
Original Article
Evaluation of AAV vectors with
tissue-specific or ubiquitous promoters in a
mouse model of mucopolysaccharidosis type IVA
Shaukat A. Khan,1 Jose Victor Álvarez,1,2 F.N.U. Nidhi,1,3 Eliana Benincore-Florez,1 and Shunji Tomatsu1,4,5,6

1Department of Biomedical Research, Nemours Children’s Health, Wilmington, DE 19803, USA; 2Department of Pediatrics, Hospital Clínico Universitario de Santiago de

Compostela, Health Research Institute of Santiago de Compostela (IDIS), CIBERER, MetabERN, 15706 Santiago de Compostela, Spain; 3Department of Biological Sciences,

University of Delaware, Newark, DE 19716, USA; 4Department of Pediatrics, Shimane University, Izumo 693-8501, Japan; 5Department of Pediatrics, Graduate School of

Medicine, Gifu University, Gifu 501-1193, Japan; 6Department of Pediatrics, Thomas Jefferson University, Philadelphia, PA 19107, USA
Received 1 August 2024; accepted 11 March 2025;
https://doi.org/10.1016/j.omtm.2025.101447.

Correspondence: Shunji Tomatsu, MD, PhD, Department of Biomedical Research,
Nemours Children’s Health, Wilmington, DE 19803, USA.
E-mail: stomatsu@nemours.org
Mucopolysaccharidosis type IVA (MPS IVA) is caused by a
deficiency of N-acetyl-galactosamine-6-sulfate sulfatase
(GALNS), leading to the accumulation of keratan sulfate and
chondroitin-6-sulfate and development of severe skeletal
dysplasia. Enzyme replacement therapy and hematopoietic
stem cell transplantation are current treatment options but
have limited impact on bone lesions. In this study, we investi-
gated adeno-associated virus (AAV)8 or AAV9 vectors with
liver-specific thyroxine-binding globulin or liver-specific pro-
moter-a modification of hAAT (LSPX), liver-muscle tandem
(LMTP), liver-bone tandem (LBTP), and ubiquitous cytomeg-
alovirus early enhancer/chicken b-actin (CAG) promoters in
MPS IVA mice to compare therapeutic efficacy on biochemical
markers and bone pathology. All vectors provided near- or
supraphysiological levels of GALNS enzyme activity in
plasma. Enzyme activities were also detected in various tissues,
including bone. AAV9co-CAG, AAV9co-LMTP, and AAV9co-
LBTP showed higher enzyme activities in the liver; however,
AAV8co-CAG and AAV9co-LMTP have higher activities in
most other tissues. All vectors normalized keratan sulfate levels
in plasma, liver, and bone. Pathological analyses showed the
reduction or complete absence of vacuolated cells in heart mus-
cle and valves in all treated mice, while the AAV9co-LMTP vec-
tor most improved bone pathology. Overall, all studied vectors
indicated a substantial improvement in biochemical parame-
ters and pathology, and the AAV9co-LMTP vector demon-
strated the best combined therapeutic efficacy.

INTRODUCTION
Mucopolysaccharidosis type IVA (MPS IVA, also known as Morquio
A syndrome) is an autosomal recessive lysosomal disorder caused by
a deficiency of a lysosomal enzyme, N-acetyl-galactosamine-6-sulfate
sulfatase (GALNS).1–4 Deficiency of the GALNS enzyme leads to the
accumulation of glycosaminoglycans (GAGs), including chondroitin-
6-sulfate (C6S) and keratan sulfate (KS), in systemic organs, especially
bone and cartilage, resulting in pernicious skeletal dysplasia.5–8 The
clinical symptoms include pectus carinatum, kyphoscoliosis, genu
valgum, laxity of joint, abnormal gait, and spinal cord compression.
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Patients require wheelchairs in their second decades of life due to se-
vere muscle atrophy. Imbalance of growth leads to tracheal obstruc-
tion, resulting in high mortality and morbidity rates.9–13 If the condi-
tion is left untreated, two-thirds of patients die of respiratory failures,
while one-third of patients die of cardiac problems.9 Enzyme replace-
ment therapy (ERT) and hematopoietic stem cell transplantation
(HSCT) are available treatments but have limited impact on bone
and cartilage and on the removal of GAG from blood and tissue.14–18

Adeno-associated virus-(AAV)-mediated gene therapy has emerged
as a novel treatment option for many genetic disorders and is being
applied in many clinical trials. Gene transfer using AAV is effective
in various animal models. AAV-mediated gene therapies in MPS I,
II, IIIA, IIIB, and VI are under clinical trial (clinicaltrial.gov). We
have previously reported that in models of MPS IVA, intravenous
administration of an AAV8 vector encoding a human GALNS
(hGALNS) under the control of a liver-specific promoter
(thyroxine-binding globulin [TBG]) resulted in supraphysiological
levels of the enzyme in plasma and partially ameliorated bone and
cardiovascular pathologies.19 Here, we have introduced further mod-
ifications to the AAV vector to enhance enzyme delivery to the bones
and cartilage. Colella et al. demonstrated high and persistent trans-
gene expression in non-dividing extra-hepatic tissues and prevention
of anti-transgene immunity using AAV gene transfer by using tan-
dem liver-muscle promoter in neonatal Pompe mice.20 We have
asked whether expressing the enzyme from the skeletal muscle could
afford a better distribution to the cartilage and bones inMPS IVA.We
present a comparison of liver-specific promoters, including the hu-
man alpha1-antitrypsin promoter (hAAT; LSPX), a ubiquitous cyto-
megalovirus early enhancer/chicken b-actin promoter (CAG); liver-
muscle tandem promoter (LMTP), an ApoE enhancer/creatine kinase
muscle promoter/hAAT liver promoter); and liver-bone tandem
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Figure 1. Plasma GALNS activity from 6 weeks through 16 weeks; % of WT

(A) TBG and LSPX promoters; One-way ANOVA for Figure 1A. AAV8-TBG vs. AAV8co-V2-TBG at 14 and 16 weeks (*p <0.05 and **p <0.01, respectively), AAV8-TBG vs.

AAV8co-V2-TBG and AAV8co-LSPX not significant at 6, 8, and 12 weeks. (B) CAG promoter; no statistical differences between AAV8co-CAG and AAV9co-CAG at 6, 8, 12,

14, and 16 weeks. AAV9co-LMTP 8 weeks vs. AAV9co-LMTP 6weeks (t test, *p <0.05). (C) LMTP promoter; no statistical differences between AAV8co-LMTP and AAV9co-

LMTP at 6, 8, 10, 12, and 16weeks. AAV8co-LMTP and AAV9co-LMTP 8weeks vs. 6 weeks (t test, ***p <0.001 and *p <0.05, respectively). (D) LBTP promoter; No statistical

differences between AAV8co-LBTP and AAV9co-LBTP at 6, 8, 10, 12, and 16 weeks. AAV8co-LBTP and AAV9co-LBTP 8weeks vs. 6 weeks (t test, **p <0.01 and *p <0.05,

(legend continued on next page)
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promoter (LBTP), an ApoE enhancer/Osterix (Sp7) bone promoter/
hATT liver promoter.

The vectors are being rigorously studied in MPS IVA mice, a species
known for its ability to sustain enzyme levels and mitigate skeletal
dysplasia. To ensure the comprehensive nature of our research, we
have included both male and female mice in each promoter group,
aiming to determine whether gender influences the efficacy of gene
therapy. This thorough approach to our research instills confidence
in the validity of our findings and the potential of gene therapy in
treating MPS IVA.

RESULTS
Enzyme activity and KS level in plasma

GALNS enzyme expression in plasma

The findings on GALNS enzyme activity are summarized in Figure 1.
GALNS activity in AAV8co-V2-TBG (AAV8 codon-optimized
version 2-thyroxin-binding globulin) remained close to wild type
(WT) throughout 16 weeks. GALNS activity in AAV8-TBG was
significantly higher at 8 weeks, then lowered at weeks 10, 12, and
14 and back to a higher level at 16 weeks. AAV8-TBG activity
was significantly higher than AAV8co-V2-TBG at 14 and 16 weeks
(*p <0.05 and **p <0.01, respectively). GALNS activity in AAV8co-
LSPX was high at 8 and 12 weeks and declined after 14 weeks
(Figure 1A).

The plasma GALNS activities in AAV8co-CAG and AAV9co-CAG
were significantly higher at 8 weeks than in WT and remained
moderately high until 16 weeks (Figure 1B). Plasma GALNS
activity in AAV8co-LMTP was close to WT; however, activity in
AAV9co-LMTP was significantly higher at 8 weeks than in WT
and gradually declined over 16 weeks (Figure 1C). Plasma GALNS
activities in AAV8co-LBTP and AAV9co-LBTP were significantly
higher at 8 weeks than WT and gradually declined over 16 weeks
(Figure 1D). The GALNS activity at 16 weeks old is shown in Fig-
ure 1E. Enzyme activities in AAV8-TBG, AAV9co-CAG, and
AAV9co-LMTP were significantly higher than in the WT level.
Within LMTP and LBTP promoters, enzyme activities in AAV9
vectors were higher than those of the counterpart AAV8 vectors
but not significant (Figure 1E). In summary, plasma GALNS activity
was expressed in all promoters (liver-specific, CAG, LMTP, and
LBTP promoters). However, among liver-specific promoters,
AAV8-TBG expressed significantly higher activity than AAV8co-
V2-TBG and AAV8co-LSPX. AAV8-TBG also expressed signifi-
cantly higher activity than AAV8co-LMTP and AAV8co-LBTP.
GALNS expression in CAG, LMTP, and LBTP, AAV9co-CAG,
AAV9co-LMTP, and AVV9co-LBTP expressed higher GALNS
than their counterparts, AAV8 co-CAG, AAV8co-LMTP, and
AAV8co-LBTP, respectively.
respectively). (E) GALNS activity at 16 weeks, in UT, WT, TBG, LSPX, CAG, LMTP, and

and AAV9co-LMTP (*p <0.05). AAV8-TBG vs. AAV8co-V2-TBG (**p < 0.01), AAV8co-

treated; WT, wild-type; TBG, thyroxin-binding globulin; LSPX, human alpha1-antitrypsi

liver-muscle tandem promoter; and LBTP, liver-bone tandem promoter.

Molec
KS levels in plasma

KS levels in untreated mice were higher throughout the study but
were remarkably elevated after 12 weeks. For all promoters, the KS
level normalized to the WT level after 6 weeks (Figures 2A–2D). KS
levels at 16 weeks old are shown in Figure 2E. KS levels in
AAV8co-V2-TBG, AAV8-TBG, AAV8co-LSPX, AAV8co-CAG,
AAV9co-CAG, AAV8co-LMTP, AAV9co-LMTP, AAV8co-LBTP,
and AAV9co-LBTP were significantly higher than untreated group
(Figure 2E). In summary, plasma KS was reduced in all promoters
(liver-specific, CAG, LMTP, and LBTP promoters).

GALNS enzyme activity in tissues

GALNS enzyme activity in the liver

The levels of GALNS activity in the liver 12 weeks post intravenous
delivery of AAV vectors are shown in Figure 3A. The GALNS activ-
ities in all promoters were many-fold higher than in WT. Although
not significant, the enzyme activity in AAV8-TBG among the liver-
specific promoters was higher than AAV8co-V2-TBG and
AAV8co-LSPX. The GALNS activities of AAV9co-CAG, AAV9co-
LMTP, and AAV9co-LBTP were higher than those of AAV8-TBG
but not significant. The GALNS activity for the AAV9co-LBTP was
significantly higher than AAV8co-LBTP (**p < 0.01). All promoters
expressed higher GALNS activity in the liver than the WT level.

GALNS enzyme activity in muscle

GALNS activity in the muscle was not detected in liver-specific pro-
moters (AAV8co-V2-TBG, AAV8-TBG, and AAV8co-LSPX). Low
enzyme activity, comparable to WT, was detected in AAV9co-LBTP
(Figure 3B). With the ubiquitous CAG promoter, AAV8co-CAG
had significantly (*p < 0.05) higher GALNS activity (50 nmol/h/mg)
than the WT level. Although not significant, enzyme acti-
vity in AAV8co-CAG was also higher than in AAV8co-LMTP
(31 nmol/h/mg). AAV9co-LMTP had significantly (*p < 0.05) higher
activity (73 nmol/h/mg) thanWT (Figure 3B). In summary, only CAG
and LMTP expressed GALNS activity in the muscle.

GALNS enzyme activity in bone

GALNS activity in bone is shown in Figure 3C. GALNS activities in
liver-specific promoters, such as AAV8co-V2-TBG (9.1 nmol/h/mg),
AAV8-TBG (5 nmol/h/mg), and AAV8co-LSPX (7.7 nmol/h/mg),
were significantly lower than in the WT level (66 nmol/h/mg). The
enzyme activities in AAV8co-CAG (95 nmol/h/mg) and AAV9co-
LMTP (90 nmol/h/mg) were higher than in the WT level but insignif-
icant. Enzyme activities in AAV9co-CAG (14 nmol/h/mg) and
AAV8co-LBTP (13.5 nmol/h/mg) were significantly lower than in
the WT level. Enzyme activity in AAV8co-LMTP (26 nmol/h/mg)
was also lower than in theWT level.Within theCAGpromoter, enzyme
activity in AAV8was significantly (***p < 0.001) higher than in AAV9.
In LMTP, enzyme activity in AAV9 was also significantly (**p < 0.01)
LBTP promoters. One-way ANOVA. WT vs. AAV8-TBG (**p < 0.01), AAV9co-CAG,

LSPX (*p <0.05), AAV8co-LMTP (*p <0.05), and AAV8co-LBTP (*p <0.05). UT, un-

n (hAAT); CAG, ubiquitous cytomegalovirus early enhancer/chicken b-actin; LMTP,
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Figure 2. Plasma KS levels from 6 weeks through 16 weeks; % of WT

(A) TBG, and LSPX promoters. One-way ANOVA. No statistical differences between UT vs. AAV8co-V2-TBG, AAV8-TBG, and AAV8co-LSPX at weeks 4, 6, and 10. Week 8,

UT vs. AAV8co-V2-TBG, AAV8co-LSPX, and AAV8-TBG (**p < 0.01 and *p < 0.05, respectively). Week 12, UT vs. AAV8-TBG (*p < 0.05). Week 14, UT vs. AAV8-TBG and

AAV8co-LSPX KS (*p < 0.05). Week 16, UT vs. AAV8co-V2-TBG, AAV8-TBG, and AAV8co-LSPX (***p < 0.001). (B) CAG promoter; one-way ANOVA. Weeks 4, 6, and 10

had no statistical differences, UT vs. AAV8co-CAG and AAV9co-CAG. Week 8, UT vs. AAV8co-CAG and AAV9co-CAG (**p < 0.01). Week 12, UT vs. AAV8co-CAG and

AAV9co-CAG (*p < 0.05 and **p < 0.01, respectively). Week 14, UT vs. AAV9co-CAG (**p < 0.01). Week 16, UT vs. AAV8co-CAG and AAV9co-CAG (**p < 0.01).

(C) LMTP promoter; one-way ANOVA. Weeks 4, 6, and 10 had no significant change, UT vs. AAV8co-LMTP and AAV9co-LMTP. Week 8, UT vs. AAV8co-CAG and

(legend continued on next page)
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higher than in AAV8. Enzyme activity in AAV8co-CAG was also
significantly (****p < 0.0001) higher than in AAV8co-LBTP. Overall,
enzyme activity in liver-specific promoters was lower in bone than in
LMTP, LBTP, and CAG promoters.

GALNS enzyme activity in the trachea

GALNS enzyme activity in the trachea is shown in Figure 3D. All
groups had lower GALNS activity thanWT (95 nmol/h/mg). Howev-
er, the enzyme activity in AAV8co-CAG was higher (12 nmol/h/mg)
than liver-specific promoters (AAV8co-V2-TBG, AAV8-TBG, and
AAV8co-LSPX) and LBTP (AAV8co-LBTP and AAV9co-LBTP).
Moreover, enzyme activity in AAV8co-CAG was also higher than
in AAV9co-CAG. Although not significant, enzyme activity in
AAV9co-LMTP was higher than that of its counterpart, AAV8. Over-
all, none of the promoters achieved the WT level. This is because the
trachea is an avascular tissue and is hard to penetrate. Therefore, the
enzymes could not be taken up efficiently by tracheal chondrocytes.

GALNS enzyme activity in the heart

Heart GALNS activity is shown in Figure 3E. All liver-specific pro-
moters had lower enzyme activity than WT (0.63 nmol/h/mg).
GALNS activity in AAV8co-CAG (13 nmol/h/mg), AAV8co-LMTP
(15 nmol/h/mg), and AAV9co-LMTP (11 nmol/h/mg) was signifi-
cantly higher than WT (****p < 0.0001). Within the CAG group,
enzyme activity in the AAV8 serotype was significantly higher than
in its counterpart, AAV9 (****p < 0.0001). AAV8co-LMTP also had
higher activity than AAV9co-LMTP, although not significant.
Enzyme activity in LBTP was low, close to WT levels. Overall,
LMTP expressed the highest GALNS enzyme in skeletal and cardiac
muscle.

GALNS enzyme activity in spleen

All groups had higher enzyme activity thanWT (10 nmol/h/mg) (Fig-
ure 3F). Enzyme activities in CAG promoters (AAV8co-CAG and
AAV9co-CAG) were 22 nmol/h/mg and 14 nmol/h/mg, respectively.
Enzyme activities in liver-specific promoters (AAV8co-V2-TBG,
AAV8-TBG, and AAV8co-LSPX) were 13, 18, and 13 nmol/h/mg,
respectively. Enzyme activities in AAV8co-LMTP and AAV9co-
LMTP were 13 and 17 nmol/h/mg, respectively. GALNS activities
in AAV8co-LBTP and AAV9co-LBTP were 15 and 18 nmol/h/mg,
respectively.
KS levels in tissues

KS level in liver

There was a significant difference in liver KS levels between the WT
and untreated groups. The liver KS levels in untreated mice were
AAV9co-CAG (*p < 0.05 and **p < 0.01, respectively). Week 12, UT vs. AAV8co-CAG an

vs. AAV8co-CAG and AAV9co-CAG (**p < 0.01). (D) LBTP promoter; one-way ANOVA.

AAV9co-LBTP. Week 6, UT vs. AAV8co-LBTP (*p < 0.05). Week 8, UT vs. AAV8co-LB

0.01). Weeks 12 and 16, UT vs. AAV8co-LBTP and AAV9co-LBTP (*p < 0.05 and **p <

LBTP promoters. One-way ANOVA. UT vs. WT, AAV8co-V2-TBG, AAV8-TBG, AAV8

LBTP, and AAV9co-LBTP (****p < 0.0001). UT, untreated; WT, wild-type; TBG, thyroxi

megalovirus early enhancer/chicken b-actin; LMTP, liver-muscle tandem promoter; an
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significantly higher than in treated mice (Figure 4A). The KS levels
in liver-specific AAV8-TBG and AAV9co-LMTP were normalized
entirely to the WT KS level. The KS levels in all other treated groups
were normalized close to WT levels.

KS level in muscle

The KS levels in the muscle are shown in Figure 4B. There was no dif-
ference in muscle KS levels betweenWT and untreated groups. Liver-
specific promoters did not show a change in KS level. However,
AAV8co-LSPX had reduced KS levels when compared with the un-
treated group. In the CAG group, the KS level of only AAV8co-
CAG was reduced when compared with untreated mice. Moreover,
in LMTP, the KS level of AAV9co-LMTP was significantly
(*p <0.05) reduced when compared with untreated mice. The KS level
of LBTP was also reduced but comparatively to a lower extent than
the other decreasing groups. Thus, GALNS expression in LMTP pro-
vided a lower KS level in the muscle.

KS level in bone

There was a significant difference in bone KS levels between WT and
untreated groups. Bone KS levels in all treated mice were significantly
lower than in untreated mice (Figure 4C). KS levels in AAV8co-LSPX,
CAG, and LMTP promoters were reduced below the WT levels. KS
levels in liver-specific promoters (AAV8co-V2-TBG and AAV8-
TBG) and LBTP (AAV8co-LBTP and AAV9co-LBTP) were normal-
ized toWT levels. GALNS expression in LBTP was low (also low copy
number); however, the KS level was reduced, as seen in all other
promoters.
Biodistribution of AAV genome

Genome copies of AAV vectors in liver, muscle, and bone were quan-
tified by digital PCR as described in the materials and methods sec-
tion. In the liver, all AAV vectors were found in abundance (Fig-
ure S1A) and significantly higher than untreated mice. The copy
numbers in muscle were significantly higher in AAV9co-LMTP and
AAV9co-LBTP than in the WT level (Figure S1B). Genome copy
numbers in AAV8co-LSPX, AAV8co-CAG, and AAV9co-LMTP
were significantly higher in bone than in untreated mice (Figure S1C).
Overall, the copy numbers in muscle and bone were significantly
lower than in the liver.
Treated mice expressed anti-hGALNS antibodies in plasma

To check humoral response against GALNS, an enzyme-linked
immunosorbent assay (ELISA) was performed using plasma from
WT, untreated, and treated mice. All treated groups showed signifi-
cantly higher levels of circulating anti-hGALNS antibodies than
d AAV9co-CAG (*p < 0.05). Week 14, UT vs. AAV9co-CAG (*p < 0.05). Week 16, UT

In Week 4, there was no significant change in UT compared with AAV8co-LBTP and

TP and AAV9co-LBTP (**p < 0.01). Weeks 10 and 14, UT vs. AAV9co-LBTP (**p <

0.01, respectively). (E) KS levels at 16 weeks, in WT, TBG, LSPX, CAG, LMTP, and

co-LSPX, AAV8co-CAG, AAV9co-CAG, AAV8co-LMTP, AAV9co-LMTP, AAV8co-

n-binding globulin; LSPX, human alpha1-antitrypsin (hAAT); CAG, ubiquitous cyto-

d LBTP, liver-bone tandem promoter.
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untreated mice (Figure 5), identified in the previous reports.19,21 The
AAV9 vectors in LMTP and LBTP were higher responses to anti-
GALNS antibodies. In general, the level of anti-GALNS antibodies
was higher in female mice than in male mice in all groups. The
data presented here are a combined value of male and female mice
in each group.
Micro-computed tomography analysis of femur

Micro-computed tomography (micro-CT) analysis of mice femurs
was performed. Trabecular bone morphometry is shown in
Figures 6A–6C. Trabecular bone volumes in most groups were lower
than in untreated mice but similar to or higher than in WT mice. In
addition, AAV8co-V2-TBG and AAV8co-LMTP were significantly
lower than the untreated mice group (Figures 6A and 6D). Within
LMTP, the AAV8 serotype was lower than AAV9. In addition,
AAV8co-V2-TBG was significantly lower than AAV8co-LSPX.
Trabecular numbers in all vectors except (AAV8co-V2-TBG and
AAV8co-LMTP) were similar or higher than in WT mice but lower
than in untreated mice. AAV8co-V2-TBG and AAV8co-LMTP
were significantly lower than the untreated group. In addition,
although not significant, CAG and LBTP promoter AAV9 vectors
had higher trabecular numbers than their counterpart AAV8 vectors.
However, AAV9co-LMTP had a significantly higher number than
AAV8co-LMTP. Bonemineral density (BMD) was lower in all treated
groups than in the untreated group (only AAV8co-V2-TBG and
AAV8co-LMTP were significant). Within the liver-specific group,
AAV8co-V2-TBG had significantly lower BMD than AAV8-TGB
and AAV8co-LSXP. Moreover, in trabecular bone, bone volume frac-
tion (%) (BV/TV; bone volume/total volume [bone + other tissues])
of treated knockout (KO) mice was reduced compared with untreated
KO mice (Figure 6D). The maximum reduction in the percentage of
BV/TV was found in AAV8co-LMTP.

The cortical bone architecture was analyzed and is shown in
Figures S2A–S2C. Cortical bone areas in AAV8co-V2-TBG,
AAV9co-CAG, and AAV8co-LMTP were significantly lower than
in untreated mice. Within LMTP, the AAV9 vector was significantly
higher than AAV8 (Figure S2A). The medullary areas of AAV9co-
LBTP were significantly higher than those in the untreated group
(Figure S2B). Within the LBTP group, the AAV9 medullary area
was significantly higher than AAV8. Most vectors had slightly higher
or similar medullary area than the untreated group (Figure S2B).
Cortical tissue mineral density (TMD) in AAV8co-V2-TBG,
AAV8co-LSPX, AAV8co-LMTP, AAV9co-LMTP, and AAV8co-
LBTP was significantly higher than the untreated group. In addition,
LBTPco-AAV9 TMD was significantly higher than LBTPco-AAV8
Figure 3. GALNS activity in tissues

Liver (A), muscle (B), bone (C), trachea (D), heart (E), and spleen (F). One-way ANOVA.

LMTP, and AAV9co-LBTP not significant. AAV8co-LBTP vs. AAV9co-LBTP (**p < 0.0

AAV8co-CAG and AAVco-LMTP not significant, AAV8co-CAG vs. AAV9co-CAG (***p

Heart; WT vs. AAV8co-CAG, AAV8co-LMTP, and AAV9co-LMTP (****p < 0.0001), AAV

CAG, AAV9co-LBTP non-significant. WT, wild-type; TBG, thyroxin-binding globulin; CA

tandem promoter; and LBTP, liver-bone tandem promoter.

Molec
(Figure S2C). However, no significant change was seen in female
mice in cortical bone and medullary areas, as shown in Figures S2D
and S2E. TMD was significantly lower in WT and AAV9co-LBTP
(Figure S2F).

Bone and cartilage pathology

Effects of the AAV vector on femurs and tibias of MPS IVAmice were
assessed 12 weeks post-injection. The untreated group of mice ex-
hibited excessive GAG storage vacuoles in the growth plates of tibias
(Figure 7A), articular cartilage (Figure 7B), meniscus, and ligaments.
Growth plates also exhibited disorganized column structures with
vacuolated chondrocytes (Figures 7A and 7B). In treated groups
(TBG, CAG, LMTP, and LBTP), growth plates, articular cartilage, lig-
aments, and meniscuses of the knee joint had a partial reduction of
storage material, and the column structure of chondrocytes was
improved but remained disorganized and distorted.

The chondrocyte cell size was measured to evaluate the improvement
of vacuolization in cartilage cells of the growth plate. Chondrocyte cell
size was significantly reduced in growth plate lesions, including fe-
murs and tibias of treated groups (TBG, CAG, LMTP, and LBTP),
compared with untreated mice (Figures 7C and 7D).Moreover, we as-
sessed the amelioration of vacuoles and disorganized column struc-
tures in MPS IVA mice as pathological scores, which moderately
improved in treated mouse groups with each AAV vector compared
with untreated mice. Pathological scoring of mice treated with LMTP
was markedly lower in particular discs and ligaments than in other
groups (TGB, CAG, and LBTP) (Figures 8A–8D). These results sug-
gested that the impact of the LMTP promoter construct on the bone
lesions of MPS IVA mice was greater than that of other promoters
(TGB, CAG, and LBTP).

Untreated MPS IVA mice exhibited GAG storage vacuoles in heart
valves and muscles. AAV8co-V2-TBG, AAV8co-LSPX, and
AAV8co-CAG provided clearance of vacuoles (Figure S3).
AAV8co-LMTP and AAV9co-LMTP provided nearly complete clear-
ance in these heart lesions of treated mice (Figure S3).

DISCUSSION
Our previous study showcased the potential of AAV gene therapy in
MPS IVA mice, demonstrating a significant reduction in storage ma-
terials in the articular cartilage and growth plate region.While this did
not completely restore skeletal lesions, it did provide a promising
foundation for further research.19 In the present study, we tested
nine different AAV vectors expressing hGALNS under the control
of a liver-specific TBG or LSPX promoter, a ubiquitous promoter
Liver; WT vs. AAV8-TBG (****p < 0.0001), AAV8-TBG vs. AAV9co-CAG, AAV9co-

1). Muscle; WT vs. AAV8co-CAG and AAV9-co-LMTP (*p < 0.05). Bone; WT vs.

< 0.001), AAV9co-LMTP vs. AAV8co-LMTP (**p < 0.01). Trachea; no significance.

8co-CAG vs. AAV9co-CAG (****p < 0.0001). Spleen; WT vs. AAV8-TBG, AAV8co-

G, ubiquitous cytomegalovirus early enhancer/chicken b-actin; LMTP, liver-muscle
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(CAG), an LMTP, or an LBTP to determine the most effective treat-
ment on bone lesions in MPS IVA mice.

The GALNS enzyme activity in plasma was elevated in every treated
group; however, TBG and CAG promoters with AAV8 provided
higher levels than AAV8co-LMTP and AAV8co-LBTP. Conversely,
AAV9co-LMTP and AAV9co-LBTP had enzyme levels similar to
those of TBG and CAG promoters. We used LMTP and LBTP along
with liver-specific promoters and found supraphysiological enzyme
activity levels in the liver from all groups; however, the AAV9 sero-
type was more effective in CAG, LMTP, and LBTP promoters than
the AAV8 serotype. Thus, the expression of AAV vectors in the liver
reflects the level of GALNS in plasma. The GALNS enzyme activity in
muscle was substantially detectable in CAG (AAV8) and LMTP
(AAV8 and AAV9), while almost no enzyme activity was found in
8 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025
the WT mice. Notably, only CAG (AAV8)
and LMTP (AAV9) provided supraphysiologi-
cal levels of enzyme activity in bone. The
AAV9co-LMTP produced higher enzyme activ-
ity in bone and muscle than the other pro-
moters. It is interesting to observe that bone
KS levels were normalized to WT levels in all
promoters despite the enzyme activity level.
KS levels in bone (femur in this study) reflect
four types of bone cells (osteoblasts, osteoclasts,
osteocytes, and osteoprogenitor [or osteogenic]
cells), chondrocytes, and extracellular matrix,
where KS is synthesized and/or used as part of
structural components, proteoglycans like ag-
grecan. The avascular growth plate region,
which is hard-to-reach tissue, is a tiny portion.
Therefore, we hypothesize that normalization
of bone KS level results from accessible bone
cells but not from the chondrocytes in the
growth plate and that a small amount of enzyme
may be required to deliver to the bone to reduce
KS in bone cells but not for the chondrocytes.
This finding could also explain why the pathol-
ogy in chondrocytes of the growth plate is partially corrected in this
study despite the KS normalization of the whole femur.

The optimal AAV vector constructs for bone and cartilage lesions of
MPS IVA remain unknown; therefore, we evaluated micro-CT anal-
ysis for MPS IVA mice to assess therapeutic efficacy from single and
tandem promoters using AAV8 and AAV9 serotypes. In most groups,
trabecular bone volume, number, and BMD were lower than those in
the untreated mice group.

Recombinant AAV vectors are under intensive investigation in many
clinical trials after emerging as highly promising vectors for human
gene therapy. Exemplifying their power and potential is the authori-
zation of six gene therapy products based onWTAAV serotypes: Gly-
bera (AAV1), Luxturna (AAV2), and most recently, Zolgensma
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Figure 5. Detection of GALNS antibodies

Detection of GALNS antibodies by ELISA in UT, WT, TBG, LSPX, CAG, LMTP, and

LBTP promoters. UT vs. AAV8co-V2-TBG, AAV8co-CAG (*p < 0.05), UT vs.

AAV8co-LSPX, AAV8co-LMTP, and AAV8co-LBTP (**p < 0.01), UT vs. AAV9co-
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(AAV9),22 Valoctocogene roxaparvovec (AAV5) for hemophilia A,23

and AAV8, AAV9, and lentiviral vectors for hemophilia B.24 The
number of clinical trials of AAV-based gene therapies is on the rise,
and as of 2022, more than 200 trials have been conducted.25 In the
MPS field, TBG promoter has been reported to improve bone length
in MPS VI feline and rat models,26,27 leading to ongoing clinical trials
for MPS VI using a liver-specific promoter construct packaged into
AAV8 (NCT03173521).28 Wood and Bigger summarize the gene
Molec
therapy clinical trials for MPS.29 CAG promoters have been used in
AAV gene therapy clinical trials for MPS I, II, and IIIA with various
routes of administration, showing therapeutic effects (NCT03580083,
NCT03566043, NCT03612869).

Colella et al. have made significant strides in validating the AAV gene
therapeutic approach with the tandem promoter in infantile mice
with Pompe disease.30 This disease, caused by a lack of the acid-
alpha-glucosidase (GAA) enzyme, presents a significant challenge
for gene therapy. However, the efficient tandem promoter has shown
promise in preventing immune responses to GAA following systemic
AAV gene transfer in immunocompetent Gaa�/� newborn mice.
This work demonstrates that neonatal gene therapy with either
AAV8 or AAV9 in Gaa�/� mice can lead to persistent therapeutic
efficacy when using an LMTP that provides high and persistent trans-
gene expression in non-dividing extra-hepatic tissues. The authors’
conclusion that the tandem promoter can overcome critical limita-
tions of AAV gene therapy is a hope for treating pediatric conditions
requiring persistent multi-systemic transgene expression and preven-
tion of anti-transgene immunity. Nieuwenhuis et al. reported the
AAV1 vector in four commonly used promoters: the short CMV early
enhancer/chicken b-actin (sCAG), human cytomegalovirus (hCMV),
mouse phosphoglycerate kinase (mPGK), and human synapsin
(hSYN) promoters. The mPGK and hSYN promoters directed the
most robust transgene expression.31 The mPGK promoter did drive
expression in cortical neurons and oligodendrocytes. In contrast,
transduction with AAV harboring the hSYN promoter resulted in
neuron-specific expression, including perineuronal net expressing in-
terneurons and layer V corticospinal neurons. This promoter com-
parison study improves transgene delivery into the brain and spinal
cord.31 In another study, Nieuwenhuis et al. reported five promoters
(chicken b-actin [CBA], CMV, sCAG, mPGK, and hSYN) in AAV2
for gene delivery.32 AAV2 is commonly used to deliver transgenes
to retinal ganglion cells via intravitreal injection. The promoters
driving enhanced green fluorescent protein (eGFP) were examined
in adult C57BL/6J mice eyes and tissues of the visual system. The
eGFP expression was most robust in the retina, optic nerves, and
brain when driven by the sCAG and SYN promoters. By comparison,
CBA, CMV, and PGK had moderate expression.32 Yang et al. showed
that different AAV serotypes had different transduction efficiencies in
bone cells, including osteoblasts and chondrogenic cells.33 Chen et al.
showed that intra-articular injection of AAV2 provided high trans-
duction efficiencies in chondrocytes located in the deep layer of the
articular cartilage.34

Despite the significant advancement of AAV gene therapy, it has also
become evident that the current AAV vector generation will require
improvements in transduction potency, antibody evasion, and cell/
tissue specificity to allow lower and safer vector doses.35 Therefore,
further studies should optimize the administration route of AAV vec-
tors and AAV serotypes for bone and cartilage lesions in MPS IVA
mice and relevant larger animal models.19,21 Bertolin et al. (2021)
demonstrated the therapeutic effects on MPS IVA rats with AAV9-
Galns, resulting in widespread transduction of bones, cartilage, and
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Figure 6. Trabecular bone morphometry

Trabecular bone volume fraction (A), trabecular number (B), trabecular BMD (C), trabecular bone structure (BV/TV) of male mice, UT, WT, liver-specific (AAV8co-V2-TBG

and AAV8co-LSPX) promoters, CAG, LMTP, LBTP promoters. (D) One-way ANOVA, trabecular bone volume fraction; UT vs. AAV8co-V2-TBG (**p < 0.01) and

(legend continued on next page)
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peripheral tissues and successive improvement in skeletal and non-
skeletal lesions. This study suggested the potential of AAV gene ther-
apy forMPS IVA; however, the rat (but not human)Galns cDNAwith
AAV9 vector was used, and immunogenicity due to the species differ-
ence was eliminated. Therefore, it remained unknown whether hu-
man GALNS cDNA with the AAV vector provides the same efficacy
in different species like mice or rats, which we investigated here.36

Since no vector in this study can completely correct bone pathology,
we may need a humanoid mouse or rat model to show the more ther-
apeutic effects of humanGALNS cDNA.Wewill also consider admin-
istering the higher dose, which could be toxic for mice and may be
tough to use for human clinical trials. Since bone pathology in MPS
IVA mice (avascular growth plate region and ligaments) is progres-
sive and challenging to reverse, we plan to administer AAV vectors
to newborns. Another way is to eliminate immune reaction against
the gene product (GALNS). We are investigating the immune-
tolerant induction against the gene product into the MPS IVA mice
before AAV gene therapy.

In conclusion, intravenous administration of the AAV9 vector with
an LMTP promoter led to more therapeutic potential for treating
MPS IVA bone and cartilage lesions. This preclinical study provides
valuable information on promoter selection for AAV-mediated gene
therapy for human patients with MPS IVA. Further studies are
required to understand and circumvent observed challenges posed
by the immune responses against the expressed enzyme and the
AAV vector to successfully translate this approach to the clinic.

MATERIALS AND METHODS
Cassette design and expression of AAV vector production

AAV8 vectors expressing codon-optimized hGALNS under the con-
trol of TBG (AAV8-TBG-hGALNSco-V2, AAV8-TBG-hGALNS, or
AAV8co-LSPX), AAV8 and AAV9 vectors expressing codon-opti-
mized hGALNS with (CAG) promoter (AAV8co-CAG-hGALNS,
AAV9co-CAG-hGALNS), LMTP (AAV8co-LMTP-hGALNS, AA
V9co-LMTP-hGALNS), and LBTP (AAV8co-LBTP-hGALNS, AA
V9co-LBTP-hGALNS) were produced by Vector Core of Regenx-
bio Inc.

In the text, we referred to specific TBG promoters (AAV8-TGB-
hGALNS [AAV8-TGB] and AAV8co-V2-TGB-hGALNS [AAV8co-
V2-TBG]) as AAV8-TGB and AAV8co-V2-TGB (version2; depleting
CG dinucleotides plus codons optimized), respectively; to liver-spe-
cific promoter with modification of human alpha 1-antitrypsin
(hAAT) as AAV8co-LSPX; ubiquitous CAG promoters (AAV8co-
V2-CAG-hGALNS and AAV9co-V2-CAG-hGALNS) as AAV8co-
CAG and AAV9co-CAG, respectively; LMTP (AAV8co-V2-LMTP-
hGALNS and AAV9co-V2-LMTP-hGALNS) as AAV8co-LMTP and
AAV9co-LMTP, respectively; and to LBTP (AAV8co-V2-LBTP-
AAV8co-LMTP (*p < 0.05). Trabecular number; UT vs. AAV8co-V2-TBG (**p < 0.01) and

BMD; UT vs. AAV8co-V2-TBG and AAV8co-LMTP (**p < 0.01). BMD, bone mineral de

alpha1-antitrypsin (hAAT); CAG, ubiquitous cytomegalovirus early enhancer/chicken b-a

Molec
hGALNS and AAV9co-V2-LBTP-hGALNS) as AAV8co-LBTP and
AAV9co-LBTP. These vectors were transfected in a human liver
cell line, Huh-7 cells, and determined the activity levels in both cell
lysate and supernatant 48 h post-transfection.

Animal experimentation

We have usedGalnsKO (Galns�/�) MPS IVAmouse models with the
C57BL/6 background. The KO mice had no detectable GALNS enzy-
matic activity in blood and tissues and displayed the excessive accu-
mulation of storage materials primarily within reticuloendothelial
Kupffer cells, muscle, heart valves, and chondrocytes, including artic-
ular cartilage and growth plate.37 Homozygous male and female MPS
IVAmice at 4 weeks of age were treated with nine different AAV vec-
tors with a dose of 5� 1013 genome copies (GC)/kg via the lateral tail
veins with TBG promoters (AAV8co-V2-TBG and AAV8-TBG),
AAV8co-LSPX promoter, AAV8 and AAV9 vectors with the CAG
promoter (AAV8co-CAG and AAV9co-CAG), LMTP (AAV8co-
LMTP and AAV9co-LMTP), and LBTP (AAV8co-LBTP and
AAV9co-LBTP).

Another cohort of MPS IVA KO mice was administered with phos-
phate-buffered saline (PBS) (untreated group). TheWTmouse group
was also treated with PBS. The total dose volume administration was
approximately 100 mL per mouse. Each group had six mice (three
males and three females). Approximately 100 mL of blood was
collected in tubes with EDTA (Becton Dickinson, Franklin Lakes,
NJ) every other week from all animals in the study. The blood was
centrifuged at 8,000 rpm for 10 min, and the separated plasma was
kept at �20�C until the GALNS enzyme assay and GAG assay were
performed. At 16 weeks, mice were euthanized in a CO2 chamber
and perfused with 20mL of 0.9% saline. Liver, heart, lung, muscle, tra-
chea, spleen, kidney, and knee joints were collected and stored at
�80�C until processing for the GALNS enzyme assay and GAG assay.
In addition, knee joint samples were collected and stored in 10%
neutral buffered formalin for histopathology analysis. All animal
care and procedures followed NIH guidelines and were approved
by the Nemours Institutional Animal Care and Use Committee.

GALNS enzyme activity assay

Adeno-associated viruses can have specific tropism for specific organs
and tissues of the body depending on their serotype. As mentioned
above, AAV8 is best known for its strong tropism to liver cells in
different models, including murine, canine, and non-human primates
(NHPs).35,38–45 Adeno-associated virus 8 (AAV8) was also found to
be the most efficient for the transduction of both skeletal and cardiac
muscles.46 However, AAV9 transduction efficiency in most tissues is
superior to other AAVs.47,48 Moreover, the CNS of murine, NHP, and
feline models has a unique feature compared with other sero-
types.49–53 In some cases, transduction of AAV9 is five- to 10-fold
AAV8co-LMTP (*p < 0.05), AAV8co-LMTP vs. AAV9co-LMTP (*p < 0.05). Trabecular

nsity; UT, untreated; WT, wild-type; TBG, thyroxin-binding globulin; LSPX, human

ctin; LMTP, liver-muscle tandem promoter; and LBTP, liver-bone tandem promoter.
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higher than AAV8 for murine, NHP, and porcine cardiac mus-
cle.24,54–58 Another study showed that AAV9 is superior to other
AAVs with robust transduction of murine hepatocytes, skeletal mus-
cles, and pancreatic cells.58 Therefore, we used both AAV8 and AAV9
vectors in ubiquitous CAG promoter, LMTP, and LBTP.We also used
liver-specific TBG and liver-specific LSPX promoters. In addition, we
used codon-optimized GALNS to maximize GALNS enzyme produc-
tion. We used different promoters to evaluate which promoter facil-
itates the highest expression of GALNS enzyme in plasma and tissue
and the correction of accumulated GAGs and bone pathology. These
vectors were delivered intravenously into 4-week-old MPS IVA
knockout (KO) mice at a dose of 5 � 1013 GC/kg. Blood samples
were collected every other week to analyze the enzyme activity and
KS levels. After 12 weeks post-injection at necropsy, tissue samples
were taken from different organs for GALNS activity and KS levels.
Knee joints and heart valves were used for histopathology analysis.

GALNS activity in plasma and tissues was determined as described.19

Frozen tissues were homogenized with a homogenization buffer con-
taining 25 mM Tris-HCl (pH 7.2) and 1 mM phenylmethylsulfonyl
fluoride using an Omni Bead Ruptor Bead Mill Homogenizer
(OMNI International, Kennesaw, GA) according to manufacturer rec-
ommendations for speed and time. Tissue homogenate was transferred
to a 1.5-mL tube and centrifuged for 30 min at 12,000� g, at 4oC. The
clear supernatant was used for enzyme activity, as shown below.

Plasma or tissue lysate and 22 mM 4-methylumbelliferyl-b-galacto-
pyranoside-6-sulfate (Carbosynth, San Diego, CA) in 0.1 M NaCl/
0.1 M sodium acetate (pH 4.3) were incubated in a HEIDOLPH Incu-
bator (Grainger, Lake Forest, IL) at 37�C for 17 h. Then, 10 mg/mL
b-galactosidase from Aspergillus oryzae (Sigma-Aldrich, St. Louis,
MO) in 0.1 M NaCl/0.1 M sodium acetate (pH 4.3) was added to
the reaction sample. Additional incubation was at 37�C for 1 h.
The sample was transferred to stop solution (1 M glycine, NaOH
[pH 10.5]), and the plate was read at excitation 366 nm and emission
450 nm on a PerkinElmer Victor X4 plate reader (PerkinElmer,
Waltham, MA). The activity was expressed as nanomoles of
4-methylumbelliferone released per hour per milliliter of plasma or
milligram of protein. Protein concentration was determined by a bi-
cinchoninic acid protein assay kit (Thermo Fisher Scientific, Wal-
tham, MA).
Glycosaminoglycans assay

Glycosaminoglycans, mainly KS (biomarker of MPS IVA) levels in
blood and tissues, were measured by liquid chromatography-tandem
Figure 7. Bone pathology (knee joint)

Growth plate region (A), articular cartilage region (B), chondrocyte (300 for each group) c

representative non-vacuolated chondrocytes. Red asterisks indicate the representativ

(C) and tibia (D) was quantified by ImageJ. Femur; UT vs. WT, AAV9co-CAG, and AAV8

LBTP (*p < 0.05), UT vs. AAV8co-CAG (**p < 0.01). Tibia; UT vs. WT (****p < 0.0001), U

AAV8co-CAG vs. AAV9co-CAG (*p < 0.05). UT, untreated; WT, wild-type; TBG, thy

cytomegalovirus early enhancer/chicken b-actin; LMTP, liver-muscle tandem promoter;

region.

Molec
mass spectrometry (LC-MS/MS). Ten microliters of plasma/urine or
standard and 90 mL of 50 mM Tris-HCl (pH 7.0) were added to wells
of AcroPrep Advance 96-Well Filter Plates that have Ultrafiltration
Omega 10 K membrane filters (PALL Corporation, NY). A cocktail
of 40 mL with recombinant chondroitinase B, heparinase, and kerata-
nase II (all enzymes, 1 mU/sample), and IS solution (5 mg/mL) was
added to each well, followed by 60 mL of 50 mM Tris-HCl (pH 7.0)
added to each well. The filter plate was placed on a 96-well plate
and incubated at 37�C overnight. The plate was then centrifuged at
14.4 � g for 20 min. The samples were injected into LC-MS/MS.
The apparatus consisted of a 1290 Infinity LC system coupled to a
6460 triple-quad mass spectrometer (Agilent Technologies, Palo
Alto, CA). The injection volume was 5 mL, and a Hypercarb column
(2.0 mm i.d., 50 mm, 5-mm; Thermo Fisher Scientific, Waltham, MA)
was used at 60�C to separate disaccharides. The mobile phases were
100 mM ammonia (A) and 100% acetonitrile (B). The gradient con-
dition was programmed as follows: the initial composition of 100% A
was held for 1 min, linearly modified to 30% B to 4min, maintained at
30% B to 5.5 min, returned to 0% B to 6 min, and maintained at 0% B
until 10 min. The flow rate was 0.7 mL/min. Specific precursor and
product ions, m/z, were used to quantify each disaccharide, respec-
tively (IS, 354.3, 193.1; DS, 454.8, 300.2; mono-sulfated KS, 462, 97;
di-sulfated KS, 542, 462; diHS-NS, 416, 138; diHS-0S, 378.3,
175.1).59–61 The concentration of each disaccharide was calculated us-
ing QQQ Quantitative Analysis software. The levels of GAG in urine
samples were normalized by creatinine, measured with a (urinary)
Creatinine Colorimetric Assay Kit (Cayman Chemical, Ann Arbor,
MI).62–64
Glycosaminoglycan extraction from tissue

Glycosaminoglycan extraction from tissue was performed as
described earlier,65 with minor modifications. Frozen mouse tissues
(30–50 mg) were dissected and homogenized in cold acetone in ho-
mogenization tubes (2mLmicrotubes pre-filled with 2.8-mm ceramic
beads) by Omni Bead Ruptor Bead Mill Homogenizer (OMNI inter-
national, Kennesaw, GA) according to manufacturer-recommended
speed and time. Tissue homogenate was transferred into a 1.5-mL
tube and centrifuged for 30 min at 12,000 � g, at 4oC. The acetone
buffer was removed, and de-fat pellets were dried (using a vacuum
centrifuge). Two hundred microliters of 0.5 N NaOH were added
to the dried pellet and were incubated for 2 h at 50oC to remove
the attached GAG chains from its core protein. The mixture was
neutralized with 1 N HCl (100 mL), NaCl powder was added to a final
concentration of 3M. The suspension was then centrifuged to remove
nucleotides, and the pH of the supernatant was adjusted below 1.0
ell size in growth plate lesions of femur (C), and tibia (D). Yellow asterisks indicate the

e chondrocytes vacuolated. Chondrocyte cell size in growth plate lesions of femur

co-LMTP (****p < 0.0001), UT vs. AAV8co-V2-TBG, AAV9co-LMTP, and AAV9co-

T vs. AAV8co-CAG (*p < 0.05), AAV8co-V2-TBG vs. AAV8co-LSPX (*p < 0.05), and

roxin-binding globulin; LSPX, human alpha1-antitrypsin (hAAT); CAG, ubiquitous

LBTP, liver-bone tandem promoter; GP, growth plate region; AC, articular cartilage
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with 1 N HCl (83.3 mL) to precipitate proteins. After centrifugation,
the supernatant was neutralized with 1 N NaOH (83.3 mL). The crude
GAGs were precipitated by adding 2 volumes of ethanol containing
1.3% potassium acetate. After centrifugation, the precipitate was dried
entirely and dissolved in 50 mM Tris-HCL (pH 7.0).
Detection of plasma anti-GALNS IgG antibodies

The presence of anti-hGALNS antibodies in plasma was assessed by the
indirect ELISA method, as described previously.19,66 Briefly, 96-well
plates were coated with 2 mg/mL purified rhGALNS (R&D Systems,
Minneapolis, MN) overnight in 15 mM Na2CO3, 35 mM NaHCO3,
and 0.02% NaN3 (pH 9.6), and then blocked for 1 h at room temper-
ature with 3% bovine serum albumin in PBS (pH 7.2). Diluted plasma
(1:100) was added to the wells and incubated at 37�C for 2.5 h. The sec-
ondary antibody of peroxidase-conjugated goat anti-mouse immuno-
globulin (Ig)G (Thermo Fisher Scientific, Waltham, MA) at a 1:1,000
dilution was added to the wells and incubated at room temperature
for 1 h. Peroxidase substrate (ABTS solution, Invitrogen, Carlsbad,
CA) was added, and plates were incubated for 30 min. The reaction
was stopped by adding 1% sodium dodecyl sulfate (SDS), and the
absorbance was read at an optical density of 410 nm on a
PerkinElmer Victor X4 plate reader (PerkinElmer, Waltham, MA).
Quantification of AAV genome copies

The AAV genome copies in the tissues (liver, muscle, and bone) were
quantified by the digital PCR method, as previously described.19
Assessment of bone pathology

Toluidine blue staining was performed as described previously.67

Briefly, the knee joint was collected from MPS IVA and WT mice
at 16 weeks old to evaluate levels of storage granules by light micro-
scopy. Tissues were fixed in 2% paraformaldehyde and 4% glutaral-
dehyde in PBS, post-fixed in osmium tetroxide and embedded in
Spurr’s resin. Then, toluidine blue-stained 0.5-mm-thick sections
were examined. Pathological slides from the knee joint of the treated
and untreated MPS IVA and WT mice were evaluated to reduce va-
cuolization and improve column orientation in the growth plate.
The amount of storage materials and the degree of disoriented col-
umns were scored. Each pathological slide was assessed in a double-
blind manner three times. We averaged the score in a group of mice
per section of bone (growth plate, articular disc, meniscus, and
ligament).
Figure 8. Tibia and femur growth plate and articular cartilage score for vacuol

One-way ANOVA. Tibia growth plate vacuolization score (A); UT vs. WT (****p < 0.0001)

0.01). Tibia growth plate column structure score (B); UT vs. WT (****p < 0.0001), UT vs

AAV9co-LMTP and AAV8co-LBTP (**p < 0.01). Tibia articular cartilage vacuolization sc

cartilage column structure score (D); UT vs. WT (****p < 0.0001), UT vs. AAV8co-LSPX

Femur growth plate column structure score (F); UT vs. WT (****p < 0.0001). Femur articul

(**p < 0.01), UT vs. AAV8co-CAG, AAV8co-LBTP, and AAV9co-LBTP (*p < 0.05). Fem

AAV8co-LSPX, AAV9co-LMTP, AAV8co-LBTP, and AAV9co-LBTP (*p < 0.05). Ligamen

AAV8co-LMTP, and AAV8co-LBTP (*p < 0.05), UT vs. AAV8co-LSPX and AAV8co-CAG

WT, wild-type; TBG, thyroxin-binding globulin; LSPX, human alpha1-antitrypsin (hAAT

muscle tandem promoter; and LBTP, liver-bone tandem promoter.
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Micro-computed tomography analysis of femur

Micro-computed tomography (micro-CT) analysis of mice femurs
was performed as described previously.68 The femurs of male MPS
IVA mice 12 weeks post-injection of AAV vectors were analyzed us-
ing the SkyScan 1275 system (Bruker, Billerica, MA) with a source
voltage and current of 80 kV and 125 mA, respectively. Three-dimen-
sional microstructural images were reconstructed using SkyScan
NRecon software. Bruker CTAn software (Bruker Corporation, Bill-
erica, MA) was used to calculate trabecular bone volume (BV/TV,
%), trabecular number (Tb.N, 1/mm), and BMD (gHA/cm3).

Data analysis

The statistical analysis was performed as t tests (and nonparametric
tests) using GraphPad Prism 9.0 (GraphPad, San Diego, CA). All
data are expressed as means and standard deviations. The statistical
significance of the difference was considered as p < 0.05.
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