for mea-
surement of IDS enzyme activity and 6 times in water formeasurement
of total protein. Plasma was diluted 21 times in 0.2% BSA in water for
measurement of IDS enzyme activity and31 times inwater formeasure-
ment of total protein. IDS activity was measured by incubation of 5 mL
samples with 5 mL of 4-methylumbelliferyl-a-L-idopyranosiduronic
acid 2-sulphate disodium salt (Biosinth, Carbosynth; 2.5 mM in
0.2 M Na-acetate buffer [pH 5]) and 5 mL of recombinant human
a-L-iduronidase (5 mg/mL in 0.1% BSA; R&D Systems) for 4 h at
37�C.79 During each IDS activity measurement, dilutions of Elaprase
at 1, 0.1, 0.01, and 0.003 ng/mL weremeasured as a control for the linear
range of detection of the assay.

Lentiviral hematopoietic stem cell transduction and

transplantation procedures

HSPC-LVGT was conducted in two experiments as described in the
results section. Each set of experiment had GFP, Idsy/� and WT con-
trols. The experiments were performed by the same investigators
(F.C. and E.V.) using identical procedures. Bone marrow cells were
harvested from 8-week- to 4-month-old male Idsy/� CD45.1 mice.
Hematopoietic stem and progenitor cells were enriched by lineage
depletion using the Lineage Cell Depletion Kit - mouse (Miltenyi Bio-
tec). Lin� cells were seeded at a density of 106 cells/mL in StemSpan
SF expansion medium (STEMCELL Technologies) supplemented
with recombinant murine thrombopoietin (10 ng/mL, R&D Sys-
tems), recombinant murine stem cell factor (100 ng/mL, R&D Sys-
tems), and recombinant murine FMS-like tyrosine kinase 3 murine
ligand (50 ng/mL, R&D Systems). After 24 h of expansion, cells
were transduced without transduction enhancers over 24 h at the
indicated MOI with concentrated lentiviral particles and incubated
at 37�C with 5% CO2. The day after, 1 � 106 transduced Lin� cells
(200 mL of cells suspension in PBS) were transplanted intravenously
into 8-/11-week-old male Idsy/� CD45.2 recipients, previously sub-
jected to 9 Gy TBI using the Gammacell 40 irradiator (Atomic Energy
of Canada, Ontario, Canada). No normalization for body weight was
applied to the number of cells transplanted.

Mass spectrometry analysis of HS and DS in brain

Brain samples were prepared as described in the enzyme activity assay
section (samples were not further diluted for measurement of HS and
DS). Quantification of HS and DS was performed as described previ-
ously using highly sensitive liquid chromatography-tandem mass
spectrometry (LC-MS/MS).32 Internal standards for the analysis of
HS and DS were obtained by deuterio-methanolysis of HS and DS.
In brief, 2 M HCL-methanol-d4 was prepared by dropwise addition
of 96 mL of HCl to 600 mL of methanol-d4 (Sigma, 441348) in an
ice bath; 0.58 mL of 2 M HCL-methanol-d4 was used to methanolyse
600 mg of HS and DS in the presence of 25 mL of 2,2-dimethoxypro-
pane for 75 min at 65�C. Deuterio-methanolysed HS and DS were
dried in borosilicate tubes under nitrogen and resuspended in 1 mL
of 10 mM ammonium acetate in 90:10% (v/v) acetonitrile/water.
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An internal standard working solution was prepared by 25-fold dilu-
tion of HS and DS internal standards in 10 mM ammonium acetate in
90:10% (v/v) acetonitrile/water. Brain homogenates (125 mL) were
transferred into borosilicate tubes and dried under nitrogen. After
addition of 25 mL of 2,2-dimethoxypropane and 300 mL of 3 M
HCl-methanol (Merck, 90964), samples were incubated for 75 min
at 65�C and dried under nitrogen. Samples were resuspended in
150 mL of internal standard working solution. For measurement of
HS and DS, 13 mL of sample preparation was mixed with 187 mL
10 mM ammonium acetate in 90:10% (v/v) acetonitrile/water. LC-
MS/MS was performed on a Sciex 5500 QTrap (tandem) mass spec-
trometer coupled to aWaters Acquity UPLC system. The linear range
of the calibration curves were 0, 7.8125, 15.625, 31.25, 62.5, 125, 250,
and 500 mg/mL of HS and DS dissolved in ultrapure water.

Histopathology and immunohistochemistry

After perfusion, brain was excised and the left hemisphere was fixed
in methacarn (v/v – 60% absolute methanol, 30% chloroform, 10%
glacial acetic acid), dehydrated in 50% and 70% ethanol for 24 h
and processed in paraffin (histokinette). Brain was sectioned at
8 mm and either stained with Alcian blue or processed for immuno-
histological staining. For Alcian blue staining, brain sections were re-
hydrated and equilibrated in 0.1 N hydrochloric acid (Sigma) for 30 s,
followed by staining in 1% Alcian blue 8GX (Sigma) pH 1 for 90 min.
Sections were differentiated in 0.1 N hydrochloric acid (Sigma) for
30 s and stained in 0.1% nuclear fast red (Sigma) in 0.06 M aluminum
sulfate hexadecahydrate (Sigma) for 5 min. Sections were rinsed in
95% ethanol, dehydrated, and mounted in Entellan mounting me-
dium (Sigma). Alcian blue pathology in brain was either quantified
(brain parenchyma) by counting the number of Alcian blue-positive
cells or by scoring (choroid plexus and meninges) based on a scale
from 1 to 4 by two independent operators blinded to the experimental
and control groups. The scoring rules are described in Table S2.
Immunohistochemical staining was performed on brains fixed in
methacarn as described above. Sections (8 mm) were rehydrated
and blocked for endogenous peroxidase in 3% hydrogen peroxidase
(dilution 1:2 in dH2O of a 6% v/v solution BMS-2110-1E, PHC Cor-
poration). Endogenous avidin and biotin were blocked for 15 min at
room temperature (RT) according to the manufacturer’s instructions
using an Avidin/Biotin blocking kit (Vector Laboratories, SP-2001),
followed by blocking for 30 min in staining buffer (3% BSA, 3%
goat serum, 0.3% Triton X-100 in PBS) at RT. Sections were stained
with primary antibodies detecting astrocytes (rabbit anti-GFAP IgG,
1:500, Sigma-Aldrich, G9269), activated microglia (rat anti-CD68
IgG, 1:300 Bio-Rad, , MCA1957T), LAMP1 (rat anti-LAMP1,1:500,
Abcam, ab25245), IDS (goat anti-human IDS biotinylated, 0.5 mg/
mL, R&D Systems, BAF2449), or GFP (chicken anti-GFP, 1:1,000,
Abcam, ab13970) in staining buffer O/N at 4�C. The day after, sec-
tions were incubated with goat anti-rat antibody biotinylated (to
detect CD68 and LAMP1, 1:200, BD Pharmingen, 554014), anti-rab-
bit (to detect GFAP, 1:200, from the ABC kit PK6101 Vectastain), or
goat anti-chicken (to detect GFP, 1:200, Invitrogen, A16058) in stain-
ing buffer for 60 min at RT. Sections were then incubated with strep-
tavidin-HRP (1:50, R&D Systems, DY998) in staining buffer for
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60 min at RT. Sections were finally incubated in impact DAB (SK-
4105) for either 2 min (GFAP, CD68, LAMP1, and GFP) or 10 min
(IDS). For IDS staining, sections were counterstained in 0.1% nuclear
fast red (Sigma) in 0.06M aluminum sulfate hexadecahydrate (Sigma)
for 5 s. Sections were mounted in Entellan (Sigma) and scanned by a
NanoZoomer 2.0 (Hamamatsu Photonics, Japan).

Flow cytometry analysis of chimerism

Flow cytometry analysis of chimerism in bonemarrowwas performed
as described previously.23 In brief, tibia and femur of the right hin-
dlimb, as well as humerus bones, were isolated and flushed with 2%
FCS in PBS to obtain the bonemarrow. Bonemarrowwas then filtered
with cell-strainer capped polystyrene tubes (Corning, 352235), centri-
fuged at 300� g for 10 min at 4�C and lysed in RBC lysing buffer (BD
Pharm Lyse, 555899) for 10 min at RT. Bone marrow cells were
washed with PBS and frozen in 10% DMSO in FCS. When needed,
cells were thawed at 37�C and washed in 2% FCS in PBS, resuspended
in 45 mL of 4% FCS in PBS, and incubated at 4�C for 15 min. Staining
was performed in 4% FCS in PBS with FITC-mouse anti-mouse
CD45.2 (BD Bioscience, 553772) and PE-mouse anti-mouse CD45.1
(BD Bioscience, 553776). Every experiment was performed with sin-
gle-staining controls, unstained controls, and isotype-stained controls
(mouse IgG2a-FITC, BD Bioscience, 349051; mouse IgG2a-PE,
349053). Measurement of chimerism was performed using a BD
LSRFortessa and FACS DIVA software recording 20,000 or more
events per sample, while analysis was performed using FlowJo v.10.

qPCR of VCN and chimerism

VCN and chimerism in bone marrow, brain, and liver were deter-
mined by qPCR. Genomic DNA was extracted either with the
NucleoSpin Tissue kit (bone marrow; Macherey-Nagel, Düren, Ger-
many) or by EtOH precipitation (brain and liver). Genomic DNA
(50 ng) were used to measure both chimerism and VCN using iTaq
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). VCN
was determined using primers specific for PSI (FW: 50-CAGGAC
TCGGCTTGCTGAAG; RV: 50-TCCCCCGCTTAATACTGACG)
and mouse Albumin (FW: 50-ACTTTGAGTGTAGCA GAGAGGA
ACC; RV: 50-CTCTTCACTGACCTAAGCTACTCCC) and using a
standard curve with logarithmic dilutions (109–102 copies in the reac-
tion volume) of pCCL-MND-IDSco and pGEM-mAlbumin. The
pGEM-mAlbumin plasmid was generated via PCR amplification
(Phusion High-Fidelity DNA Polymerase, M0530L) of a fragment
of the mouse Albumin gene (NC_000071.7: 90609165–90609760
Mus Musculus strain C57BL/6J chromosome 5, GRCm39) from
genomic DNA of an FVB mouse using the primers FW: 50-TTTAT
TACGGTCTCATAGGGCCTGC and RV: 50-GCACACATTTCTAC
TGGACAGCAC. PCR product was then purified (QIAquick, 28106)
and dephosphorylated (CIP NEB, M0290S) and cloned into a pGEM
plasmid restricted with SacII (NEB) and SpeI (NEB), and blunted
with Klenow (NEB, M0210). Chimerism was determined using
primers specific for the Cd45.1 allele (FW: 50-CTGAGCCTGCATC
TAAACCTGATC; RV: 50-TCACCTTCATAAAAGCCTTGT AGCT
C). This allele differs from the Cd45.2 allele for the presence of T>C
(NC_000067.7: 138058514 Mus Musculus strain C57BL/6J
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chromosome 1, GRCm39) and a GT>TC (NC_000067.7: 138058527–
138058528MusMusculus strain C57BL/6J chromosome 1, GRCm39)
point mutations. The annealing temperature for analysis of chime-
rism was 67.5�C, which resulted in specific amplification of the
Cd45.1 allele and no amplification of the Cd45.2 allele. Standard for
chimerism analysis was prepared by mixing CD45.1 genomes with
CD45.2 genomes at different ratios (Figure S10). Reactions were per-
formed and measured in a CFX96 real-time PCR detection system
and analyzed by CFX Manager 3.0 (Bio-Rad, Hercules, CA).

Sandwich and functional ELISA

IDS sandwich ELISA was performed using the DuoSet kit according to
the manufacturer’s instructions (R&D Systems, DY449-05). For LRP-1
and IGF2R functional ELISA, a 96-well microplate (Nunc Sigma) was
coatedwith 100mL of goat anti-human IgGH+L (for LRP-1 functional
ELISA; Invitrogen) or mouse anti-HIS tag antibody (R&D Systems,
MAB050) at a working concentration of 8 mg/mL (anti-human IgG
H + L) or 0.5 mg/mL (anti-HIS) in PBS at RT O/N. Each well was
then washed 3 times with 0.05% Tween (Sigma) in PBS and blocked
for 2 h at RT with 1% BSA (Sigma) in PBS. LRP-1 (LRP-1 Cluster IV
Chimera Protein; R&D Systems, 5395-L4-050) or IGF2R (domain 11;
R&D Systems, 2447-GR-050) were diluted in 1% BSA in PBS at a con-
centration of 1 mg/mL (LRP-1) or 0.8 mg/mL (IGF2R) and applied to
coatedwells for 2 h atRT.Afterwashing, 100mLof conditionedmedium
containing IDS-tagged versions at the concentration indicated in
Figures 7I and 7J were applied to the coated wells for 2 h at RT. Two-
fold or log-dilutions of conditioned medium were performed in
complete medium as described above. IDS protein was detected by in-
cubation with 100 mL of biotinylated goat anti-IDS antibody (IDS bio-
tinylated, R&D Systems, BAF2449) at a concentration of 75 ng/mL for
2 h at RT and incubation with 100 mL of streptavidin-HRP (R&D Sys-
tems, DY998). After incubation in 100 mL of substrate solution (R&D
Systems, DY999) for 20 min at RT, reaction was stopped with 2N
HCl and signal was measured using a microplate reader.

Statistics

Statistical analysis was performed using GraphPad Prism (v.9.0.0. for
Windows, San Diego, CA, www.graphpad.com). All results are pre-
sented as mean ± SEM and each data point is shown. Normality tests
were performed by Shapiro-Wilk test. Multiple comparison analysis
was performed by one-way ANOVA with Bonferroni’s correction.
Lysosomal pathology and neuroinflammation quantification in brain
was analyzed by two-way ANOVAwith Bonferroni’s correction using
brain area and viral vector as categorical variables. Non-linear regres-
sion models were used to describe the relationship between HS and
other variables, such as VCN, IDS activity in brain, and IDS activity
in plasma, as well as the relationship between VCN and activity in
bone marrow, and signal and input concentration during functional
ELISA. This analysis was performed using GraphPad Prism built-in
models, such as one-phase decay and Michaelis-Menten. Linear
regression analysis was performed using GraphPad Prism.
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