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Mucopolysaccharidosis type IVA (MPS IVA) is caused by a defi-
ciency of the galactosamine (N-acetyl)-6-sulfatase (GALNS)
enzyme responsible for the degradation of specific glycosamino-
glycans (GAGs). The progressive accumulation of GAGs leads to
various skeletal abnormalities (short stature, hypoplasia,
tracheal obstruction) and several symptoms in other organs.
To date, no treatment is effective for patients with bone abnor-
malities. To improve bone pathology, we propose a novel com-
bination treatment with the adeno-associated virus (AAV) vec-
tors expressing GALNS enzyme and a natriuretic peptide C
(CNP; NPPC gene) as a growth-promoting agent for MPS
IVA. In this study, an MPS IVA mouse model was treated
with an AAV vector expressing GALNS combined with another
AAV vector expressing NPPC gene, followed for 12 weeks. After
the combination therapy, bone growth inmice was induced with
increased enzyme activity in tissues (bone, liver, heart, lung) and
plasma. Moreover, there were significant changes in bone
morphology in CNP-treated mice with increased CNP activity
in plasma. Delivering combinations of CNP and GALNS gene
therapies enhanced bone growth in MPS IVA mice more than
in GALNS gene therapy alone. Enzyme expression therapy alone
fails to reach the bone growth region; our results indicate that
combining it with CNP offers a potential alternative.
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INTRODUCTION
The mucopolysaccharidoses (MPS) are a group of rare inherited lyso-
somal storage disorders with a total incidence of 1 in 25,000 births.1

The low incidence of MPS is also caused by the poor prenatal and
birth diagnosis of the patients.2 MPS group is classified into eight
types based on the defective enzyme in the lysosome.3,4 When a lyso-
somal enzyme is defective, it loses its ability to efficiently break down
its enzyme substrates, glycosaminoglycans (GAGs). As a result, GAGs
build up inside the cell and throughout the entire organism. The
symptoms of MPS vary depending on the specific type of the disorder,
the defective enzyme, and the accumulated specific GAGs.3

Most symptoms are connected to the GAG accumulation within the
body, such as organomegaly, heart dysfunction, hernias, and neuro-
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logical and skeletal symptoms.3 Currently, there is no cure for MPS.
Treatment options for the MPS include enzyme replacement therapy
(ERT) and hematopoietic stem cell transplantation (HSCT). ERT has
several limitations: high cost, immune response, weekly administra-
tion, and ineffectiveness for bone and brain treatment. HSCT has
the limitations of finding a suitable donor, transplant rejection, trans-
plant age limits, invasive procedures, limited correction of the CNS,
and skeletal symptoms.5,6 Additionally, patients need constant sup-
portive or palliative care that includes rehabilitation, surgical inter-
ventions, or medications that can control musculoskeletal, respira-
tory, ophthalmological, and neurological manifestations.7

The most severe symptoms of MPS occur when there is dysfunction in
the CNS or skeletal abnormalities.8 Novel therapies primarily targeting
the CNS are under clinical or preclinical studies and will be available to
patients soon. These therapies include receptor-mediated transport of
the enzyme (RMT)9 or gene therapy.10 RMT is the direct enzymemodi-
fication that targets specific receptors, helping to transport ligands
through barriers such as blood-brain barrier. RMT therapywas assessed
in several MPS types: MPS I,11–13 MPS II,14,15 MPS III,16,17 and MPS
VII.18 Some of these therapies are approved or in clinics: MPS I
(NCT04227600, NCT03053089, NCT02371226) and MPS II
(NCT04573023, NCT04251026) (Database: ClinicalTrials.gov). Simi-
larly, our study used a receptor-based approach targeting natriuretic
peptide C (CNP) receptors with CNP, which induces bone growth.
Gene therapy is extensively studied for MPS patients. It can be distin-
guished into two main categories depending on the way of vector
administration: in vivo and ex vivo gene therapy. In vivo gene therapy
is a direct transfer of the viral vector to the organism; it can be through
intravenous, intracerebral, or other direct administration routes.Exvivo
gene therapy includesmore steps: collecting the cells frompatients (e.g.,
stem cells), transduction with the vector of interest, and re-administra-
tion of the transduced cells to the patient.10 Both approaches are studied
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for theMPS patients in clinics (Table S1).Most potential gene therapies
focus on the cross-correction mechanism of the enzyme in the blood
flow.The enzyme is expressed in the cell of interest and secreted through
the bloodstream to other cells in the body. High expression of the
enzyme from viral vector helps to reach hard-to-treat tissues, such as
brain or bone.19 However, elevated transgene expression could poten-
tially impact the organism, leading to a heightened immune response.

Available treatments for MPS can help to manage specific symptoms
and extend life expectancy.20 However, individuals with MPS still
experience significant challenges due to skeletal abnormalities,
including kyphosis, scoliosis, genu valgum, trachea obstruction, joint
pain, and severe short stature. Additional therapeutic approaches are
needed to address skeletal dysfunction in these disorders, including
inflammation reduction and pain management.21,22

The type of accumulated GAGs in the bones determines the specific
cells affected. In MPS types I, II, and VI, dermatan sulfate accumu-
lates mostly in bone cells like osteocytes, osteoblasts, and osteoclasts,
leading to an imbalance in bone formation. Imbalances in bone for-
mation can result in abnormal bone ossification, growth, and
strength, with a consequent risk of osteoporosis.23–25 In MPS IVA
(Morquio A syndrome), keratan sulfate (KS) accumulates mainly in
the bone cartilage. Targeting chondrocyte cells, responsible for carti-
lage formation in avascular regions of the bone, poses significant chal-
lenges in treatment.26 Consequently, additional treatment approaches
are necessary to address avascular cartilage tissue and alleviate the
burden of skeletal-related symptoms in MPS IVA patients.

Numerous investigations utilize adeno-associated virus (AAV) vectors
in bone research, both for delivering a transgene of interest27–29 and in
more recent studies employing AAV vectors for base editing in the
treatment of bone fragility.30 Our prior studies have demonstrated
the effectiveness of AAV vectors expressing the galactosamine
(N-acetyl)-6-sulfatase (GALNS) enzyme in treating MPS IVA in the
mouse model.31,32 Our analysis revealed increased enzyme activity
and decreased chondrocyte volume due to a cross-correction mecha-
nism.32 However, we did not observe an increased proliferation of
chondrocytes. Thus, to address the bone, we used an AAV8 vector ex-
pressing the peptide that previously showed bone growth induction in
the MPS IVA mice.33 CNP, a potential bone-penetrating agent, stimu-
lates bone growth by activating the natriuretic peptide receptor B on
chondrocytes. Despite its therapeutic promise for skeletal dysplasia,
the short half-life of natural CNP and the need for repeated injections
of modified CNP currently limit its effectiveness. Our previous results
showed that CNP effectively targets chondrocytes, activating its prolif-
eration and differentiation in the growth plate of MPS IVA mice.33

In this article, our objective was to evaluate a combined therapy in a
mouse model of MPS IVA. This therapeutic strategy involved gene
therapy applying two different transgenes.

We focused on two primary issues observed in MPS IVA patients: KS
and C6S accumulation and bone growth failure. To achieve this goal,
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we administered AAV vectors co-expressing two transgenes, the
GALNS enzyme and the bone growth-inducing peptide, CNP.
AAV9 has a broader targeting range within the body, affecting tissues
such as striated muscles, liver, bone, and the CNS, potentially leading
to greater expression of the vector; thus, we used this serotype for
GALNS expression.34–37 AAV8 also has a broad range of targeted tis-
sues when delivered locally,38–43 with the greatest transduction effi-
cacy in hepatocytes out of all AAV serotypes in different models.37,38

Considering our familiarity with AAV vectors, we opted for AAV8 as
the expression vector for CNP, which will be expressed more in liver.
This choice was made to prevent potential overexpression in one
particular tissue. Also, we avoided antibodies against one specific
serotype raised, causing more immune reactions and adverse effects.
Our experiments highlight the significance of carefully controlling the
dosage of CNP to avoid unintended immune reactions.

RESULTS
Growth induction in MPS IVA by combination therapy is dose

dependent

To establish the effects of combination therapy gene therapy with
CNP and GALNS enzyme on theMPS IVAmouse model, we injected
intravenously vectors according to Figure 1 under housekeeping pro-
moter CAG into 4-week-old mice.

Mice were measured weekly for weight and length (nose to tail and
nose to anus). Additionally, pictures were obtained on the autopsy
day to observe physiological differences (anatomical) among treated
mice (Figure 2A). The body weights of MPS IVA and wild-type
(WT) mice were significantly different only at week 4 (Figure 2B).
In the combination therapy, we observed a difference only in group
7 treated with two vectors AAV9-hGALNS and AAV8-hNPPC
(dose 4� 1013 GC/kg + 4� 1013 GC/kg) starting fromweek 4 in com-
parison toWTmice and at weeks 9, 10, and 12 in comparison with the
untreated MPS IVA mice. Weight differences were insignificant in
any other groups during the experiment. We measured growth pat-
terns in all experimental groups weekly. There was no difference be-
tween untreated MPS IVA and WT groups. During the experiment,
mice in groups 5–7 were injected with two vectors (NPPC and
GALNS) separately, and mice in group 4 received dual AAV vectors
with two tandem genes (Figures 2C and 2D). There was no difference
in growth parameters in the group injected with only the AAV9-
hGALNS vector compared with the WT or untreated MPS IVA
mouse group. We saw significant differences between groups in the
growth pattern. Mice in group 7 were treated with two vectors,
AAV9-hGALNS and AAV8-hNPPC (dose 4 � 1013 GC/kg +
4 � 1013 GC/kg), which had the highest dose of CNP and their rapid
growth pattern. The difference was significant in the first week after
the injection, with more than 2 cm in both measurements (nose to
tail and nose to anus) compared with the WT and MPS IVA mice.
Growth was stabilized around week 11; however, mice started to
have abnormal motion and were terminated at week 13. Due to over-
growth, we decreased the dose of the injected AAV8-NPPC in the
next groups. Mice injected with the lowest dose of the CNP-express-
ing vector showed slight differences in weeks 7 and 9–12; we did not



Figure 1. Experimental design

(A) An AAV vector construct. We used three AAV vectors

containing synthetic ubiquitous CAG promoter. (B) Experi-

ments started at 4 weeks of age. We have seven experi-

mental groups: (1) untreated MPS IVA; (2) WT control (WT);

(3) MPS IVA mice AAV9 vector expressing human GALNS

enzyme (AAV9-hGALNS); (4) MPS IVA mice AAV9 vector

expressing two transgenes-human GALNS enzyme and

human CNP (AAV9-hGALNSco-hNPPC); and three groups

(5, 6, and 7) of combination therapy with the same vectors

with different dosage (AAV9-hGALNS+ AAV8-hNPPC).

During the experiments, mice were measured weekly for

body weight, nose-tail length, and nose-anus length, with

biweekly blood collection. Mice were euthanized at

16 weeks (except group 7, which was euthanized at

13 weeks). After that, the analysis was undertaken. This

figure was prepared using BioRender.com.
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see a difference in growth pattern in the other weeks. As the difference
in the lowest dose was minimal in comparison with WT and MPS
IVA mice, we administered the middle dose of the AAV8-NPPC in-
jected with two vectors AAV9-hGALNS and AAV8-hNPPC (dose
4 � 1013 GC/kg + 1 � 1012 GC/kg) (group 6). In group 6, we saw a
significant difference in the growth pattern, starting at week 5 and sta-
bilizing at week 9. Group 4, with two tandem transgenes, showed a
higher growth pattern than group 7. In group 4, the difference in
growth started at week 7 compared with WT and MPS IVA mice.

AAV9-hGALNS delivery increases GALNS activity

Before performing in vivo experiments, we evaluated the transduction
efficacy of the AAV9-hGALNS vector in human fibroblast cell lines
(either healthy or MPS IVA patients). At 48 h after transduction
with the vector, we saw an elevation of the GALNS enzyme activity
in MPS IVA patient’s cell lines using a multiplicity of infection
(MOI) (105 and 106). We did not see a difference in the enzyme ac-
tivity between MOIs, and neither MOI reached the activity level of
cells from healthy individuals (Figure S1). Therefore, we used a
high dose of AAV9-hGALNS in a mouse model of MPS IVA. The
mouse model used in this study was the MPS IVA knockout mice
(MKC2; C57BL/6 background), as described previously.33 These
mice lack GALNS enzyme activity, resulting in the accumulation of
storage material (KS) in various tissues and plasma. These biomarkers
(enzyme activity and substrate accumulation) were extensively used
to assess the severity of the phenotype and measure the effectiveness
Molecu
of various therapeutic approaches in MPS IVA
patients and animal models.44–47 We collected
several tissues (liver, bone, trachea, muscle,
spleen, heart, lung, eye, thymus, and brain) (Fig-
ure 3A) to evaluate the enzyme activity. Addi-
tionally, we evaluated plasma GALNS enzyme
activity every other week to see the progression
of the therapy (Figure 3B). We saw increased
GALNS enzyme activity in tissues collected in
all treated groups. In group 3, which was treated
with only AAV9-hGALNSco, we saw a supraphysiological level of
GALNS enzyme activity in every tissue, except trachea and brain.
Plasma enzyme activity showed increased expression starting from
week 6 and gradually increased until week 16. Group 4, which was
treated with dual AAV vector expressing tandem genes, GALNS
and CNP, showed that the enzyme activities in liver and heart were
similar to those of WT; in other tissues, the activity was either not de-
tected or was on the lower level. Plasma enzyme activity in group 4
was not detected during the experiment. Combination therapy of
two separately injected vectors (groups 5–7) showed that the
GALNS activity exceeded WT expression in all tissues except trachea
and brain. The same pattern was seen in the plasma GALNS activity.

Additionally, we quantified the GALNS protein by western blot to
evaluate the possible outcome of lower enzyme activity in group 4 in-
jected with AAV9-hGALNS-hNPPC. We saw a higher level of liver
GALNS protein in group 4 compared with WT mice, consistent
with the enzyme activity (Figure 4A). All groups had significantly
higher GALNS protein levels than the WT mouse group. As the pro-
tein concentration and enzyme activity were synchronized, we also
measured anti-GALNS antibodies in the final week (Figure 4B). Based
on our previous results,31 we anticipated an increase in antibody
levels throughout the weeks of the experiment, peaking around the
final weeks. Therefore, we drew our conclusions on the antibody
levels from the final week, correlating them with the enzyme activity.
In group 4, no GALNS enzyme activity was seen in plasma
lar Therapy: Nucleic Acids Vol. 35 June 2024 3
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Figure 2. Dose-dependent growth induction in MPS

IVA mice

Seven experimental groups are presented: (1) untreated

MPS IVA; (2) WT control (WT); (3) MPS IVA mice AAV9

vector expressing human GALNS enzyme (AAV9-

hGALNS); (4) MPS IVA mice AAV9 vector expressing two

transgenes-human GALNS enzyme and human CNP

(AAV9-hGALNSco-hNPPC); and three groups (5, 6, and

7) of combination therapy with the same vectors with

different dosages (AAV9-hGALNS+ AAV8-hNPPC). (A)

Picture of mice on the day week of the experiment. (B)

Body weight of mice during the experiment. (C) Body

length measurement from nose to anus of mice during

the experiment. (D) Body length measurement from nose

to tail of mice during the experiment. Results are shown

as mean values ± SEM (n = 5). The following statistical

symbols were used to denote the following vs. WT group,

***p % 0.001, **p % 0.01, *p % 0.05; vs. untreated MPS

IVA group, ###p % 0.001, ##p % 0.01, #p % 0.05.
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throughout all the checkpoints (weeks 4–16), while we saw the highest
anti-GALNS antibodies in the final week. Moreover, even though
group 7 had high antibodies, the expression of the GALNS was
high enough not to clear the enzyme from the bloodstream.

GAGs in blood and tissues decreased as a result of AAV-GALNS

delivery

To measure the effectiveness of the AAV vector therapy at autopsy,
we measured mono-sulfated KS, the major KS component, and der-
matan sulfate (DS; Di4S) in both plasma and tissues (liver, bone,
heart, and lung). The levels of these two GAGs are shown in Figure 5.
KS was accumulated in plasma and all tissues except the heart (Fig-
ure 5A) of the MPS IVA mouse model. After treatment with any vec-
tor, we saw a decrease in KS levels in plasma and all tissues except
heart. We saw the accumulation of the DS only in liver samples of
MPS IVA compared with the WT mice (Figure 5B). After treatment
with any vector, we saw decreased Di4S (DS) accumulation in the
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liver. We did not detect differences in bone sam-
ples. Additionally, we measured the level of other
GAGs in the tissues and plasma: O-sulfated hep-
aran sulfate (DiHS-0S) and N-sulfated heparan
sulfate (DiHS-NS) (Figure S2). We did not
observe significant differences between the MPS
IVA and WT mice in the measured GAGs. For
the DiHS-0S (Figure S2B), we only saw an in-
crease in plasma for groups 6 and 7 compared
with both WT and MPS IVA mice. The only in-
crease in the DiHS-NS (Figure S2C) was in
groups 6 and 7 in lungs.

AAV vector biodistribution and expression

To establish the biodistribution of the vectors, we
performed digital PCR (dPCR) in bone and liver
during the study (Figure 6). Both vectors (ex-
pressing humanGALNS andNPPC) were undetected in bone and liver
in WT and untreated MPS IVA groups. GALNS was detected in all
groups in both bone (Figure 6A) and liver (Figure 6B). The highest
vector copy number for the GALNS was detected in group 3, which
was injected with only the AAV9-hGALNS vector in bone; other
groups had similar copy numbers. In the case of NPPC, the bio-
distribution of the dual vector with two transgenes (group 4) was
the highest in both bone and liver (Figures 6C and 6D) compared
with other groups. For the vector with the lowest dose of NPPC (group
5), the NPPC vector was undetectable in both bone and liver. In the
middle dose (group 6), it was undetectable in bone and with minimal
detection in liver (Figures 6C and 6D). In the highest dose of combi-
nation therapy (group 7), the NPPC vector was detected in both bone
and liver, but it was lower than in group 5 (Figures 6C and 6D).

Additionally, we measured the plasma level of human NT-proCNP as
a marker of CNP expression (Figure 6E). Human NT-proCNP was



Figure 3. GALNS enzyme activity in MPS IVA mice

treated with AAV9-hGALNS vector

Seven experimental groups are presented: (1) untreated

MPS IVA; (2) WT control (WT); (3)MPS IVA mice AAV9

vector expressing human GALNS enzyme (AAV9-

hGALNS); (4) MPS IVA mice AAV9 vector expressing two

transgenes-human GALNS enzyme and human CNP

(AAV9-hGALNSco-hNPPC); and three groups (5, 6, and

7) of combination therapy with the same vectors with

different dosages (AAV9-hGALNS+ AAV8-hNPPC). (A)

GALNS activity in tissues (liver, bone, trachea, muscle,

spleen, heart, lung, eye, thymus, and brain). (B) Plasma

GALNS activity during the experiment. The figure

represents week 13/14 because group 7 was terminated

in week 13, while other groups had blood collected at

week 14. Results are shown as mean values ± SEM

(n = 5). The following statistical symbols were used to

denote the following vs. WT group, ***p % 0.001, **p %

0.01, *p % 0.05; vs. untreated MPS IVA group, ###p %

0.001, ##p % 0.01, #p % 0.05.

www.moleculartherapy.org
detected at the highest level in group 7 in comparison with other
groups. It was undetectable in group 5, and minimal detection was
observed in group 4 injected with two transgenes (Figure 6E).

We performed immunohistochemistry staining to investigate the
presence of the GALNS enzyme in the bone growth plate (Figure S3).
The expression of GALNS in WT and AAV9-hGALNSco was on the
same level. We did not detect any bone GALNS expression in the
AAV9-hGALNSco-hNPPC vector. In the combination therapy
group, the GALNS expression level was similar to the highest expres-
sion in the bone marrow region of the bone (Figures S3E–S3G).

Micro-computed tomography

We analyzed cortical and trabecular bone structure by using micro-
computed tomography (micro-CT). Micro-CT created a 3D represen-
tation of the specimen using X-ray attenuation data, enabling direct
measurements of bone morphology. We used micro-CT to examine
bone morphometry in seven experimental groups, focusing on both
trabecular and cortical bone (Figure 7). We did not see significant dif-
ferences between WT and untreated MPS IVA mice. Treatment with
Molecu
AAV9-hGALNSco significantly increased trabec-
ular separation (Figure 7E), compared with WT
and MPS IVA mice. AAV9-hGALNSco-hNPPC
and AAV9-hGALNSco+AAV8-hNPPC (group
5) treatments were not significantly different,
while treatment with AAV9-hGALNSco+
AAV8-hNPPC (group 6) increased bone area
(Figure 7J) and cortical thickness (Figure 7N)
compared with both WT andMPS IVA. In group
7 with a high dose of combination therapy, an in-
crease of values was seen in trabecular volume of
interest (Figure 7A), total area (Figure 7I), and
medullary area (Figure 7L), while a decrease was
seen in the percent bone volume (Figure 7C), trabecular thickness
(Figure 7F), bone mineral density (Figure 7G), BA/TA (Figure 7K),
and cortical thickness (Figure 7N).

Induction of chondrocyte proliferation

Knee joint lesions were assessed using toluidine blue staining 12 weeks
after the administration of AAV vectors in MPS IVA mice. In un-
treated MPS IVA mice, GAG storage vacuoles were observed in the
growth plate and articular cartilage of the tibia (Figure 8), as well as
in the articular disc and growth plate of femur and meniscus region
(Figures S5 and S6). The growth plate region was also disorganized,
characterized by chondrocytes with vacuolation (Figures 8 and
S4–S6).

We evaluated the improvement of vacuoles and disorganized column
structures in knee joints of MPS IVA mice using pathological scores,
which showed a tendency of improvement in MPS IVA mice treated
with the combination therapy of AAV vector expressing GALNS and
CNP compared with untreated mice. The pathological score of MPS
IVA mice treated with groups AAV9-hGALNSco+AAV8-hNPPC
lar Therapy: Nucleic Acids Vol. 35 June 2024 5
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Figure 4. GALNS expression and anti-GALNS

antibodies

Seven experimental groups are presented: (1) untreated

MPS IVA; (2) WT control (WT); (3) MPS IVA mice AAV9

vector expressing human GALNS enzyme (AAV9-

hGALNS); (4) MPS IVA mice AAV9 vector expressing two

transgenes-human GALNS enzyme and human CNP

(AAV9-hGALNSco-hNPPC); and three groups (5, 6, and

7) of combination therapy with the same vectors with

different dosages (AAV9-hGALNS+ AAV8-hNPPC). (A)

Liver GALNS protein level measured by western blot;

calculated analysis of the mature form of the GALNS

protein. (B) Correlation of plasma enzyme activity with

GALNS clearance antibodies. Results are shown as mean

values ± SEM (n = 5). The following statistical symbols

were used to denote the following vs. WT group, *p %

0.001; vs. untreated MPS IVA group, #p % 0.001.
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(groups 6 and 7) was significantly lower for the column structure of
chondrocytes in the growth plate area of tibia and femur bone
compared with those treated with MPSIVA, but not as low as the
WT level (as shown in Table 1). The vacuolization of chondrocytes
in the articular cartilage area was compared with those treated with
MPSIVA. The WT level was lower than in the treated groups (groups
6 and 7). The column structure of chondrocytes in the articular carti-
lage area of tibia was improved after combination treatment AAV9-
hGALNSco+AAV8-hNPPC (groups 5, 6, and 7), as well as in the
AAV9-hGALNSco (group 3) alone. However, a notably lower score
compared with untreated MPS IVA was explicitly observed in the
columnar structure of chondrocytes within the articular cartilage re-
gion of the femur. This effect was evident only after treatment with a
higher dose of CNP in the combination therapy AAV9-
hGALNSco+AAV8-hNPPC (group 7). Regarding the vacuolization
of chondrocytes in the ligament area, the score in two groups,
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AAV9-hGALNSco + AAV8-hNPPC (groups 6
and 7), was lower than in the untreated MPS
IVA group. None of the treatments reached the
WT level in the score pathology analysis.

DISCUSSION
MPS IVA exerts its most profound impact on the
skeletal system, leading to skeletal dysplasia and
restricted endurance. This dysplasia significantly
decreases mobility and often necessitates multi-
ple surgeries on the hip, legs, trachea, and spine.
During the lifetime of the patients, the length of
the trachea outgrows skeletal growth, leading to
airway obstruction, one of the most life-threat-
ening conditions for the patients.48–50 Therapeu-
tic interventions in patients address skeletal
(mostly surgeries) and non-skeletal symptoms
(ERT and HSCT). ERT improved endurance,
lung capacity, and walking ability.51 Neverthe-
less, long-term evaluations have shown that pul-
monary function decreased over time.51 Even when patients received
ERT before 2 years of age, their growth did not improve.52 MPS IVA
patients also face life-threatening cardiovascular issues, leading to
high morbidity and mortality. In MPS IVA, the small size of the
left ventricle decreases stroke volume and increases heart rate, while
impaired diastolic filling arises from thickened left ventricle and heart
valves. After ERT, cardiovascular function did not change for older
patients.51 Early implementation of ERT stabilizes cardiac hypertro-
phy, but valvular heart disease may take several years to stabilize.53

ERT for MPS IVA patients decreases KS levels (decreased organome-
galy) and improves endurance; however, it has a minor to no effect on
the skeletal, pulmonary, and cardiac problems attributed to a consid-
erable part of the mortality rate inMPS IVA patients.54 HSCT showed
better improvement than ERT in skeletal abnormalities. Ten years af-
ter transplantation, patients showed a decreased need for surgical
intervention and delayed progression of skeletal dysmorphia.



Figure 5. GAG levels in MPS IVA mice treated with

AAV vectors

Seven experimental groups are presented: (1) untreated

MPS IVA; (2) WT control (WT); (3) MPS IVA mice AAV9

vector expressing human GALNS enzyme (AAV9-

hGALNS); (4) MPS IVA mice AAV9 vector expressing two

transgenes—human GALNS enzyme and human CNP

(AAV9-hGALNSco-hNPPC); and three groups (5, 6, and

7) of combination therapy with the same vectors with

different dosages (AAV9-hGALNS+ AAV8-hNPPC). At

12 weeks after treatment, the level of GAG was

measured: Mono-sulfated KS levels (A) plasma, liver,

bone, heart, and lung; chondroitin disaccharide (Di 4S)

levels in (B) liver, bone, heart, and lung. Results are

shown as mean values ± SEM (n = 5). The following

statistical symbols were used to denote the following vs.

WT group, ***p % 0.001, **p % 0.01, *p % 0.05; vs.

untreated MPS IVA group, ###p % 0.001, ##p % 0.01,

#p % 0.05. See also Figure S2.
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However, HSCT still has a minor effect on bone-related issues,
although we need to increase the number of patients who undergo
HSCT at an earlier stage (<2 years of age).55 Despite these benefits,
HSCT has various drawbacks, including finding a suitable donor,
the risk of graft-versus-host disease, and procedure-related
complications.

None of the currently available treatment options for MPS IVA pa-
tients improve bone growth. CNP maintains cartilage homeostasis
and facilitates endochondral bone formation. In a mouse model,
when the NPPC gene responsible for CNP production was inacti-
vated, bone growth, birth rate, and skull size were decreased. Howev-
er, no significant differences were observed in other organs or body
weight.56–59 Inducing bone growth through CNP involves binding
to the Npr3 receptor located on the cell surface, followed by the down-
stream activation of cyclic GMP-dependent protein kinase II (dis-
cussed in Rintz et al.60). In our earlier experiments, we examined
the effectiveness of incorporating the CNP into the AAV8 vector
expression cassette for the first time. When MPS IVA mice were
treated with this CNP-containing AAV vector, we observed a notable
increase in growth, accompanied by consistent maintenance of body
weight,33 similar to other studies.61–64 Furthermore, we observed a
more organized chondrocyte structure within the growth plate, char-
acterized by enhanced proliferation and differentiation.33

In this study, combining two distinct vectors in MPS IVA mice re-
vealed different responses while yielding positive outcomes. Analysis
Molecu
of combination therapy revealed how two
distinct vectors can express separate transgenes
that work synergistically. The mechanism of
AAV transduction in the cell starts with binding
to the cell surface receptors (1), then vector
encapsulated by the endosome (2), then escaping
(3), entering the nucleus after uncoating the viral
ssDNA (4), transcription with the use of host polymerases (5), and
transgene released to the cytoplasm and going through translation
(6).65 The GALNS enzyme will go through further processing in the
Golgi apparatus to be an active form of the enzyme that can act
both locally and be secreted outside the cell.19 As for CNP, after trans-
lation, it is further cleaved by cytoplasmatic enzymes to an active form
of the peptide.66,67

The treatment approach resulted in the sustained elevation of GALNS
activity in the bloodstream and notable GALNS activity in crucial
target tissues, such as bone, heart, and liver. Furthermore, there was
a significant decrease in the accumulation of KS both in the blood
and tissues, leading to improvements in bone pathology and the pro-
motion of bone growth in a dose-dependent manner. The experiment
involved injecting two separate vectors, each expressing a different
transgene or a single vector expressing both transgenes (CNP and
GALNS). Initially, an equal dose of AAV expressing human GALNS
and AAV expressing human NPPC (group 7) was administered. The
high dose of both transgenes increased GALNS enzyme and CNP
expression. However, the experiment had to be terminated at 13weeks
of age due to the overexpression of the CNP, which led to excessive
growth in the mice (Figure 2). Consequently, the mice faced diffi-
culties in movement, indicating that CNP effects are dose dependent.
Thus, we decreased the dose of the CNP-expressing vector, decreasing
the mouse growth to a minimum (group 6). With the middle dose of
the CNP, the growth was linear without a negative outcome (group 5).
We also evaluated the effect of the growth pattern in the mice after
lar Therapy: Nucleic Acids Vol. 35 June 2024 7
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injecting one vector with two transgenes (group 4) separated with a
P2A sequence. The P2A sequence enables the co-expression of mul-
tiple proteins from a single mRNA transcript by inducing ribosomal
skipping during translation.68 The growth was linear without over-
growth in this group (Figure 2). In conclusion, the bone growth
seen in our study is not due to GALNS, but rather CNP. It is also crit-
ical to have the optimal CNP vector dose to avoid excessive growth.
Decreasing the accumulated KS in the bone and tissues is one of
the primary goals in the MPS IVA patient treatment. The KS level
corresponds with the disease’s clinical severity.54,69 In humans, ERT
does not change blood KS levels and skeletal symptoms70 while
improving urine KS accumulation.71,72 Thus, circulating KS in the
bloodstream might indicate better therapeutic efficacy for the skeletal
symptoms.69,73 We evaluated the efficacy of the GALNS-expressing
AAV gene therapy. After administration of the AAV-containing
GALNS cDNA, the enzyme activity increased in most groups 2 weeks
after injection into untreated MPS IVA mice. We did not detect
enzyme activity in mice treated with AAV9-hGALNS-hNPPC (group
4) (Figure 3B). In other groups, GALNS enzyme activity in plasma
correlated with plasma KS level reduction at the final week of treat-
ment. In group 4, no GALNS activity was detected. However, we
observed the same decrease in the KS level as in other groups (Fig-
ure 5A). The tissue enzyme activity showed that combination therapy
(groups 5–7) with two separate vectors had higher activity than one
vector containing two transgenes (group 4) (Figure 3A). The greatest
amount of enzyme expression was seen in the liver, but we also de-
tected overexpression in bone, heart, and other tissues. Overexpres-
sion in the tissues correlated with the decrease in the KS level. In
group 4, we did not detect the enzyme activity in bone, although
GALNS activity reached the WT level in liver and heart. This might
be due to the P2A sequence being too close to the GALNS sequence,
leading to a change in the protein conformation P2A peptides lead to
relatively high levels of downstream protein expression compared
with other strategies for multigene co-expression, and they are small
in size, thus bearing a lower risk of interfering with the function of co-
expressed genes. Several different groups have successfully employed
P2A peptides for polycistronic and bi-cistronic multigene expres-
sion.74–80 Therefore, it is possible to have a high level of CNP down-
stream, although it impacts GALNS gene upstream because of the
instability of the GALNS protein with the additional amino acid at
the C-terminal. In the final week, we also detected high anti-GALNS
activity in group 4, which may neutralize the GALNS activity (Fig-
ure 4B). Additionally, the GALNS protein level in liver was lower
than in the other combination groups (Figure 4A). In group 4, the
level of transgene expression in tissues and blood effectively decreased
Figure 6. AAV vector biodistribution and NT-proCNP expression

Seven experimental groups are presented: (1) untreatedMPS IVA; (2) WT control (WT); (3

MPS IVA mice AAV9 vector expressing two transgenes-human GALNS enzyme and hum

therapy with the same vectors with different dosages (AAV9-hGALNS+ AAV8-hNPPC).

(C) and liver (D) NPPC vector copy number at 12 weeks after treatment. Marker for CNP

and untreatedMPS IVA groups (E). Results are shown asmean values ±SEM (n = 5). The

% 0.01, *p% 0.05 significant differences compared with theWT group; ###p% 0.001, #

group.
KS accumulation in tissues and plasma, including bones, despite there
being no GALNS enzyme activity.

The biodistribution of the vectors showed that the vector expressing
GALNS was present in both bone and liver for all tested groups
(Figures 6A and 6B). In group 4, which was treated with a single vec-
tor containing two transgenes, we detected the GALNS protein in
both bone and liver, although we did not detect GALNS activity
in bone despite a decreased KS level in bone. A small residual activ-
ity of GALNS or cross-correction may account for this decrease. For
the NPPC biodistribution, we detected it (Figures 6C and 6D) in
groups 4, 6, and 7, which exhibit growth induction (Figure 2).
Furthermore, we assessed the expression of human NT-proCNP
as a reliable indicator of CNP expression (Figure 6E). Its extended
lifespan demonstrated a noteworthy correlation with the biologi-
cally active CNP concentration, making it a valuable marker for
evaluating CNP expression levels.81 We saw a correlation between
increased NT-proCNP and growth induction after treatment.
Improvement of bone pathology with two vectors of a high dose
of AAV8-hNPPC and AAV9-hGALNS was observed. CNP also
increased the size and the number of chondrocytes in the articular
cartilage and growth plate; in addition, the vacuoles decreased. It re-
mains unknown why the high-dose group impacts the vacuolization
in chondrocytes.

The bone-targeted therapy was evaluated by measuring GALNS pro-
tein expression in bone. Our findings demonstrated that a small frac-
tion of GALNS can be provided in bone through cross-correction and
direct bone targeting, as depicted in the vector biodistribution (Fig-
ure 6). Significant GALNS expression was observed primarily in
bonemarrow (Figure S3), with the highest levels detected in the group
receiving a combination of two vectors (groups 5–7). As for the
AAV9-hGALNS-injected group, the GALNS detection level was
similar to the WT level (Figure S3C). Conversely, in the group
receiving only one vector (group 4), GALNS staining was not detected
(Figure S3D). Regarding bone pathology, micro-CT assessment did
not reveal significant differences in most parameters among the
various groups (Figure 7). The lack of significant differences can be
attributed to challenges in mouse imaging studies, including small
bone size, critical voxel size choices, potential site heterogeneity,
and age-related bone loss, making subtle variations harder to detect.
However, the group receiving the highest dose of the NPPC-express-
ing vector in combination (group 7) exhibited the most noticeable
changes, which correlated with the visible alterations in the skeleton
(Figure 2A). We performed bone staining with toluidine blue to
) MPS IVAmice AAV9 vector expressing humanGALNS enzyme (AAV9-hGALNS); (4)

an CNP (AAV9-hGALNSco-hNPPC); and three groups (5, 6, and 7) of combination

Bone (A) and liver (B) GALNS vector copy number at 12 weeks after treatment; bone

expression in plasma (NT-proCNP) is higher in groups 4, 6, and 7 compared with WT

following statistical symbols were used to denote comparison with ***p% 0.001, **p

#p% 0.01, #p% 0.05 significant differences compared with the untreated MPS IVA
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Figure 7. Trabecular and cortical morphometry after AAV vector treatment

Seven experimental groups are presented: (1) untreatedMPS IVA; (2) WT control (WT); (3) MPS IVAmice AAV9 vector expressing humanGALNS enzyme (AAV9-hGALNS); (4)

MPS IVA mice AAV9 vector expressing two transgenes-human GALNS enzyme and human CNP (AAV9-hGALNSco-hNPPC); and three groups (5, 6, and 7) of combination

therapy with the same vectors with different dosages (AAV9-hGALNS+ AAV8-hNPPC). At 12 weeks after treatment, micro-CT analysis of trabecular (A–H) and cortical (I–N)

bone of seven experimental groups was performed. Trabecular analysis included (n = 5; except group 7 that was n = 3): total trabecular volume of interest (A); trabecular bone

(legend continued on next page)
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evaluate the effectiveness of AAV treatment. Bone pathology revealed
significant differences in the score calculation of chondrocytes (Ta-
ble 1). The untreated MPS IVA chondrocytes are vacuolated with a
disorganized structure (Figures 8 and S4–S6). After combination
therapy of the AAV vector with CNP, we saw improvements in
growth plate organization and decreased vascularization of treated
chondrocytes. Our study has offered valuable insights into the poten-
tial therapeutic use of CNP for progressive skeletal dysplasia in MPS
IVA. However, we must acknowledge certain limitations. First, the
small sample size used in our study may affect the statistical power
and the significance of the conclusions. Thus, more extensive studies
are necessary to validate the effectiveness of CNP delivered through
an AAV vector expression cassette in combination with the GALNS
enzyme as a potential combination therapy.

Patients with MPS IVA cannot catabolize two molecules—chon-
droitin sulfate and KS—due to a lack of GALNS enzyme activity.
As these two molecules are the main GAGs in the cartilage, their
excessive accumulation in MPS IVA patients damaged cartilage tis-
sues, including growth plates, leading to various skeletal symptoms.
The growth plate region of the bone is an avascular structure, and
ERT is not an accessible option for patients.22 Earlier investigations
involving the combined administration of CNP and ERT in a MPS
VII mouse model demonstrated favorable results for treatment, sur-
passing the outcomes of individual monotherapies. This combined
approach enhanced bone growth and increased enzyme activity.82

Nonetheless, the constraints associated with ERT remain a
challenge. Consequently, we propose a potentially superior long-
term solution: an AAV therapy to facilitate continuous enzyme
expression.

In conclusion, bone growth with high GALNS enzyme activity is
proven with co-expression of GALNS and CNP genes, especially in
separate cassette vectors. It is recommended that the optimal dose
of the CNP vector is defined with a more significant number of
mice to eliminate undesired overgrowth and adverse effects, moving
forward to a clinical trial. It may be considered to add a microRNA
system83,84 to stop the CNP gene expression when we observe the
excessive growth.
MATERIALS AND METHODS
Expression vector

To overexpress the human native NPPC gene and/or codon-opti-
mized human GALNS enzyme gene, three AAV vectors were used:
pAAV[Exp]-CAG>hNPPC[NM_024409.4]:WPRE; pAAV[Exp]-CAG>
{hGALNSco}:WPRE; pAAV[Exp]-CAG>hGALNS[NM_001323544.2]
(ns):P2A:hNPPC[NM_024409.4]:WPRE (VectorBuilder, Chicago,
IL, USA).
volume (B), percent bone volume (C), trabecular number (D), trabecular separation (E), tra

analysis included (n = 5; except group 7, n = 3): Total area (I), cortical bone area (J), b

thickness (N). Results are shown as mean values ± SEM. The following statistical sym

significant differences compared with the WT group; ###p % 0.001, ##p % 0.01, #p %
Experimental design

All procedures for this study were approved by the Institutional An-
imal Care and Use Committee of Nemours Children’s Health. Mice
were housed in a 12/12h light/dark cycle with food and water pro-
vided ad libitum. The experimental design is shown in Figure 1B,
with seven experimental groups (n = 5, unless stated otherwise),
two control groups (WT and untreated MPS IVA), and five treated
groups (groups 3–7). We injected 4-week-old male mice intrave-
nously with one or two of the AAV vector(s) (Figure 1A) depending
on the experimental group, as shown in Figure 1B. In the case of
groups 3 and 4, mice were injected with one vector. As for groups
5–7, mice were injected with two vectors; the AAV9-hGALNS vector
was injected with the same dose of 4 � 1013 GC/kg, while the dosage
of the AAV8-hNPPC differs in the groups (group 5: 4 � 109 GC/kg;
group 6: 1 � 1012 GC/kg; and group 5: 4 � 1013 GC/kg). Mice were
measured (length and weight) weekly, and blood was collected
biweekly for 12 constitutive weeks. At 16 weeks of age, mice were
euthanized in a CO2 chamber and perfused with 10 mL 0.9% saline,
except for group 7, which was euthanized at 13 weeks. Tissues were
collected for further analysis.
MPS IVA mouse model

This study used a previously described mouse model of the MPS IVA
knockout mice (MKC2; C57BL/6 background).33 Mice did not have
GALNS enzyme activity and showed an accumulation of storage ma-
terial in many tissues and plasma. We performed genotyping at
20 days of age by PCR. Primers were designed to flank each single
guide RNA site, allowing for the evaluation of individual nonhomol-
ogous DNA end-joining activity and screening for deletion mutations
between the two target sites when paired.
Cell lines

Human fibroblasts (either a healthy patient orMPS IVA patient) were
plated onto six-well plates (3 � 105 cells/well) and incubated over-
night at 37�C in a humidified 5% CO2 incubator before transduction.
After incubation, cells were transduced with the AAV9-hGALNS vec-
tor at MOI 105/well and 106/well. The next day, we changed the me-
dium of the cells. At 48 h after transduction, we collected cells for
GALNS enzyme assay measurement.
GALNS enzyme activity assay

A GALNS enzyme activity assay was performed as previously
described.33 Human fibroblast pellets were lysed with the lysis buffer
(25 mM/L Tris-HCl (pH 7.2) and 1 mM/L phenylmethylsulphonyl
fluoride). Then, lysed cells were centrifuged for 30 min at 4�C, and
the supernatant was collected in a new tube and assayed for enzyme
activity. Tissues were homogenized with Bead Mill Homogenizer
(OMNI International, Kennesaw, GA, USA) supernatant was used
becular thickness (F), bonemineral density (G), and degree of anisotropy (H). Cortical

one area/total area (K), medullary area (L), tissue mineral density (M), and cortical

bols were used to denote comparison with ***p % 0.001, **p % 0.01, *p % 0.05

0.05 significant differences compared with the untreated MPS IVA group.
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for the assay. Either tissue/cell lysate or plasma (2 mL) was used for the
enzymatic reaction with 22 mM 4-methylumbelliferyl-b-galactopyra-
noside-6-sulfate (Research Products International, Mount Prospect,
IL, USA) and incubated at 37�C for 16 h. After incubation, 10 mg/
mL b-galactosidase fromAspergillus oryzae (Sigma-Aldrich, St. Louis,
MO, USA) was added and incubated for 2 h at 37�C. To stop the re-
action, a 1 M glycine NaOH solution (pH 10.5) was used, and the re-
sulting mixture was subjected to measurement using a FLUOstar
Omega plate reader (BMG LABTECH Inc., Cary, NC, USA) at an
excitation wavelength of 366 nm and an emission wavelength of
450 nm. The enzyme activity is expressed as nanomoles of
4-methylumbelliferone released per hour per microliter of plasma
or milligram of protein. The protein concentration in the samples
was determined using a bicinchoninic acid protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA).

GAGs quantification

GAG assay was determined in plasma and tissues as previously
described.32

Bone pathological assessments

Tissue staining and analysis were performed as described previ-
ously.32,33 Briefly, knee joints were collected from 16-week-old MPS
IVA and WT mice to evaluate levels of storage granules by light mi-
croscopy. Tissues were fixed in 2% paraformaldehyde and 4% glutar-
aldehyde in PBS, post-fixed in osmium tetroxide, and embedded in
Spurr’s resin. Then, toluidine blue-stained 0.5-mm-thick sections
were examined. To evaluate chondrocyte cell size (vacuolization) in
the growth plates of femur or tibia, approximately 300 chondrocytes
in the proliferative area were measured in each mouse by ImageJ soft-
ware, and results were expressed as folds-change from the WT group.
Pathological slides from knee joints of treated and untreated MPS
IVA and WT mice were evaluated for reduced vacuolization and
improved column orientation in growth plates (Table 1). The amount
of storage materials and the degree of disoriented columns were
scored. No storage or very slight was 0 (�), slight but obvious was
1 (+), moderate was 2 (++), and marked was 3 (+++). Each patholog-
ical slide was assessed in a double-blind manner three times.33 We
then averaged the scores in a group of mice per section of bone
(growth plate, articular disc, meniscus, and ligament).

Trabecular and cortical morphometry

Trabecular and cortical morphometry measurements were carried
out using micro-CT scans performed with a Bruker SkyScan 1275
Figure 8. Correction of bone pathology in MPS IVA mice treated with AAV vect

Seven experimental groups are presented: (1) untreatedMPS IVA; (2) WT control (WT); (3

MPS IVA mice AAV9 vector expressing two transgenes-human GALNS enzyme and hum

therapy with the same vectors with different dosages (AAV9-hGALNS+ AAV8-hNPPC). T

kg) (C), AAV9-hGALNSco-hNPPC (4� 1013 GC/kg) (D), AAV9-hGALNSco+AAV8-hNPP

GC/kg + 1� 1012 GC/kg) (F), and AAV9-hGALNSco+AAV8-hNPPC (4� 1013 GC/kg +

hGALNSco (8 � 1013 GC/kg) (J), AAV9-hGALNSco-hNPPC (4 � 1013 GC/kg) (K), A

hGALNSco + AAV8-hNPPC (4 � 1013 GC/kg + 1 � 1012 GC/kg) (M), and AAV9-hGAL

tion �40, with 500-mm scale bar. Arrows show chondrocytes. See also Figures S4–S6
scanner (Bruker, Billerica, MA, USA) as previously described.33 To
prepare the samples, the right femur from 16-week-old mice was fixed
using 96% ethanol. Prior to analysis, the femur was carefully wrapped
in gauze soaked in 0.9% NaCl and subjected to scanning. Quantitative
analysis was conducted using Bruker CTan software (v1.21.1.0). The
regions of interest (ROIs) for trabecular bone were identified by
focusing on the distal epiphyseal plate. As for cortical bone, the
ROIs were determined based on the starting point of the distal epiph-
yseal plate and the highest point in the proximal greater trochanter.
The total length of the bone was obtained by considering the area be-
tween these two landmarks.

AAV vector genome biodistribution

dPCR was performed to assess the biodistribution of DNA vectors.
For this purpose, DNA was extracted from the liver with the Gen-
tra Puregene kit, following the manufacturer’s instructions (-
QIAGEN, Germantown, MD, USA). As for the bone, prior to pu-
rification, it was homogenized using the Bead Mill Homogenizer
(OMNI International), and subsequently purified according to
the provided guidelines (QIAGEN). To perform dPCR analysis,
specific primers and probe sequences targeting either the NPPC
or GALNS gene (Table S2) were used to amplify genomic DNA
obtained from liver and bone samples of mice. Genomic DNA
was tested in both non-fragmented and fragmented forms, the
latter achieved through enzymatic digestion or an M220
Focused-ultrasonicator (Covaris, Woburn, MA, USA). Quantita-
tive dPCR analysis of the AAV CNP-expressing vector was con-
ducted using the TaqMan assay (FAM-labeled) (Thermo Fisher
Scientific, Waltham, MA, USA). The DNA concentration for the
AAV chip in the liver and bone samples ranged between 0.5 and
2 ng per 16-mL reaction, depending on the required DNA concen-
tration to ensure detectability on the instrument. The Tfrc
TaqMan copy number reference assay (VIC labeled) was acquired
from Thermo Fisher Scientific. For the Tfrc dPCR, 40 ng genomic
DNA per 16-mL reaction was utilized. Each reaction was loaded
onto a separate QuantStudio chip (QuantStudio 3D digital PCR
20K chip kit v2, A26316; Thermo Fisher Scientific). PCR amplifi-
cation was carried out using an ABI GeneAmp 9700 PCR thermal
cycler with dual flat blocks (Applied Biosystems, Waltham, MA,
USA). The QuantStudio 3D instrument was employed to read
the chips, enabling the determination of the number of wells pos-
itive for the VIC and FAM channels, as well as the number of wells
without DNA and empty wells. Subsequent data analysis and chip
quality assessment were performed using the QuantStudio 3D
ors assessed by toluidine blue staining analysis using light microscopy

) MPS IVAmice AAV9 vector expressing humanGALNS enzyme (AAV9-hGALNS); (4)

an CNP (AAV9-hGALNSco-hNPPC); and three groups (5, 6, and 7) of combination

ibia growth plate of untreated MPS IVA (A), WT (B), AAV9-hGALNSco (8� 1013 GC/

C (4� 1013 GC/kg + 4� 109 GC/kg) (E), AAV9-hGALNSco+AAV8-hNPPC (4� 1013

4� 1013 GC/kg) (G). Tibia articular cartilage of untreated MPS IVA (H), WT (I), AAV9-

AV9-hGALNSco + AAV8-hNPPC (4 � 1013 GC/kg + 4 � 109 GC/kg) (L), AAV9-

NSco+AAV8-hNPPC (4 � 1013 GC/kg + 4 � 1013 GC/kg) (N). Original magnifica-

.
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Table 1. Pathological scores in bone of MPS IVA mice treated with AAV vectors

Bone Structure Finding

MPS IVA WT
AAV9-
hGALNSco

AAV9-hGALNSco-
hNPPC

AAV9-hGALNSco+
AAV8-hNPPC

AAV9-hGALNSco+
AAV8-hNPPC

AAV9-hGALNSco+
AAV8-hNPPC

– – 8 � 1013 GC/kg 4 � 1013 GC/kg
4 � 1013 GC/kg
+4 � 109 GC/kg

4 � 1013 GC/kg
+1 � 1012 GC/kg

4 � 1013 GC/kg
+4 � 1013 GC/kg

Tibia

growth plate
vacuolization 2.9 ± 0.1 0.0 2.8 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 2.4 ± 0.2 2.4 ± 0.3 #

column structure 2.8 ± 0.1 0.0 2.5 ± 0.1 2.6 ± 0.2 2.7 ± 0.1 2.1 ± 0.2 # 2.2 ± 0.2 #

articular cartilage
vacuolization 2.9 ± 0.1 0.0 2.8 ± 0.1 2.9 ± 0.1 2.7 ± 0.1 # 2.7 ± 0.1 # 2.6 ± 0.1 #

column structure 2.9 ± 0.2 0.0 2.7 ± 0.1 # 2.8 ± 0.1 2.7 ± 0.1 # 2.5 ± 0.1 # 2.4 ± 0.1 #

Femur

growth plate
vacuolization 2.8 ± 0.2 0.0 2.9 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 2.7 ± 0.1 2.2 ± 0.1 #

column structure 3.0 ± 0.1 0.0 2.8 ± 0.1 2.8 ± 0.1 3.0 ± 0.1 2.5 ± 0.1 # 2.1 ± 0.3 #

articular cartilage
vacuolization 2.9 ± 0.1 0.0 2.8 ± 0.1 2.8 ± 0.1 2.8 ± 0.1 2.6 ± 0.1 # 2.3 ± 0.2 #

column structure 2.9 ± 0.1 0.0 2.6 ± 0.1 2.8 ± 0.1 2.8 ± 0.1 2.5 ± 0.1 2.2 ± 0.1 #

Ligament vacuolization 3.0 ± 0.0 0.0 N/A 3.0 ± 0.0 2.7 ± 0.2 2.3 ± 0.1 # 2.0 ± 0.1 #

Meniscus vacuolization 2.9 ± 0.1 0.0 2.7 ± 0.2 3.0 ± 0.0 2.7 ± 0.2 2.7 ± 0.1 2.6 ± 0.2

Results are shown as mean values ± SEM (n = 4–7). The following statistical symbols were used to denote comparison with #p % 0.01, significant differences to untreated MPS IVA
group.
N/A, not available.

Molecular Therapy: Nucleic Acids
analysis suite. All chips contained between 25% and 75% empty
wells, ensuring their suitability for quantitation. Copies per milli-
liter for both Tfrc and AAV were calculated and normalized using
the dilution factor for the AAV sample input. The number of AAV
copies per mouse genome was calculated by employing the Tfrc re-
sults as a reference for two copies.

ELISA

NT-proCNP was detected in mice according to manufacturer instruc-
tions (Biomedica Medizinprodukte, Vienna, Austria). Sample prepa-
ration included blood collected from mice to be centrifuged at
8,000�g at 4�C for 10 min to collect plasma sample to another tube
and stored at �20�C until further analysis. Plasma used for NT-
proCNP detection was diluted 1:100 in the assay buffer provided in
the ELISA kit.

Anti-GALNS IgG and IgE antibodies was detected by indirect ELISA in
treated and untreated mice according to a previously published pa-
per.85 Ninety-six-well polystyrene microplates were coated with 2 mg/
L rh galactosamine (N-acetyl)-6-sulfatase/GALNS; lot#DDJU0319021
(R&D Systems, Minneapolis, MN, USA) (0.2 mg/well) diluted in
coating buffer (15 mM Na2CO3 , 35 mM NaHCO3 , 0.02% NaN3;

pH = 9.6) and incubated overnight at 4�C. After overnight incubation,
the plate was washed with TBST buffer (TBS-Tween: 10mMTris pH =
7.5, 150 mM NaCl, 0.05% Tween 20). The plate was blocked for 1 h
with 3% bovine serum. Plasma (1:100 dilution in TBST) or standard
(GALNS Polyclonal rabbit antibodies cat#PA5-22098; 1 mg/mL;
100 mL) was added and incubated for 2.5 h at 37�C. After incubation,
the plate was washed 4� with TBST, and then 100 mL peroxidase sub-
strate TMB (3,30,5,50-tetramethylbenzidine; Thermo Fisher Scientific)
was added and incubated for 30 min at RT on moving rotor. The reac-
tion was stopped with 1N HCl. The plate was read at 450 nm, and the
14 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
OD was measured using a FLUOstar Omega plate reader (BMG
LABTECH Inc.).

Immunohistology staining

Tibia was collected in the final week and fixed in 10% formalin.
Formalin-fixed paraffin-embedded samples were processed from
fixed tissue. The samples were cut at 5 mm on a Leica RM2255 micro-
tome (Leica, Buffalo Grove, IL, USA) and floated onto Superfrost Plus
slides (Thermo Fisher Scientific, Fremont, CA, USA). The sections
were heat immobilized for 60 min in a 60�C oven. Slides were depar-
affinized on a Sakura (Torrance, CA, USA) Stainer using xylene, 100%
ETOH, 95% ETOH, and 80% ETOH. Antigen retrieval was per-
formed by adding slides to Bond ER 2 solution (Leica) in a 60�C
oven overnight, cooled down, and then rinsed in de-ionized water, af-
ter which the slides were stained using the Novolink Min Polymer
Detection System (Leica Biosystems-RE7290-K). The slides were
rinsed in Bond Wash (Leica-AR-9590), and then briefly placed into
peroxidase block, rinsed in bond wash, then incubated in their pro-
spective antibody: rabbit anti-GALNS (Creative Biolabs, Shirley,
NY, USA) for 30 min. The slides were then rinsed in bond wash so-
lution and incubated in the polymer. After additional rinses of bond
wash, the slides were developed in the DAB kit, rinsed, and then
counterstained with hematoxylin from the kit. The slides were rinsed
in de-ionized water and then placed on the Sakura Tissue-Tek Prisma
Automated Stainer/Coverslipper (Sakura, Torrance, CA, USA), dehy-
drated, cleared, and then mounted in Tissue Tek Glas mounting me-
dia (Sakura). The area of CNP expression was calculated with ImageJ
software.

Western blot

Protein lysate was isolated from both the liver and arm bone, as
described in the “GALNS enzyme activity assay” section. After lysis
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and determination of protein concentration, the protein extracts were
separated by electrophoresis. However, we did not obtain a sufficient
protein concentration in the bone tissue for further analysis. There-
fore, only the liver tissue was analyzed for protein expression. After
electrophoresis, the proteins were transferred onto a nitrocellulose
membrane. The membrane was blocked with 5% nonfat dry milk in
TBST buffer and then incubated with primary antibodies overnight
at 4�C (rabbit anti-GALNS [Creative Biolabs] and beta-actin
[Sigma-Aldrich, St. Louis, MO, USA]). The membrane was subse-
quently incubated with secondary antibodies at room temperature
for 1 h, treated with a solution of substrates for horserasish peroxidase
detection, and read with a C-DiGiT Blot Scanner Licor Machine. As
CNP and beta-actin have similar protein weights, the membrane was
stripped after performing analysis for the CNP protein, and beta-actin
analysis was performed starting from the blocking step. The inten-
sities of bands were analyzed using the QuantityOne software.

Statistical analysis

The normal distribution was found using the Kolmogorov-Smirnov
test and homogeneity of variance with the Leven test. Depending
on the results, analysis of variance (two-way ANOVA) with Tukey’s
post hoc test was performed if the distribution was normal. When the
assumptions of the normality of the distribution and the homogeneity
of variance were unmet, the nonparametric Kruskall-Wallis test, fol-
lowed by Dunnett’s test, was performed. Statistical analyses were per-
formed using GraphPad Prism 9 software. Statistical significance was
set at a p value of >0.05. Error bars represent SEM, as indicated in
legends.
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