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LIST OF ABBREVIATIONS

AAV: Adeno-associated virus
AAV8: Adeno-associated virus serotype 8
AAV8-hGALNS: Adeno-associated virus serotype 8 human N-acetylgalactosamine-6-sulfate 
sulfatase
ADL: Activities of Daily Living
AEs: Adverse events
ALT: Alanine aminotransferase
AST: Aspartate aminotransferase
CBER: Center for Biologics Evaluation and Research
cDNA: Complementary deoxyribonucleic acid
CS: Chondroitin sulfate
CT: Computed tomography
C6S: Chrondroitin-6-sulfate
DRG: Dorsal root ganglion
DS: Dermatan sulfate
ERT: Enzyme replacement therapy
EU: European Union
FDA: U.S. Food and Drug Administration
GAGs: Glycosaminoglycans
GALNS: N-acetylgalactosamine-6-sulfate sulfatase
GLP: Good laboratory practice
HS: Heparan sulfate
HSCT: Hematopoietic stem cell transplantation
IND: Investigational new drug
INTERACT: Initial Targeted Engagement for Regulatory Advice on CBER Products
IV: Intravenously
LSD: Lysosomal storage disorder
KO: Knock out
KS: Keratan Sulfate
MPS: Mucopolysaccharidoses
MPS IVA: Mucopolysaccharidosis IVA, or Morquio Syndrome
MRI: Magnetic resonance imaging
M6P: Mannose-6-phosphate
NCATS: National Center for Advancing Translational Sciences
NHS: Natural history study
NIH: National Institutes of Health
ODD: Orphan Drug Designation
OTAT: Office of Tissues and Advanced Therapies
PFT: Pulmonary function test
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POC: Proof of concept
QoL: Quality of Life
ROA: Route of administration
SCC: Spinal Cord Compression
TBG: Thyroxin-binding globulin
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1 ORPHAN DRUG DESIGNATION REQUEST STATEMENT

Pursuant to 21 CFR 316.20, National Institutes of Health (NIH) requests designation of adeno-
associated virus serotype 8 human N-acetylgalactosamine-6-sulfate sulfatase (AAV8-hGALNS) 
as an orphan drug product for treatment of patients with mucopolysaccharidosis IVA (MPS IVA) 
resulting from a deficiency of N-acetylgalactosamine-6-sulfate sulfatase (GALNS).

MPS IVA (Morquio A Syndrome or Morquio Syndrome type A) is a rare, debilitating, 
monogenetic lysosomal storage disease caused by defects in the gene coding for the enzyme, 
GALNS (Gene MIM number, 612222; EC 3.1.6.4). Reduced GALNS activity results in impaired 
catabolism of two glycosaminoglycans (GAGs), Chrondroitin-6-sulfate (C6S) and Keratan 
Sulfate (KS). Accumulation of C6S and KS manifests as systemic progressive skeletal dysplasia 
(dysostosis multiplex). More than 200 different mutations have been identified in the GALNS 
gene, which likely explains the phenotypic heterogeneity of the disorder. The onset of disease 
symptoms commonly occurs before age 1 year in patients with the severe form of MPS IVA or as 
late as the second decade of life in patients with attenuated MPS IVA [1].

Regardless of the rate of disease progression, all patients have serious and debilitating morbidities,
including bone deformities, neurological complications from spinal cord compression and cervical 
myelopathy, and airway obstruction from tracheal narrowing [1]. Reconstructive trachea surgery, 
which involves the removal of several redundant trachea segments, has been performed to address 
this life-threatening condition. Although this surgery has provided MPS IVA patients with 
dramatic respiratory improvements, it is a high risk, especially when patients present with spinal 
cord compression.

Approximately 75% of cases present the classic phenotype exhibiting initial symptoms before age 
1 year, with diagnosis before age 5 years [1]. These patients, if left untreated, have a decreased life 
expectancy and die of respiratory failure (63% of MPS IVA patients), cardiac failure (11%), and 
myocardial infarction (4%) [2]. Life expectancy in patients with rapidly progressing phenotypes 
ranges from 20 to 30 years. Rarely, patients with slowly progressing forms of the disorder survive 
beyond age 60. Reliable incidence figures are unavailable in the US; estimates have varied between 
1 in 200,000 live births and 1 in 300,000 live births [3]. Based on the annual US birth rate of ~3.7
million/per year in 2021, approximately 12.3-18.5 children are born in the US with MPS IVA each 
year.

Previous Orphan Drug Designations (ODDs) for MPS IVA have been granted for lysosomal 
enzyme N-acetylgalactosamine-6-sulfate sulfatase in 2008 and elosulfase alfa in 2009, but there is 
still an unmet need for this patient population regarding effective treatment options, given the 
rarity of the disease and the small patient population size. The accumulated data indicate that ERT 
may reduce fatigue and improve patients' quality of life (QoL), but they have not shown any impact 
on cartilage, bone pathology, or bone growth.
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Based on our good-faith assessment from the enrollment in our clinic on MPS IVA (over 100 
patients) and data from an NIH-conducted natural history study, we estimate ~400 MPS IVA 
patients live in the US. Thus, the MPS IVA population potentially amenable to therapy with 
AAV8-hGALNS gene therapy is of very low prevalence, with an estimated number of patients 
ranging from 290 to 460 patients in the US, below the 200,000-prevalence cut-off to qualify for 
an Orphan designation. Therefore, we request that AAV8-hGALNS be designated as an orphan 
drug for treating MPS IVA.
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2.4 Manufacturer’s Name and Address

2.4.1 Drug Substance Manufacturer

Forge Biologics
3900 Gantz Road, Grove City, OH 43123
CDMO and FEIN To Be Confirmed

2.4.2 Drug Product Manufacturer

Astellas Gene Therapies
6074 Enterprise Park Dr, Sanford, NC 27330
CDMO and FEIN To Be Confirmed

3 DESCRIPTION OF RARE DISEASE OR CONDITION, PROPOSED INDICATION, 
AND NEED FOR THERAPY

3.1 Description of Rare Disease or Condition

Molecular etiology
Mucopolysaccharidosis IVA (MPS IVA or Morquio A Syndrome) is a rare, debilitating, 
monogenetic lysosomal storage disease caused by defects in the gene coding for the enzyme N-
acetylgalactosamine-6-sulfate sulfatase (GALNS; Gene MIM number, 612222; EC 3.1.6.4). The 
GALNS gene is located on chromosome 16q24 [4]. The isolation and characterization of the full-
length cDNA encoding the human GALNS protein and genomic sequence [5] have facilitated 
investigations into the molecular genetic heterogeneity of MPS IVA. More than 200 different 
mutations have been identified in the GALNS gene, which likely explains the phenotypic 
heterogeneity of the disorder [6-8].

GALNS is a monomeric glycoprotein containing 522 amino acids and 2 potential N-linked 
glycosylation sites. GALNS functions to cleave O-linked sulfate moieties from both keratan sulfate 
(KS) and chondroitin-6-sulfate (C6S); therefore, due to the deficiency of GALNS, these molecules 
progressively accumulate in MPS IVA. Accumulation of C6S and KS manifests as systemic 
progressive skeletal dysplasia (dysostosis multiplex). GAGs accumulate in lysosomes, 
intracellular matrix, and extracellular matrix. MPS is categorized into 8 groups, with 12 different 
deficient lysosomal enzymes [9]. KS is closely involved in cellular motility, embryo implantation, 
wound healing, corneal transparency, and nerve regeneration [10]. C6S is also involved in embryo 
development, maintaining mechanical skin strength and cell proliferation.

Enzymes that escape the typical molecular routing system are secreted by the cell via the 
constitutive secretory pathway and are often recaptured by cell surface M6P receptors that return 
the GALNS to the lysosome by the endocytic pathway [11]. It is this aspect of lysosomal enzyme 
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trafficking that makes AAV gene therapy a feasible therapeutic strategy for patients with MPS 
IVA. The AAV gene therapy results in the production of the enzymes in transduced cells, secreting 
the enzymes in circulation and delivering them to the target sites. AAV gene therapy producing 
GALNS in patients with MPS IVA offers a potentially safe and efficacious approach to this 
disease's treatment.

Onset and progression
The onset of disease symptoms commonly occurs before age 1 in patients with the severe form of 
MPS IVA or as late as the second decade of life in patients with attenuated MPS IVA [1,8]. 
Approximately 75% of cases present the classic phenotype exhibiting initial symptoms before age 
1, with diagnosis before age 5 [1]. These patients, if left untreated, have a decreased life expectancy 
and die of respiratory failure (63% of MPS IVA patients), cardiac failure (11%), and myocardial 
infarction (4%) [2]. If untreated, life expectancy in patients with rapidly progressing phenotypes 
ranges from 20 to 30 years. Rarely, patients with slowly progressing forms of the disorder survive 
beyond age 60 [1].

Regardless of the rate of disease progression, all patients have severe and debilitating morbidities 
that can begin to manifest as early as age 5. The extracellular matrix of cartilage in MPS IVA 
patients is affected and impacts the phenotypic properties of chondrocytes, resulting in the 
formation of cartilage more prone to degeneration at an early age. Bone deformity is the most 
common initial manifestation of skeletal dysplasia [1,12-13]. Additional compromised systems 
include the auditory, cardiovascular, and respiratory systems [14]. The central nervous system is 
not believed to have significant manifestations of GAG accumulation, and normal intelligence 
appears preserved [15]. However, patients have a high risk of developing neurological 
complications caused by a combination of odontoid hypoplasia, incomplete ossification of the 
anterior and posterior rings of the atlas, and deposition of GAGs in the anterior extradural space. 
This results in atlantoaxial subluxation and spinal cord compression (SCC), with cervical 
myelopathy and consequential quadriparesis [14,16]. 

Height as important measurement
Most MPS IVA patients appear healthy during the neonatal period and manifest clinical symptoms 
reflecting a spectrum of progression from a severe “classical” phenotype to a mild “attenuated” 
phenotype [17-19]. While the clinical phenotype for categorizing severity has not been established, 
height based on age may be the most objective measurement. The mean height for males and 

.7 SD of the height for normal healthy males and females, respectively, according to growth 
charts from the Centers for Disease Control and Prevention [8,12,20]. Children with severe MPS 
IVA show a reduced growth rate beginning at approximately 18 months, and growth will stop at 
approximately age 10-11; however, some patients with attenuated MPS IVA may continue 
growing into adolescence and exceed 140 cm in height [12,20]. MPS IVA patients above the 90th 
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percentile on the Morquio-specific growth chart are more likely to be defined as attenuated, less 
than the 75th centile are defined as severe, and between the 75th and 90th centiles are defined as 
intermediate [12,20].

Figure 1. Clinical and Laboratory Manifestations of Mucopolysaccharidosis IVA

Other symptoms and clinical manifestation (Fig. 1)
The clinical phenotype of MPS IVA is due to the chronic and progressive accumulation of 
glycosaminoglycans (GAGs) in nearly all cell types, tissues, and organs of the body. MPS IVA is
characterized by GAG accumulation in the respiratory tract, heart, liver, spleen, bones, joints, 
oropharynx, head, neck, and ligaments [1,8]. MPS IVA causes skeletal dysplasia through excessive 
storage of keratan sulfate (KS). Patients with MPS IVA appear healthy at birth. MPS IVA-specific 
radiographic changes prior to clinical symptoms and signs have been observed. 

The initial symptoms and signs in most MPS IVA patients have been noticed by the age of three 
years. MPS IVA patients are usually evaluated for unusual skeletal features during the second or 
third year of life. These include striking short trunk dwarfism, odontoid hypoplasia, pectus 
carinatum, kyphosis, gibbus, scoliosis, genu valgus, coxa valga, flaring of the lower ribs, 
hypermobile joints, and abnormal gait with a tendency to fall. Patients with MPS IVA can usually 
be clinically distinguished from patients with other MPSs because they preserve intelligence and 
have additional skeletal manifestations derived from a unique spondyloepiphyseal dysplasia and 
ligamentous laxity. Odontoid hypoplasia, a bony vertebral projection at the C2 vertebrae, is the 
most critical skeletal feature to be recognized in any patient with MPS IVA. This in combination 
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with ligamentous laxity and extradural mucopolysaccharide deposition, results in atlantoaxial 
subluxation, cervical myelopathy, or even death.

Other common symptoms include diminished endurance with muscle atrophy and weakness, gait 
abnormalities due to hip dysplasia with genu valgum, thoracolumbar kyphosis, and pectus 
carinatum [12]. At or around age 8, there is a concern for developing life-threatening airway 
obstruction due to tracheal deviation and narrowing [21-24]. This can result in shortness of breath 
and sleep apnea. The leading cause is an imbalance of the growth in trachea, bone, vessels, and 
other tissues. While the trachea and vessels continue to grow after age 10, the bone growth in most 
severe MPS IVA patients stops around age 10 - 11 because of deposits of GAG in the chondrocytes 
in the long bones, spine, ribs, and sternum and successive disruption of the growth plate region. 
The small upper thoracic cavity cannot accommodate the growing trachea and vessels, leading to 
tracheal impingement by the brachiocephalic artery, connective tissues and/or other tissues [25-
26]. In addition, submucosal protrusions caused by the buckled tracheal wall pose difficulty in 
advancing the endotracheal tube to the mid-tracheal position. Reconstructive trachea surgery, 
which involves the removal of several redundant trachea segments, has been performed to address 
this life-threatening condition. Although this surgery has provided MPS IVA patients with 
dramatic respiratory improvements, it is a high risk, especially when patients present with 
SCC. Overall, the most common serious or life-threatening issues arise from 0 to 18 years in MPS 
IVA patients and will be required for ameliorating such signs and symptoms during the pediatric 
period.

Heart disease is common in patients with severe MPS IVA, although it may not develop or 
manifest until 2-3 decades in life. In severely affected MPS IVA patients, GAG storage causes 
heart valve thickening and regurgitation, impaired diastolic filling, and higher heart rates as 
patients age [27-28]. Typical findings include thickened and shortened mitral valve chordae, 

-sided valvular 
dysfunction, hypertrophy of the myocardium, intimal sclerosis of the coronary arteries, and 
vascular disease have developed in MPS IVA patients [24,27,29-32], leading to cardiomyopathy, 
cor pulmonale and/or death.

Clinical recognition of skeletal dysplasia is essential to diagnose MPS IVA, combined with 
radiographic, genetic, and biochemical tests. The clinical manifestations and resulting impaired 
mobility can reduce the patient’s ability to perform activities of daily living (ADL) and may 
considerably impact the quality of life (QoL) of the patient and caregivers. The patient’s QoL can 
be further compromised by frequent infections, impaired hearing, frequent surgeries, and (joint) 
pain and/or fatigue [33].
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3.2 Proposed Indication and Use of AAV8-hGALNS

The proposed clinical use of AAV8-hGALNS is for the treatment of Mucopolysaccharidosis 
IVA, MPS IVA results from a deficiency of the GALNS enzyme due to deleterious variants in 
the GALNS gene. AAV8-hGALNS is an AAV8 vector expressing a functional human codon-
optimized cDNA encoding GALNS under the control of the tissue-specific (liver) promoter. Data 
from MPS IVA mice treated with AAV vector suggested that starting at 4 weeks old allowed 
partial correction of bone pathology [34-35; see Table 1], suggesting that it is required to start 
treating at an early stage. MPS IVA patients with a severe phenotype typically stop growing 
around the age of 5 years old, while those with an attenuated phenotype may grow until their 
teenage years, but overall bone growth may vary by disease severity[1]. Clinical phenotypes of 
MPS IVA are widely ranged from the most severe form (less than 100 cm) to the attenuated form 
which reaches over 150 cm tall. Since the growth velocity declines after 2 years of age in a severe 
form of MPS IVA patients, early treatment is required for bone growth [20]. In young patients 
who are still growing, we anticipate an increase in final bone length, which aims to alleviate joint 
pain, gait struggles, and cramped abdominal space. We anticipate the therapy will prevent heart 
valve damage in both young and adult patients.

3.3 Reasons Why Such Therapy Is Needed

Patients with a severe form of MPS IVA, primarily related to cervical instability, heart valvular 
disease, and pulmonary and tracheal compromise, often do not survive beyond the second or third 
decade of life. Patients with mild manifestations of MPS IVA characterized by mild bone and 
visceral involvement have been reported to survive into the seventh decade of life [1,8,13,20,36-
39]. Mortality and morbidity rates at the initial stage are primarily related to atlantoaxial instability 
and subsequent cervical myelopathy, which can cause bowel and bladder dysfunction and sleep 
apnea. Obstructive sleep apnea due to narrowing trachea can cause prolonged periods of hypoxia, 
pulmonary hypertension, and even death [2,23-24,40-42]. Airway obstruction also occurs 
secondary to the thickening of tissue in the upper airway due to mucopolysaccharide deposition. 
Patients with MPS IVA have a predisposition to pulmonary infection because of progressive 
truncal deformity and immobility, namely, restricted lung capacity. Early-onset coronary heart 
disease and valve thickening (aortic and mitral) with resultant cardiac dysfunction are described, 
and endocarditis prophylaxis is recommended. Corneal clouding can cause visual disturbance and 
photophobia. Enamel abnormalities predispose them to dental caries. With all these symptoms and 
morbidities, there are currently no effective therapies for skeletal dysplasia and heart disease in 
MPS IVA patients, and novel therapies are urgently needed to prevent irreversible disease 
complications and improve patient management.

The current standard of care for US MPS IVA patients includes surgical procedures and enzyme 
replacement therapy (ERT). ERT, elosulfase alpha, was approved for MPS IVA by the US Food 
and Drug Administration (FDA) in 2014 and is administered by a weekly intravenous infusion 
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over 5–6 hours [43-45]. The accumulated data indicate that ERT may reduce fatigue and improve 
patients' QoL, but it has not shown any impact on cartilage, bone pathology, or bone growth. 
Several groups have reported this by looking at the clearance of storage in the surgical remnants 
of patients undergoing ERT [46] and found no effect on bone growth improvement [22,47-48] nor 
on the reduction in surgical interventions in these patients [49]. Additionally, no reduction in the 
blood KS levels has been demonstrated after ERT [50-51]. Recent reports show ERT does not 
improve linear bone growth despite initiating treatment before 5 years (based on over 2 years of 
follow-up data) [22]. In addition, even prompt initiation of ERT (less than 2 months) has a limited 
effect on slowing the progression of the skeletal phenotype [48]. Furthermore, ERT infusion is 
associated with a short half-life (2 min in mice and 35 min in humans), suggesting that most infused 
enzymes do not reach the avascular cartilage [52-53]. Therefore, new therapeutic approaches are 
needed that target the skeletal system to address cartilage and bone pathology, the underlying cause 
of the most debilitating symptoms of MPS IVA [48].

While investigational hematopoietic stem cell transplantation (HSCT) shows promise as it can 
target the bone and cartilage more effectively than ERT because of the continuous physiological 
level of GALNS expression, it does not apply to all patients because of limitations, such as the 
availability of a matched donor, the age limit for effective treatment, lack of well-trained staff, and 
the mortality risk of the procedure (e.g., graft-versus-host disease, infection). Thus, we hypothesize 
that AAV gene therapy can potentially provide a supraphysiological level of long-term continuous 
enzyme circulation and address the challenges of ERT and/or HSCT.

The proposed approach will address the underlying cause of the disease.

In summary, current treatment options (ERT) only provide some symptomatic improvement (e.g., 
fatigue, QoL). An AAV gene therapy may provide supraphysiological, long-term, continuous 
enzyme circulation as it targets the underlying defect in the peripheral organs, bones, and cartilage,
as was shown in nonclinical studies. Therefore, AAV gene therapy will potentially address the 
underlying cause of the most debilitating symptoms of MPS IVA.

Treatment with AAV gene therapy in MPS IVA mice effectively improves bone, cartilage, and 
connective tissue pathology, valvular heart disease and normalizes blood KS. Thus, the 
investigational AAV gene therapy may provide immediate potential benefits, including clearance 
of excessive KS and C6S in circulation and improvement of ADL (endurance and respiratory 
function), and potential long-range benefits, including improvement of bone growth, valvular heart 
disease, hearing impairment, and laxity of joints.
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4 DESCRIPTION OF AAV8-hGALNS AND SCIENTIFIC RATIONALE FOR USE

4.1 Description of AAV8-hGALNS

4.1.1 Drug Product Naming Convention

Adeno-Associated Virus 8 Human N-Acetylgalactosamine-6-sulfate sulfatase (AAV8-HGALNS)

4.1.2 Drug Product Physical, Chemical, and Pharmaceutical Properties

AAV8-hGALNS is an AAV8 vector expressing a functional human codon-optimized cDNA 
encoding GALNS under the control of the liver-muscle tandem promoter. AAV8 expressing a 
functional copy of hGALNS under the control of the tissue-specific (liver) promoter will be 
administered via a single IV infusion. Transduced cells are expected to provide supraphysiological 
levels of enzyme activity in circulation, resulting in the systemic delivery of the enzyme into the 
target tissues, including bone, cartilage, connective tissues, and visceral organs, and successive 
improvement of critical symptoms, including skeletal dysplasia and multi-domains. This approach 
will allow cellular uptake by the mannose-6-phosphate receptor and localization to the lysosomes, 
promoting increased catabolism of KS and C6S in affected tissues and improving the signs and 
symptoms of the disease. A schematic of the vector transgene, a description of cassette features 
summarizing the salient features of the AAV vector, and the vector map is presented in Figure 2.
The hGALNS nucleotide sequence is provided in Appendix 1.

Figure 2. Vector Map  
In another aspect, provided herein is a polynucleotide comprising an hGALNS expression cassette 
flanked by AAV-ITRs (for example, AAV8-ITRs), said hGALNS expression cassette comprising 
a nucleotide sequencing encoding a liver-specific promoter and a nucleotide sequence encoding 
hGALNS, wherein the nucleotide sequence encoding the liver-specific promoter is operably linked 
to the nucleotide sequence encoding hGALNS. In a specific embodiment, the liver specific 
promoter is a TBG promoter.
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4.1.3 Drug Product Description, Mechanism of Action and Route of Administration

AAV8-hGALNS is a biologic modality for introducing corrected DNA into MPS IVA patients 
with biallelic pathogenic variants in the GALNS gene. The gene is delivered using an AAV virus, 
serotype AAV8, a modified virus that is not infectious in humans but maintains its natural ability 
to deliver genetic material into cells. The AAV8-hGALNS will introduce a normal copy of the 
human GALNS gene and help restore the normal function of the GALNS enzyme in the catabolism 
of KS, as shown in Figure 2. AAV8-hGALNS will be stored at -80°C and delivered to patients as 
an intravenous (IV) solution using the peripheral IV route of administration (ROA). The final 
formulation for the drug product will be finalized prior to IND. AAV8 tropism under a liver-related 
promoter will allow gene product expression mainly in liver.

4.2 Scientific Rationale for the Use of AAV8-hGALNS in the Rare Disease or Condition

MPS IVA is caused by biallelic pathogenic variants in the GALNS gene. It is caused by a deficiency 
of GALNS, a lysosomal enzyme involved primarily in the catabolism of glycosaminoglycans 
(GAGs). The mature active GALNS enzyme consists of 40- and 15-kDa subunits encoded by the 
GALNS gene [5,54-55]. GALNS cleaves the sulfates from the galactosyl residues in KS and the 6-
sulfated N-acetylgalactosaminyl residue from C6S. Replacement of the GALNS enzyme through 
the delivery of AAV8-hGALNS gene therapy is expected to help normalize the metabolic defects 
associated with MPS IVA. AAV8 has a tropism for liver [56], especially under liver-specific 
promoter.

4.2.1 Clinical Efficacy of AAV8-hGALNS

To date, no clinical trial has been initiated with AAV8-hGALNS for treating patients with MPS 
IVA resulting from a deficiency of GALNS protein. However, as stated previously, MPS IVA 
patients who have undergone ERT or HSCT demonstrate a partial restoration of metabolic stability 
and improvement in stamina and endurance and, therefore, represent a clinical benchmark for gene 
replacement therapy that may lead to increased GALNS expression and activity, delivering the 
enzyme in the target organs and tissues. Clinical phenotypes [2,8], natural course of the disease 
[1,20,57], and therapeutic efficacy studies related to ERT and HSCT [41-42,47,58-62] were 
published. However, invasive studies were not conducted for the patients who had physical 
disability. Thus, there is a lack of longitudinal natural history for evaluating skeletal dysplasia and 
bone biomarkers and the broad population from birth to adulthood, as well as HSCT MPS IVA 
participants. Several publications indicated candidate biomarkers (KS and C6S) with outcomes 
corresponding to functioning and disease burden in skeletal dysplasia [48,63-65]. To fill in this 
gap, Nemours Children’s Health, Delaware, initiated a Natural History Study (NHS) of the MPS 
IVA population. The non-invasive study is being conducted at the NCH-DV and has enrolled 60 
participants ages 2 years and older. The cohort features a genetically heterogeneous MPS IVA 
population from various ethnic backgrounds, with 4 total visits occurring every 18 months. The 
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study assesses outcome measures for clinical trials in an ongoing natural history study of MPS 
IVA patients funded by the National Institutes of Health (NIH) (initiated May 1, 2021 -
1R01HD102545-01A1; Non-invasive functional assessment and pathogenesis of Morquio A-
Protocol NCT05284006). Non-invasive testing includes BMD (Bone Mineral Density), pulmonary 
function test (PFT), magnetic resonance imaging (MRI), computed tomography (CT)/Angiogram, 
gait analysis, finger-joint laxity assessment, ADL/QOL questionnaire, and biomarkers related to 
the bone lesions.

4.2.2 Nonclinical Efficacy of AAV8-HGALNS

To understand the pathogenesis of the disease and to develop the experimental treatment for MPS 
IVA, three MPS IVA (knock-out, knock-in, human GALNS tolerant) mouse models have been 
established [66-68; see Table 1]. The phenotype and the pathophysiology of these mice have been 
well characterized.

Knock-out Galns-/- mice (MKC):
Homozygous Galns-/- mice have no detectable GALNS enzyme activity and show increased 
urinary GAG levels. These mice accumulate GAGs in multiple tissues, including liver, kidney, 
spleen, heart, brain, and bone marrow, and represent a mild MPS IVA phenotype. In 2-month-old 
mice, lysosomal storage is present primarily within reticuloendothelial cells such as Kupffer cells 
and cells of the sinusoidal lining of the spleen. Additionally, at 12 months, vacuolar change is 
observed in the visceral epithelial cells of glomeruli and cells at the base of heart valves, but it is 
not present in parenchymal cells such as hepatocytes and renal tubular epithelial cells. 
Hippocampal and neocortical neurons and meningeal cells had lysosomal storage in the brain. 
Radiographs revealed no change in the skeletal bones of mice up to 12 months old. This murine 
model shows visceral storage of GAGs but lacks skeletal features [66].

Human GALNS tolerant Galnstm(hC79S mC76S)slu mice (Mtol):
The MPS IV mouse (Galnstm(hC79S mC76S)slu) model, which has many similarities to a mild phenotype 
of human MPS IVA, is a good model to evaluate long-term administration of enzyme replacement. 
It is tolerant to human GALNS protein. At 3 months, lysosomal storage is marked within 
hepatocytes, reticuloendothelial Kupffer cells, and cells of the sinusoidal lining of the spleen, 
neurons, and meningeal cells. The storage in bone is also obvious, with lysosomal distention in 
osteoblasts and osteocytes lining the cortical bone, chondrocytes, and sinus-lining cells in bone 
marrow. Ubiquitous expression of the inactive human GALNS was confirmed by western blot [7]. 
In the Galns tm(hC79S mC76S)slu model, the enzyme activities of other sulfatases was substantially 
reduced [67].

To assess the efficacy of AAV gene therapy, two mouse models of MPS IVA have been used: 
Knock-out Galns-/- (MKC) and human GALNS tolerant Galnstm(hC79S·mC76S)slu (Mtol) mouse 
models.
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Non-GLP studies have been carried out at the NCH-DE Skeletal Dysplasia Lab at the Dupont 
Experimental Station. These studies support the use of AAV8 expressing a functional copy of 
hGALNS under the control of various promoters (Table 1).

Table 1: Summary of Preclinical studies on AAV gene therapy for MPS IVA

These completed studies with the vectors tested demonstrate a clear benefit resulting in sustained 
enzyme activity, substrate reduction, and improvement in heart valve, growth plate, and cartilage 
pathology following gene therapy. These results suggest that the continuous presence of high 
levels of circulating enzyme increases cartilage and heart valve penetration and reduces the KS 
level, thereby improving GAG storage in these regions. This has not been observed in mouse ERT 
studies [52]. These data also demonstrate that the expression construct can produce biologically 
active protein, i.e., the enzyme expressed can degrade GAGs in the target tissues.

Study Model Treatment conditions Vector/Promoter Results 

•Resulted in supraphysiological levels of enzyme 
activity in plasma and reduced KS levels in 
plasma to normal levels at two weeks post-
injection.

•Dose 5x1013 and 2x1014 vg/kg
•Resulted in supraphysiological levels of enzyme 
activity in plasma and was maintained during 12 
weeks post AAV delivery in male mice
•Female mice had comparatively lower plasma 
enzyme activity levels, but the lower levels were 
maintained
•Dose dependent elevation of enzyme activity 
was observed in KO mice with both constructs 
but higher activity in bone was detected from 
CAG promoter 
•Reduction of KS levels in plasma and liver with 
both vectors 
•Dose 5x1013 and 2x1014 vg/kg
•Supraphysiological levels of enzyme activity and 
reduced KS levels in plasma were maintained for 
24 weeks in the male mice. 

•Dose 5x1013 vg/kg

•All the vectors comparable in the enzyme 
plasma activity and their ability to reduce the KS 
levels in plasma, liver and other peripheral organs

•Only CAG (AAV8) and LMTP (AAV9) provided 
supraphysiological levels of enzyme activity in 
bone

•Initial evidence suggest that LMTP promoter is
comparable to CAG and better than TBG 

•Dose 5x1013 vg/kg

•Higher enzyme activity and higher impact on 
bone lesions  were detected from CAG promoter

Study 4: unpublished MKC mouse model

Treated at 4 weeks of 
age, both male and 
female were treated with 
i.v. injections

AAV8 and AAV9 vectors with 
better optimizing expression 
cassettes containing CpG-depleted 
hGALNS complementary 
deoxyribonucleic acid (cDNA) and 
new promoters (Liver muscle 
tandem promoter (LMTP) and liver-
bone tandem promoter (LBTP) in 
comparison with CAG and TBG 

•LMTP (AAV9) produced higher enzyme 
activities in bone and muscle than the other 
promoters

Study 3: unpublishe+F+A11 MKC  and Mtol 
mouse model

Treated at 4 weeks of 
age, both male and 
female were treated with 
i.v. injections

AAV8 vector packaging an 
hGALNS expressing construct 
under TBG (liver-specific thyroxin-
biding globulin) promoter or 
ubiquitous (CAG) promoter 

•Detected GALNS activity in target tissues, 
including bone and heart, improvements were 
detected in bone and heart pathology

Treated at 4 weeks of 
age, both male and 
female were treated with 
i.v. injections

Study 2: published MKC  mouse model 

Treated at 4 weeks of 
age, both male and 
female were treated with 
i.v. injections

AAV8 vector packaging an 
hGALNS expressing construct 
under TBG (liver-specific thyroxine-
binding globulin) promoter or 
ubiquitous (CAG) promoter 

Study 1: published POC MKC and Mtol 
mouse model 

AAV8 vector packaged and 
hGALNS expressing construct 
under TBG promoter (liver-specific 
thyroxine-binding globulin) 
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48 weeks post-AAV gene therapy, and no toxicity or tumorigenesis has been observed. All KO 
mice in studies developed antibodies against the hGALNS enzyme expressed from the AAV 
vector, like the available data on elosulfase alpha ERT in rats and monkeys [69]. No significant 
correlation between antibody levels and enzyme activity or substrate reduction was observed in 
the study [34-35]. In the Mtol mice, the development of antibodies to the expressed enzyme was 
minimal to none, indicating that some aspect of the antibody response is because of the complete 
absence of the enzyme and expressing a human enzyme in a mouse.

In addition, no AEs have been observed from a nonuniform transgene expression within the target 
population. Furthermore, nonuniform expression is unlikely as this is a secreted lysosomal enzyme 
that can cross-correct neighboring cells.

Therapeutic Expression Construct
The proposed therapeutic expression construct has been rationally designed and evaluated to 
support its use in this population. Ubiquitous and tissue-specific promoters have been evaluated in 
in vivo models. Liver-specific or liver and bone/muscle promoters were similarly effective 
compared to ubiquitous promoters. Therefore, an expression cassette with a liver-specific promoter 
driving the expression of a codon-optimized hGALNS cDNA was selected the TBG promoter was 
used clinically.

Immunogenic potential of transgene protein
As most MPS IVA patients begin ERT as soon as they are diagnosed, patients are not naïve to the 
expressed protein. The development of antibodies (anti-GALNS Ab) is common among patients 
on ERT, irrespective of the genotype. These patients are not routinely on immunosuppressive 
regimens, and no clinical symptoms have been reported. Data supporting the approval of ERT 
showed anti-GALNS Ab in rat studies, which could be because of the human protein in a rodent 
model. The similar level of anti-GALNS Ab was also observed in the mouse studies with AAV 
gene therapy, more pronounced in the KO model and negligible in the Mtol model, which 
expresses a non-functional hGALNS. The need for an immunosuppressive regimen incorporated 
into the protocol is due to the systemic use of AAV vectors.

Vector capsid
The vector biodistribution has been characterized in peripheral tissues in mouse models of MPS 
IVA. The proposed capsid is AAV8, and the biodistribution of AAV8 delivered via the IV route 
has been reported in rodents and large animal models [70-73] and in human clinical trials for 
multiple doses [74-77]. The potential for germline transduction of the capsid has been evaluated 
in MPS IVA mice treated with AAV vectors. There was no evidence of an increase in the copy 
number of the vector in ovary and testis compared with other tissues (muscle, bone, and liver). 
Additionally, this analysis is recommended in the dose-ranging study to be conducted before the 
clinical trial. Negligible recombinant AAV transduction in germline cells has been reported based 
on several studies in non-human primates and other disease models [70,78].

For Information Purposes Only. Permissions granted to reproduce by partners and collaborators.



NIH, NCATS Orphan Drug Designation
AAV8-hGALNS June 25, 2024

Page 22 of 69 Confidential

Dose translation strategy
A dose-ranging study is needed to identify clinical dosing. Based on the POC studies, the expected 
range is 5 x 1013 vg/kg - 1 x 1014 vg/kg. To provide a rough estimate, the anticipated total vector 
required for a 3-year-old patient weighing around 14.5 kg [mean weights for a 3-year-old girl (13.9 
kg) and boy (14.4 kg)] is around 1.5 x 1015 vector genomes. The dose to be used in the clinical 
trial will be chosen based on improved bone/cartilage pathology, KS levels in plasma, and 
enzymatic activity in plasma. A minimum efficacious and anticipated maximum efficacious dose 
has not yet been established in nonclinical studies. At both doses tested, supraphysiological 
enzymatic activity in plasma, and normalization of KS levels were observed. No dose-dependent 
difference was observed. Therefore, 5 x 1013 vg/kg or less dose will be used clinically.

Non-clinical plan to address known toxicities associated with AAV gene therapies
Significant effort has been undertaken or planned in nonclinical studies to address the known 
toxicities associated with AAV gene therapies. Regarding dorsal root ganglion (DRG) toxicity, 
mouse studies have not evaluated DRG toxicity. While AAV8 capsid distribution can be analyzed 
in the DRGs, the tissue-specific promoter proposed will not be expressed in DRGs. Therefore, it 
is highly unlikely to have expression related to DRG toxicity. However, this issue is to be explored 
in the dose-ranging study, which will be required to determine the clinical doses for this study.
Hepatomegaly or any obvious liver toxicity phenotype was not observed in the mouse studies with 
both short-term (12 weeks post AAV delivery) and long-term (24- and 48-weeks post AAV 
delivery) cohorts. Liver enzyme levels [alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST)] were normal in these mice post-treatment. In addition, this issue is to be 
explored in the dose-ranging study.

Complement-related toxicities have not been evaluated in mouse studies. Even at a relatively high 
dose of 2 x 1014 vg/kg, the mice had no observable toxicity. However, this issue is to be explored 
in the dose-ranging study.

Cell-mediated immunity to the capsid or transgene leading to loss of transduced cells has not been 
evaluated in mouse studies. In the dose-ranging studies, we propose to do ELISpots to look for the 
transgene and/or capsid-specific T-cell immune responses.

5 ORPHAN DRUG STATUS

AAV8-hGALNS is not designated as an orphan drug or product for the treatment of patients with 
MPS IVA resulting from a deficiency of GALNS, and AAV8-hGALNS is currently not designated 
as an orphan drug or product in the United States for any other indication.

Previous Orphan Drug Designations (ODDs) for MPS IVA have been granted for lysosomal 
enzyme N-acetylgalactosamine-6-sulfate sulfatase in 2008 and elosulfase alfa in 2009, but there is 
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still an unmet need for this patient population regarding effective treatment options, given the 
rarity of the disease and the small patient population size. Currently, the available treatment and 
disease management options fail to address the bone growth that is lost at an early age in MPS 
IVA patients, which leads to a lot of the ongoing symptoms and morbidities faced by this 
population.

6 PATIENT SUBSET CONSIDERATIONS AND MEDICAL PLAUSIBILITY OF THE 
CHOSEN SUBSET

The prevalence of MPS IVA does not exceed 200,000. Therefore, subset considerations and 
medical plausibility of a subset are not applicable to the proposed indication of patients with MPS 
IVA resulting from a deficiency of GALNS in this request.

7 REGULATORY STATUS AND MARKETING HISTORY

NIH is currently in late phase pre-clinical development of AAV8-hGALNS and a pre-IND meeting 
is planned with FDA, Center for Biologics Evaluation and Research (CBER), and Office of 
Therapeutic Products (OTP) to discuss our completed proof of concept (POC) studies and planned 
IND enabling toxicology studies in preparation for IND submission estimated for 2026.

AAV8-hGALNS is not currently marketed or approved for use in any country, including the 
United States. In accordance with section 526(a)(1) of the Federal Food, Drug, and Cosmetic Act 
[21 USC 360bb(a)(1)]; 21 CFR 316.20(b)(7); and 21 CFR 316.23(a), NCATS has not previously 
submitted a marketing application to FDA for the same active moiety in AAV8-hGALNS for the 
same rare disease or condition prior to submission of the AAV8-hGALNS orphan drug designation 
request. 

8 DOCUMENTATION OF PATIENT POPULATION SIZE

8.1 Prevalence of the orphan disease or condition in the United States
Documentation of the number of MPS IVA-affected people in the US is scarce within the context 
of orphan drug application in the US [3].

There are a few unique sources of information on the prevalence of MPS IVA worldwide [79-80], 
and clinical data from various counties with similar populations is indicative of those who form 
ethnic communities within the US. Therefore, data published in the literature were used to derive 
prevalence estimates for MPS IVA in the United States based on the US population and estimated 
births per 1,000 people according to FDA guidelines for orphan drug applications.

Methods:
A search of bibliographic data was performed on 24 March 2024.
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Data Source: www.pubmed.gov  

Search terms: MPS IVA, Morquio A, Prevalence, Incidence 
Languages:   All

Time period included: Until 24 March 2024 without limitation.

Results:  
The published data regarding epidemiological information were compiled (Appendix 2). As 
limited publications have been retrieved, all data, i.e., also data from countries outside the United 
States, have been included in the overview. Our extensive database searches have not identified 
any data published about the prevalence of MPS IVA in the United States. The early data from 
other countries show that MPS IVA is a rare disease with a reported birth incidence of 1 per 
200,000 live births in British Colombia [81-82]. Although the population of British Columbia is 
small compared to the US, its mixture of immigrants from Europe and Asia mirrors that found in 
the US. Prevalence is not expected to differ remarkably between the United States and other 
countries.   

Patients with a severe phenotype accounted for around 70% of the total MPS IVA patients 
registered in the International Morquio Registry [1]. The current maximum survival of infants with 
severe MPS IVA is between 20-30 years of age. According to a retrospective study conducted in 
the US between 2015 and 2024, there is a 12.0 births/1000 people birth rate, which in the US 
population of 341,814,420 in 2024 provides for an estimated 4,101,773 total live births per year 
[3]. The actual number of births was essentially unchanged between 2020 and 2022 (3,613,647, 
3,664,292, and 3,667,758; on average, 3,648,565 births per year) [1]. Based on the incidence of 
MPS IVA in the European countries (Portugal, Germany, Northern Ireland, Holland, as well as
Australia and Canada, populated by immigrants from Europe), we calculate an incidence in live 
births of about 1/200,000 (See Section 8.2). This would result in an annual 18.2 estimated number 
of live births of infants in the US with MPS IVA. Even if 100% of these afflicted infants survived 
to their thirtieth (30th) birthday, this would have resulted in a theoretical total of 547 afflicted 
patients accumulated over the 30 years in the US.

In the United States, 98 cases have been registered in the International Morquio A Registry [1]. 
Assuming mild cases and some severe cases have not been registered, roughly 250 cases of patients 
with severe and mild disease can be estimated to exist in the US annually. This number of estimated 
patients is approximately 800-fold lower than the prevalence criterion (<200,000 people affected), 
and if the total of 547 patients is used, a 365-fold number is obtained; both these values are well 
below the prevalence rates defined by the FDA for eligibility for orphan drug designation.   

Based on the MPS IVA patient registration data from the UK MPS Society discussed below in 
more detail, the UK data corrected for 5-fold larger US populations would give an estimated total 
number of patients at 455.
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The best registry of MPS IVA patients is in The United Kingdom, where there is a 100% 
registration of such patients through the UK MPS Society. Note that the UK population as of July 
2007 is 60,777,238 people; thus, the total number of patients registered per year is shown below. 
Twenty-one patients were diagnosed during 1990-2003 (12 years), and the average number of 
diagnosed patients was 3.17 per year. Since the US estimated total live births is estimated to be 
6.19-fold higher than that in the UK [an estimated 695,500 total live births per year (est. 2003)], 
the estimated number of MPS IVA patients in the US would be 19.62 per year. Based on the below 
data, 40-50% of the UK registered MPS IVA patients died by their twenties (1978 -1989). Thus, 
based on the UK survival data, one could estimate that there would be 455 patients in the US 
during a similar period, of which 40-50% would die within the third decade. Those patients who 
died were deemed as severe phenotypes.

In our clinic at NCH-DE, 178 MPS IVA patients have been registered in our system and are 
indicated as having a Morquio A Syndrome diagnosis.

8.2 Prevalence of the orphan disease or condition in other countries, with Immigrant 
Populations in the U.S.

Results:
MPS IVA is a rare disease with a reported birth incidence in European countries of 1 per 76,320 
live births in Northern Ireland, based on ascertained cases over 30 years [83], 1 in 167,000 live 
births in Portugal for 20 years [84], 1 in 263,000 live births in Germany for 1980 to 1995 [85], and 
1 in 450,000 live births in The Netherlands for 26 years (1970-1996) [86].

Table 3 Live Birth Incidence of MPS IVA in the USA and EU

Country Live Birth 
Incidence

Alive prevalence Covered 
Period

Source

USA 0.11/100,000 0.03/100,000 1995-2015 Puckett et al. 2021
[3]

Czech Republic 0.73/100,000 0.71/100,000 1975–2008
2010 [87]

Denmark* 0.48/100,000 0.31/100,000 1975–2004 Malm et al. 2008
[88]

Germany 0.38/100,000 N/A 1980-1995 Baehner et al. 2005
[85]

Northern Ireland 1.31/100,000 0.86/100,000 1958-1985 Nelson 1997 [89]
Norway* 0.76/100,000 0.24/100,000 1979 –2004 Malm et al. 2008

[88]
Poland* 0.14/100,000 N/A 1970 –2010 Jurecka et al. 2015

[90]
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Portugal N/A 0.6/100,000 1982 –2001 Pinto et al. 2004
[84]

Sweden* 0.07/100,000 0.07/100,000 1975 –2004 Malm et al. 2008
[88]

Switzerland* 0.38/100,000 N/A 1975 –2008 Khan et al. 2018
[91]

The Netherlands 0.36/100,000 0.22/100,000 1970-1996 Poorthuis et al.
1999 [86]

*Represent all MPS IV cases (A and B).

The following data were published for countries outside the United States and the EU: The British 
Columbia survey reported the incidence of MPS IV to be 1 per 200,000 live births [81-82]
(Applegarth et al. 2000; Lowry et al. 1990). In the Australian population, the estimated incidence 
was 1 in 201,000 live births and the prevalence 1 in 169,000 [92]. In Western Australia, the birth 
incidence was determined to be 1 per 640,000 live births [83]. In Japan, the incidence was 1 per 
667,000 live births.

Table 4 Live Birth Incidence of MPS IVA in countries outside the United States and 
the EU

Country Live Birth 
Incidence

Alive 
prevalence

Covered Period Source

Australia N/A 0.59/100,000 1980-1996 Meikle et al. 1999
[92]

Western Australia 0.15/100,000 N/A 1969-1996 Nelson et al. 2003
[83]

Canada (British 
Columbia)

1.9/100,000 0.48/100,000 1972-1996 Applegarth et al.
2000 [81]

Brazil 0.15/100,000 N/A 1982-2019 Josahkian et al.
2020 [93]

Columbia* 0.68/100,000 N/A 1998-2007 Gomez et al. 2012
[94]

Mexico 1.1/100,000 N/A 2012-2017 Mendoza-
Ruvalcaba et al.
2020 [95]

Taiwan 0.33/100,000 N/A 1984-2004 Lin et al. 2009 [96]

Japan* N/A 0.15/100,000 1982-2009 Khan et al. 2017
[91]

Saudi Arabia* 3.6/100,000 N/A 1983-2008 Moammar et al.
2010 [97]

South Korea* 0.13/100,000 N/A 1994-2013 Cho et al. 2014
[98]

Tunisia* 0.86/100,000 0.68/100,000 1999-2021 Nasrallah et al.
2023 [99]
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*Represent all MPS IV cases (A and B).

Discussion:
MPS IVA seems to be more common in Northern Ireland than in other countries. Nelson [16,89]
mentioned marked heterogeneity in the clinical presentation of the patients. It is also probable that 
some epidemiological studies comprise severe cases of MPS IVA and that false negative screening 
tests might have caused an underestimation of the live birth incidence. Tomatsu (1995) [68]
identified a common missense mutation in severe MPS IVA patients on Irish background, 
indicating the high incidence in Northern Ireland derived from the common founder effect. 
Furthermore, variations in the frequency of specific mutations in different countries might have 
contributed to varying incidence rates. Data published for Greece [100] and Turkey [101] have not 
been related to demographic data. Therefore, these studies were only listed in Appendix 2.

Conclusions

A search of bibliographic data was used to derive estimates of MPS IVA-affected people 
according to FDA guidelines for orphan drug applications.
Prevalence data from the United States are scarce and remain uncertain.
The live birth incidence in European countries was reported to be between 1/450,000 and 
1/76,320, corresponding to 0.022 per 10,000 live births and 0.131 per 10,000 live births.
Add estimations of prevalence in the US is 290 to 460 patients 
Even on the assumption that mild cases were neither diagnosed nor registered, the 
evaluation of the rare epidemiological data shows that MPS IVA clearly meets the criterion 
(< 200,000 people affected) defined by the FDA for orphan drug application.
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11 APPENDIX 2

Tabulated Summary of Epidemiological Analyses of MPS IVA [References: 3,13,80,83-
84,89,93,95,102]

Country Prevalence of MPS IVA
British Columbia 0.48 per 100,000 births
Northern Ireland 0.86 per 100,000 births
Australia 0.59 per 100,000 births
Portugal 0.6 per 100,000 births
Western Australia 0.15 per 100,000 births
Brazil 0.15 per 100,000 births
Mexico 1.10 per 100,000 births
Japan 0.15 per 100,000 births
United States 0.03 per 100,000 births
Czech Republic 0.71 per 100,000 births
Denmark* 0.31 per 100,000 births
Germany 0.38 per 100,000 births
Norway* 0.24 per 100,000 births
Poland* 0.14 per 100,000 births
Sweden* 0.07 per 100,000 births
Switzerland* 0.38 per 100,000 births
The Netherlands 0.22 per 100,000 births
Columbia* 0.68 per 100,000 births
Taiwan 0.33 per 100,000 births
Saudi Arabia* 3.6 per 100,000 births
South Korea* 0.13 per 100,000 births
Tunisia* 0.68 per 100,000 births
*Represent all MPS IV cases (A and B).

Country Commonality of MPS IVA
India Third most common MPS
United States Third most common MPS
Most of Europe Third most common MPS
Southern Europe Second most common MPS, behind MPS II
Eastern Europe Second most common MPS, behind MPS II
MPS IVA is the third most common MPS in India, the United States, and most of Europe and the 
second most common MPS behind MPS II in Southern and Eastern Europe [3].
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1. Studies performed in the United States
a. Current MPS IVA Natural History Program at NCH-DE

Nemours Children's Health in Wilmington, DE is a well-known hub for NPS IVA
patients in the United States and globally, given the plethora of Morquio experts
in orthopedics, cardiovascular, respiratory and pulmonology, and anesthesiology.
NCH-DE currently has 178 MPS IVA patients registered in the system indicated
as having a Morquio A Syndrome diagnosis. In the research study, key clinical
features are assessed non-invasively on MPS IVA patients, including various
questionnaires (Quality of Life, Activities of Daily Living, Medical History, etc.),
pulmonary function, skeletal imaging, bone mineralization, gait pattern, joint
laxity, tracheal function, and hearing function. Patients have a total of four visits
for research evaluations occurring every 18 months. There are currently 60
participants enrolled in the Natural History Program. 53% are female and 47% are
male. 43% are 0-10 years old; 18% are 11-20 years old; 22% are 21-30 years old;
7% are 31-40 years old; and 10% are 41 years or older. Approximately 5% of the
participants are Black or African American, 5% are Asian, 73% are White or
Caucasian, and 17% are other/multiple races. 52% of participants reside in the
South of the United States, 18% in the Northeast, 10% in the Midwest, 12% in the
West, and 8% internationally. 57 participants completed their baseline visits, and
27 participants completed their second visits. 15 surgical samples have been
collected from patients. Study data analysis is ongoing (Data is current as of
03/27/2024).

b. MPS Incidence in the United States

MPS Type Incidence Rate in the US
MPS I 0.26 per 100,000 births
MPS II 0.26 per 100,000 births
MPS III 0.26 per 100,000 births
MPS IV 0.14 per 100,000 births
MPS VI 0.04 per 100,000 births
MPS VII 0.027 per 100,000 births
MPS IX No cases reported

MPS I, II, and III have the greatest incidence in the US, with 0.26 per 100,000 live births, 
followed by MPS IV at 0.14, MPS VI at 0.04, and MPS VII at 0.027 [3]. MPS IX has yet to have 
any reported cases in the United States [3]. This population study is based on the registry of the 
National MPS Society; therefore, the incidence is underestimated.
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Studies performed in countries of the EU

Reference

Type of Source Literature (peer-reviewed journal)

Region Czech Republic

Collection Year(s) 1975-2008

Case Definition MPS IVA

Data collection method The prevalence was calculated as the total 
number of patients diagnosed with MPS IVA, 
divided by the total number of live births in 
the same period. Birth prevalence was 
expressed as the number of patients per 
100,000 live births.

Design Retrospective epidemiological survey

Reference population size Live births 1975-2008: 4,261,897
(Czech Statistical Office web page)

Total number of patients with MPS IVA 15 MPS IV
Type A 14
Type B 1

Prevalence (number per 100,000 live 
births)

0.73

Comments The initial diagnosis was based 
on demonstration of accumulated 
substrates (glycosaminoglycans) in 
tissues and/or body fluids using 
chromatographic or electrophoretic 
methods, or on histological proof of 
storage.

The definite diagnosis was 
made by demonstrating the deficiency 
of the relevant enzyme and/or presence 
of pathogenic mutation, and/or by 
detection of undegraded substrate by 
loading tests in cell cultures.
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Reference Malm, et al. 2008

Type of Source Literature (peer-reviewed journal)

Region Denmark

Collection Year(s) 1975-2004

Case Definition MPS IV

Data collection method The retrospective period used for the incidence 
study covered the period from 1975 to 2004. 
Prevalence was derived from the number of 
MPS patients alive as of December 31, 2007.

Design Retrospective epidemiological survey

Reference population size Live births 1975-2004: 3,100,000

Total number of patients with MPS IV 9 MPS IV
Type A not specified
Type B not specified

Prevalence (number per 100,000 live 
births)

0.48

Comments Selective screening for MPS 
was performed by analysis of GAGs in 
urine (heparan-, dermatan- and 
keratansulphate) in persons with a 
clinically suspected MPS.

When urinary levels of GAGs 
are increased, the findings of a low or 
deficient enzyme level in lymphocytes 
or fibroblasts confirm the diagnosis of 
MPS.
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Reference Michelakakis et al. 1995

Type of Source Literature

Region Greece

Collection Year(s) Last 13 years

Case Definition MPS IVA

Data collection method Relative frequency of MPS IVA expressed as 
% of total diagnosed cases with lysosomal 
storage disease

Design Survey

Reference population size 36 patients with lysosomal storage disease

Number of patients with MPS IVA 1

Prevalence (number per 100,000 live 
births)

Not calculated

Comments Diagnosis confirmed by 
quantification of GAGs quantified, 
enzyme assays

Data not related to 
demographic data

% of patients with LSD: 2.7

For Information Purposes Only. Permissions granted to reproduce by partners and collaborators.



NIH, NCATS Orphan Drug Designation
AAV8-hGALNS June 25, 2024

Page 44 of 69 Confidential

Reference Baehner et al. 2005

Type of Source Literature (peer-reviewed journal)

Region Germany

Collection Year(s) 1980-1995

Case Definition MPS IV

Data collection method Crude occurrence rates (total number of cases 
divided by total number of births during study 
period)

Design Retrospective epidemiological survey

Reference population size Live births 1980-1995: 13,410,924
(German Bureau of Statistics)

Total number of patients with MPS IVA 52 MPS IV
Type A 51
Type B 2

Cumulative Prevalence (number per 
100,000 live births)

0.38

Comments In all cases diagnosis confirmed 
by enzyme assay in serum, leukocytes 
and/or fibroblasts

Prenatal diagnoses not 
included

Large proportion of Turkish 
population (11/51 MPS IVA patients of 
Turkish origin)

CIR for MPSs: 3.53 in 100,000 
live births
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Reference Nelson 1997

Type of Source Literature (peer-reviewed journal)

Region Northern Ireland

Collection Year(s) 1958-1985

Case Definition MPS IVA

Data collection method Prenatal diagnosis included

Design Survey

Reference population size Live births 1958-1985: 839,517
(The Registrar General, Northern Ireland)

Number of patients with MPS IVA 11

Prevalence (number per 100,000 live 
births)

1.31

Comments Diagnosis confirmed by 
enzyme assay

Marked heterogeneity in the 
clinical presentation of the patients

Overall incidence of MPSs: 1 in 
25,000 live births
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Reference Malm, et al. 2008

Type of Source Literature (peer-reviewed journal)

Region Norway

Collection Year(s) 1979-2004

Case Definition MPS IV

Data collection method The retrospective period used for the incidence 
study covered the period from 1979 to 2004. 
Prevalence was derived from the number of 
MPS patients alive as of December 31, 2007.

Design Retrospective epidemiological survey

Reference population size Live births 1979-2004: 2420000

Total number of patients with MPS IV 11 MPS IV
Type A not specified
Type B not specified

Prevalence (number per 100,000 live 
births)

0.76

Comments Most of the patients were from 
Pakistani origin.

Selective screening for MPS 
was performed by analysis of GAGs in 
urine (heparan-, dermatan- and 
keratansulphate) in persons with a 
clinically suspected MPS.

When urinary levels of GAGs 
are increased, the findings of a low or 
deficient enzyme level in lymphocytes 
or fibroblasts confirm the diagnosis of 
MPS.
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Reference Jurecka et al. 2015

Type of Source Literature (peer-reviewed journal)

Region Poland

Collection Year(s) 1970-2010

Case Definition MPS IVA

Data collection method The initial diagnosis of was based on the 
demonstration of accumulated substrates 
(GAGs) in body fluids using electrophoretic 
methods. The definite diagnosis was made by 
demonstrating the deficiency of the relevant 
enzyme and/or presence of pathogenic 
mutation.

Design A retrospective epidemiological survey

Reference population size Live births 1970-2010: 21,686,890

Number of patients with MPS IV 31

Prevalence (number per 100,000 live 
births)

0.14

Comments Diagnoses by accumulated 
GAGs. determination of enzyme 
activities

The confirmation of diagnosis 
was made by deficiency of the 
enzyme.
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Reference Pinto et al. 2004

Type of Source Literature (peer-reviewed journal)

Region Portugal

Collection Year(s) 1982-2001 (Portugal)
1979-1998 (Northern Portugal)

Case Definition MPS IVA

Data collection method Total number of diagnosed cases (post- and 
prenatal diagnosis) divided by total number of 
live births

Design Survey

Reference population size Number of live births not cited
Provided by Instituto Nacional de Estatistica, 
Porto, Portugal

Number of patients with MPS IVA 11 (pre- and postnatal, 10 postnatal)
6 Northern Portugal (1979-1998)

Prevalence (number per 100,000 live 
births)

Not calculated

Comments Diagnoses by determination of 
enzyme activities

Pre- and postnatal diagnoses 
included

Birth incidence calculated using 
the more extensively studied Northern 
Portuguese population data

Overall birth incidence of 
MPSs: 4,8 per 100,000 live births 
(Northern Portugal)
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Reference Malm et al. 2008

Type of Source Literature (peer-reviewed journal)

Region Sweden

Collection Year(s) 1975-2004
1990-2009 Malin et al. 2014

Case Definition MPS IVA

Data collection method The retrospective period used for the incidence 
study covered the period from 1975 to 2004. 
Prevalence was derived from the number of 
MPS patients alive as of December 31, 2007.

Design Retrospective epidemiological survey

Reference population size Live births 1975-2004: 760,000

Total number of patients with MPS IVA 2 MPS IVA
6 MPS IVA (Malin et al. 2014)

Prevalence (number per 100,000 live 
births)

0.07
0.29 (Malin et al. 2014)

Comments Seven persons with MPS IV lived in Sweden 
2007; four of them (two pair of siblings) were 
immigrants (Malm et al. 2008).
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Reference Khan et al. 2017

Type of Source Literature (peer-reviewed journal)

Region Switzerland

Collection Year(s) 1975-2008

Case Definition MPS IVA

Data collection method Diagnosed either by measurement of reduced 
enzyme activity in leukocytes or fibroblasts 
and/or by molecular analysis.

Design Epidemiology

Reference population size Live births 1975-2008: 2,621,036

Total number of patients with MPS IVA 10

Prevalence (number per 100,000 live 
births)

0.38

Comments Abnormal urinary quantitative 
or qualitative GAGs alone were not 
satisfactory for a final diagnosis but 
were performed in all cases.

Diagnosed patients are all 
followed in dedicated university 
centers (Bern, Lausanne, and Zurich) 
and were thus identified through these 
centers.
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Reference Poorthuis et al. 1999

Type of Source Literature (peer-reviewed journal)

Region The Netherlands

Collection Year(s) 1970-1996

Case Definition MPS IVA

Data collection method Birth Incidence: total number of MPS IVA 
within a certain period divided by the total 
number of live births within the same period

Design Survey

Reference population size Live births 1951-1996: 9,639,257
(Dutch Central Bureau of Statistics)

Number of patients with MPS IVA 22 (1970-1996)
21 (Years of birth 1951-1996)

Prevalence (number per 100,000 live 
births)

0.36

Comments Pre- and postnatal diagnosis 
included

Birth incidence of MPSs: 4.5 
per 100,000 live births
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Appendix 3: Studies performed in other countries

Reference Meikle et al. 1999

Type of Source Literature (peer-reviewed journal)

Region Australia

Collection Year(s) 1980-1996

Case Definition MPS IVA

Data collection method Number of postnatal plus prenatal diagnoses 
divided by number of births during study 
period

Design Retrospective case study

Reference population size Live births 1980-1996: 4,222,323
(Australian Bureau of Statistics, Canberra)

Number of patients with MPS IVA 25 (21 postnatal, 4 prenatal)

Prevalence (number per 100,000 live 
births)

Not calculated

Comments Enzymatic diagnosis
Pre- and postnatal diagnosis 

included
Incidence of MPS IVA: 1 per 

201,000 births
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Reference Nelson et al. 2003

Type of Source Literature (peer-reviewed journal)

Region Western Australia

Collection Year(s) 1969-1996

Case Definition MPS IVA

Data collection method Total number of cases diagnosed pre- and 
postnatally divided by total number of births 
during the study period

Design Epidemiological study

Reference population size Live births 1969-1996: 641,178
(Australian Bureau of Statistics)

Number of patients with MPS IVA 1 (0 diagnosed prenatally)

Prevalence (number per 100,000 live 
births)

0.15

Comments Diagnosis confirmed by one-dimensional 
electrophoresis of urinary GAGs and/or by 
enzyme assay on leucocytes or fibroblasts
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Reference Chen et al. 2016

Type of Source Literature (peer-reviewed journal)

Region China

Collection Year(s) 2006-2012

Case Definition MPS IVA

Data collection method Patients clinically suspected of having LSD 
based on physical symptoms were tested for 
the respective LSDs

Design Survey

Reference population size Total births 2006-2012: Not reported

Number of patients with MPS IVA 51

Prevalence (number per 100,000 live 
births)

Not reported

Comments Various LSDs including MPA IV were 
diagnosed by enzymatic assays in Eastern 
China.
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Reference Sheth et al. 2013

Type of Source Literature (peer-reviewed journal)

Region India

Collection Year(s) 2002-2012

Case Definition MPS IVA

Data collection method Urine and enzyme assay

Design Randomized study

Reference population size Total births 2002-2012: Not reported

Number of patients with MPS IVA 18

Prevalence (number per 100,000 live 
births)

Not reported

Comments Diagnosis was confirmed by enzymatic 
assays.
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Reference Khan et al. 2017

Type of Source Literature (peer-reviewed journal)

Region Japan

Collection Year(s) 1982-2009

Case Definition MPS IVA

Data collection method Screening of urinary GAGs

Design Epidemiology

Reference population size Not reported

Number of patients with MPS IVA 30

Prevalence (number per 100,000 live 
births)

Not calculated

Comments Uronic acid quantitative test was carried out 
using an acid carbazole.
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Reference Omar et al. 2019

Type of Source Literature (peer-reviewed journal)

Region Malaysia

Collection Year(s) 2014-2016

Case Definition MPS IVA

Data collection method Screening high risk patients

Design Screening

Reference population size Not reported

Number of patients with MPS IVA 1

Prevalence (number per 100,000 live 
births)

Not reported

Comments Urine and whole blood samples 
were taken from high-risk MPS 
patients.

All urine samples were 
analysed for GAGs and characterised 
by high resolution electrophoresis
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Reference Cheema et al. 2017

Type of Source Literature (peer-reviewed journal)

Region Pakistan

Collection Year(s) 2013-2015

Case Definition MPS IVA

Data collection method Descriptive observational study
Department of Pediatric Gastroenterology, 
Hepatology and Nutrition, The Children's 
Hospital and Institute of Child Health

Design Observation of MPS feature

Reference population size Not reported

Number of patients with MPS IVA 6

Prevalence (number per 100,000 live 
births)

Not reported

Comments Urine samples for GAGs levels and dried 
blood samples for enzyme analysis was 
collected and immediately couriered to a 
reference metabolic laboratory in neighboring 
country, as the facility is not available in 
Pakistan
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Reference Moammar et al. 2010

Type of Source Literature (peer-reviewed journal)

Region Saudi Arabia

Collection Year(s) 1983-2008

Case Definition MPS IVA

Data collection method Review of inborn errors of metabolism

Design Review

Reference population size 165,530 life births; only Saudi Aramco 
Medical Services Organization employees and 
their dependents.

Number of patients with MPS IVA 6

Prevalence (number per 100,000 live 
births)

3.62

Comments Diagnosis was made by enzyme activity in 
cultured skin fibroblasts, liver biopsy, or 
leukocytes.
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Reference Lee et al. 2012
Cho et al. 2014

Type of Source Literature (peer-reviewed journal)

Region South Korea

Collection Year(s) 1994-2013
2004-2010

Case Definition MPS IVA

Data collection method Enzyme assay and molecular analysis.

Design Samsung Medical Center. Patients’ charts 
were retrospectively reviewed for clinical 
features and previous medical history.

Reference population size Not reported

Number of patients with MPS IVA MPS IVA 10
MPS IVA 3 (Cho et al. 2014)

Prevalence (number per 100,000 live 
births)

0.13

Comments Diagnosis was made by enzyme 
activity in leukocytes.
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Reference Lin et al. 2020
Chien et al. 2020
Lin et al. 2009

Type of Source Literature (peer-reviewed journal)

Region Taiwan

Collection Year(s) 1985-2019
2018-2019

Case Definition MPS IVA

Data collection method Clinical indication and newborn screening

Design Screening

Reference population size Not reported

Number of patients with MPS IVA 32
6 Chien et al. 2020

Prevalence (number per 100,000 live 
births)

0.33

Comments The diagnosis of the type of 
MPS was confirmed by a specific 
enzyme activity assay in serum, 
leukocytes and/or skin fibroblasts,

Two-dimensional 
electrophoresis of urinary GAGs,

Quantitative determination of 
DS, HS, KS, and CS using liquid 
chromatography-mass spectrometry 
(LC–MS/MS), and/or identification of 
the pathogenic mutations

newborn screening of MPS 4A 
and other LSDs were made possible by 
the 8-plex LSD screening assay; Chien 
et al. 2020.
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Reference Emre et al. 2002

Type of Source Literature (peer-reviewed journal)

Region Turkey

Collection Year(s) Past 20 years

Case Definition MPS IVA

Data collection method 118 patients suspected to have LSD from all 
over Turkey

Design Survey

Reference population size 42 patients clinically diagnosed with MPS

Number of patients with MPS IVA 11

Birth Incidence (number of cases per 
100,000 live births)

Not calculated

Comments Clinical diagnosis, blood and 
urine samples

Data not related to 
demographic data

High consanguinity rate in the 
population

MPS IVA % of MPS: 32.35
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Reference Al-Jasmi et al. 2012

Type of Source Literature (peer-reviewed journal)

Region United Arab Emirates

Collection Year(s) 1995-2010

Case Definition MPS IVA

Data collection method Review of LSD in Emiratis and non-Emiratis

Design Review

Reference population size Not reported

Number of patients with MPS IVA 2

Prevalence (number per 100,000 live 
births)

1.41

Comments The diagnosis was made by clinical 
presentation and biochemical analysis
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Reference Applegarth et al. 2000

Type of Source Literature (peer-reviewed journal)

Region Canada (British Columbia)

Collection Year(s) 1972-1996

Case Definition MPS IVA

Data collection method Total number of cases diagnosed divided by 
total number of births

Design Survey

Reference population size Total births 1972-1996: 1,035,816
(British Columbia Vital Statistics Agency)

Number of patients with MPS IVA 5 (1 prenatal diagnosis)

Prevalence (number per 100,000 live 
births)

1.9

Comments Predominantly Caucasian 
population

Diagnoses confirmed by both 
laboratory and clinical investigations

Birth incidence for MPS: 1.9
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Reference Puckett et al 2021

Type of Source Literature (peer-reviewed journal)

Region The United States

Collection Year(s) 1995–2015

Case Definition MPS IVA

Data collection method The retrospective period used for the incidence 
study covered the period from 1995 to 2021. 
Prevalence was derived from the number of 
MPS patients alive.

Design Survey

Reference population size Total births 1995-2015: 80,118,336
(National MPS Society database records)

Number of patients with MPS IVA 87

Prevalence (number per 100,000 live 
births)

0.11

Comments The number of MPS patients registered with 
the National MPS Society was used, no 
information of how they were diagnosed.
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Reference Josahkian et al 2020

Type of Source Literature (peer-reviewed journal)

Region Brazil

Collection Year(s) 1982-2019

Case Definition MPS IVA

Data collection method The birth prevalence was used to refer to the 
number of MPS cases diagnosed by the total 
number of live births in a specific period 
expressed as cases per 100,000 live births.

Design Survey

Reference population size Total births 1982-2019: 74,215,086
(The Brazilian Health System database)

Number of patients with MPS IVA 198

Prevalence (number per 100,000 live 
births)

0.15

Comments MPS cases were diagnosed biochemically; the
investigation frequently starts with a 
quantitative (colorimetric method with 
dimethylene blue) and qualitative 
(electrophoresis) analysis of urinary GAGs, 
followed by specific enzyme assays according 
to the first results and/or by identification of 
pathogenic variants by molecular genetic 
analysis.
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Reference Gomez et al 2012

Type of Source Literature (peer-reviewed journal)

Region Colombia

Collection Year(s) 1998-2007

Case Definition MPS IVA

Data collection method Patient records from different referral 
institutions for genetic diseases were 
reviewed, as well as live birth records between 
1998 and 2007

Design Survey

Reference population size Total births 1998-2007: 1,767,059

Number of patients with MPS IVA 12 (MPS IV, not specified as A or B)

Prevalence (number per 100,000 live 
births)

0.68

Comments In all clinical records, the assessment by a 
doctor specialized in Clinical Genetics was 
corroborated. The diagnosis was confirmed by 
glycosaminoglycan electrophoresis in urine, an 
assay to determine enzyme levels in 
leukocytes performed in specialized 
laboratories, or by both techniques, widely 
used in clinical practice for the diagnosis of 
mucopolysaccharidosis.
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Reference Mendoza-Ruvalcaba et al 2020

Type of Source Literature (peer-reviewed journal)

Region Mexico

Collection Year(s) 2012-2017

Case Definition MPS IVA

Data collection method The retrospective period used for the incidence 
per live births study covered the period from 
2012 to 2017.

Design Survey

Reference population size Total births 2012-2015: 2,448,695

Number of patients with MPS IVA 95

Prevalence (number per 100,000 live 
births)

1.1

Comments The enzyme activity measurement in 
leukocytes
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Reference Nasrallah et al 2023

Type of Source Literature (peer-reviewed journal)

Region Tunisia

Collection Year(s) 1999-2021

Case Definition MPS IVA

Data collection method Patients diagnosed with a MPS disorder in two 
referral laboratories in Tunisia between 1999 
and 2021 were included.

Design Survey

Reference population size Total births 1999-2021: 3,822,983
(The National Bureau of Statistics of Tunisia)

Number of patients with MPS IVA 34

Prevalence (number per 100,000 live 
births)

0.86

Comments Diagnosis was based on clinical and 
radiological features and analysis of urinary 
glycosaminoglycans, and enzyme assay in 
some of the patients
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