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Pompe disease is a rare genetic neuromuscular disorder
caused by acid a-glucosidase (GAA) deficiency resulting in
lysosomal glycogen accumulation and progressive myopathy.
Enzyme replacement therapy, the current standard of care,
penetrates poorly into the skeletal muscles and the periph-
eral and central nervous system (CNS), risks recombinant
enzyme immunogenicity, and requires high doses and
frequent infusions. Lentiviral vector-mediated hematopoietic
stem and progenitor cell (HSPC) gene therapy was investi-
gated in a Pompe mouse model using a clinically relevant
promoter driving nine engineered GAA coding sequences
incorporating distinct peptide tags and codon optimizations.
Vectors solely including glycosylation-independent lyso-
somal targeting tags enhanced secretion and improved
reduction of glycogen, myofiber, and CNS vacuolation in
key tissues, although GAA enzyme activity and protein was
consistently lower compared with native GAA. Genetically
modified microglial cells in brains were detected at low levels
but provided robust phenotypic correction. Furthermore, an
amino acid substitution introduced in the tag reduced insu-
lin receptor-mediated signaling with no evidence of an effect
on blood glucose levels in Pompe mice. This study demon-
strated the therapeutic potential of lentiviral HSPC gene
therapy exploiting optimized GAA tagged coding sequences
to reverse Pompe disease pathology in a preclinical mouse
model, providing promising vector candidates for further
investigation.

INTRODUCTION
Pompe disease, or glycogenosis type II (OMIM: #232300), is an auto-
somal recessive metabolic myopathy caused by acid a-glucosidase
(GAA) enzyme (EC 3.2.1.20) deficiency. It is characterized by lyso-
somal glycogen accumulation predominantly in the heart, skeletal
muscle, and central nervous system (CNS).1,2 Infantile-onset Pompe
disease (IOPD) patients have low-level GAA enzyme activity (<2% of
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normal) and display severe muscle weakness. Late-onset Pompe dis-
ease (LOPD) patients have higher residual GAA activity and show a
more protracted disease progression, often becoming wheelchair and
ventilation dependent, with an overall shortened life expectancy.1

The standard of care (SOC) is enzyme replacement therapy (ERT),
which requires lifelong weekly to biweekly recombinant human
GAA (rhGAA) administrations that can prolong the life of Pompe
patients but cannot guarantee long-term symptom-free survival.
ERT acts through cation-independent mannose 6-phosphate receptor
(CI-M6PR) also known as insulin-like growth factor 2 (IGF2) recep-
tor (IGF2R) mediated endocytosis to the lysosome,3,4 which is
complicated by very low rhGAA concentrations reaching the intersti-
tial space, hampering efficient uptake into affected muscle cells.5 In
addition, the currently approved rhGAA has low abundance of
mannose-6-phosphate (M6P), in particular biphosphorylated N-gly-
cans, which are required for high affinity to the CI-MPR, leading to
inefficient cellular uptake.5 Hence, other neo rhGAA with increased
bis-mannose 6-phosphate levels have been investigated in clinical tri-
als (avalglucosidase alfa; ClinicalTrials.gov ID: NCT02782741,
NCT03019406, NCT02032524)6,7 with recent US Food and Drug
Administration approval for LOPD patients. Furthermore, abnormal
M6P trafficking may also hamper uptake.8,9 To address limitations of
ERT and to enhance delivery to the skeletal muscle, a glycosylation-
independent lysosomal targeting (GILT) tag based on IGF2 peptide
that binds with high affinity to the IGF2R was fused to a truncated
ber 2022 ª 2022 The Authors.
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catalytic domain of GAA (reveglucosidase alfa) and demonstrated to
be more effective in clearing glycogen in skeletal muscle in a Gaa�/�

mouse model.10 Reveglucosidase alfa infusions in LOPD patients
were reasonably well tolerated, and initial improvements of respira-
tory strength and ventilatory function were observed, but with limited
effect on walking endurance (ClinicalTrials.gov ID: NCT01230801).11

Alternatively, there have been efforts to treat Pompe disease patients
with adeno-associated virus (AAV) gene therapy,12 as well as preclin-
ical attempts to use the hematopoietic system as a factory to produce
recombinant human rhGAA enzyme.13–15 For treatment of patients
with lysosomal storage disorders (LSDs), such as mucopolysacchari-
dosis I, allogeneic hematopoietic stem and progenitor cell (HSPC)
transplantation is a therapeutic option for patients with a matched
donor, which is not always available. The limited attempts of bone
marrow transplantation for Pompe disease patients have been unsuc-
cessful as a treatment,16 and the low-level expression of endogenous
GAA enzyme in hematopoietic cells is insufficient for cross-correc-
tion. GAA activity in the hematopoietic system in mice is also
low.13 Hence, allogeneic HSPC transplantation is unlikely to be
beneficial, and high-level vector-driven ectopic enzyme expression
in hematopoietic cells would be required to reach clinical efficacy.
In clinical trials, lentiviral-mediated HSPC gene therapy for (neuro)
metabolic diseases, such as X-linked adrenoleukodystrophy, meta-
chromatic leukodystrophy (MLD), Fabry disease, and Hurler disease
provided therapeutic benefit and proved to be safe.17–22 Moreover,
preclinical studies using ex vivo lentiviral vector-mediated overex-
pression of GAA using the spleen focus-forming virus U3 promoter
and partial chimerism of genetically modified cells demonstrated
alleviation of clinical symptoms in Gaa�/� mice.13 Using the line-
age-restricted locus control region of the b-globin chain fused to
the ubiquitous elongation factor 1a short promoter (LCR-EFS) that
boosts expression in the erythrocyte lineage, colleagues showed that
it is safe in murine and human HSPCs, albeit providing partial ther-
apeutic response in skeletal muscle and CNS in Gaa�/� mice.23

Furthermore, in contrast to ERT and AAV therapies, in which im-
mune responses against either rhGAA, viral vector, or transgene
product may reduce efficacy,24–28 allogeneic HSPC transplantation
has been shown to promote immune tolerance induction to infusion
of recombinant a-L-iduronidase in Hurler disease patients.29 In pre-
clinical studies using HSPC gene therapy in Gaa�/� mice, robust im-
mune tolerance induction against rhGAA was also observed.13,14,30

Importantly, liver-directed AAV gene therapy has been reported to
promote immune tolerance induction to rhGAA in Gaa�/� mice by
either restricting expression to hepatocytes,31 low-dose AAV vector
administration,32 or a secretable GAA.33

Nevertheless, AAV serotypes targeting themuscle or liver33 typically do
not effectively deliver transgene product to the CNS, and in turn AAV
serotypes targeting the CNS may not completely address the systemic
pathology, such as cardiac correction.34 The prominent CNS involve-
ment, particularly in aging IOPD patients, could potentially be
addressed through cross-correction of HSPC-derived genetically modi-
fied microglia that produce and secrete the transgene product locally.
Molecular The
To enhance the efficacy of treatment by HSPC gene therapy, we tested
ten lentiviral vectors expressing engineered humanGILT-taggedGAA
sequences in vitro. Nine of these lentiviral vectors were tested in
ex vivoHSPC gene therapy in Gaa�/� mice. Interestingly, we demon-
strated that two GILT-tagged vector sequences with an R37A mutein
were particularly effective in providing biochemical correction in the
heart, skeletal muscles, and CNS, revealing improved efficacy
compared with non-tagged GAA sequence in HSPC gene therapy in
Gaa�/� mice. Additionally, we show that the inclusion of an apolipo-
protein E (ApoE) tag diminished efficacy particularly when posi-
tioned upstream of the GILT tag, and that a Gly-Ala-Pro (GAP) linker
in the catalytic domain of GAA protein35 failed to enhance the GAA
enzyme activity in Pompe mice, dismissing further applications.

RESULTS
Secretion and uptake of genetically engineered GAA through

IGF2R-mediated pathways

Eleven different lentiviral constructs encoding unique human GAA
sequences were generated (Figures S1A and S1B). These included se-
quences with codon-optimized GAA (GAAco) and ten constructs
containing an IGF2 tag fused to the N terminus of the catalytic
GAA sequence (GILTco) as previously described.10 Derivatives of
GILTco were generated to eliminate a consensus furin-cleavage site
(R37A) in the IGF2 sequence.36 Native sequence (GILTm) and three
coding sequences generated through two different codon-optimiza-
tion algorithms (GILTco1-m or GILT-co2-) using GenBank :
Y00839 and a third containing the consensus amino acid GAA
sequence (CCDS database: CCDS32760.1 = GILT-co3-m). Another
two lentiviral vectors contained a tandem repeat sequence of the
ApoE either upstream of the GILT tag (GILTco1-m-ApoE1) or
downstream of the GILT tag (GILTco1-m-ApoE2) to potentially
facilitate enhanced crossing of the blood-brain barrier (BBB).37–39

Furthermore, we introduced a GAP peptide linker within the GAA
amino acid sequence to enhance enzyme activity35,40 (GILTco1-
m-L) and with the ApoE tag (GILTco1-m-ApoE1-L and GILTco2-
m-ApoE2-L).

GAA is poorly secreted by cells.41 Using the signal peptide algorithm
SignalP 5.042 to predict the likelihood of signal peptidase Sec/SPI
cleavage, the likelihood of cleavage of the GILT-tagged GAA (0.98)
was higher compared with the untagged GAA (0.26). Hence, we ex-
pected an increased secretion of the GILT-tagged protein. As antici-
pated, GAA enzyme activity in the cell lysates (Figure 1A) and in
conditioned medium (Figure 1B) was detected in lentiviral vector
transduced HAP1-GAA�/� cells, showing that all nine GILT-tagged
constructs provided improved relative secretion of 3.3- to 16.3-fold
compared with GAAco (Figure S2A), confirming that GILT-tagged
GAA protein is secreted more efficiently than native GAA protein
in vitro. Importantly, the transduced HAP1-GAA�/� cells showed
both the precursor (110 kDa) and mature protein (75–70 kDa)
in the cells (Figure S2B). We further investigated cellular uptake
of the chimeric proteins by IGF2R (Figures 1C and S3). To that
end, GAA-deficient K562 cells (K562-GAA�/�) were derived
through targeted disruption of the GAA gene using CRISPR-Cas9
rapy: Methods & Clinical Development Vol. 27 December 2022 465
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Figure 1. Effective secretion and uptake through IGF2R-mediated pathways

(A) GAA activity in transduced HAP1 GAA�/� cell lysates (n = 3) normalized to VCN, and (B) in conditioned medium from the cells (n = 2–3). (C) GAA activity after incubation

with rhGAA proteins into (1) K562-GAA�/�, (2)GAA�/�IGF2R�/�, or (3)GAA�/�IGF2R�/� + IGF2R vector. Duplicate means connected by a non-linear fit line. (D) GAA activity

after uptake of rhGAA proteins into human Pompe patient fibroblasts. Duplicate means ± SD are shown.
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(Figures S3A–S3C). Subsequently, purified rhGAA, GILT-GAA, and
GILT-R37A-GAA protein, which showed similar GAA enzyme activ-
ities relative to protein concentration (Figures S3D and S3E), were
efficiently taken up by these K562-GAA�/� cells (Figure 1C). After
an additional disruption of IGF2R expression by CRISPR-Cas9
gene editing in K562-GAA�/� cells, IGF2R protein and surface
expression were diminished as shown by flow cytometry and western
blot analysis (Figures S3F–S3I) and, consequently, uptake of rhGAA,
rhGILT-GAA, and rhGILT-R37A-GAA proteins were also reduced
(�3-fold) at the highest concentrations (Figure 1C). Reintroduction
of IGF2R by lentiviral transduction (Figures S3G and S3J) confirmed
uptake through IGF2R by partially restoring cellular uptake of the
three proteins (Figure 1C). Finally, IGF2 binds to a domain on the
IGF2R other than M6P,10 and both GILT-GAA and GILT-R37A-
GAA proteins showed specific competitive inhibition in a cellular
uptake assay via IGF2 administration but not by M6P (Figure 1D).

Genetically modified murine HSPCs provide robust expression

of engineered GAA in Gaa–/– mice

Male donor bone marrow lineage-negative (Lin�) cells derived from
Gaa�/� mice43 (Figures S4A and S4B) transduced with the chimeric
466 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
GAA vectors (nine groups) or GAAco (Table S1) were intravenously
infused into 7.5-Gy-irradiated female Gaa�/� mice. The GILTco1-m
variant was also transplanted in 9-Gy-irradiated or Busulfex-condi-
tioned Gaa�/� mice. Controls included treatment-naive Gaa�/� or
Gaa+/+ mice, and transduction controls containing MND.GFP vector
transduced Lin� cells. Lin� cells efficiently transduced at a vector
copy number (VCN) range of 0.9–4.6 assessed on day 7 of liquid cul-
ture (Figure S5A). Total frequency of colony-forming units (CFU) of
transduced Gaa�/� Lin� cells showed no significant differences be-
tween non-transduced, GFP vector or chimeric GAA vector variants
(Figure S5B; p = 0.277, one-way ANOVA).

The lentiviral vector transduced maleGaa�/� Lin� cells reconstituted
Gaa�/� female mice and produced steady supraphysiological GAA
enzyme activity levels in peripheral blood (PB) leukocytes ranging
from �30-fold to over 100-fold increase when compared with
Gaa+/+ mice (median 0.64 nmol/mg/h; weeks 5, 9, 13, and 15; Fig-
ure S5C). Likewise, in the GFP control groups, the percentage GFP-
positive PB leukocytes remained steady (mean percentage of GFP
between 62.7% ± 20.7% and 80.3% ± 4.5%) in recipient GFP-treated
mice that were engrafted with donor cells until end of study at week
ber 2022
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16 (Figure S5D) as well as in the bone marrow and spleen (Fig-
ure S5E), except for four out of nine mice that received Busulfex con-
ditioning which presented with engraftment failure defined by <5%
GFP+ cells in hematopoietic tissues. Remarkably, at week 16 GAA
enzyme activity in the bone marrow was �16- to 275-fold higher in
gene-therapy-treated mice compared with non-treated Gaa+/+ mice
(median 7.42 nmol/mg/h, Figure 2A) and GFP-treatedGaa+/+ control
mice. Supraphysiological GAA enzyme activity was also measured in
splenocytes (Figure S5F). The GAAco exhibited consistently higher
GAA enzyme activity than the GILT-tagged variants across PB,
bone marrow (�2- to 17-fold increase compared with all other
GILT-tagged groups, Figures 2A and S5C), and spleen (�1.6- to
10-fold increase compared with all other GILT-tagged groups, Fig-
ure S5F). No major difference in GAA enzyme activity between the
GILTco and GILTco1-m (containing the R37A mutein) was detected
in cell pellets. While the efficacy of the GILTco1-m was similar to that
of the non-codon-optimized GILTm, the other codon-optimized
GILTco2-m elicited slightly lower (�2-fold) GAA enzyme activity
in bone marrow and spleen (Figures 2A and S5F). Of note, the perfor-
mance of the GILTco3-m, carrying the consensus GAA sequence, was
significantly higher in spleen than that of the GILTco1-m, albeit rep-
resenting a 2.4-fold increase in enzyme activity (Figure S5F). Surpris-
ingly, the inclusion of the GAP linker within the GAA sequence in the
GILTco1-m-L showed no enhanced GAA enzyme activity compared
with the GILTco1-m, and the incorporation of ApoE upstream of the
GILT tag resulted in much lower cellular GAA enzyme activity,
consistent with our previous in vitro observations (Figures 2A, S5C,
and S5F). However, when changing the position of the ApoE tag in
the coding sequence, the GILTco1-m-ApoE2-L provided higher
GAA enzyme activity, which was significant in spleen of mice (Fig-
ure S5F). Overall, GILTco3-m generally produced the highest activ-
ities of all the GILT-tagged constructs (Figures 2A, S5C, and S5F).
The therapeutic transgenes contain the woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) sequence, which
was detected by WPRE fluorescence in situ hybridization (FISH)
staining in the spleen (Figure S5G). In addition, immunohistochem-
ical staining also showed clear localization of GAA and the GILT-
tagged protein in a spleen of a GILTco1-m-treated mouse. Signal
was not detected in a GFP-treated mouse (Figure S5G). We further
investigated proper maturation of GILT-tagged GAA protein by west-
ern blot analysis, which showed variable ratios of the 110-kDa GAA
precursor protein, as well as 95-kDa intermediate and lysosomal
matured 70–75 kDa GAA forms in bone marrow (Figure 2B). GAA
protein levels were generally lower in the GILT-tagged groups
Figure 2. High levels of GAA in hematopoietic compartment

(A) GAA enzyme activity in bone marrow cells. Individual values, group medians, and in

GILT-tagged variants; GILTco1-m versus treatment groups (n = 10).n-treated. (B)Wester

GAA species (75–70 kDa). Loading control: anti-b-actin (n = 3). (C) GAA enzyme activit

Gaa�/� –/-, and Gaa+/+ with treated groups (n = 8-13). (D) Western blot analysis of rep

monoclonal antibody. (E) Correlation analysis between plasma GAA enzyme activity a

depicted by red triangles. (p < 0001). (F) VCNmeasured in bone marrow cells comparing

m (n = 9–10). (G) Urinary Hex4 at week 16 post transplant; individual values, groupmedia

GAAco Kruskal-Wallis test and Dunn’s test for multiple comparison between the treatm

**p < 0.01, ***p < 0.001, and ****p < 0.0001. ns = not significant. Bu = Busulfex.
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compared with the GAAco group (10 out of 11 groups with 90%–

32% relative to GAAco group; Figure S5H). However, in the GILT-
tagged groups, the relative abundance of the GAA precursor protein
was �2.5-fold higher than in the GAAco group, and the GAAco
group contained 44% more mature protein (Figure S5I).

Furthermore, the GAA enzyme activity levels in plasma showed a 2.7-
to 4.2-fold increase in the gene-therapy-treated groups compared
with the baseline signal detected in untreated Gaa�/�, Gaa+/+, and
treatment control MND.GFP mice (Figure 2C), and the secreted
GAA precursor protein was confirmed in plasma as well
(Figures 2D and S5J). Strikingly, the performance of the GILTco1-
m group was indistinguishable from the GAAco group. Seemingly
connected to the low GAA enzyme activity in the bone marrow cell
pellets, the GAA enzyme activity originating from GILTco2-m and
GILTco1-m-ApoE1 was consistently lower when compared with
the GILTco1-m, while the enzyme activity obtained from the
GILTco1-m-ApoE2-L construct was found to be significantly higher
in mouse plasma.

Interestingly, the GILTco1-m groups had similar GAA enzyme activ-
ity levels in PB cellular pellets and plasma across the 7.5 Gy, 9 Gy, or
Busulfex conditioning regimens, but bone marrow and spleen were
lower in the 9 Gy or Busulfex groups (Figures 2A–2D, S5C, and
S5F). Only one out of ten mice in the Busulfex group presented
engraftment failure, suspected by undetectable GAA enzyme activity
and very low VCN.

Our enzyme activity results in plasma were supported by a strong
positive correlation with the GAA protein concentration in the
plasma (Figure 2E; p < 0.0001). Further quantification of the GAA
protein in the plasma confirmed the highest values in groups
GILTco3-m (1.51 ± 0.4 mg/mL, n = 10) and GILTco1-m-ApoE2-L
(1.81 ± 0.95 mg/mL, n = 10), while the lowest values were seen in
the GILTco1-m-ApoE1 group (0.15 ± 0.05, n = 10). The GAA protein
plasma concentration ranged from 0.03 to 4.4 mg/mL (Figure S5J) in
all the groups and was predominantly higher in the GILT-tagged
GAA groups. Furthermore, we estimated the in vivo GAA relative
secretion in plasma by calculating the GAA enzyme activity in
plasma/GAA enzyme activity in leukocytes, and found it to be signif-
icantly increased in seven out of nine vector groups ranging from
2.04- to 3.36-fold compared with the GAAco vector group (Fig-
ure S5K; GILTco3-m and GILTco1-m-ApoE2-L versus GAAco; not
significant). Since the plasma only contains the precursor GAA
terquartile range are presented; Gaa+/+ versus treated (dotted line); GAAco versus

n blot analysis of bonemarrow lysates showing both precursor (110 kDa) andmature

y in plasma at week 16 post transplant, comparing non-treated Gaa+/+with treated

resentative plasma samples (n = 3) at week 16 post transplant using an anti-GAA

nd plasma GAA protein concentration by simple linear regression. GILTco3-m is

GAAco-treated group with GILT-tagged variants, and GILTco1-m versus GILTco3-

ns, and interquartile ranges are presented (n = 4–10). UntreatedGaa�/�mice versus

ent arms. (A, C, and F) Exact Wilcoxon rank-sum test comparing arms. *p < 0.05,

ber 2022
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protein, this was used to determine the GAA activity per protein con-
tent. In the GAAco group, the native GAA protein showed higher
GAA activity per protein than all other GILT-tagged groups, except
the GILT1co-m-ApoE construct with the ApoE feature downstream
to the GILT sequence (Figure S5L).

Alongside the biochemical assays, we interrogated the lentiviral VCN
per cell (or diploid genome) in bone marrow, which supported the
restoration of the GAA enzyme activity in the hematopoietic tissues
(Figure 2F). We observed in the bone marrow of GAAco and
GILTco3-m groups the highest median VCN of 3.7 and 3.5, respec-
tively. Besides, the animals in the GILTco3-m group presented signif-
icantly higher VCN than in the GILTco1-m group (1.3-fold) (Fig-
ure 2F). Higher VCNs were observed in the lentiviral GFP control
groups (median and range in the Gaa�/� GFP group is 10.5 ± 5.8,
n = 10; GFP [Bu] 10.9 ± 11.8, n = 5; and Gaa+/+ GFP 9.1 ± 13.8,
n = 10; Figure S5M). We observed overall lower GAA enzymatic ac-
tivity per VCN in the animals treated with the GILT-tagged vectors
compared with the animals in the GAAco group, and expectedly
the animals treated with GILTco1-m-ApoE1 exhibited the lowest
VCN compared with the animals in other GILT-tagged groups
(Figure S5N).

We also interrogated engraftment in our gene therapy sex-mis-
matched transplant model. We observed that male donor cell chime-
rism by Y chromosome qPCR showed similar chimerism across
groups (Figure S5O), indicating that the GAA variants utilized in
the study did not influence engraftment outcome. Besides, the ani-
mals which received 9 Gy conditioning presented, as anticipated,
the highest donor chimerism (Figure S5O).

Consistent with robust GAA expression, Hex4, a urinary biomarker
for monitoring ERT rhGAA efficacy, was significantly lower in the
therapeutic groups encompassing GAAco, GILTco, GILTco1-m,
and GILTco3-m compared with the Gaa�/� mice at 16 weeks (Fig-
ure 2G). Altogether, the data showed a supraphysiological activity
that was maintained until 16 weeks after transplantation and an ex-
pected shift toward the secretory pathway using the GILT-tagged
constructs.

Genetically modified murine HSPCs with engineered GAA clear

glycogen in heart and skeletal muscles

At 16 weeks post infusion of genetically modified HSPCs, GAA
activity in the cardiac tissue in the majority of gene-therapy-treated
Gaa�/� mice was restored to close to normal levels as in the wild-
type Gaa+/+ group and Gaa+/+ GFP mice (6.3–6.4 nmol/h/mg; Fig-
ure 3A), with the exception of the ApoE-tag-containing GILTco1-
Figure 3. Robust correction in heart of Gaa–/– mice

(A) GAA enzyme activity in the heart of treated Gaa�/� mice; Gaa+/+ versus treatment gr

species (75–70 kDa; n = 3). (C) Reduction of lysosomal glycogen in the heart is show

treatment groups. (D) Representative PAS staining images of heart for glycogen (purple s

mass with group comparison for Gaa�/� versus Gaa+/+ and versus GAA variants (n = 8–

rank-sum test p value comparing arm versus Gaa+/+ or Gaa�/�. *p < 0.05, **p < 0.01,
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m-ApoE1 variant and the GILTco1-m-ApoE2 variant, which were
lower performers (�2.7-fold lower than the GILTco1-m group;
p < 0.0001, and p < 0.0164, respectively). The highest restoration of
GAA enzyme activity was observed in the mice transplanted with
GAAco vector (21.5 nmol/mg/h), followed by mice in the GILTco-
3-m group (14.7 nmol/mg/h), with 2.3-fold supranormal activity of
wild-type Gaa+/+ mice (Figure 3A). Of note, GAA enzyme activity
in the 7.5 Gy GILTco1-m mice was similar to the 9 Gy and Busulfex
treatment groups, albeit significantly lower than the GILTco3-m
mice. Furthermore, the heart GAA enzyme activity aligned with
GAA protein content (Figures 3B and S6A), and the processed mature
form of the lysosomal GAA protein of 70–75 kDa was the most prom-
inently detected (Figure 3B).

Previous studies showed that lentiviral HSPC gene therapy using
a GAA transgene effectively reduced heart glycogen accumula-
tion.13,15,23 In our study more than 99% reduction was observed in
the animals in all the therapeutic groups, with the exception of
mice in the GILTco1-m-ApoE1 group in which glycogen remained
at 21% of untreated Gaa�/� mice (441.44 mg glycogen/mg protein;
Figure 3C) at week 16. Remarkably, the GILTco1-m variant per-
formed better than the GAAco treatment group. Similarly, robust
glycogen reduction was observed in the heart of mice treated with
the GILTm and GILTco3-m. In contrast, the animals treated with
GILTco1-m-ApoE1 variant and the GILTco1-m-ApoE2 variant
showed poor glycogen reduction (Figure 3C). Expectedly, quantifica-
tion of periodic acid-Schiff (PAS) and hematoxylin and eosin
(H&E) staining performed in hearts of selected groups confirmed
significant reduction of glycogen and typical myofiber/vascular vacu-
olation in the GAAco group, albeit at greater extent in the GILTco,
GILTco1-m, and GILTco3-m treatment groups (Figure 3D;
Tables S2 and S3).

Cardiac hypertrophy is a hallmark of IOPD patients and Gaa�/�

mice, and we investigated the efficacy of our constructs to reduce
the heart pathology.1,43 Notably, significant heart muscle mass reduc-
tion was observed in the non-GILT-tagged and GILT-tagged treat-
ment groups acquiring similar heart mass as the Gaa+/+ group, with
the exception of animals in the GILTco1-m-ApoE1 and GILTco1-
m-L groups, in which heart muscle mass remained at Gaa�/� mice
levels (Figure 3E).

Next, we investigated the efficacy of our variants in reducing the
accumulation of glycogen in several skeletal muscles. In the dia-
phragm and the hindleg muscle quadriceps, tibialis anterior, and
gastrocnemius, the highest GAA enzyme activity was detected in
the GAAco group followed by the GILTco3-m group (average all
oups. (B) Western blot analysis of heart tissue lysates with presence of mature GAA

n with treated compared with non-treated Gaa�/� mice, and GILTco1-m to other

tain) of non-treated versus treated groups. Scale bars, 50 mm. (E) Reduction of heart

10). Individual values, group medians, and interquartile ranges are shown. Wilcoxon

***p < 0.001, and ****p < 0.0001. NT = non-treated. Bu = Busulfex.
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skeletal muscles: 5.7-fold and 3.5-fold increase toGaa+/+, respectively;
Figures 4A–4D, left). In the majority of other therapeutic groups,
GAA enzyme activity was restored to normal levels in Gaa+/+ mice.
Western blot analysis of gastrocnemius tissue (Figures 4E and S6B)
showed more mature 70–75 kDa GAA protein in the GAAco and
GILTco3-m group than in all other groups.

Lentiviral targeted HSPC gene therapy carrying the GAA transgene
historically presented lower efficacy in glycogen reduction in skeletal
muscle such as the diaphragm, and more prominently hindleg mus-
cles (quadriceps, tibialis anterior, and gastrocnemius).13 Using lenti-
viral-driven GAA variants we demonstrated that robust glycogen
clearance was feasible in skeletal muscles of mice of all treatment
groups (Figures 3A–3D, right), with the exception of the GILTco1-
m-ApoE1. Of note, in skeletal muscles glycogen was significantly
reduced in the GILT-tagged treatment groups. Particularly the
GILTco1-m exhibited �3% in diaphragm and 24%–35% in hindleg
muscles of Gaa�/� glycogen levels, while mice in the GILTco3-m
treatment group presented�1% in diaphragm and 10%–17% in hind-
leg muscles of Gaa�/� glycogen levels. These values in GILTco1-m
and GILTco3-m were �2.3-fold and �5-fold lower, respectively,
compared with the GAAco group (p < 0.001; glycogen in GAAco
group in diaphragm = 12%, gastrocnemius = 77%, quadriceps =
57%, and tibialis = 60% of Gaa�/� mice glycogen levels). In gastroc-
nemius, quadriceps, and tibialis, mice in the GILTco3-m treatment
group achieved significantly better efficacy in glycogen reduction
than mice in the GILTco1-m treatment group (�40%–65% more
glycogen reduction). PAS staining and quantification (Figures 4F
and S7; Table S2) in selected samples confirmed the greater reduction
in glycogen and myofiber vacuolation pathology in the GILTco1-m,
and particularly in the GILTco3-m treatment group (Figure S8 and
Table S3). The data in heart and skeletal muscle showed that heart pa-
thology can be addressed effectively with GAAco and GILT-tagged
GAA constructs, but that GILT-tagged GAA is more effective in
resolving skeletal muscle pathology.

GILT-R37A tag rescues CNS pathology

We then investigated whether HSPC gene therapy could penetrate the
CNS and provide biochemical correction through local presence of
genetically modified microglia. GAA enzyme activity in the cere-
bellum in the GAAco, GILTco, GILTco-1-m (9 Gy), GILTco1-m-
ApoE2, and GILTco1-m-ApoE2-L groups was significantly higher
compared with untreated Gaa�/� mice (p < 0.0001, p = 0.0279, p =
0.0029, p = 0.0029, and p = 0.0288; respectively) (Figure 5A, left).
However, the GAA enzyme activity levels never came close to that
of non-treated Gaa+/+ mice, e.g., wild-type levels of �30% with
GAAco, 18% with GILTco1-m (9 Gy), and less than�6% in the other
Figure 4. Effective correction in skeletal muscles of Gaa–/– mice by GILT tag

(A–D) Left panel shows GAA activity and right panel shows glycogen content. (A) Diaphra

groupmedians, and interquartile ranges. Exact Wilcoxon rank-sum p value compared w

treated. Bu = Busulfex.*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns = not s

lysates with presence ofmature GAA species (75–70 kDa). Loading control: GAPDH (n =

treated versus non-treated groups. Scale bars, 50 mm.
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therapeutic groups. In contrast, in the cerebrum only the GAAco
group showed detectable GAA activity that was above non-specific
signal in Gaa�/� controls (1.16 nmol/mg/h versus 0.36 nmol/mg/h;
p = 0.0001, GAAco versus Gaa�/�, respectively) (Figure 5B, left).
Mature GAA protein was predominantly observed in cerebrum,
which was �6.7-fold higher in the GAAco group when compared
with the GILT-tagged groups (Figures 5C and S6C).

Despite the low GAA activity and protein content in cerebellum and
cerebrum, glycogen was significantly reduced (e.g., <99% in GILTco-
1-m and GILTco-3-m), except in the GAAco (p not significant, both
74% versus Gaa�/� (NT) groups) and GILTco1-m-ApoE1 (p not sig-
nificant) groups, which were indistinguishable from Gaa�/� mice
(Figures 5A and 5B, right), with the GILT-tagged variants showing
superior performance, which was maintained with the R37A substitu-
tion. Furthermore, reduction in PAS staining intensity of the cerebral
cortex, cerebellum, and cervical spinal cord was observed, including
in spinal cord motor neurons (Figure 5D, for quantification see Fig-
ure S7 and Table S2). As a consequence of glycogen reduction,
neuronal/axonal vacuolation was reduced in the GILT-tagged groups
(Figure 5E). In addition, vascular vacuolation ranged fromminimal to
moderate in the Gaa�/� controls; however, in GILT-tagged treated
mice vascular vacuolation was minimal to mild (Table S4).

To measure the efficacy of conditioning to promote engraftment of
donor genetically modified cells in the brain of Gaa�/� mice, we uti-
lized the GFP vector groups. Of all the GFP-positive mononuclear
cells in the whole brain across all the groups that received GFP+

HSPCs (Busulfex group and both 7.5 Gy in Gaa�/� and Gaa+/+

mice) 53.3% ± 17.2% (n = 19) co-expressed the microglial marker
Iba1, and these cells that showed colocalization exhibited a microglial
morphology (Figure 6A). The extent of genetically modifiedmicroglia
in the microglial population in the whole brain was on average simi-
larly low across the groups (GFP [Bu] 0.91 ± 0.76, n = 5, GFP 1.87 ±
0.95, n = 7, Gaa+/+ GFP 2.5 ± 1.0, n = 7), although the Busulfex-
treated group resulted in the lowest GFP+ percentages, as assessed
by Iba1+/GFP+ cells within the Iba+ population, comparable with per-
centages in cortex and hippocampus (Figure 6B).

Furthermore, colocalization of Iba1+ and WPRE-containing tran-
scripts by FISH in multiple brain regions of GILTco1-m-treated
mice showed rare positive cells in multiple brain regions CA2,
CA3/CA4, corpus callosum, and dentate gyrus, although the presence
of Iba1+/WPRE+ cells was more prominent in cortex and hippocam-
pus. However, the signal was highly variable between animals (Fig-
ure 6C), e.g., percentages of Iba1+/WPRE+ cells were highest in the
GILTco1-m (9 Gy) group (0.87% ± 1.07%; n = 7) and in hippocampus
gm, (B) gastrocnemius, (C) quadriceps femoris, (D) tibialis anterior. Individual values,

ithGaa+/+ orGaa�/� group, and GILTco1-m compared with other groups. NT = non-

ignificant (n = 8–10). (E) Western blot analysis of representative gastrocnemius tissue

3). (F) PAS staining of heart, diaphragm, and quadriceps for glycogen (purple stain) of
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Figure 5. GILT-tag GAA required for resolving pathology in CNS: GAA enzyme activity in the cerebrum and cerebellum of Gaa–/– mice

(A and B) Left: GAA activity; right: glycogen. Values are for individual animals, represented as group medians and interquartile range. Exact Wilcoxon rank-sum p value

comparing treatment groups versus Gaa+/+ or Gaa�/� or GAAco (n = 8–10). **p < 0.01, ***p < 0.001, and ****p < 0.0001. NT = non-treated. Bu = Busulfex. (C) Western blot

analysis of cerebrum detecting mature GAA species (75–70 kDa). Loading control: GAPDH (n = 3). (D) PAS staining images of brain and spinal cord sections for glycogen
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(2.96% ± 3.49%, n = 7) (Figure 6D), and lowest in the GILTco1-m
(Bu) group (<0.3% on average). Total levels of Iba1+ cells in the
cerebral cortex and hippocampus showed no significant difference
between control Gaa�/�, Gaa+/+, or the 7.5 Gy, 9 Gy, or Busulfex
GILTco1-m groups (Figure S9). These data showed that GILT-tagged
GAA was required for robust restoration of CNS pathology.

GILT-R37A does not perturb insulin signaling, blood glucose, or

hematopoiesis

The use of reveglucosidase alfa, an IGF2-tagged GAA analog, induced
transient hypoglycemia at high-dose infusions in a proportion of
treated LOPD patients.11 Hence, we developed a reporter assay to
investigate the ability of the GILT-R37A-tag modification to induce
insulin signaling (Figure S10). High rhGILT-R37A-GAA protein con-
centrations did not produce a reporter signal, as compared with
strong responses detected by low concentrations of insulin, and 10-
to 1,000-fold lower activation by IGF2 and GILT-GAAco protein in-
cubation (Figure 7A). Additionally, if off-target effects such as insulin
signaling occurred by application of the GILT-R37A tag, we would
expect a reduction in blood glucose levels in mice treated with
GILT-R37A-tag variant, and therefore increased group mortality.
Nevertheless, blood glucose levels were similar across treatment
groups and controls until the end of the study (Figure 7B, glycemia
prior to termination; and weeks 5, 9, and 13 in Table S5). In addition,
the overall survival in the GILT-tagged treatment groups (N = 110
mice) until week 16 was high. Only three mice were preterminally
fated (one in the GILT.GAAco group on day 3, one in the
GILT.R37A.GAAco on day 58, and one in the GILT.R37A.GAAco
on day 103), and no mouse died in the GILTco3-m group which
had the highest GAA enzyme activity and VCN/diploid genome. In
the GFP transplanted control groups (N = 33), one animal was found
dead on day 9. Taken together, these data show that there is no un-
usual sign or trend indicating that hypoglycemia has occurred in
the treatment groups.

Other potential long-term blood glucose perturbations assessed by
glycated hemoglobin levels (%HbA1c) were within normal range in
therapeutic and controls groups, suggesting no obvious evidence of
blood glucose dysregulation in the GILT-tagged GAA-treated mice
(Figure 7C).

Finally, hematopoiesis was assessed in PB at monthly intervals and
at termination. The erythroid and platelet, as well as myeloid and
lymphoid populations, i.e., CD11b+Gr1+ myeloid cells, B220+ B lym-
phocytes, and CD3e+CD4+ and CD3e+CD8+ T lymphocyte popula-
tions were comparable between the different study groups and condi-
tioning regimens over time (Figure S11 and Table S6, week 16). At
termination, bonemarrow and spleen populations were similar across
study groups (Tables S7 and S8). Overall, this demonstrated that len-
(purple stain) depicted in non-treated versus treated groups. Top three panels: cereb

molecular and granular layers; arrow indicates Purkinje cells. Scale bars, 50 mm. Botto

region (top right panel) and the ventral horn region (bottom right panel). Scale bars, 25

vacuolation severity scores (n = 5 per group).
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tiviral HSPC gene therapy using GILT-R37A or other tag combina-
tions did not perturb engraftment and differentiation of mouse
HSPCs in Gaa�/� recipient mice. The supraphysiological GAA levels
were well tolerated with no increased mortality. Only one animal in
each of the GILTm, GILTco1-m, GFP, and GILTco treatment groups
were found dead or preterminally euthanized, but these were isolated
events unrelated to the vector constructs tested. The safety assessment
of the R37A substitution confirmed the enhanced safety profile of
the GILT-R37A tag with reduced insulin signaling in an in vitro
assay, with no measurable deleterious effect on glucose levels or
hematopoiesis.

DISCUSSION
The SOC for Pompe disease patients is ERT with biweekly rhGAA in-
fusions over the course of the patient’s lifetime, requiring high doses
of 20 mg/kg body weight, which represents �10- to 20-fold higher
than ERT requirements of Fabry and Gaucher disease.44,45 Further-
more, weekly ERT at 40 mg/kg is administered to selected IOPD
Pompe disease patients to reach therapeutic efficacy.24,46 The clinical
efficacy of the approved SOC is limited by suboptimal GAA enzyme
uptake in target cells, poor receptor availability on target tissue, and
inability of rhGAA to cross the BBB to address the neurological im-
pairments. New therapies, including gene therapy, are currently being
developed to address these limitations and to enhance delivery to the
CNS and the skeletal muscles. Alternatively, in neurometabolic LSDs,
such as MLD and Hurler syndrome, allogeneic stem cell transplanta-
tion may be applied, but this risks transplant-related complications
and is dependent on endogenous expression of the lysosomal protein
in hematopoietic cells, which may restrict effective cross-correction,
emphasizing the need to improve clinical outcomes by boosting ther-
apeutic protein levels.47,48

To this end, nine lentiviral vectors with a clinically relevant promoter
driving the expression of engineered GILT-tagged GAA variants de-
signed to improve efficacy in mouse HSPC-mediated gene therapy for
Pompe disease were investigated in this study. Most of the variants
investigated conferred supraphysiological expression of GAA enzyme
activity and increased GAA secretion from hematopoietic cells in
Gaa�/� mice, which resulted in glycogen reduction and resolved
Pompe disease pathology in key target tissues including heart, skeletal
muscle, and CNS of animals in the treatment groups. Using GILT-
tag technology, high-abundance biphosphorylated glycans are not
required for uptake in target tissues, and we showed that the GILT-
R37A-GAA protein, devoid of the furin-cleavage site in the IGF2
moiety, was effectively taken up by cultured cells through its IGF2-
binding site on IGF2R. We further interrogated the efficacy of tag
technology incorporating additional tags, such as a tandem repeat
ApoE peptide, which was fused to the N terminus upstream or down-
stream of the IGF2 moiety of the GAA sequence separated by a short
ral cortex, cerebellum, and spinal motor neurons. Cerebellum sections show the

m panel: PAS staining of the cervical spinal cord regions, indicating the dorsal horn

0 mm for high magnification and 50 mm for low magnification. (E) Neuronal/axonal
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GAP linker, aiming to enhance BBB crossing and CNS delivery in vivo
in Gaa�/� mice. However, these sequence incorporations did not
enhance CNS pharmacodynamics in vivo in our study, in contrast
to results reported by Gleitz et al. showing that ApoE-tagged iduro-
nate-2-sulfatase enzyme resulted in improved reduction of substrate
and inflammation in CNS of Ids�/� mice.39 We suspect that posi-
tioning of IGF2, ApoE, and GAA peptide sequences affected effective
production, at least for the ApoE1 construct, in our study or
hampered the capacity of the ApoE-tagged proteins to dock to their
cognate receptors,38 although this would require further investiga-
tion. Likewise, including a GAP linker in the protease 3 site of our
therapeutic transgene,35,40 designed to boost the GAA enzymatic ac-
tivity in GILTco1-m-L and GILTco1-m-ApoE2-L treatment groups,
did not enhance biochemical correction. Further attempts were
directed to recoding the transgene to enhance expression and protein
translation, which can augment up to 10-fold higher transgene
expression and production,49–52 and this could improve the therapeu-
tic enzyme biodistribution. However, similarly to another study using
codon-optimized GAA for AAV therapy,33 the codon-optimization
algorithms investigated in our study did not dramatically enhance
GILT-R37A-GAA protein production, which suggests that the GAA
sequence may already be optimal for mammalian transcription and
translation.

Among the variants tested, the GAAco construct consistently resulted
in significantly higher GAA enzyme activity and protein in hemato-
poietic cells and tissues, but not in plasma, suggesting that the GAA
protein seems less amenable to being secreted. This was confirmed
by the relatively lower levels of precursor protein and the predomi-
nant presence of the mature GAA protein in the bone marrow of
the GAAco group. This in part may explain the higher enzyme activ-
ities measured in the hematopoietic tissues of the GAAco group, espe-
cially because GAAmaturation increases affinity for glycogen by 7- to
10-fold.35 In the transduced cells in the GAAco group, the GAA pro-
tein is expected to be preferentially targeted to the lysosome by the
GAA signal peptide and retained within the cells, as opposed to tar-
geted to the secretory pathway through the IGF2 signal peptide in the
GILT-GAA groups. In addition, this may contribute to the higher
enzyme activities and GAA protein measured in the tissues, since he-
matopoietic stem cell (HSC)-derived residual transduced hematopoi-
etic cells and resident tissue macrophages may produce part of the
GAA enzyme activity measured in the tissue homogenates. Further-
more, in the study by Maga et al.,10 a correlation was also not found
between glycogen clearance and GAA enzyme activity when rhGAA
and BMN 701 were compared. It was hypothesized that this could be
Figure 6. Lentiviral vector expression in brain structures

(A) GFP-positive microglia in brain tissues. Representative images of regions of interest (R

(higher magnification). ROIs included piriform cortex dentate gyrus, hypothalamic nucle

animals served as controls. Bu = Busulfex. (B) Percentage of GFP+ cells in themicroglia (I

with noGFP+ cells in peripheral blood leukocytes, bonemarrow, and spleen were exclud

NT = non-treated. *p < 0.05 (C) FISH colocalization of WPRE RNA (yellow) signal within

group. Top: Gaa�/� animals. Bottom: GILTco1-m. Representative ROIs include cortex

WPRE+ cells in the Iba1+ microglial cell population for the cortex and hippocampus. M
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due to preferential accumulation of GAA enzyme in capillary endo-
thelial vasculature in muscle tissue, glycosylation deficits, lower affin-
ity to the CI-M6PR, and autophagic buildup that affects lysosomal
targeting to muscle fibers in Pompe disease, as discussed in the liter-
ature,53–55 which could hamper GAA protein being effectively taken
up in muscle fibers.56 Owing to the high affinity IGF2 tag, GILT-
tagged GAA may overcome these barriers more efficiently. As sug-
gested previously for BMN 701,10 it may be that M6P on the GILT-
tag protein is considerably lower than the levels on native GAA,
which may have affected protein activity, as observed in plasma in
our study, but not uptake and lysosomal targeting of GILT-GAA.
Although we showed a change in relative distribution of GAA species
in bonemarrow cells, improved secretion, and lower GAA activity per
protein in the plasma in the GILT-tagged groups, we did not find
experimental evidence that factors, such as glycosylation deficits,
autophagy or unproductive targeting to endothelial vasculature,
played a role in the lower enzyme activities measured in the target
tissues, although higher efficacy achieved in CNS and skeletal muscle
using the GILT-tagged constructs, and this would require further
investigation.

In our study, and consistent with prior publications which reported
that heart and diaphragm typically respond better than skeletal mus-
cle to treatment in both Gaa�/� mice and IOPD patients,31,57 almost
all the chimeric constructs reduced the glycogen deposits to undetect-
able levels in the heart (>99%). Similar efficacy was observed in the
diaphragm and gastrocnemius of the GILT-tagged GAA vector-
treatedGaa�/�mice with near complete myofiber glycogen clearance.
The quadriceps and tibialis anterior containedmore residual glycogen
at 16 weeks after transplantation of genetically modified cells, likely
related to the different myofiber type and/or short duration of the
follow-up period. Therefore, we postulate that improved efficacy
may be obtained with the GILT-tagged vectors in long-term follow-
up studies, similar to observations in AAV vector studies.33,34 Among
the GILT-tagged GAA treatment groups, greater glycogen reduction
was obtained in mice treated with GILTco3-m variant, likely ex-
plained by the modestly higher in vivo VCN/cell, because the GAA
activity per protein was not higher in the GILTco3-m group and
similar to the other GILT-tagged-containing groups. In addition to
the reduction of glycogen, a reversal of myofiber and vascular pathol-
ogy in the skeletal muscle was observed, with decreased vacuolation
incidence and severity in all animals treated with GILT-tagged
GAA compared with animals treated with the non-tagged GAAco
construct. Hex4, an efficacy biomarker of ERT rhGAA,41,58 was
significantly lower compared with pretreatment levels in urine in
OIs) showing Iba1-positive microglia (yellow) with amoeboid to ramified morphology

us, adjacent to lateral ventricle, hypothalamus, reticular nucleus, and cortex. Gaa+/+

ba1+) cells in the cortex, hippocampus, and total brain (n = 5–7). Non-engraftedmice

ed from the analysis. Exact Wilcoxon rank-sum p value comparing treatment groups.

the microglial cells (Iba1+, green immunofluorescence) in one gene-therapy-treated

(all groups), striatum (Gaa�/�), and dentate gyrus (GILTco1-m). (D) Percentage of

eans ± SD are shown (n = 4–7).
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the treatment groups analyzed, confirming improvement of biochem-
ical parameters monitored during our study.

In a clinical trial infusing 20 mg/kg reveglucosidase alfa (BMN 701) in
LOPD patients, hypoglycemia was observed because IGF2 binds to
the insulin receptor (IR), and particularly with higher affinity to the
IR absence (IR-A) variant that lacks exon 11.11,59 Using an in vitro
IR reporter assay, insulin signaling by GILT-R37A-GAA protein
was remarkably undetectable. Our results align with prior works of
others in which reduced binding affinity of the R37A mutein to the
IR was reported in a competitive receptor binding assay.40

Moreover, hypoglycemia was not observed in vivo during multiple
interim laboratory assessments in our study. Blood glucose levels
were in the range of untreated Gaa�/� mice and treatment controls,
as well as average blood glucose levels assessed by glycated hemoglo-
bin A1c. In addition, treatment-related mortality in mice was not
observed, which strongly accounts for the safety of GILT-R37A-GAA.

It is becoming more apparent that ERT cannot address CNS involve-
ment of this neuromuscular disorder, which is an emerging key
component in the Pompe disease phenotype, also contributing to res-
piratory dysfunction.11,60–62 The BBB limits the effectiveness of large-
molecule therapeutics.63 Consequently, rhGAA does not cross the
BBB effectively and results in significant motor neuron glycogen de-
positions in the ventral horn of the spinal cord, as observed in a long-
term ERT-treated LOPD patient after autopsy.64 Prior non-clinical
lentiviral HSPC gene therapy studies to deliver non-tagged GAA
into the brain achieved suboptimal efficacy at clinically high VCN/
cell using a known genotoxic promoter13,15 or with an erythroid-line-
age-restricted physiological promoter.23 In our study, GAA enzyme
activity in the GAAco group was at 11% and 30% of wild-type levels
in cerebrum and cerebellum, respectively, but glycogen deposits were
not reduced. Effective delivery of GAA protein necessitates M6P re-
ceptors for uptake and lysosomal trafficking, which decrease physio-
logically during adulthood.65 In addition, non-clinical studies using
long-term transgene product exposure have shown beneficial effects
on the neuronal compartment using AAV8,15,33 and increased effec-
tivity of an IGF2-tag approach for CNS delivery via intralingual
AAV9 injection.66 In our study, GILT-tagged GAA did show reduced
glycogen accumulation in both neurons and glial cells in the cerebral
cortex, corpus callosum, hippocampus, and cerebellum, and in brain-
stem and spinal cord. PAS staining revealed extensive glycogen reduc-
tion in the large neurons, especially in the motoneurons, similarly to
wild-type mice. In contrast, histopathological analysis of the non-
tagged GAAco-treated group failed to show CNS improvement.
Surprisingly, the fluorometric 4-methylumbelliferyl-a-D-glucosidase
(4-MU) GAA enzyme activity measured in brains of the GILT-tagged
groups was below detectable levels. Subsequently, western blot pro-
Figure 7. GILT-R37A does not evoke an insulin signaling response

(A) RAT2 fibroblast insulin reporter cells were treated with 0.01 nM to 100 mM concentra

presented as mean (triplicate) ± SD. Results were normalized to untreated cells. (B) Glyce

medians with interquartile ranges (dotted lines show normal ranges) (n = 9–13). NT = n
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tein quantification on cerebral homogenates was performed to over-
come the low assay sensitivity, which revealed clear presence of GILT-
tagged GAA protein averaging 5%–30% of the levels in the GAAco
group, sufficient to reduce glycogen deposits and vacuolization in
the brain.

We propose that the mechanism of action in the brain is local produc-
tion of GAA by genetically modified microglia, derived from HSPCs
that migrate and differentiate in the CNS. Microglia constitute
5%–12% of rodent brain and can be identified by Iba1+ staining.67

In our study, we examined colocalization of GFP with the microglial
Iba1+ marker to estimate the frequency of donor-derived transduced
microglia in mice, and found that 0.1%–3.7% of the total Iba1+ cells
were GFP+ regardless the conditioning regimen applied to the
Gaa�/�mice. More importantly,WPRE FISH confirmed the presence
of genetically modified Iba1+ cells in the brain in the GILTco1-m
group, and consequently local secretion and uptake of GILT-tagged
GAA could explain the lysosomal glycogen reduction observed in
the CNS. Based on these results, we conclude that low brain donor
chimerism, even at �1% of genetically modified cells, can produce
sufficient enzyme to reduce glycogen deposits and mitigate the
Pompe pathology in Gaa�/� mice. This may also explain that with
the conventional 4-MU assay, GAA enzyme activity levels were below
the limit of detection. Literature review shows that in non-clinical
MLD and Hunter syndrome studies, a broad range of enzyme activity
results in substrate reduction in the CNS but that enzyme activity is
typically lower than endogenous expression in other tissues.39,68,69

In our study, CNS GAA enzyme activity and transgene product levels
did not directly correlate with glycogen reduction because the native
GAA was insufficient to alleviate tissue pathology of Pompe disease.
Under healthy conditions the CNS contains a low amount of
glycogen, mainly located in the astrocytes that support several key
physiological processes.70 In Pompe disease patients glycogen accu-
mulates in neurons and glial cells, such as astrocytes.60 In studies of
mucopolysaccharidosis type IIIB (Sanfilippo type B syndrome) using
mouse primary astrocytes and cortical neurons, recombinant human
a-N-acetylglucosaminidase (rhNAGLU) was less effective than IGF2-
tagged NAGLU (BMN 250) in breaking down heparan sulfate.71,72

The improved uptake by these specific cell types at similar concentra-
tions of rhNAGLU and BMN 250 were IGF2 receptor dependent, in
contrast to microglia, in which IGF2 receptor-independent mecha-
nisms also provided uptake of rhNAGLU. This mechanism of action
may explain the observed efficient glycogen reduction using GILT-tag
technology in treated Pompe mice in our study.

There have also been investigational efforts to test AAV gene therapy
in preclinical models in Gaa�/�mice using AAV1, AAV8, and AAV9
serotypes targeting liver, muscle, or CNS, reviewed by Salabarria et al.
and Unnisa et al.73,74 In an AAV-mediated gene therapy study,
tions of insulin, IGF2, rhGILT-GAA, or rhGILT-R37A-GAA protein. Each data point is

mia and (C) and HbA1c blood levels in experimental mice prior to termination; group

on-treated. Bu = Busulfex.
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replacing the endogenous GAA signal peptide with a signal peptide of
a secreted protein enhanced excretion from hepatocytes, thereby
improving cross-correction to target tissues, particularly skeletal
muscles.33,41 In another study, an antibody domain fused to GAA tar-
geting CD63 was effective in delivery through ERT and liver-directed
AAV gene therapy to skeletal muscles as well.75 Besides using the liver
as a depot for effective correction of skeletal muscle,76 muscle-
directed AAV gene therapy has also shown efficacious effects.77

Importantly, in a clinical trial directing AAV1 serotype to the dia-
phragm, gene therapy led to an increase in subject tolerance for dura-
tion of unassisted breathing,12 showing potential for AAV gene
therapy to treat Pompe disease. However, the long-term efficacy
can be hampered by the complexity of immune responses to the
transgene products or CD8+ T cell immune responses to the AAV
vector capsid.78 More recently, the use of AAV vectors with restricted
expression to hepatocytes induced immune tolerance against the
transgene product and the rhGAA.32,41,79,80 Immunogenicity to
rhGAA has previously been investigated in Gaa�/� mice in HSPC
gene therapy settings.13,14,30 In our 16-week follow-up study with sta-
bilized hematopoietic reconstitution of genetically modified cells in
Gaa�/� mice, the GAA enzyme activity in PB leukocytes and plasma
was supraphysiological and sustained without evidence of immune
responses to the recombinant proteins in the treatment groups, sug-
gesting the occurrence of advantageous immune tolerance to the
transgene product.

The genotoxic risk in HSPC gene therapy is likely multifactorial and
carefully monitored in current human studies.81,82 Extensive litera-
ture discusses contributions of the vector type/design, promoter
and splice signals, disease background, transgene function, bone
marrow inflammation, or proliferative stress.81,83–85 To provide
robust expression of our chimeric GAA coding sequences, the
MND promoter was incorporated in our third-generation self-inacti-
vating lentiviral vector backbone aiming to achieve high-level trans-
gene product expression in CNS tissues of Gaa�/� mice. There are
clinical trials using the MND promoter to drive the expression of
therapeutic transgenes with an acceptable safety profile.17,20,86 How-
ever, for future HSC gene therapy application in Pompe disease pa-
tients this will require further risk-benefit evaluation.

Finally, in our study we used sublethal conditioning, leading to a par-
tial chimerism thereby leaving the residual host compartment intact
to ensure survival. A substantial number of mice (four out of nine)
in the Busulfex conditioning treatment group had failure to engraft,
likely due to the sex-mismatched model of transplantation utilized
in our study.87 Also, the 9 Gy treatment group had higher donor
cell chimerism levels which, however, did not lead to an obvious
improved therapeutic effect. Overall, donor cell engraftment was
consistent in the therapeutic and control groups, hence it did not in-
fluence efficacy. We anticipate that the translation to clinical proto-
cols will require careful evaluation of the conditioning regimens for
Pompe disease patients to balance optimal efficacy and subject safety.
Careful therapeutic drug monitoring to provide adequate space in the
bone marrow for successful engraftment of genetically modified cells
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while minimizing risks of conditioning-related morbidities is
required in clinical studies.88,89 Recently, non-toxic conditioning
drugs such as humanized antibodies against HSPC receptors or mobi-
lization-based chemotherapy-free engraftment have been developed
to vacate niches and create space and engraftment in bone marrow,
and are being intensively investigated in non-clinical and clinical tri-
als (ClinicalTrial.Gov ID: NCT04429191).90–92 Furthermore, in vivo
HSC transduction infusing vector directly in the bone marrow niche
are rapidly progressing93 as well as the use of G-CSF1R inhibitor
drugs to make space for genetically modified HSC-derived microglia
in the brain.94,95

In summary, our results showed robust expression and secretion us-
ing GILT-tagged GAA transgenes, achieving supraphysiological and
sustainable GAA enzyme activity levels in vivo in Gaa�/� mice. We
presented in vitro and in vivo evidence that the GILT-tag R37A-
GAA, i.e., GILTco1-m and GILTco-3-m, clearly emerged as more
suitable chimeric sequence variants that displayed robust reduction
of skeletal muscle and CNS glycogen accumulation and tissue pathol-
ogy in Gaa�/� mice, more so than the native GAA (GAAco), which
completely lacked CNS correction. Themechanism of action of native
GAA versus GILT-tag GAA requires further investigation as to
whether secretion, uptake, or other mechanisms improved bio-
distribution in key tissues and subsequently the performance of the
GILT-tag GAA in skeletal muscle and CNS. The GILTco1-m and
GILTco-3-m exhibited performance similar to that of non-mutated
GILT tag (GILTco) but with the advantage of the R37A safety feature
which minimizes risks of hypoglycemia via IR signaling. The codon-
optimization approach could still be beneficial to reduce sequence
similarity with native human GAA sequence and removing cryptic
splice sites to improve vector safety, despite it failing to provide overly
translational advantages in our study. Investigation of ApoE-tag and
GAP-linker additions were demonstrated to be ineffective in vivo,
since the former consistently hampered GAA enzyme activity partic-
ularly when positioned upstream of the GILT tag, and the linker failed
to confer enhanced substrate reduction. Consequently, simplified
transgene configurations are preferred in the absence of additional
benefit. No evidence of immunogenicity of the transgene product
was detected in Gaa�/� mice during the course of the study. From
a safety perspective, keeping VCN low is preferred; however,
GILTco3-m performed apparently better with a higher VCN/cell.
Altogether, our data indicate that lentiviral vectors containing an
IGF2 tag with R37A substitution (GILTco1-m and GILTco3-m) are
considered lead candidate vectors and warrant further long-term
efficacy and safety preclinical investigation for application in first-
in-human lentiviral HSPC gene therapy for Pompe disease.

MATERIALS AND METHODS
Plasmid construction and lentiviral vector production

Human codon-optimized GAA (GAAco), and GILT-tagged chimeric
GAA coding sequence variants GILTco, GILTco1-m, GILTco-m-
ApoE1, GILTco-m-ApoE2, GILTco1-m-L, GILTco1-m-ApoE1-L,
and GILTco1-m-ApoE2-L were designed using GenSmart Codon
Optimization Tool (GenScript). Human GAA coding sequence
rapy: Methods & Clinical Development Vol. 27 December 2022 479

http://ClinicalTrial.Gov
http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
variant GILTco2-mwas designed using the GeneArt codon-optimiza-
tion algorithm (Thermo Fisher Scientific). The human GAA coding
sequence variant GILTco3-m was designed using a consensus
sequence (CCDS32760.1). GILTm contained the native nucleotide se-
quences. All GAA coding sequence variants were synthesized and
cloned into a lentiviral vector backbone described previously.96 The
EFS promoter from this construct was replaced by the myeloprolifer-
ative sarcoma virus enhancer, negative control region deleted,
dl587rev primer-binding site substituted (MND) promoter.97 Plas-
mids were fully verified by Sanger sequencing and produced at
Aldevron.

All third-generation self-inactivating lentiviral vectors described
above were produced by transient transfection of 293T cells using
packaging and transfer plasmids at the Viral Vector Core of Cincin-
nati Children’s Hospital. HOS cells used to determine vector titers
were acquired from ATCC (cat. #CRL-1543). Titers determined on
HOS cells by qPCR were in the range of 2.25 � 107 to 6.67 � 107

transducing units per mL and were subsequently titrated on line-
age-negative bone marrow cells to determine the multiplicity of infec-
tion (MOI) needed to achieve a VCN of �4.

In vitro experiments for secretion and uptake of chimeric

proteins

The vector configurations were tested in HAP1-GAA�/� cells for pro-
tein production and secretion and K562 cell lines were generated to
assess uptake by the GILT tag. HAP1 GAA�/� cells (Horizon Discov-
ery, ID: HZGHC004204c004, parental ID: C631) were transduced
with 11 lentiviral vectors encoding GAA variants (Figure S1B) and
GFP at an MOI of 3. Conditioned media of vector transduced cells
and cell pellets were collected at day 11 for VCN normalized GAA
enzyme activity measurement.

Recombinant human GILT-R37A-GAA protein was produced by
transfection of HD Chinese hamster ovary cells (GenScript). Cell-
culture supernatant was centrifuged at 5,000 � g for 5 min, followed
by filtration through a 0.2-mm Supor-Mach filter (Nalgene), and
loaded onto a Phenyl-Sepharose 6 Low-Sub Fast-Flow (GE Health-
care) column prepared with HIC Load Buffer (50 mM citrate [pH
6.0], 1M AMSO4). Samples from the elution peaks were pooled,
and buffer was exchanged into PBS using centricon spin concentra-
tors (Amicon) and Bio-Spin-6 desalting columns (Bio-Rad). Purified
protein was analyzed by SDS-PAGE, western blot analysis, and
Bradford assay to determine concentration, molecular weight, and
purity.

K562 cells (ATCC), K562 cells GAA�/� clone 20, GAA�/�IGF2R�/�

clone 25, GAA�/�IGF2R�/� clone 25, and lentiviral vector IGF2R
(clone 51) were used for uptake assays. All knockout cell lines were
generated by CRISPR-Cas9 gene editing using ribonucleoprotein
complexes (Figure S3). Knockout efficiency was assessed with sur-
veyor assay, and single cells were sorted, expanded, and screened
for IGF2R protein by anti-IGF2R antibody (BioLegend) by flow
cytometry.
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K562 cell lines were incubated with concentrations of 125, 31.3, 7.8,
and 2.0 nM purified rhGAA, rhGILT-GAA, and rhGILT-R37A-
GAA proteins at 37�C and 5% CO2 for 18 h. Subsequently, cells
were pelleted, washed three times with Dulbecco’s PBS (DPBS), and
lysed with 100 mL of PC-T lysis buffer. After removal of debris by
centrifugation at 10,000 � g for 10 min, duplicate lysate samples
were used to measure GAA activity with 4-methylumbelliferyl
(4MU) normalized to protein concentration with bicinchoninic
acid protein (BCA) assay (Pierce).

Healthy and Pompe-affected human fibroblast cells were obtained
through the Coriell Institute (cat. #GM07525 and #GM00244, respec-
tively). Fibroblast cells were seeded and grown for 24 h to approxi-
mately 90% confluency. Cell medium was replaced with medium
containing 50 nM purified rhGAA, rhGILT-GAA, and rhGILT-
R37A-GAA proteins and incubated at 37�C and 5% CO2 for 18 h.
Select wells also contained inhibitors M6P (1 nM to 10 mM; Calbio-
chem) or IGF2 (5e�2 pM to 5e2 nM; Cell Sciences). Subsequently,
cells were trypsinized, pelleted, washed three times with DPBS, and
run in a GAA activity assay.

Insulin reporter assay

A cellular reporter assay to monitor IR kinase activity based on signal
transducer and activator of transcription 5B (STAT5b)-dependent
luciferase gene expression, similar to previously reported,98 was
generated to assess insulin signaling by the IGF2 and IGF2-R37A
moieties. RAT2 fibroblast cells (ATCC) were genetically modified
with a lentiviral vector to express human insulin receptor A (IR-A)
isoform, and STAT5b and mCherry (VectorBuilder). Cells were
sorted for IR-A and mCherry, and subsequently transduced with a
puromycin-selectable STAT5 response element luciferase reporter
lentiviral vector (G&P Bioscience). Following puromycin selection,
the RAT2 reporter cell line was plated at a concentration of
100,000 cells/well in a 96-well plate in Dulbecco’s modified Eagle’s
medium, 10% fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin. After 12 h the medium was replaced, sup-
plemented with 0.01-nM to 100-mM concentrations of insulin, IGF2,
or GILT-GAA or GILT-R37A-GAA protein. Following 8 h of activa-
tion with the supplemented medium, One-Glo Luciferase Assay re-
agent was added to the wells. Following 10 min of lysis, lysates
were transferred to a white-walled 96-well assay plate for measure-
ment on the Softmax i3x plate reader. Results were normalized by
dividing each treated well value by the mean of the untreated values.

Mice

Gaatm1Rabn/J mice (Gaa�/� mice, Pompe mice) were used for the
study.43 Mice were obtained from an on-site breeding colony (kindly
provided by Dr. Nina Raben, NIH, Bethesda, MD). Control
B6129SF1/J mice (Gaa+/+ mice, wild-type mice) were obtained from
The Jackson Laboratories (stock no. 101043). All mice were main-
tained in clean rooms and fed with irradiated certified commercial
chow and sterile acidified water ad libitum. Assessment of animal
health status, body weight, and examinations during the in-life
term of the study were conducted by veterinarian personnel and
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documented. All protocols were approved by the Institutional Animal
Use and Care Committee at the Canadian Council on Animal Care.

Assessment of dosing formulations and infusion in conditioned

Gaa–/– mice

After in vitro assessment, nine GILT-tagged GAA containing lentiviral
vectorswere selected for in vivo testing in female B6; 129-Gaatm1Rabn/
J [6neo] (Gaa knockout;Gaa�/�)mice.After sublethal conditioning the
micewith 7.5Gy or 9Gyg-irradiation (1.6Gy/min) or by 4� 25mg/kg
Busulfex (Otsuka Pharmaceutical) injections days�4 to�1 before cell
dosing, 6- to 9-week-old mice were injected intravenously with
enriched male donor Lin� HSPCs transduced with engineered GAA
vectors encoding for native or chimeric GAA proteins. FemaleGaa�/�

and Gaa+/+ mice GFP vector and non-transduced control groups were
included.Mice were monitored for 16 weeks with interim blood collec-
tions. Bonemarrow cells were harvested from femurs and tibias of 6- to
12-week-old male Gaa�/� donor mice, and Lin� enriched for HSPCs
using RoboSep (STEMCELL Technologies). After enrichment, cells
were transduced overnight with ten lentiviral vectors (Figure S1) at a
density of 106 cells/mL (MOI of 4) in serum-free StemMACS medium
containing 100 ng/mL recombinant murine stem cell factor (SCF);
50 ng/mL recombinant human FMS-like tyrosine kinase 3 ligand
(Flt-3), and 10 ng/mL recombinant human thrombopoietin
(STEMCELL Technologies). On the following day the cells were
washed, counted, and assessed for viability. A 3 � 103 cell fraction of
non-transduced and transduced Lin� cells were transferred into
3 mL of methylcellulose-based medium with mouse cytokines
optimized for hematopoietic progenitor cell differentiation
(STEMCELL Technologies) and plated at 1 mL/well for a CFU assay.
CFUs were scored using STEMvision (STEMCELL Technologies) at
day 7.

Preconditioned female Gaa�/� recipients were injected intravenously
with 0.5 � 106 cells per mouse. At four interim time points after cell
infusion, leukocyte and plasma GAA enzyme activity, blood glucose,
and complete blood counts using a Hemavet (Drew Scientific)
analyzer were measured.

Analysis of glucotetrasaccharide Hex4 in urine samples via

liquid chromatography-tandem mass spectrometry

Mice were fasted before urine collection for glucotetrasaccharide
Hex4. The quantification of 6-a-D-glucopyranosyl maltotriose
(Hex4) was conducted in a Shimadzu (Columbia, MD) instrument
via protein precipitation using acetonitrile and 4 mM uric acid with
0.2% NH4OH as surrogate matrix. Calibration standards and quality
controls were run in surrogate matrix and mouse urine matrix in
duplicate. Results were normalized by measurement of creatinine in
the urine sample using a commercial kit.

Blood glucose and glycated hemoglobin monitoring

Blood glucose was measured at different time points during the in-life
study and prior to scheduled termination with glucometer Accu-chek
AVIVA. Animals were fasted overnight prior to collections, with re-
sults reported as nmol/L (standard Canadian units) and converted to
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mg/dL by multiplying by a factor of 8. Similarly, glycated hemoglobin
(HbA1c) was measured using A1cNow (pts Diagnostics, Indianapo-
lis, IN), with results reported in %HbA1c. Quality controls of the
A1cNow kit were performed with NOVA-ONE kit levels 1 and 2
(NOVA-ONE Diagnostics, Calabazas, CA).

Flow cytometry

PB, bone marrow, thymus, and spleen cells underwent red blood cell
lysis and were stained with monoclonal antibodies against surface
markers CD45.1, CD45.2, CD3e, CD4, CD8a, B220, CD11b, Gr-1
(Ly6G and Ly6C), TER119, and CD41, or Sca-1c-Kit, and a hemato-
poietic lineage cocktail (BD Biosciences, BioLegend) and analyzed on
a FACSLyric flow cytometer using Fixable Viability Dye eFluor 506
(FVD506) (Invitrogen) for dead cell exclusion.

Scheduled termination procedure

Scheduled termination was week 16 post transplant. Animals were
fasted 8–12 h prior to euthanasia and anesthetized with isoflurane.
After cardiac puncture blood collection, the animals were perfused
with 1� PBS (pH 7.4) until internal organs were pale in appearance.
The heart mass was weighed, and the dissected tissues were snap
frozen and stored at �80�C for GAA enzyme activity and glycogen
measurement or processed for histopathology. Therapeutic endpoints
included biochemical GAA enzyme activity, tissue glycogen content,
western blotting analysis, VCN analysis, histological evaluation,
blood glucose, glycated HbA1c, clinical pathology, immunopheno-
typing via flow cytometry, and immunofluorescence and FISH anal-
ysis of gene-modified cells in brain sections.

Measurement of GAA enzyme activity and glycogen by

biochemical analysis

For GAA enzyme activity and glycogen measurement, tissue samples
of heart, diaphragm, gastrocnemius, quadriceps femoris, tibialis ante-
rior, cerebellum, and cerebrum collected at necropsy were processed
by chilling to homogenization in sterile dH2O, centrifugation, and
removal of clear supernatants, then stored at �80�C until the assay
day. Similarly, terminal plasma and cell pellets from PB, spleen,
and bone marrow samples were collected and kept at �80�C for
GAA enzyme activity.

The GAA enzyme activity was measured similarly as described previ-
ously.99,100 Study samples were assayed in a 96-well plate using fluores-
cent synthetic substrate 4-MU at 6 mM concentration, in the presence
of 9 mM acarbose and 90 min of incubation. A 0.5 M carbonate buffer
(pH 10.7) was used to stop the reaction, and assay plates were read at
365 nm excitation and 450 nm emission in a SpectraMax i3X (Molec-
ular Devices, San Jose, CA). This method was qualified over the range
of 0.1–81 nmol/mL. Results were normalized for protein concentra-
tion in the sample using a BCA kit (Pierce, Thermo Fisher Scientific).

The glycogen in tissues was estimated by treating samples with and
without Aspergillus niger amyloglucosidase that generates b-D-
glucose, which is oxidized to release gluconic acid and hydrogen
peroxide.13 In the presence of horseradish peroxidase (HRP),
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hydrogen peroxide reacts with o-dianisidine hydrochloride to
generate a colored product detectable at 540 nm in a spectrophotom-
eter and is proportional to the glucose concentration in the sample.
The qualified assay had a dynamic range of 5.6–160 mg/mL. Results
were normalized for protein concentration in the sample using a
BCA kit (Pierce, Thermo Fisher Scientific).
VCN analysis and donor cell chimerism

Lin� cell dosing formulations cultured until day 7 and bone marrow
samples collected at termination were processed for gDNA and quan-
tified with Quant-iT assay kit or Nanodrop One. This qPCR assay
consisted of oligonucleotide primers and probe mix containing either
a TaqMan 6-carboxyfluorescenin (FAM) or VIC fluorescent probe
designed to amplify HIV Psi vector and Gtdc1 housekeeping gene se-
quences, which has been previously reported (Table S9). A plasmid
containing both sequences was used as a reference standard in a range
of 50 to 5 � 107 copies. Data were reported as VCN/diploid genome.

Comparative male donor cell chimerism was determined by PCR on
bone marrow gDNA using Y chromosome gene Zfy1 and Bcl2 gene to
normalize the total gDNA input per reaction following An and
Kang101 (Table S9). Donor-derived male cells engraftment in female
recipient mice was calculated using a gDNA standard curve with
known percentage of male versus female gDNA.
Western blot analysis

Monoclonal antibodies were generated by immunizing rabbits or
mice with GAA or GILT-tag-containing peptides (GenScript and
Thermo Fisher Scientific). Plasma was collected to assess antibody
development by ELISA. Spleens of selected rabbits and mice were
further processed to create hybridomas for monoclonal production
of antibodies. Mouse plasma samples were screened for the presence
of GAA protein using Jess ProteinSimple and following the manufac-
turer’s protocol (ProteinSimple, Bio-Techne Brand). The sensitivity
of the method is on the order of picograms. Samples were denatured
at 95�C before analysis. For tissues, roughly 200 ng of cell lysate was
loaded per well, calculated based on the results of a BCA kit (Pierce,
Thermo Fisher Scientific). Mouse antibody clone 1C12C11.F9
(Thermo Fisher Scientific) was used as detection antibody for GAA,
and rabbit antibody clone 7C10 was used as detection antibody for
the IGF2 amino acid sequence, i.e., GILT-tag-containing precursor
protein. Dilutions of rhGILT-GAA protein were included either as
a positive control (tissues) or standard curve (plasma) for all assay
runs. A monoclonal anti-b-actin antibody (ab8224; Abcam) or rabbit
anti-GAPDH antibody (clone 14C10; Cell Signaling Technologies)
were used as controls. The products were visualized via anti-
mouse or anti-rabbit secondary antibodies conjugated to HRP
(ProteinSimple 042-205 and 042-206, respectively). All Jess detection
was performed as single-plex reactions in the chemiluminescent
channel. Relative GAA quantification of tissues was calculated using
the loading control and reported as a percentage in reference to
GAAco. GAA absolute quantification in the plasma was determined
by interpolating values using a rhGILT-GAA protein standard curve,
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multiplying by the dilution factor and adjusted per milliliter of
plasma.

PAS and H&E staining of mouse tissues

Following scheduled necropsy, tissues from Gaa�/� and Gaa+/+ mice
were divided for different endpoint analyses, and a portion of each
was collected, preserved, trimmed, and placed in separate cassettes.
Tissues were fixed in 10% neutral buffered formalin (NBF) for up
to 32 h and post-fixed in 1% periodic acid (PA)/10% NBF for 48 h
at 4�C. One hemisphere from each brain sample along with heart, dia-
phragm, tibialis anterior, gastrocnemius, and quadriceps femoris tis-
sues were fixed in 10%NBF for up to 32 h and further post-fixed in 1%
PA/10% NBF for 48 h at 4�C and processed into formalin-fixed
paraffin-embedded (FFPE) blocks. Blocks of cerebral cortex, cere-
bellum, hippocampus, and/or brainstem, thoracic and cervical spinal
cord, heart, quadriceps femoris, diaphragm, gastrocnemius, and tibia-
lis anterior were sectioned at 4 mm, mounted onto glass slides, and
stained with PAS and H&E, and evaluated for glycogen accumulation
and vacuolation by light microscopy. Tissues stained via PAS/H&E
protocols were scanned at 20� magnification using a Hamamatsu
NanoZoomer whole-slide scanner. Scan files were imported into Vis-
iopharm for quantitative image analysis. A region of interest (ROI)
surrounding individual tissue sections was automatically applied to
all scan files using a Visiopharm Analysis Protocol Package (APP).
Automated ROIs were manually refined to optimize anatomic
homology across animals. Automated image analysis APPs were
used to detect the dark purple PAS+ signal contrasted against
a pink PAS� background. The following equations were
performed in Visiopharm to generate quantitative endpoints:
Total area = PAS+ area+PAS � area, PAS+ fraction = PAS+ area

total area ,
and PAS+ percentage = PAS+ fraction � 100. Quantitative
immunofluorescent data were exported from Visiopharm as Excel
spreadsheets. For severity scoring of vacuolation, score was assigned
as minimally (score 1) affected tissues having <50% of cells within
the section with small discrete centralized regions of cytoplasmic vacu-
olation involving <10% of the cytoplasmic volume; mildly (score 2)
affected tissues having larger regions of vacuolation involving R10%
of the cytoplasmic volume affecting <50% of cells within the section
and none to rare myofibers that were diffusely enlarged with overall
decreased cytoplasmic staining intensity; moderately (score 3) affected
tissues having regions of cytoplasmic vacuolation involving >10% of
cells with >50% of myofibers showing evidence of myofiber degenera-
tion characterized by enlargement of myofibers and overall decreased
staining intensity; and markedly (score 4) affected tissues having
overall enlargement and decreased staining intensity of the majority
of myofibers with both centralized regions of cytoplasmic vacuolation
and evidence of myofiber degeneration.

Immunofluorescence and vector RNAscope imaging of brain

The brain tissue sections were processed into three levels (forebrain,
midbrain, and hindbrain) following necropsy. Spleen and brain tissues
were fixed fresh in 10%NBF for 16–32 h at room temperature and then
processed into FFPE blocks to be used for immunofluorescence detec-
tion of GFP with rabbit polyclonal anti-GFP antibody (ab290, Abcam)
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or rabbit monoclonal anti-Iba1 antibody (ab178846, Abcam). For Iba1
antigen, an immunofluorescence assay was used with detection re-
agents and fluorescent kits DISCOVERY OmniMap anti-Rb HRP
(RUO) (Ventana) and DISCOVERY FAM Kit (Ventana), and for
GFP antigen DISCOVERY OmniMap anti-Rb HRP (RUO) (Ventana)
and DISCOVERY Rhodamine Kit (RUO) (Ventana). For the detection
of lentiviral vector sequences within the tissue, an untranslated mRNA
sequence ofWPREwas used as a probe in fluorescent RNAscope in situ
hybridization assay. The detection was validated by using Fluorescent
RNAscope VS Universal HRP Assay using RNAscope 2.5 VS Probe-
WPRE-O3 (ACD, reference no. 518629) with number of probe pairs =
10, andwith detection reagents and fluorescent kits RNAscopeVSUni-
versal HRP Reagent Kit (ACD) and DISCOVERY Red610 Kit (RUO)
(Ventana) on a Ventana Discovery ULTRAmachine (Roche). Fluores-
cein isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate
(TRTC) channels were used tomeasure fluorescent signals, and 40,6-di-
amidino-2-phenylindole (DAPI) was used as a nuclear stain. The im-
ages were scanned on aHamamatsuNanoZoomerwhole-slide scanner.
Brain tissues were scanned at 40� magnification, and scans were im-
ported into the Visiopharm software system. ROIs for the GFP quan-
tifications were drawn around cerebral cortex, the hippocampus, or
including all regions of each sample. The first Visiopharm configura-
tion was designed to detect individual cells by nuclear DAPI stain.
The second configuration was designed to classify each cell as Iba�,
Iba+ or GFP+, or dual positive. Iba1+GFP+, Iba+GFP�, Iba1�GFP+,
Iba�GFP�, and surface area were quantified.Mice that did not have pe-
ripheral engraftment in PB, bonemarrow, and spleen based on the lack
of flow-cytometric presence of GFP+ cells were excluded from the anal-
ysis. A similar analysis was performed for the FISH forWPRE-positive
cells and colocalization with Iba1+ in brain, with ROIs CA2, CA3/4,
corpus callosum, cortex, dentate gyrus, and hippocampus. Standard in-
clusion/exclusion criteria were applied to all tissue sections during the
manual refinement processes. Each ROI was manually refined to
exclude meninges and histological artifacts. Only coherent and clearly
defined ROIs were included whereas regions containing visible folds,
cracks, and bubbles were excluded. Tissue sections where the ROI
could not be identified within the sample profile were excluded from
image analysis. The optimal threshold for each fluorescent channel
(FITC/TRTC) was calculated for each region using a modified Otsu’s
method for stable, unsupervised, mathematical approach to calculating
the optimal threshold for segmenting background and foreground
pixels with single-channel intensity values.102 A modified approach
for Otsu’s method uses the median absolute deviation to calculate
the optimal threshold from highly skewed, unimodal distributions.103

This mathematical inference is used to determine the threshold value
where the foreground and background are most dissimilar without a
priori knowledge of the object of interest. In brief, median values for
foreground and background pixel intensities are used to calculate the
threshold at which the two populations display the greatest degree of
variation.

Statistical analysis

Experimental groups were sized to allow for statistical analysis; not all
the animals were included in the analysis, and select outliers were
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excluded. Mice were assigned randomly to the experimental groups
based on weights. GAA enzyme activity, glycogen, and Hex4 mea-
surement were analyzed by VERISTAT applying median and inter-
quartile range using Kruskal-Wallis and exact Wilcoxon rank-sum
tests for groups comparison and SAS/STAT software v9.4. A result
of <0.05 was indicative of significant difference in the groups. For cor-
relation analysis, the Pearson R coefficient and p value were used.

Quantitative immunofluorescent data were collected in Visiopharm,
and statistical analysis was performed using SAS software (v9.4).
Continuous variables were analyzed via Levene’s test for equality of
variance. Where Levene’s test was not significant, one-way ANOVA
was used to detect differences among three more group means. Tu-
key’s test was used to explore pairwise group comparisons when
one-way ANOVA was significant. Where Levene’s test was signifi-
cant, the Kruskal-Wallis test was used to detect differences between
three or more group means. The Dwass-Steel-Critchlow-Fligner
method was used to explore pairwise group comparisons when the
Kruskal-Wallis test was significant. Significance was set to p < 0.05
for all statistical tests. In the figures, asterisks indicate *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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