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Mucopolysaccharidosis type IVB (MPSIVB) is a lysosomal stor- ciency. The human GLB1 gene (3p21.33) encodes for the lysosomal
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age disorder caused by b-galactosidase (b-GAL) deficiency char-
acterized by severe skeletal and neurological alterations without
approved treatments. To develop hematopoietic stemprogenitor
cell (HSPC) gene therapy (GT) forMPSIVB, we designed lentivi-
ral vectors (LVs) encoding human b-GAL to achieve supraphy-
siological release of the therapeutic enzyme in human HSPCs
and metabolic correction of diseased cells. Transduced HSPCs
displayed proper colony formation, proliferation, and differenti-
ation capacity, but their progeny failed to release the enzyme
at supraphysiological levels. Therefore, we tested alternative
LVs to overexpress an enhanced b-GAL deriving from murine
(LV-enhGLB1) and human selectively mutated GLB1 sequences
(LV-mutGLB1). Only human HSPCs transduced with LV-
enhGLB1 overexpressed b-GAL in vitro and in vivo without
evidence of overexpression-related toxicity. Their hematopoietic
progeny efficiently releasedb-GAL, allowing the cross-correction
of defective cells, including skeletal cells. We found that the low
levels of human GLB1 mRNA in human hematopoietic cells
and the improved stability of the enhanced b-GAL contribute
to the increased efficacy of LV-enhGLB1. Importantly, the
enhanced b-GAL enzyme showed physiological lysosomal
trafficking in human cells and was not associated with increased
immunogenicity in vitro. These results support the use of LV-
enhGLB1 for further HSPC-GT development and future clinical
translation to treat MPSIVB multisystem disease.

INTRODUCTION
Mucopolysaccharidosis type IVB (MPSIVB) is a rare inherited lyso-
somal storage disorder (LSD) caused by b-galactosidase (b-GAL) defi-
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enzyme b-GAL, a hydrolase involved in the degradation of keratan
sulfate (KS), and for a membrane receptor named elastin binding pro-
tein (EBP) by alternative splicing.1,2 KS is mainly present in the carti-
lage, bone, and cornea and is synthesized in the central nervous system
during development and glial scar formation upon injury.3–5 The
b-GAL deficiency causes the accumulation of undigested KS in the ly-
sosomes, leading to severe skeletal and ligament alterations. The prin-
cipal skeletal alterations in MPSIVB patients are short stature with a
disproportionally short trunk with variable degrees of kyphoscoliosis,
pectus carinatum, large appearing head with midface hypoplasia and
mandibular protrusion, hyperextensible joints, coxa and genua valga,
and flat feet. Corneal clouding and cardiac valve disease are additional
findings.2,6,7 Three common pathogenic variants have been associated
with pure skeletal disease (MPSIVB or Morquio syndrome B):
p.Tyr83His, p.Thr500Ala, and p.Trp273Leu.8,9 In contrast, most of
the GLB1 gene-related pathogenic variants are associated with the
additional manifestation of a range of rapidly progressive to attenu-
ated courses of neurodegeneration with the clinical characteristics of
GM1 gangliosidosis. MPSIVB has a prevalence of 1 in 250,000 and a
carrier frequency of 1 in 250, while the worldwide incidence of
GM1-gangliosidosis is 1 in 100,000, with a carrier frequency of 1 in
160.10–12 There are currently no approved therapies for MPSIVB
and GM1 gangliosidosis patients, and current approaches involve
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interdisciplinary collaboration to provide supportive therapies and
targeted management for specific symptoms. Previous works showed
a low stability of the human b-GAL in the extracellular environ-
ment,13–15 therefore challenging the establishment of LSD conven-
tional therapies based on the enzyme uptake by diseased cells from
external sources, such as enzyme replacement therapy (ERT) and allo-
geneic hematopoietic stem and progenitor cell transplantation
(HSCT). In addition, the ERT developed for other LSDs shows several
disadvantages, including the short half-life of the recombinant
enzyme, the patient’s immune reaction, and the limited accessibility
to poorly vascularized or barrier-protected tissues, limiting its thera-
peutic efficacy on the skeletal and neurological manifestations.16–18

Despite HSCT being considered the standard of care for some LSDs,
the skeleton, heart valves, and central nervous system remain refrac-
tory to metabolic correction post-HSCT. In addition, the functional
outcome of HSCT depends on the patient’s age and the state of the
disease at the time of the intervention; moreover, HSCT remains
associated with short- and long-term risks, including rejection and
graft-versus-host disease, and is limited by donor availability.19–21

Several studies have demonstrated that hematopoietic stemprogenitor
cell (HSPC) gene therapy (GT) approaches can overcome some of
these limitations, showing safety and efficacy in inducing metabolic
correction of non-hematopoietic tissues in preclinical models of
LSDs and clinical trials.22–27 Clinical data of HSPC-GT in metachro-
matic leukodystrophy (MLD) patients (NCT01560182) demonstrated
the treatment efficacy on neurological symptoms, including preserva-
tion of cognitive and motor functions.28 More recently, results of the
phase I/II clinical trial of autologous lentiviral vector (LV)-based
HSPC-GT for mucopolysaccharidosis type I Hurler (MPSI-H) pa-
tients (NCT03488394) demonstrated supraphysiologic levels of
therapeutic enzyme in patients’ blood associated with a rapid normal-
ization of urinary glycosaminoglycan excretion and rapid clearance of
anti-enzyme immunoglobulin G. The early clinical outcome indicates
growth tracking in line with peers, resolution of joint stiffness and sta-
bility of spinal and hip abnormalities, and attenuation of neurological
symptoms.25,29 Altogether, these data suggest that gene-corrected
HSPCs generate circulating and tissue-resident cells, which release
supraphysiological levels of the therapeutic enzyme capable of cross-
correcting tissues of non-hematopoietic origin, including brain and
skeletal cells that are not targeted by the conventional approved ther-
apies. Based on common clinical and pathogenetic features of LSDs,
we reasoned that the HSPC-GT-mediated correction mechanism
could also be applied to MPSIVB and GM1 gangliosidosis, character-
ized by severe skeletal and neurological involvement, respectively.
Thus, we generated different third-generation LVs encoding for
human andmurine-derived b-GAL and evaluated their toxicity in hu-
man HSPCs in vitro and in an in vivo biodistribution model. We
further proved the cross-correction principle in different 2D in vitro
models. Our data indicate that only HSPCs engineered to overexpress
the murine-derived enzyme with enhanced stability are capable of
cross-correcting patients’ cells at a therapeutic level in the absence
of toxicity, supporting the further development of HSPC-GT and
future clinical approaches for treating MPSIVB and GM1 -gangliosi-
dosis using the murine-derived GLB1 gene.
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RESULTS
A LV encoding for the human b-GAL fails to induce

supraphysiological release of the therapeutic enzyme from

transduced human HSPCs

Based on previous preclinical and clinical data in other LSDs,23–25,28

we generated at a preclinical level third-generation LVs to overex-
press the human b-GAL in CD34+ HSPCs collected upon mobiliza-
tion with granulocyte colony-stimulating factor (G-CSF) from the
peripheral blood (mPB) of healthy donors with the ultimate goal
to establish an HSPC-GT approach for GM1-related disorders.
We cloned the human GLB1 gene (NM_000404.4) into the LV
construct successfully employed in the MPSI-H-GT clinical trial
conducted at our Institute (NCT03488394)25 in which the transgene
is under the control of the human PGK promoter, a moderately
active cellular promoter with excellent safety records (LV-hGLB1
WT).30,31 We also cloned a codon-optimized version of the human
GLB1 transgene (LV-hGLB1 OPT) that may improve the enzyme
expression (Table S1). Human mPB CD34+ cells from healthy
donors were transduced with these LVs at different multiplicity of
infection (MOI) (100, 30, 10) using a single hit transduction proto-
col in the presence of cyclosporin H (CsH) as transduction
enhancer.32 We analyzed the efficiency of transduction and the
related toxicity compared with untransduced (UT) cells (Fig-
ure S1A). We did not observe alterations in the colony number
and composition of transduced HSPCs and there was no impact
on cell proliferation when transduced HSPCs were cultured in
myeloid-skewing conditions (liquid culture) (Figures 1A and 1B).
The percentage of transduction in progenitor cells was slightly
higher when using the LV-hGLB1 OPT compared with the LV-
hGLB1 WT (Figure 1C), while the mean vector copy number
(VCN) measured on single colonies (Figure S1B) and on the
myeloid liquid culture (Figure 1D) were similar.

Next, we evaluated the level of b-GAL expression in transduced cells
compared with UT controls by western blot (WB) analysis and we
measured b-GAL activity in the cell pellet and extracellular medium
of HSPC-derived myeloid cells. The lysosomal form of the b-GAL
(64 kDa) was overexpressed in the transduced cells (Figure 1E), leading
to an increased intracellular enzymatic activity compared withUT con-
trols (Figure 1F). On the contrary, we did not detect b-GAL in the extra-
cellularmedium (Figure 1E) andwemeasured only an average of 2-fold
increase of b-GAL activity in cell supernatants (conditioned medium
[CM]) from transduced cells at MOI of 30 and 100, with no difference
between LV-hGLB1 WT and OPT (Figure 1G). We further tested the
LV-hGLB1 (WTandOPT) efficacy in a 2D in vitro system.MPSIVBpa-
tient fibroblasts were used as target cells and exposed for 12 h to the CM
fromUTor LV-hGLB1 transducedmyeloid cells (Figure 2A). As shown
in Figure 2B, the level of b-GAL activity measured in patients’ fibro-
blasts treated with the CM from LV-hGLB1 WT and OPT transduced
cells was not significantly higher compared with treatment with the
CMfromUTHSPCs.Weconcluded that bothLVconstructs are unsuit-
able to induce the release of the therapeutic enzyme from gene-cor-
rected human HSPCs at supraphysiological levels required for meta-
bolic correction of b-GAL-deficient cells.
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Figure 1. In vitro testing of lentiviral vectors

encoding for human b-GAL

Data were collected for n = 3 HSPC samples transduced

at an MOI of 30 and 10, and for n = 2 HSPC sample

transduced at an MOI of 100. Statistical analyses were

performed on samples transduced at an MOI of 30 and 10

compared with untransduced (UT) cells. (A) Colony for-

mation assay of mobilized peripheral blood CD34+ cells

transduced at different MOI (100, 30, 10) with the

lentiviral vector bearing the wild-type (LV-hGLB1 WT)

and codon-optimized (LV-hGLB1 OPT) cDNA sequence

encoding for the human b-galactosidase. UT cells were

used as controls to determine the potential toxic effects

of LV-hGLB1 WT and OPT on the clonogenic capacity

of human HSPCs. Results show the number and

type of colony (white, granulocyte-macrophage colony-

forming unit; red, burst-forming unit-erythroid; red dot,

granulocyte, erythrocyte, monocyte, and megakaryocyte

colony-forming unit). Values are expressed as median ±

range. (B) Proliferation curve of human HSPCs

transduced at different MOI (100, 30, 10) with LV-

hGLB1 WT (left panel) and LV-hGLB1 OPT (right panel)

expanded as myeloid liquid culture for 14 days. The

proliferation capacity of UT cells was tested as a control.

Values are reported as medians of log 10-fold increase

compared with cell count at day 0 ± 95% confidence

interval. (C) Single colony analysis of vector copy

number (VCN). Each dot represents a colony. Median

VCN ± range and percentage of positive colonies are

reported for each condition. (D) ddPCR analysis of VCN

integrated into the genome of the myeloid progeny of

human HSPCs transduced with the LV-hGLB1 WT and

LV-hGLB1 OPT. Values are reported as VCN median ±

range. Any statistically significant differences were

observed between the LV-hGLB1 WT and LV-hGLB1

OPT at MOI of 30 and 10. (E) Representative image of

western blot analysis of b-GAL expression in the cell

pellet and extracellular medium of the myeloid progeny

of human HSPCs transduced with LV-hGLB1 WT and

LV-hGLB1 OPT at different MOI (100, 30, 10). UT cells

were used as controls. Actin-beta (ACTB) was used as a

normalizer. b-GAL activity measured in the cell pellet

(F) and conditioned medium (G) from the myeloid

progeny of transduced HSPCs. Results are normalized

on the amount of tested protein extract (mg) and

conditioned medium (mL). Results show the enzymatic

activity median ± range. Any statistically significant differences in the levels of b-GAL activity were observed between cells transduced with LV-hGLB1 WT and

LV-hGLB1 OPT at an MOI of 30 and 10. Data were collected from three HSPC samples transduced at an MOI of 30 and 10, and from two HSPC samples transduced

at an MOI of 100. Statistical analyses were conducted on samples transduced at an MOI of 30 and 10, compared with UT cells. p values were calculated using the

Mann-Whitney test for all experiments.
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The expression of human GLB1 mRNA and b-GAL release are

cell specific

We next investigated the reasons for impaired b-GAL release in the
extracellular medium of transduced HSPCs. Along the multi-step
processing of lysosomal enzymes, 5% to 10% of lysosomal proteins
are released as precursors due to the leaking recognition system for
lysosomal targeting mediated by mannose 6-phosphate receptor
(M6PR) in the Golgi network.33–36 Our data showed that the myeloid
cells differentiated from transduced HSPCs failed to accumulate the
Molecular T
b-GAL precursor (84 kDa). On the contrary, compared with UT cells,
we detected a robust expression of the lysosomal form of b-GAL
(64 kDa) that is unavailable for cell secretion (Figure 1E). We found
that the level of vector-derived GLB1mRNA expression was cell-type
dependent, with the lowest level of mRNA in myeloid cells derived
from the differentiation of LV-hGLB1 WT (LV-hGLB1) transduced
HSPCs (Figure 2C). This result suggests that the GLB1 expression
levels may be insufficient in sustaining a robust protein production,
thus preventing the accumulation of the enzyme precursor associated
herapy: Methods & Clinical Development Vol. 32 September 2024 3
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Figure 2. Analysis of b-GAL release from different

cell types transduced with the LV-hGLB1

(A) Schematic representation of the cross-correction

assay. We differentiated transduced HSPCs into

myeloid cells for 14 days (pink lane). At the end of the

differentiation, medium from myeloid cells is collected

after 24 h conditioning. Myeloid cells are differentiated

into osteoclasts (OCs) in the presence of receptor

activator of nuclear factor kappa-B ligand (RANKL) and

macrophage colony-stimulating factor (M-CSF) for

10 days (green lane). Medium from OCs was collected

after 24 h conditioning. b-GAL-deficient cells are

exposed for 12 h to the conditioned medium and

collected for enzymatic activity measurement. (B) b-GAL

activity measured in MPSIVB fibroblasts exposed to the

conditioned medium from the myeloid liquid culture of

human HSPCs untransduced (UT) or transduced with

the LV-hGLB1 WT and LV-hGLB1 OPT. We used

untreated patient fibroblasts (NT) and fibroblasts from

healthy donor as controls. Results show the median

enzymatic activity measured as nmol/mg/h ± range

(n R 3). (C) qPCR analysis of GLB1 expression in

different cell types transduced with the LV-hGLB1 WT

(LV-hGLB1) at an MOI of 30. Results represent fold

changes (2^ DDCT) compared with UT cells. DDCT =

DCT transduced cells – DCT untransduced control.

DCT = Ct GLB1 – Ct ACTB. Results are expressed as

DDCT median ± range (n R 3). (D) Western blot analysis

of b-GAL expression in the cell pellet and medium of

OCs derived from the differentiation of UT and LV-

hGLB1 WT (LV-hGLB1) transduced HSPCs. ACTB was

used as sample normalizer. (E) b-GAL activity measured

in the extracellular medium of myeloid cells (Myeloid LC)

and OCs differentiated from human HSPCs transduced

with LV-hGLB1 WT (LV-hGLB1) (MOI = 30). Results

are expressed as b-GAL activity (nmol/h/mL) median ±

range (n R 3). Fold change compared with

untransduced control cells are also reported. (F)

Western blot analysis of b-GAL expression in the cell

pellet and medium of myeloid cells transduced with LV-

hGLB1 WT (LV-hGLB1) at an MOI of 30 treated (+) with

100 mM chloroquine to inhibit the intracellular lysosomal

flux. Untreated (�) and untransduced myeloid cells

were tested as controls. ACTB was used as sample

normalizer. (G) Cross-correction assay of MPSIVB

fibroblasts treated for 12 h with the conditioned medium

from LV-hGLB1 WT (LV-hGLB1) and untransduced

(+UT) OCs. Untreated patient cells (Pt fibroblasts NT)

and fibroblasts from healthy donors (HD fibroblasts) were used as controls. Results show the median of b-GAL activity expressed as nmol/h/mL. Fold change of b-GAL

activity on untreated cells are also reported. p values were determined by Mann-Whitney test for all the experiments. Bonferroni correction was applied in the case of

multiple comparison (*p < 0.05, **p < 0.01).

Molecular Therapy: Methods & Clinical Development
with lysosomal trafficking overload. Consistent with our hypothesis,
we observed the accumulation of b-GAL precursors in myeloid
cell-derived osteoclasts (OCs) (Figures 2D, S1C, and S1D) and trans-
duced CD4+ T cells (Figures S1E and S1F) expressing higher levels of
GLB1mRNA compared with myeloid cells (Figure 2C). The superior
accumulation of enzyme precursor available for cell release correlated
with increased b-GAL activity in the cell supernatant of transduced
OCs compared with myeloid cells (Figure 2E). Moreover, myeloid
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
cells accumulated the enzyme precursor in the cell pellet and released
b-GAL in the extracellular medium upon treatment with chloroquine
(100 mM), which is known to inhibit the lysosomal enzyme processing
causing the accumulation of undigested enzyme precursor36–38 (Fig-
ure 2F). We obtained similar results upon 24-h treatment with the
lysosomal hydrolase inhibitor bafilomycine A1 (Figure S2A). Based
on this evidence, we attempted to enhance b-GAL expression in
myeloid cells by adding the eIF4A sequence (LV-eIF4A-hGLB1),
er 2024



Figure 3. In vitro testing of lentiviral vectors encoding for the enhanced b-GAL

(A) Schematic representation of the lentiviral transfer vector encoding the enhanced b-GAL deriving frommurine wild-type (LV-enhGLB1-1) and C2C12 GLB1 (LV-enhGLB1-

2) cDNA. The transgene included the endogenous 50 UTR (44 nucleotides upstream of the starting codon) and 30 UTR (44 nucleotides downstream of the stop codon). (B)

Clonogenic capacity of human HSCPs transduced with the LV-enhGLB1-1 and LV-enhGLB1-2 (MOI of 30). Results are expressed as the colony number and type median ±

range (nR 3). Untransduced cells and HSPCs transduced with LV-hGLB1 (MOI of 30) were analyzed as controls. (C) Growth curve of untransduced and transduced HSPCs

(MOI of 30) expanded as myeloid liquid culture for 14 days. (D) ddPCR analysis of VCN integrated into the genome of myeloid cells transduced with the different lentiviral

(legend continued on next page)
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known to facilitate the initiation complex formation for RNA trans-
lation,39 upstream of the GLB1 cassette (Figure S3A). Although we
successfully increased GLB1 expression in HEK293T cells (Fig-
ure S3B), there was no significant effect on enzyme accumulation
and release using the LV-eIF4A-hGLB1 in myeloid cells (Figures
S3C and S3D), suggesting that a cell-specific expression of GLB1
mRNA could impact the release of b-GAL. Nevertheless, also the me-
dium conditioned by transduced OCs failed to cross-correct MPSIVB
fibroblasts despite the relatively higher GLB1 mRNA expression and
higher b-GAL activity (Figures 2C and 2G).

Taken together, these data pointed to a potential role of the human
b-GAL stability, which rapidly diminishes at physiological tempera-
ture upon release.13,40,41 Indeed, our in vitro studies showed that
the human recombinant b-GAL had lower specific activity compared
with the murine recombinant enzyme (70-fold), confirming the
reduced stability of the human enzyme at 37�C and, thus, providing
a rationale for the low b-GAL activity in the culture supernatants
from transduced myeloid cells (Figure S4A). Importantly, while we
could measure b-GAL activity in the plasma of C57BL6 wild-type
mice, the plasma of pediatric healthy donors (n = 5) tested negative
for b-GAL activity, indicating impaired functionality of human
b-GAL in the extracellular space even at a physiological level
(Figure S4B).

An enhanced GLB1 transgene allows to reach

supraphysiological levels of b-GAL in the extracellular medium

of transduced human HSPCs inducing metabolic correction of

diseased cells

Therefore, we considered the possibility of employing an enhanced
GLB1 transgene deriving from murine sequences to overcome the
activity and release issues associated with the human transgene.
We replaced the human GLB1 cDNA with two different versions
murine GLB1 coding sequences: the wild-type (NM_009752.2,
LV-enhGLB1-1) and the isoform expressed by the C2C12 cell line
(LV-enhGLB1-2), characterized by three amino acid substitutions
(Arg468Gln, Asn517Asp, and Glu534Gly) compared with the WT
protein (Table S1; Figure S4C). We generated the respective LVs
(LV-enhGLB1-1, LV-enhGLB1-2, and LV-hGLB1) (Figure 3A) to
transduce mPB human HSPCs from healthy donors (Figure S1A).
We did not observe signs of toxicity in transduced HSPCs clono-
genic capacity and proliferation, meaning that the expression of
the murine enzyme did not impact the number and composition
of the HSPC colonies (Figures 3B and 3C). Human HSPCs were
vectors. Results are expressed as VCN median ± range. (E) b-GAL activity measured

progeny of human HSPCs transduced with LV-hGLB1, LV-enhGLB1-1, and LV-enhG

pressed as median enzymatic activity ± range. Each dot represents a biological replic

performed on the myeloid cells untransduced (UT) and transduced with the LV-enhGLB

100 mm (left panel). qPCR expression analysis of MMP9 and TRAP5b as markers

(LV-enhGLB1). UT cells were used as controls. Results are expressed as 2^(�DCT),

2^(�DCT) ± range (nR 3). b-GAL activity in the cell pellet (G) and extracellular medium

hGLB1 and LV-enhGLB1-1 (LV-enhGLB1) (MOI = 30). Results are expressed as enzyma

for all the experiments. Bonferroni correction was applied in the case of multiple comp
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efficiently transduced without significant differences in VCN (me-
dian VCN myeloid cells: LV-hGLB1 = 2.23, LV-enhGLB1-1 =
1.81, and LV-enhGLB1-2 = 1.4; Figure 3D). We then evaluated
the levels of intracellular b-GAL expression and release in the cul-
ture supernatants from myeloid cells (Figure 3E). The expression
of LV-derived murine b-GAL resulted in a higher median enzy-
matic activity (5,150 nmol/mg/h for LV-enhGLB1-1; 5,190 nmol/
mg/h for LV-enhGLB1-2) compared with the expression of the
LV-hGLB1 (3,522 nmol/mg/h for LV-hGLB1), leading to 6.3- and
4.3-fold increase in b-GAL activity compared with UT cells using
the LV-enhGLB1 (1 and 2) and the LV-hGLB1, respectively (Fig-
ure 3E, left panel). These results were in line with previous works
showing the dependence of the human b-GAL intracellular activity
on the formation of a protein protective complex.13,42 Importantly,
we detected a significantly higher level of enzymatic activity in the
CM from myeloid cells derived from the differentiation of human
HSPCs transduced with LV-enhGLB1 (median b-GAL activity:
51 nmol/mg/h for LV-enhGLB1-1; 63 nmol/mg/h for LV-
enhGLB1-2), corresponding to 8.2-fold (LV-enhGLB1-1) and
10.2-fold (LV-enhGLB1-2) increase of median enzymatic activity
compared with UT cells. On the contrary, enzymatic activity in
LV-hGLB1 transduced cells (median: 14 nmol/mg/h) did not in-
crease significantly (Figure 3E, right panel). We further differenti-
ated transduced myeloid cells into OCs and found that LV-
enhGLB1-1 (LV-enhGLB1) transduced cells differentiated into
tartrate-resistant acid phosphatase (TRAP)-positive OCs overex-
pressing MMP9 and TRAP5b, similarly to UT (Figure 3F) and
LV-hGLB1 transduced myeloid cells (Figures S1C and S1D). We
measured a 64-median fold higher b-GAL activity in the OC me-
dium deriving from myeloid cells transduced with the LV-
enhGLB1 compared with UT OCs. This increase was approximately
20 times higher than that observed in OCs transduced with LV-
hGLB1 (Figures 3G and 3H). Thus, the use of LV-enhGLB1, either
bearing the native murine cDNA or the C2C12 isoform, allowed
turning human HSPCs into circulating (myeloid cells) and skeletal
tissue-resident (OCs) cells capable of releasing supraphysiological
levels of b-GAL that could potentially mediate the cross-correction
of diseased cells.

To further confirm the therapeutic relevance of the LV-enhGLB1
constructs, we developed a 2D cell system using the HS5 stromal
cell line to mimic the cross-correction of skeletal cells in vitro.
We generated GLB1�/� HS5 stromal cells by CRISPR-Cas9 tech-
nology, using CRISPR mock HS5 cells as controls. GLB1�/� HS5
in the cell pellet (nmol/mg/h) and extracellular medium (nmol/mL/h) of the myeloid

LB1-2 at an MOI of 30. Untransduced cells were used as controls. Results are ex-

ate. (F) Representative image of tartrate-resistant acid phosphatase (TRAP) assay

1-1 (LV-enhGLB1) (MOI = 30) after 10 days of differentiation into OCs. Scale bars,

of OC differentiation in myeloid cells and OCs transduced with LV-enhGLB1-1

and DCT is calculated as Ct gene – Ct ACTB. Results are expressed as median

(H) of OCs derived from the differentiation of human HSPCs transduced with the LV-

tic activity median ± range (nR 3). p values were determined by Mann-Whitney test

arison (*p < 0.05, **p < 0.01).
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Figure 4. In vitro cross-correction of b-GAL-deficient cells

(A) b-GAL activity measured in HS5 stromal cells transduced with a lentiviral vector to abolish GLB1 expression by CRISPR-Cas9 technology. HS5 stromal cells transduced

with a lentiviral vector bearing a control gRNAwere used as controls. Data were collected from three independent measurement. Results show the median level of enzymatic

activity normalized for the protein content (nmol/mg/h) ± range (nR 3). The percentage of b-GAL activity reduction is also reported. (B) Representative image of alizarin red

staining performed on GLB1�/� HS5 cells induced to differentiate into osteoblasts for 10 days in proper medium. Undifferentiated cells were used as control. (C) qPCR

expression analysis of skeletal differentiation genes. Data were collected from three independent assay of osteogenic differentiation. Results are expressed as median DDCT

on undifferentiated cells ± range (n R 3). DCT was calculated as Ct gene – Ct ACTB. (D) b-GAL activity in osteoblasts (OBs) (GLB1�/�) derived from the differentiation of

GLB1�/� HS5 stromal cells upon 12-h treatment with the conditioned medium from untransduced myeloid cells (+UT) and from myeloid cells transduced with LV-hGLB1

(LV-GLB1), LV-enhGLB1-1, and LV-enhGLB1-2 at an MOI of 30. Untreated GLB1�/� OBs (NT) and control OBs were used as controls. Data were collected from three

independent assay of osteogenic differentiation for control and GLB1�/�OBs. The level of b-GAL activity wasmeasure on GLB1�/�OBs exposed to the cell supernatant of

myeloid cells deriving from three different independent HSPC transduction experiments. Results show the median level of enzymatic activity normalized for the protein

content (nmol/mg/h) ± range (n R 3). (E) Level of keratan sulfate (KS) measured by ELISA assay in the pellet of GLB1�/� OBs treated with the conditioned medium from

(legend continued on next page)
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cells displayed 85% reduction in b-GAL activity compared with
control cells (Figure 4A) and properly turned into osteoblasts
(OBs) positive for alizarin red staining, activating the expression
of skeletal differentiation markers (Figures 4B and 4C). We treated
GLB1�/� OBs for 12 h with the CM from myeloid cells transduced
with the different LVs. CRISPR mock (ctrl) and untreated
GLB1�/� OBs were used as controls. b-GAL activity was restored
at higher levels upon incubation with the CM from LV-enhGLB1
transduced cells (median fold change over untreated OBs (NT) =
15 for LV-enhGLB1-1 and 16.3 for LV-enhGLB1-2) (Figure 4D).
On the contrary, the CM from LV-hGLB1 cells partially cross-cor-
rected GLB1�/� OBs (median fold change over untreated OBs
(NT) = 4.9), reaching an enzymatic activity similar to that induced
by the CM from UT cells (Figure 4D). We further evaluated the
accumulation of KS in skeletal cells by ELISA. We found a trend
of KS reduction in GLB1�/� HS5 cells exposed to the CM from
LV-enhGLB1-1 myeloid cells (Figure 4E). To confirm our data,
we treated MPSIVB fibroblasts for 12 h with the CM from UT
and transduced myeloid cells (Figures 4F and 4G). As expected,
the level of b-GAL in patients’ cells treated with the medium condi-
tioned by UT cells was similar to that of untreated MPSIVB fibro-
blasts (NT). The CM from LV-hGLB1 transduced cells partially
restored the b-GAL activity (median fold change to untreated fibro-
blasts = 4.1). We observed a statistically significant increase of
b-GAL activity in patient cells treated with the cell supernatants
of myeloid cells transduced with the LV-enhGLB1-1 and LV-
enhGLB1-2 (median fold change to untreated MPSIVB fibroblasts:
20.9 and 23.4 for LV-enhGLB1-1 and LV-enhGLB1-2, respectively)
(Figure 4F). The LV-enhGLB1 allowed to reach a statistically signif-
icantly improvement of b-GAL activity than the LV-hGLB1 in
patients fibroblasts (p = 0.05 for LV-enhGLB1; p = 0.0072 for LV-
enhGLB1). We obtained similar results when we treated MPSIVB
fibroblasts with the cell supernatants from OCs derived from the
differentiation of myeloid cells transduced with the LV-enhGLB1-
1 (LV-enhGLB1) (median fold change to untreated MPSIVB fibro-
blasts: 27.3) (Figure 4G). Despite detecting the human enzyme in
the cell supernatants of LV-hGLB1 transduced OCs (Figure 2D),
this treatment failed to induce metabolic correction of MPSIVB fi-
broblasts (Figure 4G).

Our in vitro results demonstrated that human HSPCs overexpressing
the murine enzyme generated myeloid cells/OCs releasing supraphy-
siological levels of b-GAL enzyme, which was efficiently uptaken by
diseased cells (GLB1 KO HS5-derived OBs and patients’ fibroblasts).
Altogether, our results sustained the use of the LV encoding for the
untransduced myeloid cells (+UT) and from myeloid cells transduced with LV-hGLB1 (LV

OBs (NT) and control OBs were used as controls. Results are expressed as ng of KS n

replicate. Cross-correction assay performed on MPSIVB fibroblasts treated for 12 h with

enhGLB1-1, and LV-enhGLB1-2 and OCs (G) transduced with the LV-hGLB1 and LV

amount of protein extract (mg). Patient fibroblast treated with the conditioned medium fr

healthy donors were used as reference. Results are expressed as themedian b-GAL acti

untreated MPSIVB fibroblasts are also reported. p values were determined by Mann-W

multiple comparison (ns p R 0.05, *p < 0.05, **p < 0.01).
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enhanced b-GAL for the preclinical development of HSPC-GT for
MPSIVB.

b-GAL activity was restored in HSPCs from Glb1–/– mice

transduced with LV-enhGLB1

To test the feasibility of gene correction of murine HSPCs from
Glb1�/� mice for future preclinical development of HSPC-GT for
MPSIVB, we isolated lineage-negative cells (Lin�) from the bone
marrow (BM) of 7-week-old Glb1�/� mice. Lin� cells were trans-
duced at an MOI of 100 with the LV-hGLB1 and the two LV-
enhGLB1, according to previous studies on murine cells.43 UT cells
were used as controls (Figure 5A). We tested the clonogenic potential
by colony-forming unit (CFU) assay, showing for transduced cells a
colony number and composition similar to UT controls (Figure 5B).
All the colonies were transduced without statistically significant dif-
ferences in the mean VCN (Figure 5D). Transduced murine HSPCs
proliferated similarly to controls and showed similar VCN at the
end of the liquid culture (Figures 5C and 5E). We measured the
b-GAL activity intracellularly and in the extracellular medium condi-
tioned for 24 h by transduced and control cells (Figures 5F and 5G).
b-GAL activity was restored in transduced cells, which showed a me-
dian enzymatic activity of 3,766 and 2,576 nmol/h/mg when treated
with LV-enhGLB1-1 and �2, respectively. Glb1�/� HSPCs trans-
duced with LV-hGLB1 exhibited reduced levels of b-GAL activity
(median: 597.2 nmol/h/mg) (Figure 5F, left panel). The LV-
enhGLB1 allowed reaching superphysiological levels of b-GAL,
with LV-enhGLB1-1 showing a 7.8-fold increase and LV-enhGLB1-
2 showing a 5.1-fold increase in b-GAL activity compared with LV-
hGLB1 (Figure 5F, right panel). These differences were more evident
for the b-GAL activity measured in the extracellular medium of trans-
duced cells (Figures 5F and 5G, right panels). The median enzymatic
activity measured in the extracellular space was higher in Glb1�/�
HSPCs transduced with LV-enhGLB1 (83.8 nmol/h/mg for LV-
enhGLB1-1 and 74.9 nmol/h/mg for LV-enhGLB1-1) than in cells
treated with LV-hGLB1 (14.6 nmol/h/mg) (Figure 5G, left panel).
The median b-GAL activity normalized on the VCN was 18- and
17-fold higher in the CM from LV-enhGLB1 transduced Glb1�/�1
HSPCs compared with cells treated with LV-hGLB1 (Figure 5G, right
panel). These data further confirmed the feasibility of LV-enhGLB1
correction and the absence of toxicity also in the murine setting.

Human HSPCs overexpressing the enhanced b-GAL engraft and

differentiate properly in humanized mice

To exclude any potential negative impact on the engraftment and
reconstitution capacity of human cells overexpressing the murine
-GLB1), LV-enhGLB1-1, and LV-enhGLB1-2 at an MOI of 30. Untreated GLB1�/�
ormalized for the amount (NG) of protein content. Each dot represents a biological

the conditioned medium from myeloid cells (F) transduced with the LV-hGLB1, LV-

-enhGLB1-1 (LV-enhGLB1). The level of enzymatic activity was normalized on the

om UT cells were used as controls. Untreated patient cells (NT) and fibroblasts from

vity mean ± range (nR 3). Fold changes of median enzymatic activity compared with

hitney test for all the experiments. Bonferroni correction was applied in the case of

er 2024



Figure 5. In vitro transduction of HSPCs from

Glb1–/– mice

(A) Experimental scheme of isolation, purification and

transduction of lineage negative (Lin�) HSPCs from

Glb1�/� mice. (B) Number (left panel) and composition

(right panel) of colonies formed by untransduced and

transduced HSCs 14 days of culture in methylcellulose-

based media. (C) Proliferation analysis of untransduced

and transduced cells expanded as liquid culture. (D)

Analysis of VCN at single colony level used to determine

the percentage of transduced cells (VCN > 0.5). (E) VCN

analysis in transduced HSPCs expanded for 14 days as

liquid culture. (F) b-GAL activity measured intracellularly

in untransduced and transduced HSPCs. Normalization

of b-GAL activity on VCN is reported in the right panel.

(G) b-GAL activity measured in the cell supernatant from

in untransduced and transduced HSPCs. Normalization

of b-GAL activity on VCN is reported in the right panel.

Results show median ± range. Each dot represents a

biological replicate. p values were determined by Mann-

Whitney test and corrected by Bonferroni correction for

multiple comparison (*p < 0.05, **p < 0.01).
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b-GAL, we transplanted humanHSPCs transduced in vitro at anMOI
of 30 with the following LVs: LV-hGLB1, LV-enhGLB1-1, and LV-
enhGLB1-2 in immunodeficient mice (NBSGW). As controls,
NBSGWmice were transplanted with cultured UT cells (Figure S5A).
We monitored the body weight of transplanted mice over time (Fig-
ure S5B) and evaluated the level of human engraftment as the per-
centage of human CD45+ cells (% hCD45) in the peripheral blood
(PB) at 8 and 16 weeks after transplantation (Figure 6A). Engraftment
of human CD45+ cells in the PB of mice transplanted with human
HSPCs transduced with LV-enhGLB1 (1 and 2) was similar to
mock transduced controls (Figure 6A) and slightly reduced in mice
Molecular Therapy: Methods & Cl
transplanted with LV-hGLB1 transduced cells
(Figure 6A). At 16 weeks, we detected a compa-
rable human engraftment in the BM and spleen
of transplanted mice compared with mice trans-
planted with UT cells (Figures 6B and S5C),
demonstrating that the expression of the murine
b-GAL did not impact the biodistribution of
transplanted cells. In the BM of transplanted
mice, we observed that human HSPCs trans-
duced with the different LVs differentiated
into myeloid, B, T, and NK cells at a similar
level compared with UT cells (Figure 6C). We
also measured a similar percentage of human
hematopoietic stem cells (HSCs) (CD34+,
CD38�) in the BM of transplanted mice,
proving that the in vitro gene modification pro-
cedure did not alter the primitive HSC compart-
ment (Figure 6D). Importantly, we detected a
significantly higher level of b-GAL enzymatic
activity in the BM of mice transplanted
with LV-enhGLB1-1 and -2 transduced HSPCs
(2.1- and 2.7-fold compared with mice transplanted with UT cells)
compared with mice injected with LV-hGLB1 transduced HSPCs
(1.4-fold compared with mice transplanted with UT cells) (Figure 6F)
despite the higher VCN in the latter group (Figure 6E). These differ-
ences appeared more evident when the enzymatic activity was
normalized to the VCN (Figure 6G). Altogether, these in vivo data
showed the capacity of transduced human HSPCs to engraft and
reconstitute the hematopoietic system of immunodeficient mice simi-
larly to UT cells. Transplantation of human HSPCs transduced with
the LV-enhGLB1 allowed to reach significantly higher levels of
b-GAL activity without evidence of altered biodistribution in vivo.
inical Development Vol. 32 September 2024 9
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b-GAL trafficking and immunogenicity studies support the use

of LV-enhGLB1 for HSPC-GT in MPSIVB patients

We next performed an additional study to support the use of the LV-
enhGLB1 in the preclinical development of HSPC-GT and potentially
in future clinical trials. The LV-enhGLB1-1 was chosen for further
studies to avoid any theoretical concerns about the use of a GLB1 iso-
form expressed by an immortalized cell line (C2C12). Considering
that the metabolic correction mechanism in LSDs relies on the
enzyme uptake from the extracellular environment and consequent
lysosome targeting, we first performed a cross-correction assay in
the presence of the natural M6PR ligand (M6P) to block the main
pathway for lysosomal enzyme uptake (Figure S6A). We showed
that M6P inhibited b-GAL uptake in patients’ fibroblasts exposed
to the CM from myeloid cell transduced with LV-enhGLB1, prevent-
ing their metabolic correction. We concluded that M6PR mediated
the internalization of the murine similarly to the human enzyme (Fig-
ure S6A). We further evaluated whether the enhanced enzyme was
directed toward the lysosomal compartment of human cells once
internalized by immunofluorescence analysis of enhanced and hu-
man b-GAL, using b-GAL antibody in combination with the lyso-
somal marker LAMP-1 and vimentin to visualize the cell cytoplasm
in MPSIVB fibroblasts (Figure S6B). We found that both the
enhanced and human enzymes colocalized with LAMP1 in fibroblasts
exposed to the CM from myeloid cells transduced with LV-enhGLB1
or LV-hGLB1. Fibroblasts exposed to the CM from UT cells were
used as controls. Furthermore, we observed increased expression of
LAMP1 in untreated and treated MPSIVB fibroblasts compared
with healthy controls (Figures S6B and S2B). This increase may be
associated with the compromised autophagy function described for
other LSDs, preventing the effective degradation of engulfed lyso-
somes. Consequently, there is an accumulation of lysosomes in the
diseased cells in contrast to the healthy controls.44,45 Our results indi-
cated that the murine enzyme was correctly targeted into the lyso-
somal compartment and colocalized with LAMP-1, similar to human
b-GAL (Figure S6B). Importantly, higher amount of the murine
b-GAL enzyme was internalized by patient cells. To provide deeper
mechanistic insights about the higher cross-correction efficiency of
the murine b-GAL, we performed a preliminary characterization of
different endocytic trafficking pathways in healthy donor and pa-
tients’ fibroblasts. We tracked receptor-mediated and fluid-phase
endocytosis by analyzing the internalization of Alexa Fluor-conju-
gated BSA and dextran, respectively. Patients’ fibroblasts displayed
similar endocytic activity compared with healthy donors (Figures
7A and 7B). Furthermore, we studied the endosomal recycling
pathway by measuring the recycling rate of fluorescently labeled
transferrin that was efficiently uptaken and recycled by both healthy
Figure 6. In vivo biodistribution study of human HSPCs overexpressing the hu

Evaluation of human cell engraftment as the percentage of human CD45+ cells on live

16 weeks post-transplantation. (C) Evaluation of multilineage differentiation of human H

show the percentage of human CD33+ (myeloid lineage), CD19+ (B cell lineage), CD3+

HSPCs identified as human CD34+ CD38neg cells in the bone marrow 16 weeks post-tra

mononuclear cells isolated from transplanted mice. (F) b-GAL activity measured in the b

(G). For all the experiments: results showmedian ± range, each dot represents a biologic
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donor and patients’ fibroblasts (Figure 7C). Next, we analyzed the
involvement of the M6PR endocytic pathway, mostly responsible
for the uptake and delivery of lysosomal enzymes, in murine
b-GAL trafficking. Interestingly, using a dynamic assay of M6PR-
mediated endocytosis, we observed a significant delay of M6PR
arrival at the trans-Golgi network in patients’ fibroblasts. Indeed, in
healthy donor fibroblasts M6PR is clustered in the perinuclear region
(high perinuclear index) whereas in patient’s fibroblasts the M6PR is
dispersed in the cytosol (low perinuclear index) (Figure 7D). The
latter observation was confirmed by an increase in the colocalization
of M6PR with EEA1, a well-described marker of early endosomes, in
patient’s fibroblasts (Figure 7E). Despite the delay in the trafficking of
M6PR, patient’s fibroblasts are perfectly capable of internalizing
different types of cargos, including the M6P-modified lysosomal
enzyme. At this point we performed a time course endocytosis assay
of human and murine recombinant b-GAL in patient’s fibroblasts.
Strikingly, the murine recombinant enzyme was internalized more
efficiently than human b-GAL already at 15 min (Figure 7F). After
2 h-exposure, we observed a superior intracellular amount of murine
compared with human recombinant b-GAL (Figure 7F).

We then compared the protein structure of the enhanced and human
enzymes,46,47 identifying a 70% homology in the amino acid
sequence, with only few amino acid residues displaying highly
different biochemical features, such as size and hydrophobicity, at
the homologous positions (Figure S4D). Based on this analysis, we at-
tempted to identify specific amino acid residues that confer improved
functional stability to the enhanced enzyme in the extracellular envi-
ronment compared with its human counterpart. Since both the en-
zymes function as dimers, we hypothesized that the functional stabil-
ity of the enzyme could rely on the monomer-monomer binding
strength. Therefore, we focused on the biochemical differences at
the interaction surfaces between the enhanced and human enzyme,
predicting a diminished binding strength of the monomer-monomer
binding for the human enzyme compared with the murine counter-
part. This reduction is likely attributable to the presence of amino
acid residues with diminished biochemical compatibility at the dimer
interaction surface. Specifically, we identified glutamine 605 (Gln605)
and lysine 66 (Lys66) as putative amino acid residuals responsible for
the reduced strength of the human monomer-monomer binding.
Therefore, we reasoned that substituting Gln605 with arginine
(Arg) and Lys66 with glutamate (Glu) could enhance the biochemical
compatibility with the interacting residues present on the opposite
surface. Accordingly, we generated mutated cDNA variants: (1)
Gln605Arg (LV-mutGLB1-1), (2) Lys66Glu (LV-mutGLB1-2), and
(3) Gln605Arg + Lys66Glu (LV-mutGLB1-3), which were cloned in
man and murine b-GAL

cells in the peripheral blood at 8 and 16 weeks (A) and in the bone marrow (B) at

SPCs in the bone marrow of transplanted mice 16 weeks after treatment. Results

(T cell lineage), and CD56+ (NK lineage) cells on live cells. (D) Percentage of human

nsplantation. (E) ddPCR analysis of VCN integrated into the genome of bone marrow

one marrow mononuclear cells. The enzymatic activity was normalized on the VCN

al replicate. p values were determined byMann-Whitney test (*p < 0.05, **p < 0.001).
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the same LV used for overexpressing the human and enhanced
b-GAL in human HSPCs. HEK293T cells and human HSPCs were
transduced with the newly generated LVs, using LV-hGLB1 and
LV-enhGLB1 as controls. We found that the mutated transgenes
were ineffective in inducing enzyme overexpression at supraphysio-
logical levels in the cell supernatant and did not induce the metabolic
correction of patient cells, mirroring the outcomes observed with the
wild-type human GLB1 transgene (Figures S4E–S4G).

We further investigated the potential immunological risks associated
with employing an LV encoding an enhanced enzyme of non-human
origin for preclinical and future clinical development of HSPC-GT for
MPSIVB patients. Indeed, the high sequence homology cannot war-
rant that the murine amino acid sequence would be devoid of immu-
nogenicity in the context of the human immune system. To address
concerns about possible xenogeneic immune reactions, we tested
in vitro the primary and secondary response of PB mononuclear cells
(PBMCs) from healthy donors to LV-enhGLB1-derived proteins
(Figure 8). To this aim, the CM from HEK293T cells, either UT or
transduced with LV-hGLB1, LV-enhGLB1-1, or LV-enhGLB1-2,
was collected after 5 days of culture. The enzymatic activity of culture
supernatants was measured, and b-GAL protein concentration was
calculated based on recombinant enzyme titration curves (Fig-
ure S4A). PBMCs from healthy donors (n = 2–5) were cultured in
the presence of CM at different dilution and we evaluated CD4+

T cell proliferation and IFN-g production after 5 days (Figure 8A).
While polyclonal stimulation with phytohemagglutinin (PHA)
induced strong proliferation and IFN-g release in all donors tested,
stimulation with culture supernatants from transduced HEK293T
cells did not elicit b-GAL-specific T cell response in any of the donors
tested. To evaluate T cell response upon re-challenge, PBMCs from
healthy subjects (n = 3) were cultured for 13 days in culture superna-
tants from UT, or LV-hGLB1/LV-enhGLB1 transduced HEK293T
cells. In parallel, autologous CD14+ cells were isolated and differenti-
ated into dendritic cells (DCs) in the presence of rh-IL-4 and rh-GM-
CSF for 7 days and cryopreserved for subsequent T cell restimulation.
After 13 days of culture, DCs were thawed and pulsed with the undi-
luted CM from UT HEK293T cells or transduced with LV-enhGLB1
Figure 7. Characterization of intracellular trafficking pathways in healthy dono

Representative images and quantitative analysis of clathrin-mediated endocytosis of

fluorescently labeled dextran (AF568-dextran, orange) (B) in healthy donor (HD) and pat

cell was analyzed in more than 3,000 cells from three independent experimental replica

upon incubation with 50 mg/mL of AF488-transferrin (green) for 30min at 37�C (Loading

50 mg/mL of unlabeled transferrin to stimulate the recycling of transferrin receptor and the

measured over time. The change (decrease) of the intensity is a proxy of the transferrin

than 1,000 cells from three independent replicates. (D) The cation-independent M6PR t

M6PR mouse monoclonal antibody for 30 min. Cells were then fixed and subjected t

counterstained with DAPI. The quantitative analysis was performed on more than 1,000

(perinuclear and cell periphery). The graph reports the ratio of the fluorescence intensity o

images and quantitative analysis of M6PR colocalization (green) with the early endoso

b-GAL (mrGLB1) uptake in patients’ fibroblasts upon treatment with the same amount o

anti-b-GAL (red) and anti-LAM1 (green). Nuclei were counterstained with DAPI. Human

independent experiments and normalized over LAMP1 fluorescence intensity. For all the

Mann-Whitney test and Bonferroni correction in the case of multiple comparison (*p <
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(1 and 2) or tetanus toxoid (TT, control Ag), and used to restimulate
the primary T cell cultures. While CD4+ T cell proliferation to poly-
clonal restimulation (PHA) and TT-specific response was detectable,
specific response to enhanced b-GAL was absent in all donors tested
(Figure 8B), indicating that the murine-derived enzyme sequence
did not elicit significant T cell response, at least in vitro. We per-
formed the same experiments on PBMCs from an MPSIVB patient
and excluded an increased immunogenicity of the enhanced enzyme
compared with the human counterpart also in patients (Figures S7A–
S7C). Although the in vitro immunological tests cannot fully
exclude the risk of an immune response against the murine-
derived transgene in patients, our clinical experience demonstrated
that a myelo- and lymphoablative preparative regimen before
HSPC-GT favors immunological tolerance to the therapeutic enzyme
also in patients previously treated with ERT.25 Moreover, in null
patients for b-GAL expression an immune response could be
mounted in theory also against the human or the human engineered
enzymes. Our analyses further support the use of LV-enhGLB1 for
the preclinical development of HSPC-GT for MPSIVB and GM1-
related disorders.

DISCUSSION
Based on the previous successful experiences in HSPC-GT for other
LSDs,25,28 in this work, we investigated the GLB1 transgene to opti-
mize the production of a third-generation LV to overexpress
b-GAL in human HSPCs for the future preclinical and clinical devel-
opment of HSPC-GT for GM1-related disorders, whomanifest severe
skeletal and neurological symptoms. While no approved therapies are
available for these patients, the preclinical data and ongoing experi-
mental clinical trials of in vivo GT (NCT04713475, NCT03952637)
target only the neurological manifestations of the disease through
the AAV-mediated restoration of b-GAL expression in the brain of
GM1-gangliosidosis patients.48,49 On the contrary, our previous expe-
rience with MLD and MPSI-H has shown the safety and efficacy of
HSPC-GT to induce beneficial effects on both the neurological and
skeletal symptoms.23–25,28,29 These findings suggest that gene-cor-
rected HSPC progeny releases supraphysiological levels of the thera-
peutic enzyme, leading to improved targeting of barrier-protected
r and patients’ derived fibroblasts

fluorescently labeled BSA (AF488-BSA, green) (A) and fluid phase endocytosis of

ients’ (MPSIVB) fibroblasts. The number of AF488-BSA or AF568-dextran spots per

tes. (C) Recycling of transferrin receptor was tested in HD and MPSIVB fibroblasts

phase). The AF488-transferrin was then washed out for 15 and 45min in presence of

release of fluorescent transferrin. The intensity of intracellular AF488-transferrin was

receptor recycling. The intensity of AF488-transferrin per cell was analyzed in more

rafficking was evaluated in HD and MSPIVB fibroblasts treated with 4 mg/mL of anti-

o immunofluorescence staining with anti-mouse AF488 antibody and nuclei were

cells from 3 independent replicates, dividing the cytoplasm of each cell in 2 regions

f M6PR localized in the perinuclear region over the cell periphery. (E) Representative

mal marker EEA1 (red). (F) Evaluation of human (hrGLB1) and murine recombinant

f recombinant enzymes for 15 min and 2 h. After treatment, cells were stained with

or murine b-GAL fluorescence intensity was measured in at least 150 cells from 3

experiments: results are expressed asmedian ± range. p values were determined by

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 8. Evaluation of b-GAL immunogenicity

(A) PBMCs from healthy donors were cultured in the presence of increasing dilutions of the conditioned medium from HEK293T cells transduced with LV-enhGLB1-1, LV-

enhGLB1-2 (left panels), and LV-hGLB1 (right panels). Vector-derived GLB1 protein content was estimated based on the titration curve of rmGLB1 and rhGLB1 enzymatic

activity (EA) (Figure S4A). The T cell response was evaluated as CD4+ T cell proliferation (upper panels) and IFN-g production (lower panels) after 5 days of exposure to the

conditioned media. (B) Recall response to enhanced and human b-GAL was evaluated after in vitro restimulation of PBMC exposed for 13 days to the conditioned medium

fromHEK293T cells transduced with LV-enhGLB1-1 (left), LV-enhGLB1-2 (middle), and LV-hGLB1 (right). T cells were plated with pulsed autologous dendritic cells (DCs) at a

10:1 ratio and proliferation was evaluated after 3 days. Background proliferation to upulsed DCs was subtracted. Results are expressed as median ± range, each dot

represents an independent healthy donor.
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and poorly vascularized tissues. Indeed, sustained levels of the thera-
peutic enzyme were detected in the cerebrospinal fluid of HSPC-GT-
treated patients,25,28 resulting in a complete correction of the disease
neurological manifestation, which are resistant to correction by
HSCT. Given the similar clinical and pathogenetic characteristics of
LSDs, we believe that this correction mechanism could also be effec-
tive for GLB1-related disorders. For the preclinical testing of HSPC-
GT, we developed LVs bearing the wild-type and codon-optimized
human GLB1 transgenes and tested their toxicity and efficacy in hu-
man HSPCs from healthy donors, with the purpose of inducing a
supraphysiological release of b-GAL from the progeny of transduced
14 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
HSPCs. We transduced mobilized human HSPCs representing a
clinically relevant source of CD34+ cells for HSPC-GT in pediatric
patients. We did not observe any toxic effects in terms of clonogenic
capacity and cell proliferation using both vectors at transduction con-
ditions under which intracellular transgene expression reached satu-
ration. The codon-optimized transgene induced protein expression at
a similar level to the wild type in the myeloid progeny of transduced
HSPCs. Unexpectedly, we found that transduced HSPCs failed to
release human b-GAL by WB and enzymatic activity, and the culture
supernatants from transduced cells failed to restore b-GAL activity in
patients’ cells. In agreement with these data, when LV-hGLB1 WT
ber 2024
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HSPCs were xenotransplanted in NBSGW mice, cells engrafted and
differentiated but did not induce b-GAL overexpression. These data
suggest that the LV-hGLB1 transgene is not suitable for the develop-
ment of an HSPC-GT approach based on enzyme overexpression and
consequent augmented cross-correction.

The PGK promoter has an excellent safety record in preclinical and
clinical studies in the context of LV-based HSPC-GT.26 It has been
previously employed to drive ARSA and IDUA expression50 in
HSPCs and their myeloid progeny resulting in intracellular overex-
pression and enzyme release.25,28 Indeed, the PGK expression is
significantly active in the myeloid-monocyte compartment as indi-
cated by the Human Protein Atlas immune cell dataset. The findings
that human GLB1 mRNA was lower in myeloid differentiated trans-
duced cells than in OCs and T cells suggested a cell-type-dependent
regulation of PGK-driven gene expression. We obtained similar re-
sults when we differentiated LV-PGK-IDUA transduced HSPCs
into OCs, which showed higher enzymatic activity than myeloid cells
(data not shown). Even if alternative stronger promoters might be
considered to improve human GLB1 mRNA expression, this choice
must be balanced with the potential increased risk of insertional
mutagenesis, as observed in X-ALD HSPC-GT.51 Moreover, previous
data from our Institute show that the integration site is primarily
influenced by the LV backbone, regardless of the specific transgene
incorporated. In our study, we used the same LV backbone as the
MLD and MPSI-H clinical trials. Analysis of the PB and BM samples
of MLD and MPSI-H patients who underwent HSPC-GT showed a
stable and highly polyclonal repertoire, with no dominant clones or
significant enrichment for oncogenes or tumor-suppressor genes.25,28

These findings are consistent with integration profiling data obtained
from other studies of LV-based GT.23,52,53 Therefore, we believe that
the risk of genotoxicity of LV-enhGLB1 is extremely low. The addi-
tion of the eIF4a sequence upstream of the start codon to stabilize
the formation of the translation complex did not confer any advan-
tages in terms of protein release in hematopoietic cells. Importantly,
we found a link between the level of mRNA and the accumulation of
enzyme precursors. The low amount of mRNA correlated with a low
amount of protein precursor, efficiently processed into the lysosome,
preventing the engulfment of the lysosomal protein trafficking. This
overload was necessary for precursor accumulation and release. Alto-
gether, these results highlighted a cell-specific stability of the GLB1
mRNA and regulation of its expression contributing to the impaired
b-GAL release from myeloid cells. A poor stability of the human
b-GAL at 37�C13 could also negatively impact the therapeutic use
of the human enzyme, since also the CM from LV-hGLB1 transduced
OCs, failed to restore b-GAL in patients’ fibroblasts, despite OCs
releasing the enzyme precursor. Previous works demonstrated that
both the human and murine enzymes function as dimers,46,47 and
we predicted a stronger monomer-monomer binding for the murine
dimer, possibly due to the presence of amino acid residues more bio-
chemically compatible at the interaction surface. This binding
strength could eventually explain the higher stability of the murine
enzyme in the extracellular environment compared with the human
counterpart. We conclude that the cell-dependent mRNA levels and
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the thermal instability of the human b-GAL enzyme represent major
hurdles to the further development of HSPC-GT. When the human
GLB1 transgene was selectively mutated to improve the biochemical
compatibility of amino acid residues at the dimer interaction surface,
we found that the mutated transgenes were ineffective in inducing
supraphysiological expression of the therapeutic enzyme in the cell
supernatant, preventing the metabolic correction of patient cells.
Exploring alternative strategies, such as redesigning the human
GLB1 transgene through random mutagenesis techniques could
potentially address these challenges. However, we reasoned that the
murine enzyme is an evolutionary selected protein, with known func-
tion and effects. In contrast, de novo engineered proteins may intro-
duce unpredictable adverse functions and likewise pose immunolog-
ical risks.

Since the murine form of b-GAL is more stable13–15 and has a higher
enzymatic activity compared with the human recombinant enzyme,
we designed an LV to overexpress an enhanced b-GAL deriving
from murine sequences (LV-enhGLB1) in human HPSCs. We did
not observe alterations in the clonogenic capacity, proliferation, dif-
ferentiation into OCs, engraftment, and in vivo differentiation of
LV-enhGLB1 transduced HPSCs. In the presence of similar VCN,
myeloid cells showed significantly higher enzymatic activity when
transduced with the LV-enhGLB1, achieving b-GAL overexpression
in the extracellular medium of both transduced myeloid cells and
OCs. Only cell supernatants from LV-enhGLB1 transduced myeloid
cells and OCs achieved correction of MPSIVB patients’ fibroblasts.
We further compared the two LVs in a skeletal cell system, which is
more relevant for predicting their therapeutic potential, and we
demonstrated the restoration of the b-GAL activity in b-GAL-defi-
cient OBs after treatment with the cell supernatants from myeloid
cells transduced with LV-enhGLB1. In this setting, we also observed
a trend of KS reduction, suggesting that the enhanced enzyme prop-
erly functioned in human cells. In vivo, we found a significantly higher
b-GAL activity inmice transplanted with humanHPSCs overexpress-
ing the enhanced enzyme. Based on these data, we propose the use of
LV-enhGLB1 for the preclinical development of HSPC-GT strategies
for MPSIVB. Preliminary tests on murine HSPCs from the BM of
Glb1�/� mice showed overexpression and increased b-GAL release
from LV-enhGLB1 transduced cells compared with UT controls.
We further investigated whether differences between the human
and enhanced enzymes could prevent the use of LV-enhGLB1 in pa-
tients. First, we evaluated the trafficking of the enhanced b-GAL in
patient fibroblasts, showing that the enhanced enzyme was internal-
ized through theM6PR as efficiently as the human b-GAL. Moreover,
the enhanced enzyme was correctly targeted into the lysosomal
compartment, as shown by colocalization with the lysosomal marker
LAMP1. No critical alterations were observed in the major endocy-
tosis pathways in patients compared with healthy donor fibroblasts.
In cross-correction assay, patients cells internalized more efficiently
the enhanced b-GAL, measured as increased level of total intracellular
enzyme at different time points post-treatment, which may show a
superior affinity of the enhanced b-GAL to the human M6PR and/
or the combined use of alternative endocytic pathways. Finally, we
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addressed the potential immunological concerns on the enhanced
enzyme overexpression in patients’ cells. Previous preclinical work
showed that anti-transgene T cell immunity could impact on
HSPC-GT efficacy in immunocompetent hosts.54 We therefore tested
the immunogenicity of the human and enhanced enzymes using
T cells from healthy donors challenged with the CM from
HEK293T transduced with the LV-hGLB1 and LV-enhGLB1 at
matched MOI. We did not find any differences in T cell response
neither in primary stimulation nor at re-challenge, suggesting that
the use of the enhanced b-GAL sequence is not expected to pose addi-
tional risks to those related to the administration of a human enzyme
in patients lacking the b-GAL. These results were confirmed using
T cells from a single MPSIVB patient. In any case, we have shown
that the risk of developing an immune response against the transgene
is substantially mitigated in the context of an autologous HSPC-GT
when patients receive a myelo- and lymphoablative preparative
regimen, as demonstrated in MPSI-H patients.25 Moreover, the pre-
clinical data of in vivo GT with an AAV9 carrying the murine
GLB1 transgene demonstrate a phenotypic amelioration and exten-
sion in lifespan of treated GM1mice.49 These findings further support
the clinical feasibility of our approach. In addition, when considering
the cardiac defects associated with impaired elastinogenesis in
MPSIVB patients due to mutations in the GLB1 genetic regions com-
mon to EBP, the use of the murine-derived transgene does not pose a
significantly higher risk of failing to address these symptoms. In fact,
the LV can accommodate the cDNA sequence without the intronic
regions involved in the alternative splicing responsible for EBP
production.55–57

In conclusion, our study has generated preliminary proof-of-concept
data, both in vitro and in vivo, to complete the preclinical develop-
ment of HSPC-GT based on the LV-enhGLB1 in a mouse model of
b-GAL deficiency, which exhibits mild signs of skeletal disease and se-
vere neurological alterations.29 Our initial data on murine HSPCs
from Glb1–/– mice demonstrated supraphysiological levels of
b-GAL enzyme in the progeny of HSPCs transduced with LV-
enhGLB1 (Figure S7) without any observed toxicity in vitro. This
result is consistent with our previous findings for MLD- and MPSI-
H-derived murine HSPCs, suggesting a similar potential for correc-
tion upon transplantation. Our previous experience with MLD and
MPSI-H mouse models demonstrated that ex vivo gene-corrected
HSPCs generate hematopoietic tissue-resident cells, including CNS
macrophage and microglia-like cells.24,58 Similarly, OCs may repre-
sent a tissue-resident source of hematopoietic origin within the skel-
eton. The HSPC progeny leads to supraphysiological levels of the
therapeutic enzyme in the CNS of treated mice, resulting in a com-
plete correction of the neurological manifestation in these diseases,
and significant amelioration of the skeletal alterations which are resis-
tant to correction by HSCT. For the proof-of-concept study using the
LV-enhGLB1 planned for the clinical translation of this project, we
will follow the same approach (LV backbone, transduction protocol,
and conditioning regime) that was successfully used in the preclinical
studies in MLD and MSPI-H mouse models. We believe that this
approach will ensures the local production of b-GAL, likely leading
16 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
to an improvement of neurological symptoms in the Glb1–/– mouse
model.

Our ultimate objective is to progress toward a clinical trial of HSPC-
GT, aiming to address the urgent need for innovative and curative
therapies for MPSIVB and GM1 -gangliosidosis patients, both of
which are caused by b-GAL deficiency. Given the shared pathophys-
iological features of LSDs, the supraphysiological release of the ther-
apeutic enzyme by gene-corrected hematopoietic cells may facilitate
metabolic correction of both skeletal and brain cells, suggesting a po-
tential expansion of the patient population that could benefit from the
proposed treatment.

MATERIALS AND METHODS
Human samples

Healthy donor and MPSIVB patients’ fibroblasts were obtained from
the Telethon Network of Genetic Biobanks (IRCCS Istituto G.
Gaslini, Genova). mPB CD34+ cells were purified from purchased
apheresis products (Hemacare) using the CliniMACS CD34 Reagent
System (Miltenyi Biotec). Human PB samples were obtained from
healthy donors and an MPSIVB patient (protocol TIGET09/
TIGET05) in accordance with local committee approval and with
the Declaration of Helsinki.

In vitro HSPC transduction

For human cell transduction, G-CSF mPB CD34+ cells purchased
from STEMCELL were placed in culture on retronectin-coated
non-tissue culture-treated wells (Takara, T100A) in CellGro medium
(Cell Genix, 20814-0500) supplemented with the following cytokines:
60 ng/mL human interleukin-3 (hIL-3), 100 ng/mL human thrombo-
poietin, 300 ng/mL human stem cell factor (hSCF), and 300 ng/mL
human FLT3-L (all from Cell PeproTech). After 22 ± 2 h of pre-stim-
ulation, cells were transduced at a specific MOI with a single hit of LV
for 14 ± 1 h in the same cytokine-containing medium in the presence
of 8 mM CsH (Merck, SML1575), as transduction enhancer. After
transduction, cells were collected, washed in PBS and plated for
CFU assay and myeloid liquid culture. For murine cell transduction,
HSPCs were purified from the BM of Glb1�/� mice (065435-JAX)
following the Cell Depletion Kit manufacturer’s instructions (Milte-
nyi Biotec, 130-090-858). Murine HSPCs were plated (1 � 106/mL)
for 2 h-pre-stimulation in StemSpan Serum-Free Expansion Medium
(STEMCELL Technologies, 09600), supplemented with 5 ng/mL mu-
rine SCF (mSCF), 10 ng/mL human FLT3, 50 ng/mL murine throm-
bopoietin (mTPO) and 10 ng/mL hIL-3 (all from PreproTech). Cells
were transduced overnight with the different LVs at an MOI of 100.
Transduced cells were washed in PBS and plated for CFU assay and
liquid culture expansion.

CFU assay

Human transduced and untransduced HSPCs were plated in a
methylcellulose-based medium (Methocult H4434; STEMCELL
Technologies) (1,000 cells/plate). After 14 days, colonies were
counted and scored for morphology into erythroid (BFU-E), myeloid
(GM-CFU), and erythroid/myeloid (GEMM-CFU) colonies by light
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microscopy. Single colonies were collected for VCN analysis digital
droplet PCR. Murine transduced and untransduced HSPCs were
plated in a murine specific methylcellulose-based medium (Metho-
cult M3434; STEMCELL Technologies) (500 cells/plate). 14 days
later, colonies were counted and collected for digital droplet PCR
VCN analysis. For BFU-E colony detection, plates were incubated
in a solution containing DAB (3% acetic acid and 30% H2O2, which
stains hemoglobin-containing cells to allow discrimination of BFU-E
precursors from unstained CFU-GM). The number of BFU-E col-
onies was determined by DAB (3% acetic acid +30% H2O2) staining
of hemoglobin-expressing cells.

Myeloid liquid culture

Human transduced and untransduced HSPCs were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) (Corning, 10-016-
CMR) supplemented with 10% fetal bovine serum (FBS) (Euroclone,
ECS0180L), 300 ng/mL hSCF, 60 ng/mL hIL-6 and 60 ng/mL hIL-3
(all from PreproTech). Cells were passaged twice a week at a density
of 0.5� 106/mL and counted using the Bio-Rad TC20TM automated
cell counter for growth curve determination. After 14 days of expan-
sion, cells were collected for VCN, protein and gene expression anal-
ysis. Murine transduced and UT cells were expanded for 10 days in
RPMI 1640 medium (Corning, 10-043-CVR), supplemented with
10% FBS (Euroclone, ECS0180L), 5 ng/mL mSCF, 10 ng/mL
hFLT3, 50 ng/mL mTPO and 10 ng/mL hIL-3 (all from
PreproTech). During the 10-day expansion cells were counted three
times using the Bio-Rad TC20TM automated cell counter for growth
curve determination and collected for VCN and protein analysis.

OC differentiation

OCs were differentiated from the myeloid progeny of untransduced
and transduced human mPB CD34+ cells. Myeloid cells (5 � 105)
were plated in 200 mL of alpha-Minimum Essential Medium (Gibco,
22571020), supplemented with 10% FBS and the following cytokines:
25 ng/mL human recombinant macrophage CFSs; 50 ng/mL human
recombinant receptor activator of nuclear factor kappa-B ligand (all
from PreproTech). Half of the medium was changed twice a week
for 10 days. OC differentiation was evaluated by TRAP assay using
the Tartrate Resistant Acid Phosphatase (TRAP) Kit (Sigma-
Aldrich, 387A-1KT), following the manufacturer’s instruction, and
by RT-qPCR expression of MMP9 and TRAP5b genes.

Determination of b-GAL activity

For intracellular b-GAL activity, protein extract was obtained by re-
suspending cell pellets in 50–150 mL of H2O and 2500 sonication using
the Sonoreaktor UTR200 (Hielscher). Protein concentration was
determined using BCA Protein Assay kit (Bio-Rad, 5000006) using
BSA standards (Thermo Fisher, 23209). 0.1–5 mg of protein extract
diluted in 10 mL of 0.2% BSA was incubated with 20 mL of (0.1 M)
4-methylumbelliferil-b-D-galactopyranoside (4MU-b-gal) (Sigma-
Aldrich, M1633) for 1 h at 37�C. For b-GAL activity in the extracel-
lular medium, 10 mL of CM from UT cells and 10 mL of 1:5 diluted
CM from transduced cells were incubated with 4MU-b-gal for 1 h at
37�C. For medium conditioning, myeloid human and murine cells
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were at a concentration of 2 � 106/mL for 24 h, OCs were plated at
a concentration of 0.5� 106/mL for 24 h and CD4+ T cells were plated
at a concentration of 1� 106/mL for 24 h. At the end of the reaction,
200 mL of stopping buffer (carbonate 0.5 M [pH 10.7], Triton X-100)
were added to each sample and enzymatic activity was measured
as fluorescence emission (450/10) using the FLUOstar Omega
reader (BMG LABTECH). The level of enzymatic activity was calcu-
lated using the fluorescence emission based on known amount of
4-methylumbelliferone standards (nmol) and protein amount (mg).
b-GAL activity was measured upon treatment with M6P (5 mM)
(Sigma-Aldrich, M6876) for 3 h according to the described protocol.
To correlate protein content and enzymatic activity in the CM un-
transduced and transduced (LV-Glb1 WT, LV-Glb1 C2C12, and
LV-GLB1) HEK293T cells, a calibration curve was built upon testing
the enzymatic activity of serial dilutions of a 10 mL solution containing
known concentration of recombinant human (rh) (Biotechne,
6464-GH) or murine (rm) (Origene, TP509735) b-GAL. A logarith-
mic trendline best fitted results of rm b-GAL activity, while linear cor-
relation best fitted rh b-GAL up to 350 nmol/mg/h. The resulting
curves were used to calculate b-GAL protein concentrations based
on measured enzymatic activity (Figure S4A).

In vivo biodistribution study

In vivo studies were conducted according to protocols approved by
the San Raffaele Scientific Institute and Institutional Animal Care
and Use Committee, adhering to the Italian Ministry of Health
guidelines for the use and the care of experimental animals
(IACUC 1246). NOD.Cg-KitW-41J Tyr+ PrkdcscidIl2rgtm1Wjl/ThomJ
(NBSGW) mice were purchased from The Jackson Laboratory
(JAX:026497) and maintained in specific pathogen-free conditions
at San Raffaele Scientific Institute SPF Animal Facility. Transduced
and untransduced human HSPCs (1.95 � 105 cells resuspended in
200 mL of PBS) were infused into 6- to 8-week-old NBSGW mice
by tail vein injection. Human cell engraftment was monitored by
flow cytometry analysis of the PB at 8 and 16 weeks after transplan-
tation, and in the BM and spleen at the end of the experiment
(16 weeks). BM cells were also analyzed for vector integration
(VCN) and b-GAL activity. PB, BM, and spleen samples were
collected from transplanted mice and analyzed using a multi-para-
metric flow cytometry assay. In brief, after RBC lysis with ACK
(STEMCELL Technologies, 07850), BM cells were stained with fluo-
rescent antibodies against human CD45 APC (BioLegend, 304037),
CD19 PE-Cy7 (BioLegend, 302216), CD56 BV510 (BioLegend,
318340), CD90 PE-Cy5 (BioLegend, 328112), CD38 APC-Cy7 (Bio-
legend, 303534), CD3 PE (BD Biosciences, 345765), CD34 FITC
(BD Biosciences, 345801), and CD33 VioBlue (Miltenyi Biotec,
130-099-485). PB cells underwent to the same preparation process
and were stained with fluorescent antibodies against human
CD45 APC, CD19 PE-Cy7, CD56 BV510, CD13 PerCP-Cy5.5
(BioLegend, 30714), CD3 PE, CD34 FITC, and CD33 VioBlue. All
stained samples were acquired through BD FACSCanto II (BD
Bioscience) cytofluorimeter after Rainbow beads (Spherotech,
RCP-30-5A) calibration and raw data were collected through
DIVA software (BD Biosciences). Data were subsequently analyzed
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with FlowJo software v.10.9 (BD Biosciences) and the graphical
output was automatically generated through Prism 10.0.0
(GraphPad software). For b-GAL activity, BM cells (2 � 106)
were lysed, and 0.3 mg of protein extract diluted in 10 mL of 0.2%
BSA was incubated with 20 mL of 4MU-b-gal for 1 h at 37�C. After
the addition of 200 mL of stopping buffer, the enzymatic activity was
measured as fluorescence emission (450/10) at the FLUOstar Omega
reader. The level of enzymatic activity was calculated on the protein
amount and normalized for the corresponding VCN.

Immunofluorescence analysis

MPSIVB fibroblasts were plated at a confluence of 1.5 � 104/cm2 on
coverglass. The day after, MPSIVB fibroblasts were exposed for 12 h
to the CM from UT and transduced cells (HEK293T + LV-human
GLB1; HEK293T + LV-murine GLB1). After two washing in PBS,
MSPIVB fibroblasts were fixed with PFA 4% and permeabilized for
10 min in PBS + 10% FBS + 0.1% Triton X-100. Blocking was per-
formed in PBS + 10% FBS for 40 min and 1 h incubation with goat
serum. Cells were stained overnight at 4�C with the following anti-
body mix: mouse anti-human GLB1 (1:500, R&D, MAB6464), rat
anti-human LAMP1 (1:1,000, Santa Cruz Biotech, sc-19992), and
chicken anti-human vimentin (1:2,000, LSbio, LS-C76822-100). The
day after, cells were washed five times in PBS and incubated with
Alexa Fluor secondary antibodies (Invitrogen, goat anti-mouse 546,
goat anti-rat 488, goat anti-chicken 647). After five washing in PBS,
nuclei were stained with Hoechst (1:10,000, Invitrogen, H3570) and
coverglass were properly mounted using Fluoromount-G Mounting
Medium (Invitrogen) for image acquisition Mounting medium Im-
ages were acquired using the Leica TCS SP5 Laser Scanning Confocal
and analyzed by Fuji.

Transferrin recycling assay

Healthy donor and patient-derived fibroblasts were seeded on
96-well plates at a concentration of 8,000 cells per well and incu-
bated at 37�C. Twenty-four hours later, cells were incubated with
50 mg/mL Alexa Fluor (AF)-488 conjugated transferrin at 37�C
for 45 min to allow receptor/ligand internalization and AF488-
transferrin release into early/recycling endosomes (Loading). Cells
were subsequently incubated in medium containing 50 mg/mL of
unlabeled transferrin to stimulate transferrin receptor recycling
and the subsequent release of AF488-tranferrin (Washout). At 15
and 45 min after washout, cells were treated for 45 s with acid
was solution (150 mM NaCl, 10 mM acetic acid, [pH 3.5]) to re-
move the AF-transferrin non-specifically bound to plasma mem-
brane and fixed with 4% PFA for 7 min. Nuclei were counterstained
stained with Hoechst 33342. AF488-transferrin fluorescence inten-
sity/cell was measured in, at least, 30 fields per well, imaged with
the Opera Phenix (PerkinElmer) with a 40� objective. Image anal-
ysis was performed using Signals Image Artist (PerkinElmer),
Mann-Whitney test followed by Bonferroni correction for multiple
comparison using GraphPad Prism v.8 was performed on the
parameter and the Loading was considered as 100% of fluorescence
whereas the fluorescence intensity of the other time points was
plotted as percentage of loading.
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Analysis of receptor-mediated and fluid phase endocytosis with

Alexa Fluor-labeled BSA and dextran

Healthy donor and patient-derived fibroblasts were seeded on 96-well
plates at a concentration of 8,000 cells per well and incubated at 37�C.
24 h later, cells were starved for 2 h in serum-free IMDMmedium and
then incubated in the same medium containing 100 mg/mL AF488-
BSA for 3 h at 37�C. Cells were then fixed with 4% PFA for 7 min,
nuclei were counterstained with Hoechst 33342. For fluid phase endo-
cytosis assay, healthy donor and patient-derived fibroblasts were
seeded on 96-well plates at a concentration of 8,000 cells per well
and incubated at 37�C. Twenty-four hours later, cells were incubated
with 100 mg/mL of AF568-dextran for 20 min at 37�C in complete
medium and then fixed with 4% PFA for 7 min. Nuclei were counter-
stained with Hoechst 33342.

AF488-BSA or AF568-dextran number of spots/cell was measured
in, at least, 30 fields per well, imaged with the Opera Phenix
(PerkinElmer) with a 40� objective. Image analysis was performed
using Signals Image Artist (PerkinElmer), the number of BSA spots
per cell was obtained by dividing the number of the spots above the
selected threshold by the number of nuclei and Mann-Whitney test
using GraphPad Prism v.8 was performed.

Trafficking of M6PR

Healthy donor and patient-derived fibroblasts were seeded on 96-well
plates at a concentration of 8,000 cells per well and incubated at 37�C.
Twenty-four hours later, cells were incubated with 4 mg/mL of anti-
human CI-MPR mouse monoclonal antibody (Novusbio, cat. no.
NB300-514) for 30 min in complete medium then fixed for 5 min
with methanol at �20�C. Cells were then permeabilised/blocked for
1 h with blocking buffer (0.05% saponin, 0.5% BSA 50 mM NH4Cl
in PBS 1�). The cells were then incubated for 1 h with AF488-conju-
gated anti-mouse antibody (1:400 in blocking buffer) and nuclei were
counterstained with Hoechst 33342. The perinuclear index of
M6PR was analyzed by Signals Image Artist (PerkinElmer); cyto-
plasm was segmented into two fixed regions (perinuclear and
peripheral), and the mean intensity was measured in both areas.
The perinuclear index was obtained by the ratio of the two mean in-
tensities (perinuclear/peripheral).

Immunofluorescence analysis of M6PR/EEA1 colocalization

Healthy donor and patient-derived fibroblasts were seeded on glass
coverslips at a concentration of 3.5 � 104 per well and incubated at
37�C at least for 24 h. Cells were then fixed with 4% PFA for
7 min, permeabilized/blocked for 1 h with blocking buffer and then
incubated for 1 h with anti-M6PR (mouse monoclonal) and anti-
EEA1 (rabbit polyclonal) primary antibodies diluted in blocking
buffer. Cells were then washed three times in PBS 1� and incubated
for 45 min with AF488 conjugated anti mouse and AF568-conjugated
anti rabbit antibodies (1:400 in blocking buffer). Nuclei were counter-
stained with DAPI and then cells were washed twice with PBS 1�
once with water and mounted with Mowiol. Cells were imaged with
Eclipse CI microscope (Nikon, Japan) 60� oil-immersed objective
1.4 NA. The coefficient of colocalization was measured with ImageJ
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by analyzing the intensity of M6PR in EEA1-positive spots (identified
by thresholding and segmenting the image). Statistics analysis was
performed using Mann-Whitney test using GraphPad Prism v.8.

Murine and human recombinant b-GAL endocytosis assay

Patient-derived fibroblasts were seeded on glass coverslips at a con-
centration of 3.5 � 104 per well and incubated at 37�C at least for
24. Cells were then starved for 2 h in serum-free IMDM and then
incubated in the same medium containing 2 mg/mL of either murine
recombinant (mrb-GAL) or human recombinant (hrb-GAL) GLB1
for 15 and 120 min.

Then a two-step immunofluorescence was performed. Cells were first
fixed with PFA 4% for 7 min, permeabilized/blocked for 30 min in
blocking buffer and then incubated for 1 h with anti-LAMP1 (rabbit
polyclonal) primary antibody (1:2,000 in blocking buffer). Cells were
then washed three times in PBS 1� and incubated for 45 min with
AF488 conjugated anti-rabbit antibody (1:400 in blocking buffer)
and cells were then washed twice with PBS 1�. Cell were fixed again
for 5 min with 2% PFA, washed twice with PBS 1� and permeabilized
for 10 min with 0.1% Triton X-100 in PBS 1�, washed for 5 min in
blocking buffer and incubated over night with anti-GLB1 mouse
monoclonal antibody (MAB6464). Cells were then washed three
times in PBS 1� and incubated for 45 min with AF568 conjugated
anti-mouse antibody (1:400 in blocking buffer). Nuclei were counter-
stained with DAPI and then cells were washed twice with PBS 1�
once with water and mounted with Mowiol. Cells were imaged with
Eclipse CI microscope (Nikon, Japan) 60� oil-immersed objective
1.4 NA. b-GAL endocytosis was measured as total intracellular fluo-
rescence by ImageJ. Mann-Whitney test adjusted for Bonferroni
correction for multiple comparisons using GraphPad Prism v.8 was
performed.

Statistical analysis

Except when specifically indicated in the figure legends, data were ex-
pressed as median ± range. Each dot indicates an n, representing a
biologically independent sample/animal/experiment. In the entire
manuscript, Mann-Whitney test was performed to compare two in-
dependent groups. Bonferroni correction was applied in the case of
multiple comparison. Analyses were performed using GraphPad
Prism v.8. Differences were considered statistically significant at
*p < 0.05, **p < 0.01. ns indicates not significant comparison.
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