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ABSTRACT 

Mucopolysaccharidosis IVA (MPS IVA) is caused by a mutation in the N-

acetylgalactosamine-6-sulfate sulfatase (GALNS) gene, leading to glycosaminoglycan 

(GAG) accumulation in multiple tissues, resulting in progressive skeletal dysplasia and 

poor quality of life. There is no effective treatment for this skeletal disease at present. 

This study proposes an extensive evaluation of novel lentiviral (LV) and hematopoietic 

stem cell (HSC) gene therapy (GT) that produces and secretes the active GALNS enzyme 

at supraphysiologic levels within the cells. LVs carrying the native GALNS encoding 

sequence (cDNA) were made under three different promoters: CBh, COL2A1, and 

CD11b. Moreover, we designed LVs carrying the native GALNS cDNA tagged with D8 

octapeptide under CD11b promoter and a human codon-optimized GALNS cDNA under 

CBh promoter, respectively. We first confirmed the potential impact of LVs in vitro and 

translated our research into an MPS IVA animal model. Translational research was 

performed under both ex vivo LV-mediated HSC transplantation into myeloablated 

recipient MPS IVA mice and in vivo direct infusion of LVs into bloodstream MPS IVA 

mice. Following tissue collections, enzyme activity, GAG levels, vector copy numbers 

(VCNs), histopathological evaluations, and bone morphometric analysis were performed 

at both cellular levels and in treated mice. LVs under the COL2A1 promoter produced the 

highest enzyme activity and normalized the storage materials in vitro, followed by the 
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CBh promoter. Both LVs effectively modified donor MPS IVA HSCs that were further 

transplanted into busulfan-myeloablated MPS IVA recipients. This ex vivo LVGT, 

although the expression of hGALNS was lower, provided full correction of heart tissue 

and slight correction of bone pathology. We also investigated the potential effects of the 

direct infusion of LVs. In this part of our research, we evaluated age-dependency 

(newborn vs. older mice), therapeutic doses (low-moderate-high doses), administration 

routes (intravenous, intramuscular, and intravenous), promoters (CBh, COL2A1, and 

CD11b) with high potential to drive gene expression in vivo and codon optimization of 

hGALNS enzyme in vivo. Our data confirmed the efficiency of systemic delivery rather 

than local administration under high doses of LVs into newborn MPS IVA mice. Parallel 

to in vitro and ex vivo assessment, we found that intravenous administration of LV-CBh 

or LV-COL2A1 viral vectors drove the hGALNS transgene expression at high levels. 

However, most LVs were integrated into the liver, and the rest cleared from the body, 

which resulted in a slight correction of bone pathology. Local administrations, however, 

did not improve the course of the disease biochemically or pathologically. Additionally, 

we noted an increase in anti-hGALNS antibodies, suggesting an immune response to the 

therapy. Overall, these findings of a broad range of therapeutic strategies evaluated here 

indicate that LVGT could be a promising approach for treating MPS IVA and similar 

skeletal disorders when combined into HSCs, offering hope for future advancements in 

the field. 
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Chapter 1 

1 INTRODUCTION 

Mucopolysaccharidoses (MPS) are a group of lysosomal storage disorders caused by a 

lysosomal enzyme deficiency or malfunction, leading to the accumulation of 

glycosaminoglycans in tissues and organs. The prevalence of MPS and each subtype 

varies based on geographic regions and/or ethnic background (Fig. 1.1). Each type of 

MPS is caused by a wide range of mutational spectrum, mainly missense mutations. 

Some mutations were derived from the common founder effect. Differences in ethnic 

background and/or founder effects impact the frequency of MPS, which affects the 

prevalence of MPS. The newborn screening is an efficient and early diagnosis; however, 

not all MPSs were approved for the screening [1].  

Mucopolysaccharidosis IVA (MPS IVA; Morquio A syndrome) is an autosomal recessive 

inherited metabolic disease caused by the mutations in the GALNS gene, resulting in the 

deficiency of lysosomal N-acetylgalactosamine-6-sulfate-sulfatase (GALNS) enzyme. 

The absence of the GALNS enzyme leads to the accumulation of glycosaminoglycans 

(GAGs), keratan sulfate (KS), and chondroitin-6-sulfate (C6S) in multiple tissues, 

including cartilage, bone, connective tissues, heart, and cornea [2,3] The patients with 

MPS IVA, while maintaining normal neurological function, suffer from the most severe 
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growth impairment among all types of MPS, leading to difficulties in activities of daily 

living (ADL) and high morbidity [3,4].  

 

Figure 1.1: Incidence of MPSs (%) around the world1. 

1The figure was adapted from Celik et al [1] with permission from MDPI Diagnostics.  

[1] B. Celik, S.C. Tomatsu, S. Tomatsu, S.A. Khan, Epidemiology of 

mucopolysaccharidoses update, Diagnostics 11 (2021). 

https://doi.org/10.3390/diagnostics11020273. 

 

GAGs are the primary storage materials that serve as diagnostic biomarkers for MPS. 

Therefore, the determination of GAG level, as well as the enzyme activity and 

genotyping, is crucial for the diagnosis of MPS (Fig.1.2) [5]. Each GAG plays its 

physiological role and is expressed in specific tissues [6]. The evaluation of GAG levels 

will provide a diagnostic and prognostic biomarker to predict the course of the disease. 

Each type of MPS has a broad range of clinical manifestations [7,8].
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Figure 1.2: Characterization and treatment of MPS IVA disease. 

Created in BioRender. 

The MPS IVA patientsô picture on top was adapted from Khan et al [2] with permission 

from Molecular Genetics and Metabolisms. 

The progressive systemic skeletal involvements that appear within a few years are a stark 

reminder of the severity of this condition. Severe cases of MPS IVA present a myriad of 

signs and symptoms in the skeletal system, including short stature with a short neck and 

trunk, pectus carinatum, odontoid hypoplasia with unstable neck, narrowing trachea, 

obstructive and restrictive lung, kyphoscoliosis, laxity of joints, coxa valga, genu valgum, 

and abnormal gait. In addition, valvular heart disease, hearing loss, corneal clouding, 

hepatomegaly, coarse face, and widely spaced teeth are accounted for MPS IVA [3,4,9]. 

The prevalence of disability and wheelchair-bounding among patients with MPS IVA 

during their teenage years, if untreated, further underscores the urgency of finding 
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effective treatments. Respiratory, cardiac, or cervical spinal cord complications are 

the most common causes of death in their 20s or 30s [3,10]. 

Current treatments include enzyme replacement therapy (ERT) with the elosulfase alfa 

(VimizinÈ; recombinant human GALNS enzyme) and hematopoietic stem cell 

transplantation (HSCT) for MPS IVA; however, both partially correct clinical phenotype 

[11]. Although ERT improved endurance, exercise capacity, and oxygen utilization, 

resulting in increasing quality of life and reduced hepatosplenomegaly and urinary GAG 

levels, its impact on skeletal deformities, corneal clouding, narrowing trachea, and 

valvular heart diseases remains limited due to the difficulties reaching these areas [3,11ï

13] as well as the antibody production against infused enzymes [14,15] and short half-life 

[16]. No clearance of GAGs in chondrocytes [17] in the ERT approach for MPS IVA 

[3,11ï13] is observed, while ERT relies on mannose-6-phosphate (M6P) receptor-

mediated endocytosis of GALNS enzyme for 4-5 hours (h) infusions sessions carried out 

weekly [13,18]. HSCT has been considered a promising treatment for MPS IVA, 

improving pulmonary function, cardiovascular involvement, activity of daily living, bone 

mineral density, and laxity of joints, in addition to reducing surgical interventions 

[3,19,20]. However, it is not feasible for all patients due to the lack of evidence in bone 

and cartilage lesions, risk of transplantation rejection, graft-versus-host-disease (GVHD), 

limited age of transplantation, and finding age-matched donors [11,21]. Overall, ERT and 

HSCT are limited in correcting skeletal complications, although they improve ADL [3]. 

Until now, alternative therapies to ERT and HSCT have been extensively evaluated to 

increase enzyme activity and target the tissues under pharmacological chaperones, 
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substrate reduction therapy, gene therapy with adeno-associated viral vectors (AAVs), 

lentiviral vectors (LVs), clustered regularly interspaced palindromic repeats 

(CRISPR/Cas9), or nanoparticles (Fig. 1.2) [22ï26].  

 

Figure 1.3: Gene therapy approaches for MPS IVA2. 

Created in BioRender.  

2The figure was adapted from Monta¶o et al [27] with permission from Medscape.  

[29] Monta¶o AM, Hoover-Fong J, Theroux MC, Tomatsu S, Mackenzie WGS, 

Gonzalez Nieves S, Hodorowicz W, Pater M, Hardman J, Ago Y, Bradford A, Celik B, 

Karunathilaka A, Nidhi F, Saikia S, Ain M, Braverman N, Melbouci M, Pizarro C, Roth 

K, Sawamoto K, Morquio Syndrome (Mucopolysaccharidosis Type IV), Medscape Drugs 

& Diseases (2023). https://emedicine.medscape.com/article/947254-overview (accessed 

March 6, 2025).  

 

LV gene therapy (LVGT) has been assessed under vivo direct infusion and ex vivo stem 

cell-mediated applications for many diseases. Ex vivo gene therapy has been successfully 

administered under LVs in the clinical trials of MPS IH (ClinicalTrials.gov; 
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NCT03488394), MPS II (NCT05665166), and MPS IIIA (NCT04201405) in the last 

decade. Although ex vivo HSC gene therapy by LVs has been demonstrated to achieve 

relatively stable and curative production in MPS IH (Hurler Syndrome) and MPS III 

(Sanfilippo Syndrome), Gaucher, Fabry, and Pompe diseases [28ï32], it has several 

limitations; risk of clonal expansions associated with integrations near cancer-related 

genes, particularly in HSCs [33,34], time-consuming and requiring complicated process 

of in vitro preparation of transduced cells [35], not applicable to all patients at once, and 

delay of therapy in identified affected newborns regarding obtaining enough stem cells to 

be transduced [36,37], challenging to target internal organs, unpredictable off-target 

effects, and immunological obstacles [38ï40]. Given that HSCT, to some extent, impacts 

skeletal abnormalities in MPS IVA patients [9,10], it is critical to exploit the potential 

effect of LV-modified HSCs on skeletal involvement. This aspect of our research is 

exceptionally intriguing and has the potential to impact the field significantly.  

Despite the limitations of ex vivo gene therapy, we believe that direct infusion of LVs 

could be a promising solution for treating MPS IVA. The number of direct infusions of 

LVs is currently limited in both preclinical and clinical studies due to off-target effects 

and potential immune reactions against infused LVs [34,41]. However, modifications of 

viral capsid and gene expression cassettes may prevent severe incidences caused by LVs 

[42]. In vivo direct infusion of LVs has been successfully administered for metachromatic 

leukodystrophy (MLD) in a clinical trial (NCT03725670) with unknown status, while 

other preclinical applications of sickle cell disease, central nervous system (CNS) 

targeting, and hemophilia were examined in mice, rats, dogs, and non-human primates in 
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the past [41ï48]. We believe that direct infusion of LVs could provide the potential to 

mediate high transduction efficiency and production of enzymes at high levels in MPSs 

as well as other lysosomal storage disorders (LSDs) without any in vitro cell culture 

process. 

Bone is an active metabolic tissue comprising inorganic and organic compounds along 

with several cell lineages (Fig. 1.4) [49]. Although bone remodeling is a dynamic process 

that ensures bone homeostasis in healthy individuals, bone-affecting diseases frequently 

impair this balance, leading to pathophysiological events including inflammation, 

oxidative stress, and cell death [49ï51], resulting in bone physiology impairment. Some 

bone-affecting diseases such as mucopolysaccharidoses (MPSs) [3], achondroplasia [52], 

osteogenesis imperfecta [53], thanatophoric dysplasia [54] commonly lead to skeletal 

dysplasia. However, the region of bone affected by the diseases shows different 

outcomes. MPS IVA disease results in the impairment of the growth plate where the 

chondrocytes are located. These chondrocytes originating from mesenchymal stem cells 

[55ï57] are primarily affected in MPS IVA [3,24]. The growth plate is a hyalin cartilage 

tissue in which no blood vessels are present (Fig. 1.4). When the avascular zones in the 

bone are affected, the treatment becomes challenging [58]. For MPS IVA, the only Food 

and Drug Administration (FDA)-approved drug is based on the intravenous 

administration of the missing enzyme, which has a poor impact on bone lesions [11]. The 

limited impact of this strategy has been mainly attributed to the low bioavailability of the 

enzyme in the avascular zones of the bone such as the growth plate [59]. Furthermore, a 

low percentage of directly infused LVs or secreted enzymes may not reach the target site. 
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Preclinical studies showed that supraphysiological levels of circulating enzymes by ERT 

and gene therapies extensively improved systemic involvement in MPS mice, but bone 

remains an unmet challenge [60ï63]. Therefore, we hypothesized that the 

supraphysiological level of the continuous production of GALNS enzyme by LV-HSC or 

directly infused LVs may trigger the enzyme uptake by bone cells and chondrocytes, thus 

impacting bone amelioration. We aimed to evaluate the impact of ex vivo LV-HSCT and 

direct-infused LVGT and explore cross-correction mechanisms in mice with MPS IVA.  

 

Figure 1.4: Characterization of long bone components. 

Created in BioRender. 
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Chapter 2 

2 ASSESSMENT OF LENTIVIRAL VECTORS UNDER DIFFERENT 

PROMOTERS EXPRESSING N-ACETYL-GALACTOSAMINE-6-SULFATE-

SULFATASE 

In this chapter, we aimed to investigate the therapeutic efficiency of LVs carrying the 

GALNS cDNA under ubiquitous and tissue-specific promoters using various cell sources. 

This research provides a new horizon for MPS IVA treatment and the future of LVGT for 

ongoing preclinical and clinical studies.  

2.1 MATERIALS AND METHODS 

2.1.1 Cell Culture  

MPS IVA patientôs skin fibroblasts and chondrocytes, human embryonic kidney cells 

(HEK293), and human liver cancer cells (hepatocellular carcinoma cells; HepG2) were 

transduced and analyzed. Fibroblasts derived from MPS IVA patients were cultured in 

complete Dulbeccoôs modified Eagleôs medium nutrient mixture F-12 (DMEM/F12, 

Gibco#11320033, Grand Island, NY, USA) supplemented with 20% fetal bovine serum 

(FBS; Gibco#10082147), 1% streptomycin/penicillin. HEK293 cells were cultured in 

chemically defined medium Pro293sTMCDM (Lonza#12-765Q, Walkersville, MD) 

supplemented with 15% FBS and 1% streptomycin/penicillin. HepG2 cells were cultured 
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in Eagleôs minimum essential medium (EMEM; ATCC# 30-2003, Manassas, VA) 

supplemented with 15% FBS and 1% streptomycin/penicillin. To culture MPS IVA 

chondrocytes, a 3-dimensional (3-D) culturing procedure was applied, in which 

chondrocytes derived from MPS IVA patients were diluted in 1.2% sodium alginate 

solution, and the final cell suspension was added into calcium chloride (CaCl2) solution 

in 6-well plate with the help of a 22-gauge (22G) needle. After several washing steps with 

155mM sodium chloride (NaCl), alginate beads containing chondrocytes were cultured in 

a chondrocyte growth medium (Lonza#CC-4408, Walkersville, MD) for 21-28 days 

according to our previously published protocol [22]. All cultured cells were incubated at 

37ÁC and 5% CO2.  

Characterizations of mutations in the GALNS gene from MPS IVA fibroblasts and 

chondrocytes were performed through exon sequencing using Sanger sequencing 

chemistry. Sequencing was aligned to NCBI reference sequence NG_008667.1 using 

Sequencher software (Gene Codes Corporation), and variant status was determined using 

dbSNP and ClinVar. 

2.1.2 Construction of LVs 

LVs were designed under ubiquitous CBh, collagen targeting COL2A1, and myeloid cell 

targeting CD11b promoters. Furthermore, we compared LVs expressing the native human 

GALNS (hGALNS) gene and codon-optimized hGALNS (hGALNSco) cDNA under the 
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CBh promoter and native hGALNS and D8 octapeptide tagged native hGALNS under the 

CD11b promoter. The final constructs for the treatment of MPS IVA were LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-COL2A1-hGALNS, LV-CD11b-hGALNS, and LV-

CD11b-D8*hGALNS. Moreover, we designed LVs expressing the enhanced green 

fluorescent protein (EGFP) under CBh, CD11b, and COL2A1 as a control of our concept 

(Fig. 2.1). 

2.1.3 Transduction of LVs 

The effect of LVGT was first evaluated on MPS IVA fibroblasts, HEK293, and HepG2 

following transduction at different multiplicity of infection (MOIs; 5, 10, 15, and 20). 

The transduction process is shown in Figure 2.1. Briefly, previously cultured 90% 

confluent cells were harvested, and 3 x 105 cells per well of each cell line were seeded 

into 6-well culture plates (day 0). After 24 h incubation, 6-well culture plates were 

transduced with LVs (day 1). Following 48 h incubation, media was replaced, and 

Geneticin antibiotics were added to select transduced colonies (day 3). The next day, 

antibiotics-added media were replaced with fresh media (day 4). Starting on day 4, the 

media were collected into separate Eppendorf tubes every three days and stored at -80ÁC. 

On day 8, half of the cells were collected and stored at -80ÁC, and the other half were 

transferred into 10 cm diameter culture plates for 30 days, on which we continued to 

collect media every three days. On day 30, all cells and media were collected and stored, 

as explained above, for further processing (Fig. 2.1). Depending on the results obtained in 

all three cell lines, we proceeded to transduce MPS IVA chondrocytes via each LV at the 

MOI of 20 as described above to confirm the therapeutic efficiency (Fig. 2.1). We 
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performed the 3-D chondrocyte culturing to mimic the bone and cartilage tissues, which 

revealed the effectiveness of LVs to reach and transduce chondrocytes in such an 

environment. 

 

Figure 2.1: In vitro evaluation of LVGT. 

A. Workflow of the therapeutic efficacy of LVs in vitro. AB+/-: With or without 

Geneticin antibiotics. B. LV constructs. RSV: Rous sarcoma virus promoter. SIN: Self-

inactivated. LTR: Long terminal repeat. Ɋ/RRE: psi/Rev responsive element (required for 

packaging). CBh: Chicken ɓ-actin hybrid promoter (ubiquitous-strong promoter), CD11b: 

Human integrin subunit Ŭ-M promoter [myeloid cells (neutrophils, macrophages, and 



13 

 

monocytes)-specific promoter] and COL2A1: Human collagen type 2 promoter 

(Collagen-expressing tissue-specific promoter). hGALNS: Human GALNS transgene. 

hGALNSco: Codon-optimized hGALNS transgene. D8*hGALNS: Bone-specific D8 

octapeptide tagged hGALNS transgene. EGFP: Enhanced green fluorescence protein. 

WPRE: Post-transcriptional regulatory element derived from Woodchuck hepatitis virus. 

mPGK: Mouse phosphoglycerate kinase 1 promoter. Neomycin: An antibiotic-resistant 

gene used to select transduced cells. Created in BioRender. 

2.1.4 4-Methylumbelliferone Assay (4-MU) 

The GALNS enzyme activity in cell extracts was meticulously assessed using a 4-

methylumbelliferone (4-MU) assay (Melford Laboratories Ltd, Suffolk, UK). This assay 

was crucial in determining the efficacy of LVGT in MPS IVA patients. MPS IVA 

fibroblasts and chondrocytes, HEK293 and HepG2 cells 8- and 30-day(s) post-

transduction were lysed in 60-100 Õl of homogenization buffer (25 mM TrisïHCl, pH 

7.2, 1 mM PMSF) via sonication for 30 sec and 10% amplitude. Then, cell lysates were 

centrifuged for 10 min at 4ÁC. The supernatant was transferred into a new tube and 

assayed for the GALNS enzyme activity. The supernatants of cells underwent 4-MU 

enzyme assay and were incubated with 22 mM 4-methylumbelliferyl-ɓ-

galactopyranoside-6-sulfate (Research Products International, Mount Prospectm, IL) at 

37ÁC for 16 h. The next day, 10 mg/ml of ɓ-galactosidase from Aspergillus oryzae 

(Sigma-Aldrich, Saint Louis, MO) was added to the reaction and incubated for 1 h at 

37ÁC. The reaction was stopped with 1 M of glycine buffer (pH 10.5 adjusted by NaOH). 

We used the FLUOstar Omega plate reader (BMG LABTECH Inc. NC) to measure the 

enzyme activity at an excitation wavelength of 336 nm and an emission wavelength of 

450 nm. The activity was expressed as nanomoles of 4-methylumbelliferone released per 
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hr per milligram of protein (nmol/h/mg). Protein concentrations were determined using a 

PierceTM BCA protein assay kit (ThermoFisher Scientific #23225, Waltham, MA). 

2.1.5 Liquid Chromatography Mass Spectrometry (LC-MS/MS) 

Mono-sulfated keratan sulfate (Mono-sulfated KS) levels in untreated and treated cells 

were measured by LC-MS/MS [64,65]. GAGs were extracted from the cell lysates and 

analyzed according to the previously described protocol [66,67]. We evaluated the 

therapeutic efficacy by measuring GALNS enzyme activity and GAG levels in 

transduced cells. This analysis helped us understand the effectiveness of LVGT in 

reducing the storage of mono-sulfated KS within lysosomes. 

2.1.6 Vector Copy Number (VCN) Analysis 

DNA was extracted with the Qiagen Gentra Puregene Tissue Kit from each cell line 

transduced by the LVs expressing hGALNS at different MOIs to confirm the 

biodistribution of LVs 30 days post-transduction. Then, DNA was digested with 

Proteinase K at 55ÁC. Following RNase treatment, DNA was resuspended in Tris-EDTA 

buffer, and DNA concentration was measured. Quantification of VCN was performed by 

digital droplet PCR (ddPCR; ThermoFisher QuantStudio Absolute Q) as single plex (LV 

and Tfrc on 2 separate chips) using the primers (Integrated DNA Technologies) specific 

to the LV vector psi gene, resulting in an 82-bp PCR fragment. QuantStudioÊ Absolute 

QÊ MAP16 Plate Kit and Master Mix (ThermoFisher#A53301) were used to prepare the 

reaction (Table 2.1). The quantification was done with the following formula: (LV 

cps/Õl*DNA dilution)/(Tfrc cps/Õl/2). 

https://www.thermofisher.com/order/catalog/product/23225
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Table 2.1: Primers and probes for VCN analysis. 

Primers Sequences 

LV-Psi-F (900 nM) 5ǋ-CGACTGGTGAGTACGCCAAA-3ǋ 

LV-Psi-R (900 nM) 5ǋ-CCCGCTTAATACTGACGCTCTC-3ǋ 

LV-Psi-Probe (250 nM) 5'-/6-FAM/AGCGGAGGC/ZEN/TAGAAGGAGAGAGATGGGT/IABkFQ/-

3' 

Amplicon Size 82 bp 

2.1.7 Lysosomal Mass 

Lysosomal mass was determined using the pH-responsive broad LysoTrackerTM Deep 

Red (Thermo Fisher Scientific #L12492, Carlsbad, CA) by flow cytometry (Novocyte 

3000, Agilent Technologies, USA) on MPS IVA fibroblasts treated with LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-CD11b-hGALNS, and LV-COL2A1-hGALNS over 

30 days. Briefly, MPS IVA fibroblasts in monolayers were stained with 50 ÕM 

LysoTrackerTM Deep Red in supplemented DMEM. After one hour of incubation, cells 

were washed three times with 1X PBS and harvested by trypsinization. Pelleted cells 

were washed twice and resuspended on 500 ÕL 1X warmed Hankôs buffer salt solution 

(HBSS) for analysis. A Novocyte 3000 Flow Cytometer (Exc/Em: 647/668 nm) was used 

to acquire at least 50,000 events following the protocol described previously [68]. 

Propidium iodide (PI; 1 mg/mL, Sigma-Aldrich#P4864, Saint Louis, MO) was used to 

identify viable cells. The mean fluorescence intensity (MFI) from singlets was included 

for the analysis on FlowJoÈ software. 

2.1.8 Uptake of GALNS 

To confirm the uptake of secreted GALNS enzyme by MPS IVA fibroblasts, LV vector 

transduced cultureôs media was collected on day 30 and transferred into new untreated 

MPS IVA fibroblast cultures as follows in Fig. 2.2. Before and after media transferring, 
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the GALNS enzyme activity was measured in both media and cells. In addition, we 

performed a mannose-6-phosphate (M6P)-dependent assay under the same conditions to 

test the uptake mechanisms of GALNS for each group. The inclusion of M6P (2mM) was 

conducted according to our previously published manuscript [69]. 

 

Figure 2.2: Experimental settings of the GALNS enzyme uptake. 

2.1.9 Immunohistochemistry (IHC) 

To confirm the GALNS enzyme expression in each cell, we performed IHC for the 

GALNS enzyme (anti-GALNS). Additionally, we analyzed KS levels (anti-KS) via IHC. 

The GALNS and KS were stained by custom-made monoclonal anti-GALNS antibodies 

(Creative Biolabs, NY) and anti-KS (Santa Cruz Biotechnology#sc-73518, Dallas, TX) 

[70]. Harvested cells on day 30 were fixed in 10% formalin and sectioned with 5 Õm-

thickness for IHC. The GALNS and KS distribution and intensity patterns were 

investigated immunohistochemically to determine any correlation with therapeutic 
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effects. To evaluate the expression of GALNS and the reduction of KS, we used Image J 

(NIH) software and analyzed each slide, selecting all cells using software tools. After 

selection, we utilized the software color intensity tools to quantify each section and 

compare it with untreated and wild-type controls.  

2.1.10 Screening of EGFP Expression via Immunofluorescence Microscopy 

To confirm that LVs can drive transgene expression under determined MOIs, we used 

EGFP-expressing LVs as a control. Following the transduction of MPS IVA fibroblasts 

under 5, 10, 15, and 20 MOIs, we screened EGFP expression within the cells 48 h and 8 

days post-transduction using a Zeiss Axio Observer inverted microscope. 

2.1.11 Flow Cytometry 

To verify the fluorescence intensity of each MOI, we harvested the LV-transduced MPS 

IVA fibroblasts and prepared single-cell suspensions at a density of nearly 105 cells in 1X 

PBS. The cell suspensions were analyzed in flow cytometry (Novocyte 3000, Agilent 

Technologies, USA) on day 30. We compared the intensity of EGFP fluorescent protein 

with the untransduced control. 

2.1.12 Statistical Analysis 

Quantitative data that follow a normal distribution are presented as mean Ñ standard error, 

whereas quantitative data that do not meet normal distribution criteria are expressed as 

the median (95% confidence interval). Shapiro-Wilk and Kolmogorov-Smirnov tests 

were performed to assess normal distribution. For statistical analysis, one-way ANOVA 

with a Tukey post-hoc test or a Kruskal-Wallis test with Dunnôs multiple comparisons 
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were used to evaluate differences among more than two groups under the assumption of 

normal distribution. A p-value of 0.05 or less was considered statistically significant. The 

comparisons made include treatment vs. wild-type, treatment vs. untreated, and treatment 

vs. treatment. All statistical analyses were performed using GraphPad Prism 9.5.0 

(GraphPad, San Diego, CA). The number of replicates (n) was five for the in vivo 

experiments (n=5) and three for the in vitro experiments (n=3), with independent 

biological replicates utilized for both mice and cell culture experiments.  

2.2 RESULTS 

2.2.1 Mutation Analysis 

To confirm the mutational profile of human MPS IVA skin fibroblasts and chondrocytes, 

14 exons of the GALNS gene were sequenced. In MPS IVA fibroblasts, data analysis 

revealed a homozygous c.122T>A (p.Met41Lys) transversion in exon 2, which is 

recognized as a pathogenic variant in MPS IVA patients [71,72]. No mutations were 

detected in the other exons. The mutation in exon 2 resulted in no hGALNS enzyme 

activity in the fibroblasts. In MPS IVA chondrocytes, compound heterozygous mutations 

were identified in both exon 1 and exon 11: a 15-bp deletion and a missense mutation 

c.1156C>T (p.Arg386Cys) in the GALNS gene [73]. Since p.Arg386Cys (R386C) was 

not located in the conserved region of sulfatases, the mutated hGALNS protein did not 

exhibit changes in its secondary structure. The R386C mutation only substituted the 

hydrophilic, basic residue Arginine (Arg) with the hydrophobic, neutral Cysteine (Cys). 

This substitution likely led to a reduction in hGALNS enzyme activity. Additionally, we 
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detected a deletion in exon 1, which resulted in the complete absence of the hGALNS 

protein. Thus, it indicates that the severe phenotype of MPS IVA arises from both the 

R386C mutation and the deletion [74,75]. We did not analyze the patientôs parents; 

therefore, we could not report the carrier status of the parents. Overall, the mutational 

profiling of these chondrocytes indicated a pathogenic mutation, leading to MPS IVA 

disease.  

2.2.2 Enzyme Activity in MPS IVA Fibroblasts 

Normal skin fibroblasts (as a wild type) and MPS IVA skin fibroblasts (as treated or 

untreated) were used to confirm hGALNS enzyme activity and the effectiveness of LVs 

under CBh, CD11b, and COL2A1 at MOIs of 5, 10, 15, and 20. Based on the mutation in 

MPS IVA fibroblasts, we found no hGALNS enzyme activity in untreated cells (Figs. 2.3-

4). Following LV transduction, treated and control groups were cultured in two sets over 

8 and 30 days. The secreted enzyme activity in the media of each group was analyzed 30 

days post-transduction (Fig. 2.3A-E). We compared the efficiency of each promoter 

driving the hGALNS gene. CBh is a strong promoter among our preferences while 

CD11b and COL2A1 promoters are tissue specific. Due to the ubiquitous feature of the 

CBh promoter, we used it to compare native and hGALNSco enzymes under the CBh 

promoters, which may provide higher expression of hGALNS and a better comparison. 

Afterward, we assessed the efficiency of D8 octapeptide under CD11b promoter since 

this promoter was specific to HSC-type cells, in which CD11b promoter may elevate the 

hGALNS activity in the bone marrow D8-octapeptide may guide the hGALNS enzyme 

produced in the bone marrow to the bone and cartilage. CBh and CD11b promoters were 
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widely used in various LVGT approaches and diseases. Therefore, evaluating the 

hGALNS gene under the known promoters could give us better answers to our research 

questions. As for the COL2A1 promoter, we utilized this promoter for the first time to 

evaluate hGALNS expression in MPS IVA models. Thus, we did not evaluate 

hGALNSco or D8 tagging under this promoter. The promoters in choice under increasing 

MOIs revealed variations in the GALNS enzyme activity. The intracellular enzyme 

activity was significantly elevated in all treated groups compared to untreated MPS IVA 

and wild-type fibroblasts. At the MOI of 10, LV-CBh-hGALNS had the highest 

expression 173.4 Ñ 1.3 nmol/h/mg and 133.4 Ñ 6.1 nmol/h/mg on days 8 and 30, 

compared to other MOIs, which was significant (p < 0.0001). Furthermore, LV-CBh-

hGALNS under each MOI elevated enzyme activity significantly compared to wild type 

(11.06 Ñ 2.6 and 10.7 Ñ 3.0 nmol/h/mg on days 8 and 30) (p < 0.0001) (Fig. 2.3A). For 

LV-CBh-hGALNSco, we found significant fluctuations among MOIs on day 8, which 

stabilized on day 30. The highest enzyme expression was detected at the MOI of 15 as 

423.8 Ñ 30.4 nmol/h/mg on day 8; however, it was reduced drastically on day 30 and was 

found by 37.4 Ñ 0.8 nmol/h/mg (the lowest enzyme activity). Even though the MOI of 20 

had lower expression on day 8 under this vector than other MOIs, the enzyme activity 

increased over time and reached 69.6 Ñ 1.3 nmol/h/mg (p < 0.0001) (Fig. 2.3B). With LV-

CD11b-hGALNS, we found a high intracellular enzyme activity on day 8; however, the 

activity decreased rapidly on day 30 at MOIs of 5, 10, and 15 (p < 0.0001). Although the 

MOI of 20 had low expression on day 8, its enzyme activity stably increased to 75.3 Ñ 

0.08 nmol/h/mg on day 30 (p < 0.0001 for the MOI of 20 vs. WT) (Fig. 2.3C). Regarding 
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the LV-CD11b-D8*hGALNS vector, the enzyme activity was below the wild-type level 

(11.06 Ñ 1.3 nmol/h/mg) at MOIs of 5, 10, and 15. The highest enzyme activity was 

found 9.02 Ñ 2.2 nmol/h/mg on day 8 at the MOI of 20, which reduced to 0.08 Ñ 0.01 

nmol/h/mg on day 30 (Fig. 2.3D). The GALNS enzyme activity via LV-COL2A1-

hGALNS was elevated to the highest level under the MOI of 20 on day 8 by 171.1 Ñ 2.7, 

which was stable over 30 days (170.05 Ñ 4.5 nmol/h/mg on day 30; p < 0.0001). 

Furthermore, the enzyme activity under the MOIs of 5 and 10 varied over time. In 

contrast, this vector had a stable expression starting from the MOI of 15 and above (p < 

0.0001 for the MOI of 15 vs. WT and the MOI of 20 vs. WT), and no statistical 

significance was found between days 8 and 30 at the MOI of 20 (Fig. 2.3E). Additionally, 

we evaluated the native hGALNS and hGALNSco expression levels under CBh promoter 

(Fig. 2.5F). The reason we only compared hGALNS expression levels under the CBh was 

associated with the strong expression of CBh promoter compared to other promoters. 

Even though the enzyme activity of native hGALNS (LV-CBh-hGALNS) was found 

significantly higher than LV-CBh-hGALNSco in MPS IVA fibroblasts on day 8, no 

significant difference was shown on day 30 (Fig. 2.5F). Moreover, we evaluated D8 

octapeptide efficiency to ease the uptake of hGALNS enzyme under myeloid promoter 

CD11b in comparison to untagged hGALNS enzymes (Fig. 2.5G). The efficiency of D8 

octapeptide in targeting bone was shown in AAV8 GT under TBG promoter [25]. With 

that, we utilized D8 peptide sequences to target the bone while producing hGALNS 

enzymes in myeloid tissues. Regarding in vitro evaluations, LV-CD11b-hGALNS 

significantly elevated the GALNS enzyme activity on both days 8 and 30, compared to 
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LV-CD11b-D8*hGALNS at the MOI of 20. Tagging with D8 octapeptide may hinder or 

trigger different processes associated with the cellular uptake mechanisms (Fig. 2.5G). 

Further investigations regarding receptor targeting mechanisms are required to reveal 

therapeutic uptake mechanisms. 

Overall, the intracellular GALNS enzyme activity in MPS IVA fibroblasts was not dose-

dependent on increasing MOIs but most likely promoter-dependent. In the first week of 

transduction, the GALNS enzyme activity peaked at the highest level. Still, this elevation 

might be related to cellular homeostasis because it reduced or stabilized over time under 

different vectors or doses. Therefore, the intracellular activity did not convince us to 

choose the optimal vectors and conditions based on MPS IVA fibroblasts, even though 

their expressions were significantly higher than that of wild-type (CBh and COL2A1 

promoters) and the number of cells transduced and culturing conditions at the beginning 

were identical. Furthermore, COL2A1 provided a stable expression over time, which 

might be a potential promoter for preclinical studies.  
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Figure 2.3: Intracellular enzyme activity of MPS IVA fibroblasts treated under different 

MOIs with LVs. 

A. LV-CBh-hGALNS, B. LV-CBh-hGALNSco, C. LV-CD11b-hGALNS, D. LV-CD11b-

D8*hGALNS, E. LV-COL2A1-hGALNS. Two-way ANOVA with Sidakôs multiple 

comparison test were used to compare MOIs 5, 10, 15, and 20 each day (*: < 0.05, **: < 

0.005, ***: < 0.001, ****: < 0.0001) and two-way ANOVA with the Tukeyôs multiple 
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comparison test were used to compare days 8 and 30 (#: < 0.05, ##: < 0.005, ###: < 

0.001, ####: < 0.0001) (n=3 for CBh, COL2A1, CD11b, CD11b*D8, and CBh-

hGALNSco). F. A comparison of LV-CBh-hGALNS vs. LV-CBh-hGALNSco at the MOI 

of 20; two-way ANOVA with Tukeyôs multiple comparison test (*: < 0.05). G. A 

comparison of LV-CD11b-hGALNS vs. LV-CD11b-D8*hGALNS at the MOI 20; two-

way ANOVA with the Tukeyôs multiple comparison test (****: < 0.0001). 

 

Our analysis of the media revealed a significant increase in the extracellular secretion of 

the GALNS enzyme (Fig. 2.4A-E). The GALNS enzyme activity treated with LV-

COL2A1-hGALNS was at the highest, reaching 12 Ñ 1.0 nmol/h/ml in MPS IVA 

fibroblasts under the MOI of 20 on day 30, a significant difference compared to the wild-

type control (1.271 Ñ 0.1 nmol/h/ml) (p < 0.0001) (Fig. 2.4E). While each LV, except the 

CD11b*D8-related LV (Fig. 2.4D), was expressed at similar levels above wild-type, no 

significant difference was detected among these treatments on day 30 (Fig. 2.4A-C, E). 

Despite the lack of a dose-dependent increase in the intracellular enzyme activity (Fig. 

2.3), the media enzyme activity demonstrated a secretion of the GALNS enzyme, 

particularly evident in the transduction with LV-COL2A1-hGALNS (Fig. 2.4E). 



25 

 

8 11 14 17 20 23 26 29

0

5

10

15

LV-CBh-hGALNS

Media Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
l)

A

**** ****
****

**** ****

8 11 14 17 20 23 26 29

0

5

10

15

LV-CD11b-hGALNS

Media Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
l)

C

** * *
**** ****

****
****

8 11 14 17 20 23 26 29

0

5

10

15

LV-CD11b-D8*hGALNS

Media Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
l)

D

****

8 11 14 17 20 23 26 29

0

5

10

15

LV-CBh-hGALNSco

Media Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
l)

B

** **** **
****

**** ****

8 11 14 17 20 23 26 29

0

5

10

15

LV-COL2A1-hGALNS

Media Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
l)

MOI 5

MOI 10

MOI 15

MOI 20

Untreated

Wild Type

E

**** ****

**** ****

****

****

 

Figure 2.4: Enzyme activity in the culture media of fibroblasts. 

The GALNS enzyme activities of each vector were compared to the wild-type level through 

two-way ANOVA analysis (*: < 0.05, **: < 0.005, ***: < 0.001, ****:< 0.0001) (n=4). We 

have shown the significance of each group under the MOI of 20 over time. Still, other 

vectors under the MOIs of 5, 10, and 15 showed significant differences as well (p < 0.05) 

(data not shown). A. LV-CBh-hGALNS, B. LV-CBh-hGALNSco, C. LV-CD11b-hGALNS, 

D. LV-CD11b-D8*hGALNS, E. LV-COL2A1-hGALNS. 

 

2.2.3 Enzyme Activity in HepG2 

To confirm if LV could be transduced and stably expressed in HepG2 cells, we 

transduced HepG2 cells under MOIs of 5, 10, 15, and 20 and analyzed them at 8- and 30-

day post-transduction (Fig. 2.5).  
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In HepG2 cells, on day 30 with the MOI of 20, LV-CBh-hGALNS reached 313.8 Ñ 7.3 

nmol/h/mg hGALNS enzyme expression, which was found significant compared to 

untreated HepG2 cells (9.09 Ñ 6.8 nmol/h/mg; p = 0.0001 for LV-CBh-hGALNS vs. 

untreated HepG2; data not shown) (Fig. 2.5A). No statistical significance was found 

among MOIs on day 8 and at MOIs 15 and 20 on day 30 under LV-CBh-hGALNS. 

Compared to LV-CBh-hGALNS, hGALNSco under CBh promoter had slightly low 

activity on day 30 (276.4 Ñ 11 nmol/h/mg); however, it was found significant compared 

to untreated HepG2 (p < 0.0001) (Fig. 2.5B). Among the MOIs, both LV-CD11b-

hGALNS and LV-CD11b-D8*hGALNS had the highest enzyme activities at the MOI of 

20 in which LV-CD11b-hGALNS activities were 40.3 Ñ 2.3 and 97.1 Ñ 8.4 nmol/h/mg 

(Fig. 2.5C), and LV-CD11b-D8*hGALNS activities were 14.4 Ñ 0.05 and 26.1 Ñ 0.7 

nmol/h/mg on days 8 and 30 (Fig. 2.5D). LV-COL2A1-hGALNS vector had a stable 

expression in HepG2 cells compared to other promoters and conditions. Among the 

MOIs, we could not find the difference regarding the GALNS enzyme activity. At the 

MOI of 20, the enzyme activity reached 82.5 Ñ 5.4 and 216.3 Ñ 3.9 nmol/h/mg on days 8 

and 30 (Fig. 2.5E). In addition, the enzyme activity of native hGALNS was parallel to 

LV-CBh-hGALNSco in HepG2 cells, no statistical difference was found on days 8 and 30 

(Fig. 2.5F). Moreover, the enzyme activity via LV-CD11b-hGALNS significantly 

increased on day 30, compared to LV-CD11b-D8*hGALNS at the MOI of 20 on day 30 

(Fig. 2.5G).  

In conclusion, our study demonstrated a dose-dependent increase in GALNS enzyme 

activity in HepG2 cells, reflecting the high effectiveness of the vectors. The enzyme 
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activity showed variations among treatments, depending on the promoters used. Notably, 

LV-COL2A1-hGALNS and LV-CBh-hGALNS were highly expressed in HepG2 cells 

over 30 days, further emphasizing the potential of these vectors in LV-GT. 
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Figure 2.5: Intracellular enzyme activity of HepG2 cells treated under different MOIs 

with LVs. 

A. LV-CBh-hGALNS, B. LV-CBh-hGALNSco, C. LV-CD11b-hGALNS, D. LV-CD11b-

D8*hGALNS, E. LV-COL2A1-hGALNS. Two-way ANOVA with Sidakôs multiple 

comparison test was used to compare MOIs 5, 10, 15, and 20 each day (*: < 0.05, **: < 

0.005, ***: < 0.001, ****: < 0.0001), and two-way ANOVA with the Tukeyôs multiple 

comparison test was used to compare days 8 and 30 (#: < 0.05, ##: < 0.005, ###: < 0.001, 

####: < 0.0001) (n=3 for CBh, COL2A1, CD11b, CD11b*D8, and CBh-hGALNSco). F. 

A comparison of LV-CBh-hGALNS vs. LV-CBh-hGALNSco at the MOI of 20; two-way 
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ANOVA with Tukeyôs multiple comparison test (*: < 0.05). G. A comparison of LV-

CD11b-hGALNS vs LV-CD11b-D8*hGALNS at the MOI 20; two-way ANOVA with the 

Tukeyôs multiple comparison test (****: < 0.0001). 

 

The secreted enzyme levels in the media of HepG2 cells treated with LVs illustrated a 

similar tendency among groups and MOIs (Fig. 2.6A-E). All vectors were expressed in 

HepG2 cells (Fig. 2.6A-B); however, LV-CD11b-hGALNS lost the expression over time 

(Fig. 2.6C) and LV-CD11b-D8*hGALNS had lower enzyme activities over time (Fig. 

2.6D). Although we found the highest enzyme activity at the MOI of 20 under different 

promoters, there were no significant differences among MOIs (Fig. 2.6A-C). When 

closely looking into each treatment compared to untreated HepG2 media, the enzyme 

activities were 0.7 Ñ 0.09 and 0.9 Ñ 0.005 nmol/h/ml on days 8 and 30. The media 

enzyme activities under LV-CBh-hGALNS were 5.8 Ñ 2.04 and 13.2 Ñ 4.2 nmol/h/ml at 

MOI of 5, 11.50 Ñ 4.1 and 30.5 Ñ 10.5 nmol/h/ml at the MOI of 10, 20.8 Ñ 7.5, and 24.7 Ñ 

7.9 nmol/h/ml at the MOI of 15, and 3.8 Ñ 2.4 and 17.7 Ñ 12.5 nmol/h/ml at the MOI of 

20 on days 8 and 30, respectively (Fig. 2.6A). LV-CBh-hGALNSco demonstrated the 

highest elevation by 3.1 Ñ 1.9 and 22.5 Ñ 15.1 at the MOI of 20 on days 8 and 30, 

respectively. This vector did not reflect an increase under the MOI of 5, 10, and 15 until 

day 17 (Fig. 2.6B). The media enzyme activities in the treatment with LV-CD11b-

hGALNS were 3 Ñ 0.6  and 0.7 Ñ 0.2 nmol/h/ml at the MOI of 5, 3.7 Ñ 0.3 and 2.5 Ñ 0.8 

nmol/h/ml at the MOI of 10, 12.1 Ñ 4.8 and 3.9 Ñ 1.2 nmol/h/ml at the MOI of 15, and 

11.2 Ñ 5.9 and 4.7 Ñ 1.6 nmol/h/ml at the MOI of 20 on days 8 and 30 (Fig. 2.6C). LV-

CD11b-D8*hGALNS showed no GALNS activity under the MOIs of 5, 10, and 15, the 

expression of which increased at the MOI of 20. The enzyme activity was 0.5 Ñ 0.5 and 
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0.9 Ñ 0.8 nmol/h/ml on days 8 and 30, respectively (Fig. 2.6D). In LV-COL2A1-

hGALNS, the hGALNS enzyme activities were found 61.8 Ñ 20.8 and 22.9 Ñ 7.7 

nmol/h/ml at the MOI of 5, 79.8 Ñ 26.8 and 39.2 Ñ 13.9 nmol/h/ml at the MOI of 10, 75.7 

Ñ 24.6 and 49.22 Ñ 15.5 nmol/h/ml at the MOI of 15, and 59.5 Ñ 33.7 and 35.3 Ñ 16.7 

nmol/h/ml on days 8 and 30 (Fig. 2.6E). Although the expression of the CD11b promoter 

elevated the extracellular GALNS enzyme activity, D8 octapeptide-tagged GALNS 

enzyme activity under the same promoter CD11b was not detected at the MOIs of 5, 10, 

and 15. We showed a slight elevation at the MOI of 20. In HepG2 cells under each LV 

treatment, the GALNS enzyme activity peaked on days 11 to 14, and it was stabilized by 

the end of treatments. Overall, we could not find any differences in the GALNS enzyme 

activity in media under various MOIs. 
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Figure 2.6: Enzyme activity in media of HepG2 cultures treated under different MOIs of 

LVs. 

The GALNS enzyme activities of each vector were compared to the wild-type level 

through two-way ANOVA analysis (n=3). A. LV-CBh-hGALNS, B. LV-CBh-hGALNSco, 

C. LV-CD11b-hGALNS, D. LV-CD11b-D8*hGALNS, E. LV-COL2A1-hGALNS.  
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2.2.4 Enzyme Activity in HEK293 Cells 

The intracellular GALNS enzyme activity of HEK293 cells was confirmed under each 

treatment with LVs. All five vectors were expressed in HEK293 cells, but LV-CD11b-

hGALNS and LV-CD11b-D8*hGALNS had less expression over time (Fig. 2.7A-E). We 

detected untreated intracellular GALNS enzyme activity by 1.26 Ñ 0.33 nmol/h/mg. LV-

CBh-hGALNS, LV-COL2A1-hGALNS, and LV-CBh-hGALNSco LVs were expressed 

higher than CD11-related LVs (Fig. 2.7A-E). The enzyme activities via LV-CBh-

hGALNS were similar on days 8 and 30 under the MOI of 5 (23.6 Ñ 0.1 and 23.5 Ñ 7.4 

nmol/h/mg), the MOI of 10 (27.5 Ñ 0.1 and 32.2 Ñ 0.005 nmol/h/mg), and the MOI of 15 

(32.2 Ñ 0.9 and 34.5 Ñ 0.3 nmol/h/mg). We detected the highest activities of this vector at 

the MOI of 20, which were 37.4 Ñ 2.4 and 91.6 Ñ 4.9 nmol/h/mg on days 8 and 30 (Fig. 

2.7A). Furthermore, LV-CBh-hGALNSco showed parallel results to the native GALNS 

under CBh promoter, in which the enzyme activity of GALNS reached 35.6 Ñ 1.3 and 

111.9 Ñ 11.5 nmol/h/mg on days 8 and 30 (Fig. 2.7B). LV-CD11b-hGALNS and LV-

CD11b-D8*hGALNS had a lower expression in HEK293 cells under each MOI. The 

highest enzyme activity was determined at the MOI of 20 as 31.7  Ñ 2.5 nmol/h/mg on 

day 8 and 73.4 Ñ 5.1 on day 30 for LV-CD11b-hGALNS, while LV-CD11b-D8*hGALNS 

accounted for 9.5 Ñ 0.5 and 21.5 Ñ 0.8 nmol/h/mg (Fig. 2.7C-D). LV-COL2A1-hGALNS 

vector showed the highest expression by 193.6 Ñ 26.9 nmol/h/mg at the MOI of 20 

among treated groups on day 30, while it was 81.9 Ñ7.1 nmol/h/mg on day 8. Although 

no statistical difference was found among MOIs 5, 10, and 15 under COL2A1-related LV 

treatment, the elevated intracellular enzyme activity at the MOI of 20 was significant 
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compared to those of untreated cells and other doses (Fig. 2.7E). Among CBh-related 

LVs carrying native hGALNS or codon-optimized hGALNS genes expressed in HEK293 

cells, no statistical differences were found on day 8, but on day 30, codon-optimized 

GALNS was found significantly higher (p = 0.0127) (Fig. 2.7F). Moreover, the GALNS 

enzyme activity of LV-CD11b-hGALNS was significantly higher than LV-CD11b-

D8*hGALNS in HEK293 cells at the MOI of 20 on both days (p < 0.0001) (Fig. 2.7G).  

Taken all together, HEK293 cells showed a significant elevation in the GALNS enzyme 

activity under CBh and COL2A1 promoter at all MOIs, but the MOI of 20 was 

considered a high expression point.  



33 

 

Day 8 Day 30

0

100

200

300

600

800

1000

LV-CBh-hGALNS

HEK293 Cells Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

A

Ṧ

ṦṦ

ṦṦ

ṦṦṦ

ṦṦṦṦ

Ṧ

ṦṦṦṦ

ṦṦ

ṦṦṦṦ

ṦṦ

ṦṦṦṦ

####

Day 8 Day 30

0

20

40

60

80

100

600

800

1000

LV-CD11b-hGALNS

HEK293 Cells Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

C

ṦṦṦṦ

ṦṦṦṦ ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ ṦṦṦṦ

####

Day 8 Day 30

0

100

200

300

600

800

1000

LV-CBh-hGALNSco

HEK293 Cells Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

B

ṦṦ

ṦṦ

Ṧ ṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

Ṧ

ṦṦṦṦ

####

Day 8 Day 30

0

100

200

300

600

800

1000

LV-COL2A1-hGALNS

HEK293 Cells Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

E

MOI 5

MOI 10

MOI 15

MOI 20

Untreated

Ṧ

ṦṦ

ṦṦ ṦṦṦṦ

##

ṦṦ

Ṧ

Day 8 Day 30

0

20

40

60

80

100

600

800

1000

LV-CD11b-D8*hGALNS

HepG2 Cells Collection Days

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

D

ṦṦṦ

ṦṦ

Ṧ ṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

####

Day 8 Day 30

0

50

100

150

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

LV-CBh-hGALNS

LV-CBh-hGALNSco

Ṧ

F

Day 8 Day 30

0

50

100

150

E
n

z
y
m

e
 a

c
ti
v
it
y
 (

n
m

o
l/
h

/m
g
)

LV-CD11b-hGALNS

LV-CD11b-D8*hGALNS

ṦṦṦṦ ṦṦṦṦ

G

 

Figure 2.7: Intracellular enzyme activity of HEK293 cells treated under different MOIs 

with LVs. 

A. LV-CBh-hGALNS, B. LV-COL2A1-hGALNS, C. LV-CD11b-hGALNS, D. LV-

CD11b-D8*hGALNS, E. LV-CBh-hGALNSco. Two-way ANOVA with Sidakôs multiple 

comparison test was used to compare MOIs 5, 10, 15, and 20 each day (*: < 0.05, **: < 

0.005, ***: < 0.001, ****: < 0.0001), and two-way ANOVA with the Tukeyôs multiple 

comparison test was used to compare days 8 and 30 (#: < 0.05, ##: < 0.005, ###: < 0.001, 

####: < 0.0001) (n=3 for CBh, COL2A1, CD11b, CD11b*D8, and CBh-hGALNSco). F. 

A comparison of LV-CBh-hGALNS vs LV-CBh-hGALNSco at the MOI of 20; two-way 

ANOVA with the Tukeyôs multiple comparison test (*: < 0.05). G. A comparison of LV-

CD11b-hGALNS vs. LV-CD11b-D8*hGALNS at the MOI 20; two-way ANOVA with the 

Tukeyôs multiple comparison test (****: < 0.0001). 
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The secreted enzyme levels in the media showed several variations among treatment 

groups and MOIs (Fig. 2.8A-E). Compared to untreated HEK293 media (1.05 Ñ 0.2 and 

0.9 Ñ 0.05 nmol/h/ml on days 8 and 30), the media enzyme activity in HEK293 cells 

treated with LV-CBh-hGALNS was 0.71 Ñ 0.1 and 3.6 Ñ 3.5 nmol/h/ml at the MOI of 5, 

0.4 Ñ 0.2 and 3.02 Ñ 0.2 at the MOI of 10, 2.9 Ñ 0.6 and 2.9 Ñ 0.3 nmol/h/ml at the MOI 

of 15, and 0.1 Ñ 0.09 and 2.8 Ñ 0.3 at the MOI of 20 on days 8 and 30 (Fig. 2.8A). LV-

CBh-hGALNSco provided the enzyme activity in media by 0.3 Ñ 0.5 and 5.4 Ñ 0.5 

nmol/h/ml at the MOI of 5, 0.3 Ñ 0.5 and 5.6 Ñ 2.7 nmol/h/ml at the MOI of 10, and 0.1 Ñ 

0.2 and 9.1 Ñ 3.3 nmol/h/ml at the MOI of 15 on days 8 and 30. At MOI of 20, we could 

not detect the enzyme activity on day 8; however, it was elevated by 2.5 Ñ 0.3 on day 30 

(Fig. 2.8B). The media enzyme activity in the treatment with LV-CD11b-hGALNS was 

0.3 Ñ 0.2 and 0.5 Ñ 0.7 nmol/h/ml at the MOI of 5, 0.6 Ñ 0.9 and 0.13 Ñ 0.1 nmol/h/ml at 

the MOI of 10, and 1.8 Ñ 1.04 and 0.8 Ñ 0.1 nmol/h/ml at the MOI of 15 on days 8 and 

30. With this vector, we could not detect media enzyme activity on day 8. Still, it was 

determined as 0.4 Ñ 0.1 at the MOI of 20 on day 30 (Fig. 2.8C). The media enzyme 

activities under the LV-CD11b-D8*hGALNS vector were 0.4 Ñ 0.4  and 0.5 Ñ 0.6 

nmol/h/ml at the MOI of 5, 0.3 Ñ 0.3  and 0.4 Ñ 0.5 nmol/h/ml at the MOI of 10, and 0.3 

Ñ 0.5 and 0.5 Ñ 0.5 nmol/h/ml at the MOI of 15 on days 8 and 30. No activity was 

detected on day 8, while it was 0.006 Ñ0.01 nmol/h/ml at the MOI of 20 on day 30 (Fig. 

2.8D). In LV-COL2A1-hGALNS, the hGALNS enzyme activities were found 0.15 Ñ 0.1 

and 2.23 Ñ 1.7 nmol/h/ml at the MOI of 5, 0.33 Ñ 0.3 and 0.75 Ñ 0.5 nmol/h/ml at the 

MOI of 10, 3.3 Ñ 2.8 and 5.2 Ñ 0.2 nmol/h/ml at the MOI of 15, and 0.01 Ñ0.02 and 2.6 
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Ñ0.6 nmol/h/ml on days 8 and 30 (Fig. 2.8E). In conclusion, LVs under the CBh promoter 

with either native or hGALNSco had higher expression in HEK293 culture media than 

wild-type controls and other treatment groups. However, the lowest GALNS enzyme 

activity was detected in HEK293 media under each treatment compared to MPS IVA 

fibroblasts and HepG2. 
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Figure 2.8: Enzyme activity in the media of HEK293 cells treated under different MOIs 

with LVs. 

A. LV-CBh-hGALNS, B. LV-COL2A1-hGALNS, C. LV-CD11b-hGALNS, D. LV-

CD11b-D8*hGALNS, E. LV-CBh-hGALNSco. Two-way ANOVA and Tukey multiple 

comparison tests were applied, but no statistical difference was found among MOIs over 

time (n=3 for CBh, COL2A1, CD11b, CD11b*D8, and CBh-hGALNSco). 
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2.2.5 Enzyme Activity in MPS IVA Chondrocytes 

To confirm the therapeutic efficiency of LVs under optimal conditions, we transduced 

MPS IVA chondrocytes with each LV at MOI 20. We traced the enzyme activity over 21 

days by mimicking bone environmental conditions throughout alginate beads. On day 21, 

we analyzed the intracellular and extracellular enzyme activities and GAG levels (Fig. 

2.9). All LVs drove the hGALNS enzyme expression at varying levels. The highest 

enzyme activity was determined via LV-COL2A1-hGALNS (1.5 Ñ 0.1 nmol/h/mg). In 

comparison, the lowest enzyme activity was found under LV-CBh-hGALNSco (0.2 Ñ 

0.09 nmol/h/mg) (Fig. 2.9A). Compared to healthy control chondrocytes (wild type), the 

enzyme activity of which was 0.4 Ñ 0.02 nmol/h/mg, the GALNS enzyme activity 

increased by 1.6-fold by LV-CBh-hGALNS, 0.4-fold by LV-CBh-hGALNSco, 1.6-fold 

by LV-CD11b-hGALNS, 1.5-fold by LV-CD11b-D8*hGALNS, 3.5-fold by LV-COL2A1-

hGALNS in MPS IVA chondrocytes. There was a detectable elevation in media enzyme 

activity, which was found to be insignificant among groups. Furthermore, no statistical 

difference was found between wild type and treated groups (Fig. 2.9B). After LV 

treatments, mono-sulfated KS and Di6S levels of chondrocytes were measured. Mono-

sulfated KS, particularly under LV-COL2A1-hGALNS, reduced significantly compared 

to untreated MPS IVA chondrocytes. Mono-sulfated KS levels were detected as follows 

for each LV: 119.4 Ñ 1.4, 136 Ñ 0.9, 114.8 Ñ 0.8, 99.03 Ñ 0.02, and 82.7 Ñ 0.3 ng/mg for 

LV-CBh-hGALNS, LV-CBh-hGALNSco, LV-CD11b-hGALNS, LV-CD11b-

D8*hGALNS and LV-COL2A1-hGALNS, respectively. Compared to untreated MPS IVA 

chondrocytes (132.3 Ñ 0.04 ng/mg), 0.9-, 1.02-, 0.9, 0.7- and 0.6-fold changes were 
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recorded for LV-CBh-hGALNS, LV-CBh-hGALNSco, LV-CD11b-hGALNS, LV-CD11b-

D8*hGALNS, and LV-COL2A1-hGALNS, respectively (Fig. 2.9C). Di6S also showed 

parallel results to mono-sulfated KS (Fig. 2.9D). Regarding VCN, MPS IVA 

chondrocytes embedded in the alginate beads were analyzed through ddPCR (Fig. 2.9E). 

We found copy numbers as follows: 0.05 Ñ 0.005, 0.08 Ñ 0.005, 0.12 Ñ 0.01, 0.6 Ñ 0.01, 

and 3.2 Ñ 0.005 copies per diploid cells at the MOI of 20 for LV-CBh-hGALNS, LV-

CBh-hGALNSco, LV-COL2A1-hGALNS, LV-CD11b-hGALNS, and LV-CD11b-

D8*hGALNS, respectively. Even though the highest VCN was detected under the CD11b 

promoter, the enzyme activity of hGALNS was the lowest under the same promoter. LV-

COL2A1-hGALNS with a relatively low copy number had the highest enzyme activity in 

MPS IVA chondrocytes (Fig. 2.9E). 
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Figure 2.9: The investigation of therapeutic efficacy of LVs in MPS IVA chondrocytes 

treated under different LVs at the MOI 20. 

A. Intracellular enzyme activity. B. Media enzyme activity. (*: < 0.05, ***: < 0.001, 

****: < 0.0001). No statistical significance among the groups was detected in the media. 

C-D. Mono-sulfated KS and Di6S GAGs 21 days post-transduction. E. VCN analysis of 

MPS IVA chondrocytes. 

 

2.2.6 GAG Levels of MPS IVA Fibroblasts Following LVGT 

To confirm whether accumulated GAG levels decreased following the LV treatments at 

the MOI of 20, MPS IVA fibroblasts were harvested separately on days 8 and 30. After 

isolating GAGs from the cells according to the instructions, LC-MS/MS was performed. 

Mono-sulfated KS is one of the clinical biomarkers of MPS IVA [76]. Thus, KS levels 

were analyzed and reported (Fig. 2.10). We also tested other GAGs, including heparan 

sulfate and dermatan sulfate (Fig. 2.11). The results indicated that LVGT under CBh, 

COL2A1, and CD11b promoters significantly reduced mono-sulfated KS levels in MPS 

IVA fibroblasts on both days 8 and 30 compared to untreated (25.9 Ñ 1.6 ng/mg) and 

wild-type control ones (8.2 Ñ 1.3 ng/mg). Mono-sulfated KS levels were found on days 8 

and 30 as follows: 19.1 Ñ 0.05 and 9.3 Ñ 0.05 for LV-CBh-hGALNS, 16.1 Ñ 0.05 and 11 Ñ 

0.1 for LV-CBh-hGALNSco, 11.3 Ñ 0.05 and 15.9 Ñ 0.05 for LV-CD11b-hGALNS, 23.2 

Ñ 2.4 and 11.6 Ñ 2.1 for LV-CD11b-D8*hGALNS, and 14.1 Ñ 0.1 and 18.5 Ñ 0.05 ng/mg 

for LV-COL2A1-hGALNS, respectively, which was found significant compared to 

untreated control (Fig. 2.10). Regarding the changes in mono-sulfated KS levels over 

time, we discovered that LV-CBh-hGALNS and LV-CD11b-D8*hGALNS significantly 

reduced KS on day 30 compared to day 8 (p < 0.005), and no statistical difference was 

found in other treatments over time (Fig. 2.10). In conclusion, compared to untreated 
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MPS IVA fibroblasts, 0.4-, 0.4-, 0.6-, 0.4- and 0.7-fold changes were found for LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-CD11b-hGALNS, LV-CD11b-D8*hGALNS, and 

LV-COL2A1-hGALNS, respectively (Fig. 2.10).  
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Figure 2.10: Mono-sulfated KS levels of MPS IVA fibroblasts after administering LVs. 

Comparison of untreated vs. treated groups, wild-type vs. treated groups (*: < 0.05, **: < 

0.005, ***: < 0.001, ****: < 0.0001), and day 8 vs. day 30 (##: < 0.005) was made 

according to two-way ANOVA with Tukey multiple comparison test.  
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Figure 2.11: The GAGs DiHS0S, DiHSNS, Di4S, and DiSKS were also analyzed in 

MPS IVA fibroblasts. 

(***: < 0.001, ****: < 0.0001) (n=3).  
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2.2.7 Vector Copy Numbers 

To determine LV copy numbers, the LV-specific psi gene was tested via ddPCR in the LV-

treated MPS IVA fibroblasts, HEK293, and HepG2 cells at the increasing MOIs 5, 10, 15, 

and 20) at day 30 (Fig. 2.12). Each LV treatment had similar copy numbers in MPS IVA 

fibroblasts at varying MOIs. At the MOI of 20, VCN was counted as 4.6 Ñ 0.005, 3.8 Ñ 

0.005, 3.6 Ñ 0.01, 3.6 Ñ 0.005, and 3.5 Ñ 0.01 copies per diploid cells for LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-COL2A1-hGALNS, LV-CD11b-hGALNS, and LV-

CD11b-D8*hGALNS, respectively. VCN was found significant in all treated groups 

compared to untreated (p < 0.0001) (Fig. 2.12A). We detected VCN in MPS IVA 

fibroblasts for other MOIs as follows: 0.6 Ñ 0.005, 1.02 Ñ 0.005,1.7 Ñ 0.005, 5.6 Ñ 0.005, 

and 2.3 Ñ 0.005 copies per diploid cell at the MOI of 5; 1.07 Ñ 0.005, 0.9 Ñ 0.005, 4.1 Ñ 

0.005, 6.5 Ñ 0.005, and 4.6 Ñ 0.005 at the MOI of 10, and 1.1 Ñ 0.005, 0.9 Ñ 0.005, 4.3 Ñ 

0.005, 6.8 Ñ 0.005, and 6.2 Ñ 0.005 copies per diploid cell at the MOI of 15 for LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-COL2A1-hGALNS, LV-CD11b-hGALNS, and LV-

CD11b-D8*hGALNS, respectively (Fig. 2.12A). The lowest copies were detected in 

HEK293 cells under CBh promoter while LV-COL2A1 reached 2.9 0.04; however, LV-

CD11b- and LV-CD11b-D8*hGALNS had the highest VCN at the MOI of 20 by 11.6 Ñ 

0.1 and 10.5 Ñ 0.04 copies per diploid cell. VCNs in HEK293 cells for the rest of the 

MOIs were as follows: 0.7 Ñ 0.09, 0.2 Ñ 0.03, 1.15 Ñ 0.02, 0.8 Ñ 0.01, and 0.9 Ñ 0.05 

copies per diploid cell at the MOI of 5; 0.9 Ñ 0.08, 0.4 Ñ 0.01, 1.2 Ñ 0.005, 0.9 Ñ 0.08 and 

1.4 Ñ 0.01 at the MOI of 10 and 0.9 Ñ 0.09, 0.4 Ñ 0.005, 1.2 Ñ 0.005, 1.1 Ñ 0.005, and 1.8 

Ñ 0.01 copies per diploid cell at the MOI of 15 for LV-CBh-hGALNS, LV-CBh-
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hGALNSco, LV-COL2A1-hGALNS, LV-CD11b-hGALNS, and LV-CD11b-

D8*hGALNS, respectively (Fig. 2.12B). On top of that, the highest vector copies were 

detected in HepG2 cells reaching to 12.3 copies per diploid cell via LV-CD11b-hGALNS 

at the MOI of 15 (Fig. 2.12C). In HepG2 cells, we detected VCN as follows: 0.3 Ñ 

0.0006, 0.3 Ñ 0.002, 3.04 Ñ 0.004, 3.3 Ñ 0.003, and 3.2 Ñ 0.05 copies per diploid cell at 

the MOI of 5; 0.5 Ñ 0.003, 0.5 Ñ 0.04, 4.5 Ñ 0.003, 7.6 Ñ 0.01 and 7.4 Ñ 0.05 at the MOI 

of 10 and 0.8 Ñ 0.0003, 0.6 Ñ 0.006, 6.7 Ñ 0.005, 12.3 Ñ 0.02, and 11 Ñ 0.02 copies per 

diploid cell at the MOI of 15 for LV-CBh-hGALNS, LV-CBh-hGALNSco, LV-COL2A1-

hGALNS, LV-CD11b-hGALNS, and LV-CD11b-D8*hGALNS, respectively (Fig. 2.12C). 

These results revealed that all cell lines had copies of LVs under different promoters at 

increasing MOIs. Interestingly, stable and consistent increases were detected at the MOI 

of 20 at all times, and dose-dependent responses were reported. 
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Figure 2.12: Vector copy numbers at MOIs of 5, 10, 15, and 20. 

A. MPS IVA fibroblasts. B. HEK293 C. HepG2 cells. Statistical methods were two-way 

ANOVA tests with Tukey multiple comparisons. Compared to untreated, copy numbers in 

all treated groups significantly increased in all three cell lines (*: < 0.05, **: < 0.005, 

***: < 0.001, ****: < 0.0001) (n=3). 
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2.2.8 Lysosomal Mass 

To confirm GAG reduction in lysosomes, flow cytometry analysis was performed on 

days 8 and 30. Following a 3.3-fold difference between wild-type and untreated MPS IVA 

fibroblasts, we found that all LV treatments significantly reduced the lysosomal mass on 

day 30. Moreover, LV-CD11b-hGALNS (p = 0.1909) and LV-COL2A1-hGALNS (p = 

0.0925) were indistinguishable from WT levels, suggesting that those vectors led to the 

normalization of the lysosomal mass on day 30 (Fig. 2.13). No significant differences 

between treatment and untreated control on day 8 post-transduction were observed (data 

not shown). 

 

Figure 2.13: Lysosomal mass in MPS IVA fibroblasts treated with LVs; LV-CD11b-

hGALNS, LV-CD11b-D8*hGALNS, LV-CBh-hGALNS, LV-CBh-hGALNSco, and LV-

COL2A1-hGALNS at MOI 20. 

A. A representative histogram from wild-type, untreated, and treated MPS IVA fibroblasts. 

B. Two-way ANOVA for the means of two independent experiments. (**: < 0.005). 

 



47 

 

2.2.9 Uptake of GALNS 

To test the uptake of GALNS enzyme following secretion in the extracellular area, 

culture media from LV-transduced MPS IVA fibroblasts were transferred into cultured 

plates in untreated MPS IVA fibroblasts. We measured the enzyme activity in media 

before and after transferring into the untreated MPS IVA fibroblasts. Following 13 h 

incubation in secreted hGALNS enzyme, the cells were harvested, and enzyme activity 

was measured. The media enzyme activities under each promoter were found at ~0.75, 

0.41, 1.92, 1.34 and 0.011 nmol/h/ml before treatment, while at ~0.17, 0.27, 1.4, 0.85 and 

0.00 nmol/h/ml after treatment with LV-CBh-hGALNS, LV-CBh-hGALNSco, LV-

COL2A1-hGALNS, LV-CD11b-hGALNS and LV-CD11b-D8*hGALNS at the MOI of 

20, respectively. The percentage of GALNS enzyme uptake into the cells accounted for 

76.9, 34.07, 28.1, and 36.3% of the secreted GALNS under treatment with LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-COL2A1-hGALNS, and LV-CD11b-hGALNS, 

respectively. Even though a slight elevation was detected through LV-CD11b-

D8*hGALNS before uptake, no activity was found within the cells following the uptake 

experiment (Fig. 2.14A). Statistical differences were not found in the media enzyme 

activity before and after the uptake experiment. The intracellular enzyme activity was 

followed as 1.31 Ñ 0.8, 0.94 Ñ 0.5, 2.27 Ñ 0.3, and 2.24 Ñ 0.7 nmol/h/mg for LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-COL2A1-hGALNS, and LV-CD11b-hGALNS, 

respectively. Compared to untreated MPS IVA fibroblasts, the enzyme activity was 

elevated in MPS IVA fibroblasts incubated with culture media, including the secreted 

GALNS enzyme (Fig. 2.14B). In M6P dependent assays, we could not detect the enzyme 
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activity within the cells due to the inhibition of M6P receptors via the binding of M6P 

ligands. This suggested that the secreted hGALNS enzymes under LVs were taken up 

through M6P receptors. 
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Figure 2.14: Enzyme activity levels following uptake experiments. 

A. Media enzyme activities before and after adding into culture media in MPS IVA 

fibroblasts. B. Intracellular enzyme activity of MPS IVA fibroblasts after adding media, 

including the secreted GALNS from previous experiments; wild type (9.24 Ñ 0.4 

nmol/h/mg). The comparison was made using one-way ANOVA tests with Tukey 

multiple comparisons (*: < 0.05, ****: < 0.0001) to determine the effect of different LV 

gene therapies on the GALNS enzyme activity (n=3) (Treatment groups vs untreated or 

treatment groups vs wild-type). 
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2.2.10 Immunohistochemistry 

We performed IHC to confirm the expression of the GALNS enzyme. Compared to 

untreated and wild-type MPS IVA fibroblasts, CBh-related LV-treated groups were 

intensively stained with monoclonal anti-GALNS antibodies (p < 0.0001 for both 

vectors). No statistical difference was found between treated groups with LV-CD11b-

hGALNS, LV-CD11b-hGALNS, and LV-COL2A1-hGALNS vs. untreated (Fig. 2.15A-

B). 
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Figure 2.15: Immunohistochemistry analysis of GALNS enzyme expression. 

A: IHC pictures from each experimental group. B: Statistical analysis of GALNS enzyme-

positive areas after eliminating the background. One-way ANOVA with Tukey multiple 

comparison test (*: < 0.05, **: < 0.005, ****: < 0.0001) (n=4). 
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Furthermore, we analyzed KS levels through IHC and found a significant reduction in KS 

GAG following LV gene therapies compared to untreated controls (p < 0.05) (Fig. 2.16). 

Overall, anti-KS IHC results were parallel to KS levels obtained from LC-MS/MS. 
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Figure 2.16: Statistical analysis of KS GAG-positive areas in immunohistochemistry. 

One-way ANOVA with Tukey multiple comparisons (**: < 0.005, ****: < 0.0001) (n=4). 

2.2.11 Cell Viability 

To confirm if increasing MOIs harms cell proliferation and growth, we transduced MPS 

IVA fibroblasts with LVs at tested MOIs (5, 10, 15, and 20) in this study. Although MPS 
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IVA fibroblasts reflected different responses at increasing doses following transductions, 

most experiments showed no significant impact. We could not find a consistent negative 

effect as MOI increased (Fig. 2.17). At the MOIs of 5 and 15, the viability of the cells 

was significantly affected under transduction with LV-COL2A1-hGALNS. Transduction 

with LV-CBh-hGALNS affected cell proliferation only at the MOI of 10, while LV-CBh-

hGALNSco showed a significant reduction at the MOI of 20. Besides, the cell viability 

was significantly reduced at the MOI of 10 and 20 under LV-CD11b-hGALNS. No 

toxicity was detected for LV-CD11b-D8*hGALNS compared to untransduced cells 

(100%). Overall, we could not find a dose-dependent cellular response or a critical 

reduction in cell viability following viral transduction (Fig. 2.17).  

 

Figure 2.17: The percentage of cell viability of MPS IVA fibroblasts after transduction 

with the determined MOIs. 

(*: < 0.05, **: < 0.005, ***: < 0.001) (n=3).  
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Figure 2.18: The percentage of cell viability of HepG2 cells after transduction with the 

determined MOIs. 

(*: < 0.05, **: < 0.005, ***: < 0.001) (n=3).  

 

2.2.12 EGFP Expression in MPS IVA Fibroblasts 

To find the optimal therapeutic dose and conditions, we screened LV-transduced MPS 

IVA fibroblasts through immunofluorescence imaging. Starting from 24 h, LV-CBh-

EGFP had the highest IF, while other vectors had relatively low expression. However, 

with time, we lost the cells transduced with LV-CBh-EGFP and found an apparent EGFP 

expression under CD11b and COL2A1 promoters in a dose-dependent manner (Fig. 

2.19).  
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Figure 2.19: Immunofluorescence screening of EGFP expression in MPS IVA fibroblasts 

at the increasing MOIs (5, 10, 15, and 20). 
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Following transduction with LV-CBh-EGFP, LV-CD11b-EGFP, and LV-COL2A1-EGFP, 

MPS IVA fibroblasts were tracked for the GFP expression at a total magnification of 

100X and 200X 48 h and 8 days post-transduction (Scale is set to 250 ɛm). 

 

To confirm transduction efficiency with each LV, we analyzed the intensity of EGFP 

protein under CBh, CD11b, and COL2A1 promoters at the increasing MOIs (5, 10, 15, 

and 20) via flow cytometry. Following LV transduction in 48 ï 72 h, LV-CBh-EGFP 

transduced MPS IVA fibroblasts did not survive, which might be due to the toxicity of 

EGFP proteins [77,78]. Therefore, we could not show the relevant data for this group. On 

the other hand, the EGFP intensity under LV-CD11b-EGFP and LV-COL2A1-EGFP 

vectors was found to be over 75% at all MOIs. Furthermore, the COL2A1 promoter 

triggered a high and stable transgene expression over time (Fig. 2.20A-D). In conclusion, 

this analysis provided us with an understanding of the transduction efficiency of LVs by 

using MPS IVA fibroblasts.  
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Figure 2.20: The intensity of EGFP fluorescent in MPS IVA fibroblasts at the increasing 

MOIs (5, 10, 15, and 20) on day 30. 

A. LV-CD11b-hGALNS. B. LV-COL2A1-hGALNS. C. Untreated MPS IVA fibroblasts. 

D. The percentage of EGFP intensity at increasing MOIs (LV-CBh-EGFP transduced cells 

were dead 2-3 days of post-transduction). 

 

2.3  DISCUSSIONS 

We investigated the potential of LVs on HepG2 cells, HEK293 cells, and MPS IVA 

fibroblasts and chondrocytes, which has yielded promising results. In this study, we 

designed 3rd generation SIN LVs driving hGALNS expression under ubiquitous (CBh) or 
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tissue-specific (COL2A1 and CD11b). Our previous studies have shown that D8 

octapeptide insertion into the N-terminal of codon-optimized hGALNS gene effectively 

enhances enzyme uptake in bone, surpassing hGALNS alone driven by liver targeting 

TBG promoter via AAV gene therapy [25]. Building on this, we constructed LVs under 

CD11b myeloid-specific promoter driving native hGALNS and D8 bone signaling tagged 

native hGALNS, respectively. Considering our previous success with tissue-specific TBG 

promoter driving codon-optimized GALNS gene expression [25], we designed LVs under 

ubiquitous CBh promoter driving native hGALNS and codon-optimized hGALNS 

expression, respectively, to determine the level of hGALNS enzyme expression after 

codon-optimization for the preclinical studies. Although slight differences were detected 

in the enzyme expression over time under the CBh promoter, codon optimization did not 

completely alter the level of gene expression compared to the native hGALNS in vitro. 

Before moving to MPS IVA chondrocytes, LVs were validated in HepG2, HEK293 cells, 

and MPS IVA fibroblasts at various doses. The cells studied here showed a dose-

dependent elevation in the GALNS enzyme activity under all LVs tested; however, LV-

CBh-hGALNS and LV-COL2A1-hGALNS elevated the enzyme activity at the highest 

level among others in 30 days. In the literature, the effect of CMV and EF1Ŭ promoters 

driving the GALNS gene was tested with the co-expression of SUMF1 in HEK293 cells. 

HEK293 cells transfected with EF1a-pIRES- GALNS had normal GALNS enzyme 

activity by 8 days, while co-transfection with SUMF1 plasmid increased the GALNS 

enzyme activity nearly 2.6-fold. Furthermore, the study showed that the EF1Ŭ promoter 

stably drove the GALNS gene expression [79]. We believe that 6-8 days may not confirm 
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stable and permanent expression. Therefore, we designed our experiments at different 

points of different times (8- and 30-day post-transduction) to track the GALNS enzyme 

activity. The extracellular GALNS enzyme activity under CBh, COL2A1, and CD11b-

related LVs had variations up to 14 days but then stabilized and gradually increased or 

decreased until 30 days in HepG2 and HEK293 cells and media. Afterward, MPS IVA 

fibroblasts were analyzed under the same conditions applied to HepG2 and HEK293 cells 

to confirm the potential conditions for further experiments on MPS IVA chondrocytes. 

MPS IVA fibroblasts demonstrated a significant elevation in the GALNS enzyme activity 

via all LVs tested, although some LVs showed little reduction until 30 days, which was 

found insignificant. Hence, all these data confirmed that LVs stably and consistently 

increased the GALNS enzyme activity in MPS IVA fibroblasts. Except for LV-COL2A1-

hGALNS with higher enzyme activity, other LVs stably expressed the hGALNS 

transgene intracellularly and secreted into the extracellular area better than HEK293 cells 

over time, especially at high dose. Puentes-Tellez et al. tested the MOIs of 1, 5, and 10 

for Lenti-GALNS and Lenti-SUMF1 in MPS IVA fibroblasts and found that the 

intracellular GALNS enzyme activity decreased in both treatments if the MOI was higher 

than one [80]. Our approach confirmed the enzyme activity at various doses (the MOIs of 

5, 10, 15, and 20) for MPS IVA fibroblasts, HEK293, and HepG2 cells. HepG2 and 

HEK293 cells transduced with LVs produced hGALNS enzyme in broad levels under 

each promoter, even though media collection days, number of cells, and experimental 

conditions were the same for all groups. We believe that these variations may be related 

to the following factors: excessive proliferation of HepG2 and HEK293 cells, secretion of 
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proteases affecting protein levels, the timing of media collection (we collected every 

three days), and half-life of the GALNS enzymes (it was shown ~3 min in mice while 

~30 min in humans) in media. 

Since we aim to confirm the GALNS expression via LVs in specific cells, we did toxicity 

analysis in MPS IVA cells at the MOI of 20 on day 8. No toxicity was detected under the 

highest MOI, which led us to test MPS IVA chondrocytes by mimicking cartilage. As 

parallel to other cell lines at the MOI of 20, LV-COL2A1-hGALNS elevated the 

intracellular enzyme activity more than other LVs, and the secreted levels of GALNS 

enzyme were found to be similar under all LVs. When closely investigating the results 

from our group and other studies, promoters have been found to widely impact transgene 

expression in many cells. The increasing doses and period in the cultured cells revealed 

that our LVs successfully transduced the cells, integrated into the genome, increased 

enzyme activity, and reduced KS levels at different levels without toxicity. Choosing an 

efficient promoter to integrate multiple safe regions in the genome and express the 

transgene efficiently in either multiple tissues or only tissue-specific regions is crucial to 

provide cross-correction to the hard-to-reach tissues. AAV vectors under CMV, EF1, and 

AAT promoters drove the GALNS gene in HEK293, human MPS IVA fibroblasts, and 

murine MPS IVA chondrocytes, and the GALNS enzyme activity was elevated to 13- to 

30-fold in HEK293 cells with AAV vectors under CMV, AAT, and EF1 Ŭ promoters. MPS 

IVA fibroblasts showed 36.5%, 54.6%, and 15.3% increase in the GALNS enzyme 

activity, respectively. However, the efficiency of the CMV promoter remained poor since 

HEK293 cells did not show any GALNS activity between 2- and 10-day post-
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transduction [81]. In our study, MPS IVA fibroblasts 30 days post-transduction at the 

MOI 20 reflected  73.7%, 84.6%, 93.7% and 85.7% of the wild-type level in LV-CBh-

hGALNS, LV-CBh-hGALNSco, LV-COL2A1-hGALNS, and LV-CD11b-hGALNS, 

respectively, while LV-CD11b-D8*hGALNS had enzyme activity lower than that of wild-

type level. Moreover, in MPS IVA chondrocytes in the 3D cultures, the percentage of 

increase in the GALNS enzyme activity was found as follows: 38.5%, 71.4%, 36.7%, and 

32.2% of the wild-type level in LV-CBh-hGALNS, LV-COL2A1-hGALNS, LV-CD11b-

hGALNS, and LV-CD11b-D8*hGALNS, respectively. Promoters themselves or in 

combination with enhancers strengthen the expression of genes. PGK, CMV, EF1a, 

MND, MCU3, SFFV, and CBh have been used as housekeeping promoters in a variety of 

LSDs, whereas CD11b, ALB, TBG, MHC, MLC2v, and cTnT as tissue-specific 

promoters [82]. Among them, CBh is a strong promoter, comprising CMV early enhancer 

fused to a modified chicken ɓ-actin promoter [82]. CD11b is a myeloid cell-specific 

promoter from the alpha chain of Mac-1 integrin [83], while COL2A1 is a collagen type 

II specific promoter expressed in connective tissues and cartilage [84]. With all our data 

discussed here, we concluded that an appropriate promoter selection, selected tags for the 

transgene, and optimization of codons significantly influence transgene expression based 

on the cell target specificity. Along with CBh and CD11b promoters described in the 

literature, we tested the COL2A1 promoter for the first time in the lysosomal storage 

field and showed its potential for preclinical studies. Based on recent studies concerning 

the safety of LVs, selecting tissue-specific promoters may restrict the infection of 
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unwanted tissues. To confirm it, we will require preclinical studies on MPS IVA animal 

models.  

Our flow cytometry analysis confirmed a high transduction efficiency of each LV 

expressing EGFP proteins at the increasing MOIs. In some studies, transduction 

efficiency has been assessed right after transduction of bone marrow mesenchymal and 

adipose stem cells [85]; however, transduction efficiency and VCN should be considered 

to measure in a certain period after transduction to determine precise data. We showed the 

EGFP expression via IF screening and found that LV-CBh had a dose-dependent EGFP 

fluorescent 48 h post-transduction, while other LVs showed significantly lower 

fluorescence. On the other hand, both LV-CD11b and LV-COL2A1 increased the 

expression of EGFP protein by day 8, while all cells under LV-CBh died in the same 

period. This data confirmed that the timing of the study is a key factor in evaluating 

whether the treatment corrects disease pathology in vitro. Although LV-CBh-EGFP 

rapidly elevated the protein expression after transduction, the cells could not provide it in 

the long term. Our comparisons of EGFP with hGALNS expression under the same 

conditions indicated a slow increase in protein expression with CD11b and COL2A1 

promoters. Interestingly, EGFP protein was expressed at high levels under the CD11b 

promoter, while the same promoter drove hGALNS expression at the lowest level. 

Therefore, we questioned why hGALNS enzymes could not be expressed under the 

CD11b promoter as EGFP in MPS IVA fibroblasts. We speculate that it is related to the 

nature of the promoter or the physiological processes of GALNS enzyme production. 

Detailed investigations should be considered for future studies. The GALNS is a 
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physiologically active lysosomal enzyme that has roles in the degradation of GAGs and 

can be secreted out of the cells, whereas the EGFP is just a fluorescence protein with no 

physiological role within the cell and has no secretion out of the cell. Therefore, this 

explains why GALNS and EGFP expression levels were not correlated in MPS IVA 

fibroblasts. The EGFP expression confirmed the efficiency of our LVs encoding 

transgene expression. 

The safety of the gene construct is another critical issue to consider. The presence or 

absence of CpG dinucleotides, which are immunostimulatory elements called pathogen-

associated molecular patterns (PAMPs) in microorganisms [86], led to variations in the 

DNA sequence and DNA methylation at the cytosine residue, producing 5-

methylcytosine, resulting in a cytosine to thymine transitional point mutation. 10-60% of 

point mutations in genetic disorders have resulted from CpG-related point mutations. In 

terms of MPS IVA, this ratio accounted for over 20% [72]. Our study determined that the 

GALNS gene from MPS IVA fibroblasts had c.122T>A (p.Met41Lys) mutation on exon 2 

where CpG sites were abundant, while MPS IVA chondrocytes had 15-bp deletion and a 

missense c.1156C>T (p.Arg386Cys) on exon 1 and exon 11. The study reported that the 

methylation of CpG cytosines was abundant between exon 2 and 14, which caused the 

GALNS gene to be susceptible to mutations. Only Exon 1 had unmethylated CpG 

cytosines, which correlated with the absence of transitional mutations [72]. Methylated 

CpG sites in native hGALNS are exposed to a high risk of C-to-G mutations. Therefore, 

optimizing the transgene sequence may help eliminate CpG sites for the safety of gene 

therapy.  
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We then analyzed MPS IVA fibroblasts and chondrocytes throughout the LC-MS/MS to 

detect the GAG levels. The elevated GALNS enzyme in MPS IVA fibroblasts and 

chondrocytes following LVGT reduced KS levels, supported by IHC results and 

lysosomal mass analysis. Additionally, we found a negative correlation between the 

GALNS enzyme activity and KS levels under each LVGT. 

Our work considered testing the increasing MOI to determine whether higher doses of 

LVs could result in higher enzyme activities, and some studies indicated that high vector 

copies resulted in elevated transgene expression [87]. Thus, we assessed each LV-

transduced cell line under different MOIs and assessed VCNs. Some data showed a 

positive correlation between VCNs and enzyme activity levels depending on the cell lines 

transduced and promoters used. However, this was the opposite for the CD11b promoter 

with the highest VCNs in HEK293, HepG2, and MPS IVA fibroblasts. Then, we 

investigated the enzyme activity and GAG levels under LVs with the CD11b promoter. 

However, our data confirmed that such a high level of VCNs did not promote a 

supraphysiological level of hGALNS enzyme activity while reducing GAG accumulation 

to some extent, especially at higher MOIs. Thus, we are concerned about potential 

mutagenesis in the case of high doses of this promoter. In contrast, CBh and COL2A1 

LVs had relatively lower but comparable VCNs, revealing parallel enzyme activities. 

Since the viral genome is randomly integrated into the genome, there is a chance to bind 

to a hot spot, which contributes to oncogenic effects in treated groups. A cancer incident 

occurred following LV administration in a clinical trial for sickle cell disease. 

Researchers found that viral DNA was integrated into the MDS-linked site, resulting in 
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abnormally proliferated blood stem cells [88]. The dose justifications and viral 

integration features might be considered for in vivo studies and clinical trials to prevent 

such unwanted coincidences and to develop a safe and efficient LVGT. Overall, we could 

not determine a clear correlation between VCNs and enzyme activities; however, 

increasing enzyme activities reduced the storage materials. For future studies, we aim to 

achieve higher efficiency by aiming for lower VCNs, resulting in higher enzyme 

expression for safer and more efficient therapy. 
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Chapter 3 

3 LENTIVIRAL VECTOR-MEDIATED EX VIVO HEMATOPOIETIC STEM CELL 

GENE THERAPY FOR MPS IVA MURINE MODEL3 

Hematopoietic stem cell transplantation (HSCT) slightly impacts skeletal abnormalities 

in MPS IVA patients [19,20]. Viral gene therapies following intravenous infusions 

increase enzyme activities in multiple tissues, but the off-target effects and the immune 

responses against viral/nonviral vectors and transgene hinder the therapeutic efficacy 

[34,82]. Exploring the potential impact of lentiviral gene therapy (LVGT)-modified 

HSCs producing GALNS enzymes at supraphysiological levels is critical to ameliorate 

skeletal involvements. This aspect of our research is exceptionally intriguing and has the 

potential to impact the field significantly. Briefly, HSCs are removed from donors and 

are modified with LVs in vitro. Recipients are pre-conditioned with an applicable method 

(busulfan, fludarabine, etc.) to eliminate existing blood cells before transplantation, 

resulting in better engraftment of HSCs. Afterward, the engineered HSCs are delivered 

into circulation and, thus, into many tissues at different rates [89]. Ex vivo HSC-GT by 

LVs has been demonstrated to achieve stable and curative production of enzymes in 

patients with MPS IH, MPS IIIA, and MLD diseases and mice with MPS II [29,32,90ï

94]. However, delivering enough therapeutic enzymes to bone and avascular cartilage 

remains challenging [55ï57]. Therefore, the current research aims to address the potential 
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of LV-HSCs GT in treating skeletal involvements in MPS IVA patients and holds great 

promise for effectively treating this condition. 

3Published in Human Gene Therapy 

 

Celik, B.; Rintz, E.; Sansanwal, N.; Khan, S.; Bigger, B.; Tomatsu, S. Lentiviral Vector-

Mediated Ex Vivo Hematopoietic Stem Cell Gene Therapy for Mucopolysaccharidosis 

IVA Murine Model. Hum Gene Ther 2024, doi:10.1089/hum.2024.094. 

 

3.1 MATERIALS AND METHODS 

3.1.1 Murine Model Studies 

MPS IVA knock-out (KO) mice (Galns-/-, MKC2) were generated at Inotiv (West 

Lafayette, IN) and reported in our previous research [95,96] This MPS IVA mouse model 

had a large deletion of ~6300bp (exons 2-5: 6359bp) at genomic coordinates. We 

designed, generated, and tested cellular assay sgRNAs for CRISPR-Cas9 mediated 

knock-out in C57BL/6J mouse zygotes. Briefly, we designed sgRNAs targeting upstream 

of exon 2 and upstream of exon 6 of mouse Galns, which disrupted mGalns and made the 

MPS IVA murine model. The most potent sgRNA with minimal off-target potential was 

assembled into a ribonucleoprotein complex with Cas9 endonuclease and delivered into 

zygotes from C57BL/6J mice, followed by embryo transfer into pseudo-pregnant 

females. Viable progeny was analyzed for the desired mutation by genomic PCR and 

DNA sequencing. Twenty-three transgenic founder mice with knock-out have been 

identified to be positive. The two founders of choice were backcrossed to wild-type mice 

to generate F1 heterozygous progeny for the Galns-/- mice, as confirmed by PCR-

mediated genotyping and DNA sequence analysis. Nine heterozygous mice (2 males) 
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were identified (Galns+/-). Cohort breeding, cryopreservation, in vivo assays, and 

molecular analyses were made for these mice. After mating heterozygous male and 

female mice, we obtained homozygous mice (Galns-/-, MKC2). The age-matched male 

(wild-type and untreated) mice were used as controls. The colony was housed in a 

pathogen-free facility on a 12-hour light/dark cycle. All mouse care and handling 

procedures were by the rules of the Institutional Animal Care and Use Committee 

(IACUC) of Nemours Childrenôs Health, Delaware Valley, under the protocol RSP21-

12482-001 ï ñEx vivo gene therapy with lentiviral vectors.ò 

3.1.2 Construction of LVs and Their Efficiency in MPS IVA Fibroblasts and MPS 

IVA Mouse HSCs 

Based on our in vitro evaluations in Chapter 2, we selected the best working LVs under 

two different promoters (ubiquitous CBh and collagen targeting COL2A1) driving a 

human native GALNS expression (Fig. 3.1B). The final constructs for the transduction of 

HSCs were LV-CBh-hGALNS and LV-COL2A1-hGALNS (See full constructs in Chapter 

2; Fig. 2.1B).  

Before moving HSC experiments, we tested our LV constructs in MPS IVA patientsô 

fibroblasts. MPS IVA fibroblasts were cultured according to Chapter 2. Then, we 

transduced these cells to the MOI of 20 according to the manufacturer's instructions. On 

day 8, transduced cells were collected from each well and analyzed to confirm their 

effectiveness in the intracellular and secreted GALNS enzyme activities and VCNs 

compared to MPS IVA mouse HSCs. 
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Figure 3.1: Ex vivo gene therapy procedures.  

A. Isolation and modifications of HSCs removed from MPS IVA mice. B. Lentiviral vector 

constructs contained the CBh or COL2A1 promoter driving native human GALNS. C. 

Isolation and transplantation of wild-type HSCs from healthy donors. D. WT: Wild-type, 

VSVG: Vesicular stomatitis virus G protein. Created in BioRender. 

 

3.1.3 Isolation and Transduction of Mouse HSCs  

Donor bone marrow was harvested from the femur and tibia of 8- to 12-week-old male 

Galns-/- mice for treatment groups (LV-HSC GT) and from wild-type donors for 

allogeneic HSCT (allo-HSCT) control group (Fig. 3.1). Galns-/- and wild-type donor 
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HSCs were purified using EasySepTM mouse hematopoietic progenitor cell isolation kit 

(Stem Cell Technologies#18000, Vancouver, Canada). We utilized two different medium 

recipes to culture isolated HSCs: Medium 1. Dulbeccoôs modified Eagleôs medium 

nutrient mixture F-12 (DMEM/F12, Gibco#11320033, Grand Island, NY) supplemented 

with 1% insulin/transferrin/selenium (ITS; Gibco#41400045), 1% penicillin/streptomycin 

(Pen/Strep; Sigma-Aldrich#P4333, Burlington, MA), 0.1% recombinant human albumin 

(RHA; SeraCare Life Sciences#18600016, Milford, MA), 10mM 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid (HEPES; 

ThermoScientific#J16924.AE, Waltham), and the growth factors (PeproTech, Cranbury, 

NJ) - 10 ng/ml murine stem cell factor (SCF; #25003, PeproTech), 100 ng/ml murine 

thrombopoietin (TPO; #31514), and 100 ng/ml Fms-related tyrosine kinase-3 (Flt-3; 

#25031L). Medium 2. Hamôs F12 nutrient mix medium (Gibco#11765-054, Waltham) 

supplemented with 10 mM HEPES, 1% penicillin-streptomycin-glutamine (PSG; 

Gibco#10378-016, Waltham), 1% insulin-transferrin-selenium-ethanolamine (ITSX; 

Gibco#51500-056, Waltham), 1 mg/ml polyvinyl alcohol (PVA; Sigma-Aldrich#P8136), 

100 ng/ml TPO, and 10 ng/ml SCF as described in the published protocol [97]. Then, lin-

HSCs were seeded at a density of 0.9 x 106 cells per well into both complete mediums 1 

and 2 for further LV transduction.   

To modify Galns-/- HSCs by LVs, we followed the MOI of 60 based on the literature 

[29,98]. Galns-/- HSCs were transduced with LVs expressing the GALNS transgene at the 

MOI of 60 and incubated for 20 h at 37oC 5% CO2. The isolated HSCs were stained with 

HSC markers c-Kit, Sca-1, and SLAM. Following selected antibodies and isotypes were 
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used (Biolegend, San Diego, CA): APC anti-mouse c-Kit (CD117; 0.2 mg/ml; #105811, 

Biolegend), FITC anti-mouse Sca-1 (Ly-6A/E; 0.5 mg/ml; #122506, Biolegend), Pacific 

Blue anti-mouse SLAM (CD150; 0.5 mg/ml; #115924), APC Rat IgG2b ə (#400612, 

Biolegend), FITC Rat IgG2a ə (#400506, Biolegend) and analyzed through flow 

cytometry (Novocyte 3000, Agilent Technologies, USA) to confirm the purity.  

3.1.4 Busulfan Conditioning and Transplantation of HSCs into MPS IVA Mice  

Newborn recipient male Galns-/- mice (n=5 per group) on day 1 were intraperitoneally 

(IP) injected with busulfan (60 mg/10 ml; Accord Healthcare Inc/Intas Pharmaceuticals 

Ltd, Ahmedabad, India) in a dose of 10 mg/kg body weight. The busulfan-conditioned 

recipients were housed in the biosafety room for 24 h before transplantation. The next 

day, LV-HSCs and allo-HSCs were individually collected via trypsin, and 0.5-0.9x106 

were individually transplanted in the facial vein of busulfan-conditioned newborn male 

Galns-/- mice (n=5 per group). The health of the newborn mice was monitored daily, the 

body weight was measured weekly starting from the age of 4 weeks, and the plasma 

samples and white blood cells (WBCs) were collected biweekly from weeks 4 to 16. 

Mice were euthanized for 16 weeks post-transplantation, and all tissues, including brain, 

heart, lung, liver, kidney, spleen, tibia, arm, trachea, and bone marrow cells (BMCs), 

were collected for further analysis.  

3.1.5 4-Methylumbelliferone (4-MU) Assay 

The GALNS enzyme activity in HSCs, plasma, and tissue extracts was meticulously 

assessed using a 4-methylumbelliferone (4-MU) assay (Melford Laboratories Ltd, 
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Suffolk, UK). MPS IVA fibroblasts, wild-type mice HSCs, and Galns-/- mice HSCs post-

transduction were prepared as described in Chapter 2.  

Tissues were dissected and immediately homogenized with Bead Mill Homogenizer 

(OMNI International, Kennesaw, GA) in the homogenization buffer. Homogenates were 

centrifuged for 30 min at 4oC, and the supernatant was transferred into a new tube. Both 

cells/tissues and plasma samples underwent 4-MU enzyme assay (See Chapter 2). 

3.1.6 WST-1 Toxicity Assay 

The WST -1 toxicity assay was a pivotal part of our research, as it allowed us to test if LV 

transduction and further GALNS enzyme expression have a cytotoxic effect on MPS IVA 

fibroblasts at the MOI of 20. We seeded these cells at 1 x 104 cells/well in 100 Õl culture 

medium and transduced for 48 h at 37oC and 5% CO2. Then, 10 Õl of cell proliferation 

reagent WST-1 (Abcam#ab155902, Cambridge, UK) were added to each well, mixed by 

pipetting gently and incubated for 4 h at 37oC and 5% CO2. We used blank control: 10 Õl 

of WST-1 reagent was added to 100 Õl of culture medium prepared parallel to 

experimental groups. The absorbance of each group was measured in a plate reader 

(FLUOstar Omega plate reader; BMG LABTECH Inc, NC) at an optical density of 450 

nm, and the reference wavelength was set to 650 nm. The results were evaluated by 

averaging the duplicate reading for each sample and then subtracting the culture medium-

related background from each sample to obtain the final absorbance. The equation to 

calculate the percentage of cytotoxicity using final absorbance is as follows: 

%Cytotoxicity=(100x(Control-Samples))/Control. 
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3.1.7 Keratan sulfate (KS) Assay by Liquid Chromatography-tandem Mass 

Spectrometry (LC-MS/MS)  

The plasma and tissues of treated, untreated, and wild-type mice were analyzed by LC-

MS/MS according to the previously described protocol [64,65,99ï105].  

3.1.8 Vector Copy Number (VCN) Analysis  

To confirm the biodistribution of LVs in cultured Galns-/- HSCs 24 h and 15 days post-

transduction and the liver 16 weeks post-transplantation, DNA was extracted from the 

cultured mouse HSCs and liver samples with the Qiagen Gentra Puregene Tissue Kit and 

analyzed via ddPCR as described in Chapter 2 (Table 2.1). 

3.1.9 Colony Forming Unit (CFU) Assay 

To set up the CFU assay for triplicate cultures, we thawed a vial of previously aliquoted 4 

ml MethoCultTM GF M3434 complete media (StemCell Technologies#03434, Vancouver, 

Canada) overnight at 4oC. A total of 1 x 105 cells/ml from each group (untreated, LV-CBh 

and LV-COL2A1-treated groups) was diluted in the Iscoveôs Modified Dulbeccoôs 

medium (IMDM; Gibco#12440053) with 2% FBS. Afterward, 400 Õl of diluted cell 

suspensions were added to a 4 ml MethoCultTM tube previously thawed and mixed 

thoroughly via vortexing. Following removal of bubble formation, MethoCultTM mixture 

containing cells were distributed evenly in 3 wells of 6-well plates (9.6 cm2/well; 

FalconTM353046; Fisherscientific#08-772-1B, Waltham) and incubated at 37oC, 5% CO2 

with Ó95% humidity for 7-10 days according to the manufacturerôs instructions. Colonies 

were identified and counted by visual inspection using STEMgridTM-6 (StemCell 
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Technologies#27000) via an inverted light microscope at 4X and 10X magnification. 

After completing colony counting, HSCs in each well were collected in separate vials to 

confirm the GALNS enzyme activity and VCN of these pooled CFU colonies.  

3.1.10 Pathology  

Mice were euthanized with CO2 gas 16 weeks post-transplantation, and then the heart, 

liver, and knee joints were collected in 10% formalin. To evaluate lysosomal storage by 

light microscopy, these tissues were then fixed in 2% paraformaldehyde, 4% 

glutaraldehyde, and toluidine blue-stained 0.5-Õm-thick sections were prepared. Bone 

and heart pathologies were assessed in a double-blind manner by giving scores to 

vacuolization and column structures in relevant tissues from 0 (the best) to 3 (the worst) 

(Tables 3.1-3.2), and then statistical analysis was performed. To evaluate chondrocyte 

storage, we used Image J (NIH) software and measured the cell size arbitrarily (namely 

by using a software tool to select/mark the perimeter of each chondrocyte only in the 

proliferative region of the growth plate to reflect the status of cell size) in nearly 100 cells 

per slides [25,106].  

3.1.11 Micro Computational Tomography (ɛCT) 

A ɛCT scan was performed on the right femur of wild-type, Galns-/-, and LV-HSC-treated 

groups using SkyScan 1276 ɛCT System (Bruker, Manning Park, MA). The femur 

samples were collected in 100% ethanol (EtOH) at 16 weeks post-transduction, and they 

were further wrapped in salinated (0.9% saline) gauze in preparation for the ɛCT 

imaging. The scanning was performed with high spatial resolution down to 8.0 Õm pixel 
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size, 512 projections, exposure time of 2300 msec, photon energy of 85 keV, and current 

of 47 ɛA. A 3-dimensional reconstruction of each bone was made [100,107,108]. We 

evaluated bone structure (trabecular and cortical bones) by measuring the following 

parameters: bone mineral density, total volume (TV), bone volume, thickness, and 

BV/TV [107,108]. 

3.1.12 Immunohistochemistry 

We confirmed the GALNS enzyme expression in the tibia and liver by performing 

immunohistochemistry (IHC) of GALNS. Additionally, we analyzed KS and procollagen 

II levels via IHC. Collagen, KS, and GALNS were stained by anti-procollagen 

(Invitrogen#BTE0030202, Waltham, MA), anti-KS (Santa Cruz Biotechnology#sc-

73518, Dallas, TX), and custom-made monoclonal anti-GALNS antibodies (Creative 

Biolabs, NY) [70]. The liver and tibia were fixed in 10% formalin and sectioned with 5 

Õm-thickness for IHC. KS, GALNS, procollagen II distribution, and intensity patterns 

were investigated immunohistochemically to determine any correlation with therapeutic 

effects. To evaluate the expression of GALNS and collagen and the reduction of KS, we 

used Image J (NIH) software and analyzed each slide, selecting only the proliferative 

region of the growth plate using software tools. After selection, we utilized the software 

color intensity tools to quantify each section and compare it with untreated and wild-type 

controls.  
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3.1.13 ELISA 

To determine the anti-GALNS antibody response, we modified the previously described 

indirect ELISA protocol [109]. Briefly, ninety-six well polystyrene microplates were 

coated with 2 ug/ml of VimizinÈ enzyme in the coating buffer (15 mM Na2CO3, 35 mM 

NaHCO3, 0.021% NaN3, pH 9.6) and incubated overnight at 4
oC. Then, the coated plates 

were blocked with 3% BSA in PBS for 1 h at room temperature and washed first with 

TTBS (10 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.5) and second with TBS (10 

mM Tris, 150 mM NaCl, pH 7.5). Biweekly collected plasma samples (1:100 dilution in 

TBST) and monoclonal anti-GALNS antibodies (Custom-made clone 2F5F2, Creative 

Biolabs, NY) were added into each well individually and incubated for 2.5 h at 37oC. 

After 5 times washing the plates with TTBS (x3) and TBS (x2) successively, the plates 

were incubated with peroxidase-conjugated goat anti-mouse secondary antibodies 

(Invitrogen#656120, Waltham) in TBST at room temperature for 1 h according to 

manufacturerôs instructions. Following 4 washes, first with TBST and the rest with TBS, 

100 Õl of peroxidase substrate 2,2ô-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS; Invitrogen#002024) was added into the reaction and incubate at room 

temperature for 30 min to develop the signal. The enzyme reaction was stopped with 100 

Õl of 2% sodium dodecyl sulfate, and the absorbance was measured at 450 nm using a 

FLUOstar Omega plate reader stated above [34,42,110]. Plasma concentrations of anti-

GALNS antibodies were derived by extrapolating the absorbance values from a 

calibration curve using monoclonal anti-GALNS antibodies mentioned above. 
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3.2 RESULTS 

3.2.1 Successful validation of LVs in MPS IVA patient fibroblasts has provided a 

strong foundation for our research and reassuringly confirmed the reliability of our 

findings. 

To develop LV-HSC GT for patients with MPS IVA, we designed 3rd generation self-

inactivating LVs with native human GALNS transgene driven by the ubiquitous CBh 

(LV-CBh-hGALNS) or collagen-specific COL2A1 (LV-COL2A1-hGALNS) promoters. 

To confirm whether each LV has a therapeutic efficacy, we transduced fibroblasts (Galns-

/-) derived from MPS IVA patients at the MOI of 20 according to the company 

instructions (Fig. 3.2A-B) and HSCs derived from MPS IVA mice. We evaluated enzyme 

activities before moving to ex vivo experiments compared to healthy controls (healthy 

human skin fibroblasts and wild-type mice HSCs) (Fig. 3.2C).  

Intracellular enzyme activity in MPS IVA fibroblasts 8 days post-transduction showed a 

9-fold increase under LV-CBh-hGALNS and a 19-fold increase under LV-COL2A1-

hGALNS compared to wild-type (Fig. 3.2A). Also, we confirmed the secretion of 

produced GALNS enzyme in these culture media, in which LV-CBh-hGALNS showed 

2.3-fold, and LV-COL2A1-hGALNS showed 5.7-fold elevation in the GALNS enzyme 

activity compared to wild-type (Fig. 3.2B). No cytotoxicity regarding LVs and 

overexpression of hGALNS enzyme was detected under each treatment and cell survivals 

were above 87% for both treated groups compared to untreated MPS IVA fibroblasts 

(100%) (Fig. 3.2C). Moreover, VCN was 4.6 ± 0.05 and 3.6 ± 0.01 relative to 2-copy 
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control of Tfrc for LV-CBh-hGALNS and LV-COL2A1-hGALNS, respectively (Fig. 

3.2F). 
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Figure 3.2: Therapeutic efficiency of LVs in mouse HSCs before and after 

differentiation. 
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A-B. GALNS enzyme activity in MPS IVA fibroblasts and media. C. The percentage of 

cell survival of 8 days LV-post-transduction. D. The GALNS enzyme activity in MPS 

IVA mouse HSCs 24h and 15 days and LVs-transduced wild-type HSCs (overexpression 

experiments) 15 days post-transduction. E. Number of CFU colonies 7 days post-

transduced HSCs. F. VCNs; Galns-/- HSCs 24h vs 15 days post-transduction, wild-type 

HSCs 15 days post-transduction, and MPS IVA fibroblasts 8 days post-transduction. G. 

GALNS enzyme activity of pooled CFU colonies. H. VCN of pooled CFU colonies 

originated from Galns-/- HSCs and wild-type HSCs. One-way ANOVA with Tukeyôs post-

hoc test; *: < 0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001.  

 

3.2.2 Evaluation of Galns-/- (Lin-) HSCs Transduced with LVs  

Lineage-negative (Lin-) HSCs were isolated from the bone marrow of GALNS-/- donor 

mice and wild-type donor mice via magnetic selection (Fig. 3.1). We measured the purity 

of lin- HSCs immediately after isolation via flow cytometry by staining c-Kit (CD117), 

Sca-1, and SLAM (CD150) surface markers, in which the final population of lin- cells 

was ~21% of all isolated cells. Then, we gated lin-/c-Kit+/Sca-1+hematopoietic 

progenitor cells among lin- (20.57%), 95.75% of which were positive for CD150 marker 

(Lin-Sca1+c-kit+CD150+) (Fig. 3.3). Here, we transduced the isolated cells in media 1 

and 2 according to our transduction method and analyzed the GALNS enzyme activity 

and VCN 24 h and 15 days post-transduction. In medium 1, transduced or untransduced 

HSCs were maintained up to 36-72 h; however, they were either differentiated, 

aggregated, or primarily dead after 72 h post-transduction. Only enzyme activity and 

VCN were analyzed in 24 h post-transduction in medium 1 (Fig. 3.2D). In medium 2, we 

followed the same transduction method and MOIs, in which the stemness of transduced 

HSCs was well-maintained and cultured for long-term to test the enzyme activity of 

GALNS, VCN, mono-sulfated KS levels, and other relevant experiments (Fig. 3.2D-H). 

The data showed no statistical differences in GALNS enzyme activity, VCN, or mono-



78 

 

sulfated KS levels in both media after 24 h; however, the maintenance of lin- HSCs was 

well-established without any differentiation in medium 2 during procedures. Therefore, 

we continued the rest of the experiments in medium 2 to culture and analyzed these cells 

for the long term.  

We then evaluated the purity and proliferation of cultured lin- HSCs on 20 days post-LV-

transduction as described above. The data showed that the percentage of untreated Galns-

/-, LV-CBh-hGALNS, and LV-COL2A1-hGALNS treated lin- HSCs reached 52.39%, 

46.62%, and 59.74%, respectively, among which Sca1+c-kit+cells accounted for 97.57%, 

96.39%, and 97.93%, respectively (Fig. 3.3D). In all groups, lin-Sca1+c-kit+CD150+cells 

were found at 97.33%, 96.44%, and 96.28% for untreated, LV-CBh-hGALNS, and LV-

COL2A1-hGALNS, respectively (Fig. 3.3D). These lin- cells were then evaluated for the 

production and secretion of the GALNS enzymes, which might result from a possible 

engraftment potential. However, we did not perform the engraftment experiment in the 

present study. In medium 2 culturing conditions, LV-transduced HSCs were cultured for 

up to 30-to-45 days with no differentiation (Fig. 3.5C); however, such long-term cultures 

may have poor engraftment efficiency. Thus, we did not perform further analysis 

regarding this process. In murine experiments, all conditioned Galns-/- newborn recipients 

received LV-transduced HSCs 20-24 h post-transduction. Overall, even though the 

culturing conditions and maintenance of HSCs were improved, transduction with our LVs 

was not efficient in cultures as expected at the MOI of 60. 
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Figure 3.3: Gating strategy of isolated HSCs (post-isolation). 

This figure illustrates the gating strategy for isolating HSCs. A. Unstained B. Isotype and 

C. CD117+Sca1+CD150+ cells post-isolation. D. LV-modified HSCs 20 days post-

transduction in culture plates; US: Unstained, UT: Untreated HSCs, CBh60: LV-CBh-

hGALNS at MOI of 60, COL60: LV-COL2A1-hGALNS at MOI of 60. The figure 

provides a visual representation of the HSC isolation process and the effects of the LV 

treatments on HSCs. 

 

? 
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3.2.3 Ubiquitous CBh promoter elevated the GALNS enzyme activity rather than 

tissue-specific COL2A1. 

HSCs derived from MPS IVA mice were transduced with LVs to verify the GALNS 

enzyme activities compared to untreated and wild-type control HSCs. In transduced 

Galns-/- HSCs, we compared the enzyme activity of GALNS at 24 h and 15 days post-

transduction. Following 24 h of transduction, the enzyme activity increased up to 0.9 ± 

0.04 nmol/h/mg under LV-CBh-hGALNS as compared to untreated Galns-/- HSCs, and 

no statistical difference was found between LV-CBh-hGALNS-transduced and wild-type 

HSCs (0.7 ± 0.1 nmol/h/mg). At the same time, LV-COL2A1-hGALNS elevated enzyme 

activity by 0.3 ± 0.03 nmol/h/mg. The data confirmed that LV-CBh-hGALNS had ~3-

fold more enzyme activity than LV-COL2A1-hGALNS compared to untreated HSCs. 

However, with 15 days of culturing LV-transduced cells, the enzyme activity reduced to 

0.5 ± 0.03 and 0.06 ± 0.03 nmol/h/mg under LV-CBh-hGALNS and LV-COL2A1-

hGALNS treatments. No statistical significance was found regarding this reduction 

between 24 h and 15 days.  

We also evaluated the overexpression of the GALNS enzyme by utilizing HSCs isolated 

from wild-type mice. The results showed that the activity of the GALNS enzyme 

increased by 86.8% and 88.6% under LV-CBh-hGALNS (6.07 ± 0.1 nmol/h/mg) and 

LV-COL2A1-hGALNS (7.02 ± 0.3 nmol/h/mg), respectively compared to untransduced 

wild-type HSCs (0.8 ± 0.06 nmol/h/mg) (Fig. 3.2D).  
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Confirming the GALNS enzyme activity in Galns-/- donor HSCs under LVs, we 

intravenously transplanted the LV-HSCs or allo-healthy HSCs into busulfan 

myeloablated Galns-/- newborn recipients.  

After transplantation and autopsies at 16 weeks, we analyzed plasma, WBCs, and tissue 

enzyme activities, including brain, trachea, lung, heart, liver, spleen, and bone (tibia) 

(Fig. 3.4A-I). In the brain, the enzyme activity under each treatment was undetectable 

compared to that of wild-type mice (2.7± 0.09 nmol/h/mg) (Fig. 3.4A). The enzyme 

activity was elevated in the trachea under LV-CBh-hGALNS (0.3 ± 0.09 nmol/h/mg) 

compared to that of untreated MPS IVA mice. However, it did not reach the enzyme 

activity of wild-type mice (4.7 ± 0.6 nmol/h/mg) (Fig. 3.4B). The enzyme activity via 

LV-COL2A1-hGALNS treatment was insufficient to detect in the trachea. Similar results 

were found in the lungs, bone (tibia), and heart under LV-COL2A1-hGALNS treatment 

(Fig. 3.4C-D-G). However, LV-CBh-hGALNS treatment increased the GALNS enzyme 

activity in the lungs, bone (tibia), and heart by 0.4 ± 0.2, 1.03 ± 0.5, and 0.01 ± 0.006 

nmol/h/mg, respectively, compared to wild-type levels (1.6 ± 0.4, 2.6 ± 0.6 and 0.1 ± 

0.02 nmol/h/mg, respectively) (Fig. 3.4C-D-G). In the liver, the GALNS enzyme activity 

increased under both vectors. Treatment with LV-CBh-hGALNS showed an increase by 

2.3 ± 0.4 nmol/h/mg, while LV-COL2A1-hGALNS treated group showed a slight 

elevation by 0.07 ± 0.05 nmol/h/mg as compared to that of untreated group (Fig. 3.4E). 

The GALNS enzyme activity was normalized to the wild-type level (4.2 ± 0.9 

nmol/h/mg)  in the liver and bone (tibia). No statistical significance was found between 

LV-CBh-hGALNS and wild-type groups (Fig. 3.4E-G). In the spleen, both LVs drove the 
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GALNS expression, increasing enzyme activity. Treatment with LV-CBh-hGALNS 

showed a significant increase in the GALNS enzyme activity by 5.1 ± 1.2, which was 

~2.7 times higher than the wild-type level (1.9 ± 0.2 nmol/h/mg). Additionally, the 

enzyme activity under treatment with LV-COL2A1-hGALNS (0.08 ± 0.02 nmol/h/mg) 

was significant compared to the wild-type level (Fig. 3.4F).  

In plasma, treatment with LV-CBh-hGALNS normalized the enzyme activity to wild-

type level starting from 6 to 16 weeks, and no statistical difference was found between 

LV-CBh-hGALNS and wild-type mice, except for 4 and 6 weeks. The enzyme activity 

under LV-COL2A1-hGALNS was not detectable in plasma. Furthermore, the allo-HSCT 

group was found to be ~0.003 in plasma all over the experiment compared to LV-HSC 

GT (Fig. 3.4H). 

In WBCs, the GALNS enzyme was highly expressed under LV-CBh-hGALNS over 16 

weeks (the highest, 74.6 ± 24.1 nmol/h/mg, and the lowest, 8.4 ± 1.5 nmol/h/mg), which 

was found statistically significant compared to wild-type levels (~0.12 ± 0.05 

nmol/h/mg). In addition, HSC-transplanted mice with LV-COL2A1-hGALNS elevated 

the GALNS enzyme activity in WBCs by ~0.7 ± 0.5 nmol/h/mg. The GALNS enzyme 

activity was normalized to the wild-type level (Fig. 3.4I). This expression of the GALNS 

enzyme under treatment with LV-COL2A1-hGALNS was further detected in BMCs (Fig. 

3.5A). 
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Figure 3.4: Enzyme activities in tissues after LV-modified HSCT and wild-type allo-

HSCT. 
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A. Brain, B. Trachea, C. Lung, D. Heart, E. Liver, F. Spleen, and G. Bone (16 weeks 

old). H-I. Plasma and WBCs over 16 weeks. One-way ANOVA with Tukeyôs post-hoc 

test for plasma and WBCs week-by-week; *: LV-CBh-hGALNS vs. wild-type ; *: < 0.05, 

**: < 0.005, ***: < 0.001, ****: < 0.0001 and #: LV-CBh-hGALNS vs Untreated; #: < 

0.05, ##: < 0.005, ###: < 0.001, ####: < 0.0001). No statistical differences were detected 

in LV-COL2A1-hGALNS vs. wild-type and wild-type allo-HSCT vs. wild-type. 

 

In the LV-HSC GT group, the enzyme activity of BMCs was analyzed under only LV-

COL2A1-hGALNS and allo-HSCT groups because we missed the collection of BMCs in 

the group treated with LV-CBh-hGALNS. We detected relatively low enzyme activity 

levels in BMCs and slightly higher levels in WBCs of the same individual mice (Fig. 

3.5A). 

In conclusion, our findings suggest that most enzymes might have been captured in the 

spleen due to their role in the local and systemic regulation of immunity [111,112]. This 

may negatively affect the delivery of the GALNS enzymes to the targeted tissues, 

specifically the bone.   
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Figure 3.5: CFU assay and microscopic images of HSC cultures. 

A. The enzyme activity of GALNS in BMCs compared to WBCs under LV-COL2A1-

hGALNS and allo-HSCT. This figure presents the enzyme activity of GALNS in BMCs 

and WBCs under different treatments. B. Microscopic appearance of CFU-GM, CFU-M, 

9 ΝЮШůcÉ9ƚЯШ?ċǃШ
ΝΡШÂũċƣĲΝЯШΠΜΜñ 

ΞЮШůcÉ9ƚЯШ?ċǃШΝΡ 
ÂũċƣĲΞЯШΝΜΜΜñ 
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BFU-E, and CFU-GEMM at a total magnification of 40X or 100X. C. Microscopic 

appearance of Galns-/- HSCs cultured in medium 2; HSC cultures on day 15 at a total 

magnification of 400X and 1000X. The data in this figure is relevant as it provides 

insights into enzyme activity under different treatments and the microscopic appearance 

of other cell types. mHSCs: Mouse hematopoietic stem cells. 

 

3.2.4 Tissue-specific COL2A1 LVs reduced the accumulation of GAGs under lower 

expression of hGALNS. 

To confirm the effectiveness of LV-GT in KS reduction, we performed LC-MS/MS to 

analyze the bone (humerus) and plasma mono-sulfated KS levels (Fig. 3.6). In the 

plasma, we found statistical significance with a 50.1% reduction in mono-sulfated KS 

level in mice treated with LV-CBh-hGALNS (38.82 ± 1.9 ng/ml) and 44.4% reduction 

with LV-COL2A1-hGALNS (43.86 ± 4.8 ng/ml) treatment compared to untreated MPS 

IVA mice (78.9 ± 6.1 ng/ml). There were no statistical differences between the LV-

treated and wild-type groups (23.79 ± 3.02 ng/ml). Additionally, the allo-HSCT group 

had no statistical difference compared to the untreated, which resulted in no change in 

mono-sulfated KS levels in plasma (Fig. 3.6A). In WBCs, we found that LV-COL2A1-

hGALNS (6.09 ± 0.8 ng/ml) reduced KS level by 56.2% compared to untreated control 

(13.93 ± 1.02 ng/ml) and no statistical significance was found between the group treated 

with this vector and wild-type (7.40 ± 1.07 ng/ml). In contrast, there was no statistical 

significance in mono-sulfated KS concentrations between the LV-CBh-hGALNS group 

(14.90 ± 3.50 ng/ml) and the untreated group (Fig. 3.6B). In the bone, we demonstrated 

the differences in KS level by 40.7% between untreated Galns-/- (0.05 ± 0.003 ng/mg) and 

wild-type group (0.03 ± 0.003 ng/mg). The group treated with LV-CBh-hGALNS 

showed a 14.1% reduction in mono-sulfated KS levels (0.04 ± 0.004 ng/mg), but it was 
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insignificant compared to the untreated group. On the other hand, KS level decreased by 

40.2% under treatment with LV-COL2A1-hGALNS (0.03 ± 0.002 ng/mg) compared to 

untreated MPS IVA, which was statistically significant. These data showed that LV-

COL2A1-hGALNS treatment normalized mono-sulfated KS level to that of wild-type 

(Fig. 3.6C). Additionally, the mono-sulfated KS level of WBCs and bone were found to 

be similar under each treatment compared to untreated and wild-type controls at 16 

weeks. Concerning mono-sulfated KS levels under allo-HSCT, neither WBCs nor bone 

showed a significant reduction (Fig. 3.6B-C). As a result, LV-HSC-GT under each 

promoter significantly reduced mono-sulfated KS levels in plasma and bone. Importantly, 

LV-COL2A1-hGALNS significantly reduced mono-sulfated KS levels in bone compared 

to those in LV-CBh-hGALNS.     

 



89 

 

LV-C
B
h-h

G
A
LN

S

LV-C
O
L2A

1-
hG

A
LN

S

A
llo

-H
SC

T

U
ntr

ea
te

d

W
ild

-t
yp

e

0

20

40

60

80

100

Plasma

M
o

n
o

-S
u

lf
a

te
d

 K
S

 (
n

g
/m

l)
A

ṦṦṦ

ṦṦ ṦṦṦṦ

ṦṦ ṦṦṦ

LV-C
B
h-h

G
A
LN

S

LV-C
O
L2A

1-
hG

A
LN

S

A
llo

-H
SC

T

U
ntr

ea
te

d

W
ild

-t
yp

e

0.00

0.02

0.04

0.06

Bone (Humerus)

M
o

n
o

-S
u

lf
a

te
d

 K
S

 (
n

g
/m

g
)

Ṧ ṦṦṦC

LV-C
B
h-h

G
A
LN

S

LV-C
O
L2A

1-
hG

A
LN

S

A
llo

-H
SC

T

U
ntr

ea
te

d

W
ild

-t
yp

e

0

20

40

60

80

100

WBCs

M
o

n
o

-S
u

lf
a

te
d

 K
S

 (
n

g
/m

g
)

Ṧ Ṧ

B

LV-C
B
h-h

G
A
LN

S

LV-C
O
L2A

1-
hG

A
LN

S

U
ntr

ea
te

d

0.0

0.2

0.4

0.6

0.8

1.0

Liver VCN

V
C

N
 p

e
r 

d
ip

lo
id

 c
e

ll

Ṧ

D

 

Figure 3.6: Mono-sulfated keratan sulfate (KS) concentrations. 

A. Plasma, B. WBCs, and C. Bone (humerus) at 16 weeks. D. VCN in the liver 16 weeks 

post-transplantation. One-way ANOVA with Tukeyôs post-hoc test; *: < 0.05, **: < 0.005, 

***: < 0.001.  
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3.2.5 LVs under ubiquitous or tissue-specific promoters were similarly inserted into 

the genome of HSCs. 

To determine the VCN, we performed dPCR targeting the psi gene (LV packaging signal 

sequence) in HSCs 24 h and 15 days post-transduction following each treatment. In LV-

modified Galns-/- HSCs after 24 h, LV VCNs were found by 0.75 ± 0.02 and 0.74 ± 0.02 

relative to 2-copy control of Tfrc under LV-CBh-hGALNS and LV-COL2A1-hGALNS, 

respectively while VCN on day 15 was 0.24 ± 0.003 and 0.74 ± 0.003 per relative to 2-

copy control of Tfrc, respectively. This reduction in the LV-CBh-hGALNS group on day 

15 was significant compared to 24 h post-transduction. No change was detected in the 

LV-COL2A1-HGALNS-HSC group (Fig. 3.2F). Then, VCN was performed in LV-

transduced wild-type HSCs on day 15, which was found that LV-CBh had 0.25 ± 0.005 

while LV-COL2A1 was 0.73 ± 0.003 relative to 2-copy control of Tfrc (Fig. 3.2F). 

Furthermore, we analyzed VCN in pooled CFU colonies originating from both LV-

modified Galns-/- and LV-modified wild-type HSCs (Fig. 3.2H). The results confirmed 

that the VCN was 0.36 ± 0.001 and 0.7 ± 0.005 relative to 2-copy control of Tfrc in LV-

CBh and LV-COL2A1-modified Galns-/- HSCs, while it was 0.37 ± 0.005 and 0.7 ± 0.003 

relative to 2-copy control of Tfrc in LV-CBh and LV-COL2A1-modified wild-type HSCs 

(Fig. 3.2H). Overall, VCN was similar in Galns-/- HSCs and wild-type HSCs and did not 

show significant alterations before and after the CFU assay.  

We further analyzed VCN in liver samples at 16 weeks, which was 0.03 ± 0.007 and 0.03 

± 0.01 relative to 2-copy controls of Tfrc under LV-CBh-hGALNS and LV-COL2A1-

hGALNS, respectively (Fig. 3.6D).  
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3.2.6 LV-GT did not affect the colony formation of transduced HSCs while 

increasing the GALNS enzyme activity in the pooled CFU colonies. 

To determine whether transduction of LVs negatively affects the colony formation of 

Galns-/- and wild-type HSCs, we seeded 7 days post-transduced HSCs at the 

recommended number and incubated them for 7-10 days. Following colony counting, we 

found CFU-GM, CFU-GEMM, and BFU-E under each condition. Further evaluations 

showed no significance in colony formation between untreated and LV-HSC GT groups 

(Fig. 3.2E, Fig. 3.5B). Furthermore, we pooled the CFU colonies and analyzed the 

GALNS enzyme activity. The results confirmed that the enzyme activity of pooled 

colonies originated from LV-modified Galns-/- HSCs was determined by 11.4 ± 2.8, 4.4 ± 

0.7, and 8.4 ± 2.5 nmol/h/mg for LV-CBh-hGALNS, LV-COL2A1-hGALNS, and wild-

type group, respectively. In contrast, it was found in LV-modified wild-type HSCs by 

19.7 ± 6.3 and 12.8 ± 1.8 nmol/h/mg under LV-CBh-hGALNS and LV-COL2A1-

hGALNS, respectively (Fig. 3.2G). Overall, LV-HSCs continuously produced the 

GALNS enzyme before and after differentiation.  

3.2.7 COL2A1 LVs completely corrected heart pathology and partially improved 

bone pathology. 

To evaluate the effect of expressed GALNS enzyme, we examined the heart and knee 

joint by toluidine blue staining. In the bone, both treatments under CBh and COL2A1 

promoters driving hGALNS expression showed partial correction in vacuolization and 

column structure of chondrocytes compared to untreated groups. However, they did not 

reach normalization (Table 3.1 and Fig. 3.7A-C). Furthermore, we measured the size of 
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chondrocytes in the growth plates of the tibia and femur (Fig. 3.7D-E) to confirm whether 

LV treatment reduces the storage materials. The data showed that the size of 

chondrocytes was normalized to the wild-type level with both LV-CBh-hGALNS and 

LV-COL2A1-hGALNS vectors. 

Table 3.1: Ex vivo GT bone pathology at 16 weeks.  

Levels of storage materials and degrees of disoriented columns were scored. ñNo storage 

or very slightò was 0 (ī), ñslight but obviousò was 1 (+), ñmoderateò was 2 (++), and 

ñmarkedò was 3 (+++). Each pathological slide was assessed in a double-blind manner 

three times. n=3-6. Data are presented as Mean Ñ SEM.  

Bone Structure Finding Untreated Wild -type 
LV -CBh-

hGALNS 

LV -COL2A1-

hGALNS 

Tibia  

Growth 

plate 

Vacuolization 2.9±0.05 0 3.0±0.0 2.9±0.09 

Column 

structure 
2.7±0.07 0 2.6±0.06 2.6±0.1 

Articular 

cartilage 

Vacuolization 2.9±0.05 0 2.7±0.08 2.7±0.08 

Column 

structure 
2.9±0.05 0 2.7±0.08 2.5±0.1 

Femur 

Articular 

cartilage 

Vacuolization 2.9±0.07 0 2.5±0.09 2.6±0.1 

Column 

structure 
2.9±0.03 0 2.8±0.07 2.7±0.1 

Growth 

plate 

Vacuolization 3.0±0.0 0 2.9±0.042 2.9±0.08 

Column 

structure 
2.8±0.06 0 2.5±0.07 2.5±0.1 

Ligament Vacuolization 2.9±0.06 0 2.9±0.07 2.8±0.09 

 



93 

 

 



94 

 

Tib
ia

 G
ro

w
th

 p
la

te

Tib
ia

 A
rt
ic

ula
r 
ca

rt
ila

ge

Fem
ur 

A
rt
ic

ula
r 
ca

rt
ila

ge

Fem
ur 

G
ro

w
th

 p
la

te

Lig
am

en
t

M
en

is
cu

s

0

2
2.5

3.0

Vacuolization

C
o

rr
e

c
ti
o

n
 l
e

v
e
l

(A
rb

it
ra

ry
 u

n
it
)

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦ

ṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦ

ṦṦ

ṦṦṦṦ

ṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦ

ṦṦṦ

B

Tib
ia

 G
ro

w
th

 P
la

te
 

Tib
ia

 A
rt
ic

ula
r 
C
ar

til
ag

e 

Fem
ur 

G
ro

w
th

 P
la

te
 

Fem
ur 

A
rt
ic

ula
r 
C
ar

til
ag

e 

0

2
2.5

3.0

Column Structure

C
o

rr
e

c
ti
o

n
 l
e

v
e
l

(A
rb

it
ra

ry
 u

n
it
)

ṦṦṦṦ

ṦṦṦ

ṦṦṦ

ṦṦṦṦ

Ṧ

ṦṦṦ

ṦṦṦṦ

ṦṦṦ

ṦṦ

ṦṦṦṦ

ṦṦṦ

ṦṦṦṦ

C

LV-CBh-hGALNS

LV-COL2A1-hGALNS

Untreated

Wild-type

 



95 

 

LV-C
B
h-h

G
A
LN

S

LV-C
O
L2A

1-
hG

A
LN

S

W
ild

-t
yp

e

U
ntr

ea
te

d

0

1000

2000

3000

4000

5000

6000

C
h

o
n

d
ro

c
y
te

 s
iz

e
 i
n

 t
ib

ia
(A

rb
it
ra

ry
 u

n
it
)

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

D

Tibia Growth Plate

LV-C
B
h-h

G
A
LN

S

LV-C
O
L2A

1-
hG

A
LN

S

W
ild

-t
yp

e

U
ntr

ea
te

d

0

1000

2000

3000

4000

5000

6000

C
h

o
n

d
ro

c
y
te

 s
iz

e
 i
n

 f
e

m
u

r
(A

rb
it
ra

ry
 u

n
it
)

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

ṦṦṦṦ

Femur Growth Plate

E

 

Figure 3.7: Bone pathology of lentiviral vector (LV-CBh-hGALNS-HSC or LV-

COL2A1-hGALNS-HSC)-treated and control groups. 

A. Toluidin blue staining of knee joints. The figure depicts the tibia growth plate, tibia 

and femur articular cartilage, meniscus, and ligament at 40X magnification with a 100-

um scale. POC, Primary ossification center; SOC, Secondary ossification center; GP, 
Growth plate; AC, Articular cartilage; M, Meniscus; L, Ligament. B. Chondrocyte 

vacuolization in the tibia growth plate. C. Chondrocyte column structure in the tibia 

growth plate. D. Tibia chondrocyte size analysis. E. Femur chondrocyte size analysis. 

Kruskal-Wallis with Dunnôs test; *: < 0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001. 

The average chondrocyte size was shown as the median among individual values. 

 

In the heart, the treatment with LV-COL2A1-hGALNS showed complete correction of 

disease progression except for one mouse, with partial correction among all groups, 

compared to untreated MPS IVA mice. No statistical differences were found between the 

group treated with LV-COL2A1-hGALNS and the wild-type control group. Moreover, 

the group treated with LV-CBh-hGALNS showed a partial correction in the vacuolization 
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of heart structures, which did not reach that of the wild-type level (Table 3.2 and Fig. 

3.8A-B).  

Table 3.2: Ex vivo GT heart pathology at 16 weeks.  

Levels of storage materials were scored. ñNo storage or very slightò was 0 (ī), ñslight but 

obviousò was 1 (+), ñmoderateò was 2 (++), and ñmarkedò was 3 (+++). Each 

pathological slide was assessed in a double-blind manner three times. n=3-6. Data are 

presented as Mean Ñ SEM. 

Heart Untreated Wild -type 
LV -CBh-

hGALNS 
LV -COL2A1-hGALNS 

Base 3.0±0.0 0 2.0±0.4 0.12±0.1 

Valve 3.0±0.0 0 2.0±0.3 0.12±0.1 

Muscle 2.9±0.1 0 1.9±0.3 0.12±0.1 
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Figure 3.8: Heart pathology after lentiviral vector (LV-CBh-hGALNS-HSC or LV-

COL2A1-hGALNS-HSC)-treated and control groups. 

A. Toluidin blue staining of heart after ex vivo GT. The figure depicts the heart muscle, 

base, and valve at 40X magnification with a 100-Õm scale. B. Vacuolization in heart 

cells. Kruskal-Wallis with Dunnôs test; *: < 0.05, **: < 0.005, ***: < 0.001, ****: < 

0.0001. 

 

3.2.8 Trabecular and cortical bone morphology after ex vivo LV-HSC GT 

To analyze the trabecular and cortical bone structure following treatments with LV-

HSCs, micro-CT was performed in the femur of treated and untreated Galns-/- and wild-

type control groups at 16 weeks (Fig. 3.9). The representative group of data demonstrated 

that the LV-treated and control groups did not show apparent statistical differences in 

trabecular bone volume (BV), trabecular number (Tb.N), trabecular separation (Tb.Sp), 

trabecular thickness (Tb.Th), bone mineral density (BMD) and degree of anisotropy (DA) 

(Fig. 3.9A-E). Similarly, no statistical difference was determined between LV-treated and 

untreated Galns-/- groups regarding the cortical bone parameters (Fig. 3.9M-R), except for 

an increase in the BMD of cortical bone, which was found statistically significant (Fig. 
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3.9S). Overall, the treatment with LV-COL2A1-hGALNS showed a slight improvement 

in trabecular and cortical bone formation compared to untreated and wild-type groups; 

however, no statistical significance was found (Fig. 3.9I-L and T-W).  
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Figure 3.9: Bone morphometric analysis. 

A-L. Trabecular bone morphology. M-W. Cortical bone morphology. One-way ANOVA 

with Tukeyôs post-hoc test; *: < 0.05, **: < 0.005, ***: < 0.001. 
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3.2.9 The expression of the hGALNS enzyme reduced the accumulation of KS, 

increasing the expression of procollagen in bone and liver. 

To explore the expression of GALNS enzymes and alterations of KS and collagen levels 

under each LV, we stained the liver and bone (tibia) samples with anti-GALNS (Fig. 

3.10A-C), anti-KS, and anti-collagen antibodies (Fig. 3.11). In the tibia growth plate, we 

found that the GALNS positive area was approximately 50% under both LV-CBh-

hGALNS-HSC and LV-COL2A1-hGALNS-HSC compared to the wild-type level 

(100%) (Fig. 3.10B). However, this expression was not sufficient to fully correct bone 

pathology. According to protein concentration in bone, the LV-COL2A1-hGALNS-

treated group had an elevation in the protein concentration compared to the untreated 

group, and this slight elevation was found to be significant compared to the wild-type 

(Fig. 3.11). In the liver, the expression of the GALNS enzyme significantly increased 

under treatment with LV-CBh-hGALNS (~204%), which was followed by LV-COL2A1-

hGALNS by ~90% compared to the wild-type level (Fig. 3.10C). This increase was 

found to correlate with the enzyme activity in the liver, but not with VCN since both 

vectors had similar copy numbers per genome.  
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Figure 3.10: The GALNS enzyme expression in bone (tibia growth plate) and liver under 

anti-GALNS staining. 
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A. 40X magnification with a 100-Õm scale; POC, Primary ossification center; SOC, 

Secondary ossification center; GP, Growth plate and CV, Central vein. B-C. Statistical 

analysis of the expression levels in the tibia growth plate and liver. One-way ANOVA 

with Tukey's post-hoc test; **: < 0.005, ****: < 0.0001.  

 

Figure 3.11: Anti-KS and anti-collagen staining of the tibia growth plate and liver. 

40X magnification with 100 Õm scale. 

 

3.2.10 A total anti-GALNS antibody elevation was observed under LV-HSC GT. 

To investigate the immune reaction following the GALNS transgene expression, ELISA 

was performed using plasma samples of wild-type, treated, and untreated MPS IVA mice. 

Treated groups with LV-COL2A1-hGALNS showed significant elevation in the 

circulating anti-GALNS antibodies overtime starting from 6 weeks of age by 3.06 ± 0.7 

compared to control groups (untreated MPS IVA mice: ~0.01 ± 0.02 and wild-type mice: 

~0.11 ± 0.12). However, mice treated with LV-CBh-hGALNS showed significant up-

and-down variations during treatment. Moreover, anti-GALNS antibodies were 

undetectable in the allo-HSCT group (Figs. 3.12 and 3.13). We thought that the 
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undetectable/weak production of the GALNS enzyme might not trigger a strong immune 

reaction in allo-HSCT compared to LV-HSC GT groups.     
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Figure 3.12: Plasma anti-GALNS antibodies over 16 weeks. 

The significance of our findings is underscored by the one-way ANOVA with Tukeyôs 

post-hoc test, week-by-week comparison of treatment vs. untreated/ wild-type; *: < 0.05, 

**: < 0.005). 
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Figure 3.13: Anti-GALNS antibodies vs. GALNS enzyme activity at 16 weeks. 

This comparison, shown through one-way ANOVA with Tukeyôs post-hoc test, is 

significant as it compares the antibody elevation vs. GALNS enzyme activity; ***: < 

0.001; ****: < 0.0001. Ab(s): Antibody, EA: Enzyme activity. 
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Figure 3.14: A graphical comparison of the anti-GALNS antibodies and the GALNS 

enzyme activity over 16 weeks. 

Line graphs represent the antibody concentration, while bar graphs depict the enzyme 

activity of GALNS. 
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3.2.11 Body weight did not represent the effectiveness of the treatment. 

After treatment, the body weight of mice from each group was measured weekly. The 

data showed that the LV-COL2A1-hGALNS or LV-CBh-hGALNS modified HSCs 

treated group significantly increased the body weight from the day of injection to the 3rd 

week. This initial increase in body weight could indicate an initial positive response to 

the treatment. However, the subsequent decrease in body weight compared to untreated 

and wild-type controls from the 4th to the 16th week suggests that the treatment may not 

sustain body weight. In addition, no significant difference was found between the LV-

COL2A1-hGALNS modified HSCs treated or allo-HSCT group and an untreated group 

from the 4th to the 16th week. LV-CBh-hGALNS modified HSCs treated group remained 

under the body weight level of the untreated group (Fig. 3.15). We assumed that busulfan 

administration might have a detrimental effect on the low body weight over 16 weeks.  
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Figure 3.15: Body weight over 16 weeks after LV-modified HSC treatment and allo-

HSCT. 

Allo-HSCT body weight was measured from 4 to 16 weeks. Results were compared using 

one-way ANOVA with Tukeyôs post-hoc test as follows: LV-COL2A1-hGALNS modified 

HSCs treated group vs. wild-type; *: < 0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001; 

LV-CBh-hGALNS modified HSCs treated group vs. wild-type; #: < 0.05, ##: < 0.005, 

###: < 0.001, ####: < 0.0001. No statistical significance was found between LV-

COL2A1-hGALNS modified HSCs treated and untreated groups from the 4th to the 16th 

week. 

 

3.3 DISCUSSIONS 

We have conducted the first preclinical study of ex vivo LV-HSC-GT on the MPS IVA 

mouse model. In this study, we designed 3rd generation SIN LVs under ubiquitous (CBh) 

or tissue-specific (COL2A1) promoters. To verify the effectiveness of each LV, MPS IVA 

fibroblasts were transduced, in which both LVs significantly increased the intra- and 

extracellular GALNS enzyme activity at supraphysiological levels. Among these vectors, 

LV-COL2A1-HGALNS was the best LV to drive the GALNS expression in human 
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fibroblasts. However, these increases were not associated with higher VCN. Indeed, LV-

CBh-hGALNS had significantly higher VCN than LV-COL2A1-HGALNS, although the 

GALNS enzyme activity was the opposite. Therefore, we concluded that high copies 

might not promote higher gene expression. Another critical question was whether high 

GALNS expression resulted in cytotoxicity in these fibroblasts. High levels of the 

GALNS enzyme did not trigger any cytotoxicity.  

Previous studies assessed the effectiveness of ubiquitous and myeloid-specific promoters 

under retroviral vectors in different cell lines (HL-60, Jurkat, HeLa, and CD34+ cells), 

indicating high expression of transgenes driven by ubiquitous promoters (CMV, 

MoMuLV LTR, SV40, or PGK) rather than myeloid promoters (CD11b, CD18, CD19, or 

CD34) [34,63].It is crucial to consider the natural course of diseases when designing LVs. 

For example, ubiquitous promoter CMV and MoMuLV LTR, despite their elevated 

transgene levels, are lineage nonspecific. With such promoters, HSCs may not be 

efficiently transduced. However, the lineage-specific CD11b promoter has shown 

promising outcomes. This information engages us in the design considerations for LVs 

[93,98].   

To set an appropriate culture condition and maintain the stemness of isolated HSCs in 

cultures during analysis, we tried several medium conditions, one of which helped 

maintain HSCs and better proliferate with no differentiation. In this way, we eliminated 

potential pitfalls during the period required to transduce HSC before transplantation. 

Upgraded medium 2 increased long-term culturing efficiency in HSCs and gave us a high 

HSC yield to perform all in vitro analyses [97], but not a high expression of GALNS 
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enzyme after LV transduction in Galns-/- HSCs. Encountering this obstacle guided us in 

assessing LVs in HSCs derived from wild-type mice. We suspected that LVs might not 

fully treat Galns-/- HSCs because a large deletion in the GALNS gene was introduced into 

this mouse model. Under the same transduction conditions, wild-type HSCs were 

transduced with each LV, and we confirmed a significant overexpression of the GALNS 

enzyme under both LVs compared to untransduced wild-type HSCs. Surprisingly, the LV-

COL2A1-HGALNS was significantly higher than the LV-CBh-hGALNS in wild-type 

HSCs, while the opposite was for Galns-/- HSCs. Overall, the activity of the GALNS 

enzyme was detected in all experiments, even using Galns-/- HSCs having such a large 

deletion.  

We found similar VCNs in Galns-/- and wild-type HSCs 24 hours and 15 days after 

transduction with both LVs. However, on day 15, we observed a significant reduction in 

VCN under LV-CBh-hGALNS, while no change was seen in LV-COL2A1-HGALNS. 

Detecting VCN a few days after transduction is critical to eliminate false results, as VCN 

detected 24 h post-transduction may not accurately reflect the viral copies. The results in 

wild-type HSCs also confirmed that the LV-CBh-hGALNS had a low VCN compatible 

with the result in Galns-/- HSCs. These LV transductions did not affect the CFU colonies 

of Galns-/- and wild-type HSCs. The results of enzyme activities, VCNs, and CFU 

colonies were promising to pursue our aims in vivo. Although the GALNS enzyme 

activity increased under both treatments in the differentiated cells, VCNs stayed at similar 

levels as those in HSCs. This led us to consider that increased enzyme activity may not 

be associated with VCN. A recent study analyzed CD34+ HSCs transduced with LV-
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CD11b, showing the effect of high VCN on the IDS enzyme activity [114]. However, the 

question of how high VCN can trigger high expression remains, specifically in the 

context of LVs, as they threaten insertional mutagenesis. These findings underscore the 

need for further research and the potential for new insights and discoveries.  

After confirming the effectiveness of LVs, we moved on to analyzing the results of the 

studies conducted on mice. The Galns-/- mice used in the study [115] exhibited a severe 

pathological condition at a later stage, similar to those of patients with severe MPS IVA 

[116]. Due to the age-related therapeutic response and the increased severity in MPS IVA 

mice, we introduced LV-engineered Galns-/- HSCs into busulfan-conditioned Galns-/- 

mice at the neonatal stage. Early treatment in this mouse model provided advantages in 

reaching targeted organs, particularly the bone, which is a key site of pathology in MPS 

IVA. 

LV-CBh GT increased enzyme activity, but it was insufficient to fully correct the 

deficient enzyme, as it remained lower than the levels found in the wild-type mice. In the 

allo-HSCT group, we could only detect GALNS enzyme activity in the liver and spleen 

at traceable levels and not in other tissues. These findings were confirmed by testing 

mono-sulfated KS in plasma, leukocytes, and bone. There was a notable reduction in 

mono-sulfated KS levels in plasma under both LVs. However, only the LV-COL2A1 

group exhibited a significant decrease in leukocytes and bone compared to untreated 

controls, and no significant differences were found in mono-sulfated KS levels between 

the LV-COL2A1 and wild-type groups. 



111 

 

It was crucial to investigate why mono-sulfated KS levels were reduced more in the LV-

COL2A1 group than in the LV-CBh-HSC group, even though the GALNS enzyme 

activity was lower in LV-COL2A1 GT. On the other hand, allo-HSCT mice did not show 

significant changes in mono-sulfated KS levels in plasma, leukocytes, and bone. It is 

important to note that our analysis was limited due to certain unexpected pitfalls. For 

instance, we could only analyze the VCN in the liver after transplantation and found that 

the VCN was low in the liver. We could not analyze VCN in the bone marrow due to the 

limited amount available. These limitations should be considered when interpreting the 

results of the allo-HSCT group. 

In summary, LV-HSC GT demonstrated better outcomes than allo-HSCT but did not 

reach the normal physiological level of the GALNS enzyme. Current therapies such as 

ERT and HSCT have shown some improvement in disease progression but are limited in 

their ability to improve bone growth [4,117ï119]. Considering all these factors, our 

experimental design may still require improved LVs or busulfan conditioning to achieve 

supraphysiological levels. This study has unveiled a promising potential for the treatment 

of MPS IVA. We observed a partial correction of bone pathology and a complete 

correction in heart pathology (heart valves and muscle) in the MPS IVA mouse model. 

The determined number of HSCs modified by the LV-COL2A1-hGALNS showed 

significant improvements, while slight enhancements were noted under treatment with 

LV-CBh-hGALNS. The life-threatening condition of impaired cardiac function in 

patients with MPS IVA, causing high morbidity and mortality, is a significant challenge 

[25,120]. However, our heart pathology data provides a ray of hope, encouraging us to 
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enhance viral constructs to achieve better results in correcting bone pathology. The 

sustained and persistent GALNS enzyme expression, via modified HSCs with LVs, into 

the blood circulation could improve both soft- and hard-to-reach tissues by directly 

targeting and cross-correcting. 

To assess the pre-conditioning with busulfan on immune tolerance induction, we 

analyzed total antibody levels to the GALNS enzyme. The data showed highly elevated 

anti-GALNS antibody titers at 16 weeks post-transplantation (Figs. 3.12-14). Recent 

reports suggest busulfan as a potential myeloablative agent with varying doses, injection 

routes, and administration periods depending on diseases [99,121ï123]. We believe that 

busulfan conditioning was insufficient to eliminate the existing cell niche. Therefore, an 

elevation in total anti-GALNS antibody levels may affect the activity of the GALNS 

enzyme (Figs. 3.13-17).  
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Figure 3.16: Protein concentrations. 



113 

 

A. Liver and B. Bone at 16 weeks post-transplantation. One-way ANOVA with Tukeyôs 

post-hoc test; *: < 0.05, ****: < 0.0001). 

 

Anti-transgene antibodies are an unmet challenge, particularly in GT approaches. 

Sawamoto et al. analyzed anti-GALNS antibodies in MPS IVA Galns-/- and immune-

tolerant (MTOL) mice following direct infused AAV8 GT. Galns-/- mice had significantly 

higher circulating anti-hGALNS antibodies, while no antibodies were detected in MTOL 

mice [25]. Similarly, these anti-transgene neutralizing antibodies were reported in Pompe 

mice, detrimental to engraftment and vector copies. To overcome this, LVs-modified 

allogeneic stem cells expressing acid Ŭ-glucosidase (GAA) were transplanted at the 

subtherapeutic level in Pompe mice conditioned with total body irradiation 4 weeks 

before high doses of ERT administration. As a result, LV-GT allowed ERT to effectively 

reduce glycogen storage and restore skeletal function by inducing immune tolerance in 

Pompe mice [124]. We assumed that the elevation of the circulating total anti-GALNS 

antibodies might have eliminated the secreted GALNS enzyme. Further experiments are 

required to confirm the necessary pre-conditioning dose with busulfan or derivatives. In 

our study, we could not analyze the chimerism of the engraftment after transplantation, 

which is a limitation of the study; however, the lower enzyme activity in LV-transduced 

HSCs compared to literature indicates that the efficiency of transduction is a critical 

factor in the elevation of enzyme activity [92,93]. Therefore, our future goal is to design 

better LV vectors to increase transduction efficiency. However, some recent studies 

revealed that HSCs constitutively express interferon (IFN)-stimulating genes (ISGs) to 

eliminate viral infections, and these ISGs mediate antiviral resistance in vivo and ex vivo 
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settings of therapies [125]. IFN binding transmembrane protein (IFITM3) was described 

in HSCs, stating that IFITM3 inhibited the entry of LVs into HSCs. The degradation of 

this membrane protein significantly enhanced gene transfer and gene editing [126,127]. 

Furthermore, clinically relevant VCNs were shown as 1 per genome in HSCs in which 

innate immune-associated IFITM3 was degraded by cyclosporin H, and the culture plates 

were supplemented with deoxynucleotides. With all these ways described here, 

transduction efficiency and engraftment potential increased while preserving the 

quiescence and stem cell properties of HSCs [125ï127]. 

The current data has not only encouraged us but also reinforced our unwavering 

commitment to investigating and improving our approach. With this determination, we 

have taken further steps to modify our LVs by replacing an appropriate mammalian 

promoter. This will be followed by the transduction of HSCs and the transplantation of 

modified HSCs into preclinical models, including MPS IVA mice and rats. This research 

suggests that further development of LV-HSC GTs as a treatment for MPS IVA patients 

in a clinical setting is warranted.  
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Chapter 4 

4 IN VIVO DIRECT LENTIVIRAL GENE THERAPY IMPROVES DISEASE 

PATHOLOGY IN A MUCOPOLYSACCHARIDOSIS IVA MURINE MODEL 

Hematopoietic stem cell transplantation (HSCT) has been considered a promising 

treatment for MPS IVA, improving pulmonary function, cardiovascular involvement, 

activity of daily living, bone mineral density, and laxity of joints, in addition to reducing 

surgical interventions [3,19,20]. However, it is not feasible for all patients due to the lack 

of evidence in bone and cartilage lesions, risk of transplantation rejection, graft-versus-

host-disease (GVHD), limited age of transplantation, and finding age-matched donors 

[11,21]. Overall, HSCT is limited in correcting skeletal complications, although it 

improves ADL [3]. LV gene therapy (LVGT) has been assessed under in vivo direct 

infusion and ex vivo stem cell-mediated applications for many diseases. Ex vivo LVGT 

has been successfully administered in the clinical trials of MPS IH (ClinicalTrials.gov; 

NCT03488394), MPS II (NCT05665166), and MPS IIIA (NCT04201405) in the last 

decade. Although ex vivo LV-HSC GT has been demonstrated to achieve relatively stable 

and curative production in MPS IH (Hurler Syndrome) and MPS III (Sanfilippo 

Syndrome), Gaucher, Fabry, and Pompe diseases [28ï32], it has several limitations; risk 

of clonal expansions associated with integrations near cancer-related genes, particularly 

in HSCs [33,34], time-consuming and requiring complicated process of in vitro 
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preparation of transduced cells [35], not applicable to all patients at once, and delay of 

therapy in identified affected newborns regarding obtaining enough stem cells to be 

transduced [36,37], challenging to target internal organs, unpredictable off-target effects, 

and immunological obstacles [38ï40].  

Despite the limitations of ex vivo gene therapy, we believe that direct infusion of LVs 

could be a promising solution for treating MPS IVA. The number of direct infusions of 

LVs is currently limited in both preclinical and clinical studies due to off-target effects 

and potential immune reactions against infused LVs [34,41]. However, modifications of 

viral capsid and gene expression cassettes may prevent severe incidences caused by LVs 

[42]. In vivo direct infusion of LVs has been successfully administered for metachromatic 

leukodystrophy (MLD) in a clinical trial (NCT03725670) with unknown status, while 

other preclinical applications of sickle cell disease, CNS targeting, and hemophilia were 

examined in mice, rats, dogs, and non-human primates in the past [41ï48]. We believe 

that direct infusion of LVs could provide the potential to mediate high transduction 

efficiency and production of enzymes at high levels in MPSs as well as other LSDs 

without any in vitro cell culture process. We aimed to 1) systemically deliver LVs, 2) 

produce and secrete hGALNS enzymes in/from targeted tissues, and 3) cross-correct the 

bone along with LVs in the bone. 
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4.1 MATERIALS AND METHODS 

4.1.1 Mouse Maintenance  

MPS IVA knockout (KO) mice (Galns-/-, MKC2) were reported in our previous research 

(See Chapter 2) [95,96,128]. All mouse care and handling procedures were by the rules of 

the Institutional Animal Care and Use Committee (IACUC) of Nemours Childrenôs 

Health, Delaware Valley, under the protocol RSP20-12482-005 ï ñGene delivery for 

Morquio A by lentiviral vectors.ò 

4.1.2 Construction of Lentiviral Vectors (LVs) 

The final constructs for the treatment of MPS IVA mice were LV-CBh-hGALNS, LV-

CBh-hGALNSco, LV-COL2A1-hGALNS, LV-CD11b-hGALNS, and LV-CD11b-

D8*hGALNS (See Chapter 2; Fig. 2.1). Additionally, we used LVs expressing the 

enhanced green fluorescent protein (EGFP) under CBh, CD11b, and COL2A1 to trace the 

expression of each LV in the tissues. 

4.1.3 Direct Infusion of Lentiviral Vectors under Different Promoters and Doses 

The effects of LVGT in MPS IVA mice were evaluated on 1) therapeutic efficacy 

(enzyme activity, GAG levels, pathology), 2) minimum effective dose, 3) age 

dependency, and 4) immune responses against transgene. MKC2 mice were treated with 

either 5 x 109 TU/kg (low-dose for 4-week-old and 1-2-day-old newborns) or 1 x 1011 

TU/kg (high-dose for newborns only) GALNS LVs. Mice were treated intravenously via 

a superficial temporal vein (newborn) or tail vein (4-week-old) (Fig. 4.1). Based on the 

hGALNS enzyme activity in intravenous infusion, we chose efficient LV to infuse 
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intraarticularly or intramuscularly. As controls, untreated MKC2 and wild-type mice of 

the same age were given saline. At 16 weeks old, 5 mice per group were euthanized, and 

tissues were collected, including brain, heart, lung, liver, kidney, spleen, muscle, femur-

tibia, arm, and trachea. Blood samples were collected at baseline and biweekly points.  

 

 

Figure 4.1: In vivo experiment settings. 

A. Intravenous administration of LVs and workflow. B. Intraarticular administration of 

LVs. C. Intramuscular administration of LVs. Created in BioRender. 

 

A 

B 
 C 
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4.1.4 4-Methylumbelliferone (4-MU) assay 

The GALNS enzyme activity was analyzed in plasma and tissue extracts using a 4-

methylumbelliferone (4-MU) assay as described in Chapter 3. 

4.1.5 Keratan sulfate (KS) assay by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS)  

The reduction of accumulated GAGs in the plasma and tissues of treated, untreated, and 

WT mice by liquid chromatography-tandem mass spectrometry (LC-MS/MS) was 

assessed as described in Chapters 2 and 3.  

4.1.6 Vector Copy Number 

The biodistribution of LVs in MKC2 mice was evaluated in the liver at 16 weeks post-

infusion (See Chapters 2 and 3).  

4.1.7 Enzyme-linked Immunosorbent Assay (ELISA) 

The anti-GALNS antibody responses were analyzed using the previously modified 

indirect ELISA protocol [128]. Plasma concentrations of anti-GALNS antibodies were 

derived by extrapolating the absorbance values from a calibration curve using standard 

monoclonal anti-GALNS antibodies (Custom-made clone 2F5F2, CreativeBiolabs, NY, 

USA). 

4.1.8 Pathology 

Following 16 weeks post-infusion in MKC2 mice, the heart, liver, and knee joints were 

collected in 10% formalin and analyzed as described in Chapter 3 [128].   
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4.1.9 Immunohistochemistry 

The expression of the hGALNS enzyme was screened in the tibia and liver by performing 

immunohistochemistry (IHC) of GALNS (See Chapter 3). 

4.1.10 Micro Computational Tomography  

A micro computational tomography (ɛCT) scan was performed on the right femur of 

wild-type, MKC2, and LVGT groups using SkyScan 1276 microïCT System (Bruker, 

Manning Park, MA) as described in our previous study (See Chapter 3) [128].  

4.1.11 Systemic Toxicity Analysis  

Peripheral blood samples were used to assess the toxicity of LVGT based on the biweekly 

levels of alanine aminotransferase (ALT; BioAssaySystems#EALT-100, Hayward, CA, 

USA) and aspartate aminotransferase (AST; BioAssaySystems#EASTR-100, Hayward, 

CA, USA) [129] according to the manufacturer's instructions. All the reactions were 

conducted on 96-well plates and read in a FLUOstar Omega microplate reader (BMG 

LabTech, Weston Parkway, NC, USA) at the wavelength specified by the supplier.   

4.1.12 EGFP Transcripts in Liver under LVGT 

Lentiviral vectors expressing EGFP protein under CBh promoters were administered to 

three newborn male mice in the dose of 5 x 109 TU/kg, and three newborn male mice in 

the dose of 1 x 1011 TU/kg, respectively.  

To detect EGFP transcripts in the liver 16 weeks post-infusion, total RNA was extracted 

from the mouse liver using the QiaAmp RNA kit according to the instructions. 600 ng 

total RNA was used in reverse transcription reaction, and then 0.5 ɛl of the cDNA was 
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assayed in a 10 ɛl quantitative PCR (qPCR) reaction. GAPDH was used to normalize the 

input. Each experiment was done in triplicate. Data was analyzed using the comparative 

Ct method (ddCT). 

The biodistribution of EGFP via LVs in the newborn-injected groups was shown through 

the IVIS Lumina LT imaging system according to the manufacturerôs instructions. 

4.2 RESULTS 

4.2.1 LVGT elevated hGALNS enzyme in MKC2 mice 

To confirm the therapeutic efficacy of LVs, we first injected LVs at a low dose (5 x 109 

TU/kg) into 4-week-old male and 1-2 day(s) old newborn male MKC2 mice. The results 

showed no hGALNS activity in the plasma and tissues of all LV-treated groups (data not 

shown). To confirm the efficiency of the promoter, we decided to infuse only LV-CBh-

EGFP into 1-2 day(s) old newborn male MKC2 mice. Since CBh was a ubiquitous 

promoter, we expected a high expression that may help us better understand transgene 

expression than tissue-specific ones. For that, we explored EGFP transcripts driven by 

CBh promoter in total liver samples. The results confirmed that LVs with even low doses 

could proceed with transgene expression, but the level of expressed protein may be 

undetectable (Fig. 4.2). Raw data plots showed an increase in fluorescent signaling 

during the exponential phase. The lower cycle threshold indicated the higher expression 

(Fig. 4.2A-B). Overall, we confirmed that the undetectable enzyme activity was not only 

related to the promoter since we confirmed mRNA transcripts in total liver samples in 

even low doses. Low transgene expression was not sufficient to detect physiological 
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enzyme activity or correct disease pathology; however, it may still reduce the 

accumulation of GAGs to some extent (Fig. 4.6A-E). 
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Figure 4.2: EGFP transcripts in total liver under LV-CBh-EGFP at 16 weeks post-

treatment. 

All mice were treated as newborns. A. Fluorescent signaling for GAPDH and EGFP 

targets. B. Amplification plot of samples. L22 was an untreated liver sample while L40, 

L41, L42, and L44 were treated with LV-CBh-EGFP. 

Afterward, only MKC2 newborn male mice were injected with a high dose (1 x 1011 

TU/kg) of LVs. We found an elevation in the enzyme activity of hGALNS in tissues and 

plasma of all treated groups (Fig. 4.4A-K). In the heart, each LV produced hGALNS 

enzyme to some extent, but the highest improvement was obtained by 71.4% with LV-

CBh-hGALNS compared to the wild-type level. Mice treated with LV-CBh-hGALNS 
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showed the highest activity, which was statistically significant as compared to wild-type 

and untreated (Fig. 4.4B). The highest enzyme activity was detected in the liver of mice 

treated with LV-CBh-hGALNS, followed by LV-CBh-hGALNSco and LV-COL2A1-

hGALNS (Fig. 4.4D). Among all LVs infused intravenously, LV-CBh-hGALNS increased 

the enzyme activity in the liver by 25.16 Ñ 2.9 nmol/h/mg and heart by 0.7 Ñ 0.1 

nmol/h/mg. In the liver of mice treated with LV-CBh-hGALNS, the enzyme activity was 

5.6-fold higher than in the wild-type group. Although we detected an increase in the 

enzyme activity of bone (tibia) by 0.2 Ñ 0.1 nmol/h/mg and trachea by 0.1 Ñ 0.05 

nmol/h/mg, it could not reach the physiological level (2.4 Ñ 0.7 and 4.7 Ñ 0.6 nmol/h/mg, 

respectively) (Fig. 4.4H-J). Since the liver has comparable data under each LV, we further 

evaluated the efficiency of LVs under each promoter by considering the liver as a depot 

organ. Here, codon-optimized lentiviral vector (LV-CBh-hGALNSco) and LV-COL2A1-

hGALNS showed elevated enzyme activity compared to untreated. There was no 

statistical significance between treated and wild-type groups regarding the GALNS 

enzyme activity (Fig. 4.4D). LV-CD11b-hGALNS and LV-CD11b-D8*hGALNS had the 

lowest enzyme activity in all tissues, particularly in bone and cartilage (Fig. 4.4). 

Additionally, we analyzed the hGALNS enzyme activity in the abdominal lymph nodes 

and thymus, which emphasized an increase in the enzyme activity under all LVs (Fig. 

4.4K-L). This suggests that LVs have transduced the innate immune system cells, 

creating an immune response against anti-GALNS.  

We could not detect enzyme activity in plasma and tissues of 4-week-old and newborn 

mice treated with low doses of LVs (data not shown), while high-dose treated groups 
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under LV-CBh and LV-COL2A1 gradually increased the GALNS enzyme activity over 16 

weeks. There was no statistical significance between LV-CBh-hGALNSco, LV-COL2A1-

hGALNS, and wild-type, whereas we found that the enzyme activity via LV-CBh-

hGALNS was significantly higher starting from 12 weeks compared to wild-type (Fig. 

4.4M). Overall, the secreted enzyme activity in plasma elevated over time.  

Following our results in hGALNS expression, we decided to infuse newborn male MKC2 

mice with high doses of only LV-CBh-EGFP and LV-COL2A1-EGFP to confirm 

biodistribution via whole-body imaging. Only LV-CBh-EGFP-treated mice showed a 

clear fluorescence intensity compared to the untreated group. GFP is not a secreted 

protein, which appears only within the cells. Most of the LVs were captured in the liver. 

Therefore, the intensity of GFP in the liver was the highest (Fig. 4.3). These results were 

also comparable with hGALNS expression under the same LVs. 
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Figure 4.3: Intensity of GFP expression of high-dose LV-infused mice 16 weeks post-

treatment. 

A. Whole-body fluorescence imaging. B. Fluorescence screening of organs. All mice 

were treated as neonates. We did not evaluate LV-CD11b-hGALNS due to the 

absence/undetectable enzyme activity in the mice.  

Furthermore, to confirm the local benefit of LVGT, we selected LV-CBh-hGALNS in 

further experiments due to the higher potential to generate hGALNS enzymes and 

administered LV-CBh-hGALNS intraarticularly or intramuscularly into both 4-week-old 

and newborn male mice.  However, none of these groups showed an elevation in the 

hGALNS activity locally (in bone or muscle) (data not shown). 
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Figure 4.4: Enzyme activity in tissue and samples treated with a 1x1011 TU/kg dose. 

A. Brain, B. Heart, C. Lung, D. Liver, E. Kidney, F. Spleen, G. Muscle, H. Arm (radius), 

I. Bone (tibia), J. Trachea, K. Lymph node, L. Thymus at 16 weeks old, and M. Plasma 

over 16 weeks. One-way ANOVA with Tukeyôs post-hoc test for plasma week-by-week 
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LV-CBh-hGALNS group vs. wild-type group. LV-treated group vs Untreated group: *: < 

0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001; LV-Treated group vs Wild-type group: : 

#: < 0.05, ##: < 0.005, ###:<0.001, ####: < 0.0001. 

 

4.2.2 GAG storage is reduced in plasma and tissues following LVGT    

LC-MS/MS was used to measure all the GAG levels in plasma, liver, muscle, and bone of 

wild-type, untreated MPS IVA, and LV-treated MPS IVA mice at 16 weeks old. Keratan 

sulfate (KS) has previously been reported to be a critical biomarker of disease pathology 

in MPS IVA models [67]. Plasma KS levels varied among the groups (Fig. 4.5). In all 

treated groups under different doses of LVs, KS levels were normalized to wild-type KS 

levels (Fig. 4.5A, Fig. 4.6A-B). Even though low-dose-administered 4-week-old and 

newborn mice had undetectable enzyme activity, KS levels in both groups decreased 

significantly to some extent but were not normalized to wild-type levels (Fig. 4.6A-B). 

Furthermore, in newborn-treated with high doses of LVs, plasma KS levels significantly 

dropped compared to untreated mice, and there were no statistical differences between 

treated and wild-type groups (Fig. 4.5A). 

In newborns treated with high doses of LVs, KS levels were found to be normalized to 

wild-type levels in the livers of MPS IVA-affected mice when compared to untreated 

(Fig. 4.5B). Muscle and bone KS levels had similar data with liver KS levels, and no 

statistical significance was found between groups (Fig. 4.5C-D). We could not 

statistically see a difference in bone KS levels of the LV-treated groups compared to 

the wild-type. We also analyzed other GAG levels presented as supplementary data (Fig. 

4.6C-E). 



128 

 

The GAG levels were also analyzed in the bone of intraarticularly and intramuscularly 

injected newborn and 4-week-old groups under treatment with LV-CBh-hGALNS (Fig. 

4.5E-F). However, we could not detect a significant reduction in mono-sulfated KS levels 

of bone (Fig. 4.6E) in either treatment.    
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Figure 4.5: Mono-sulfated KS for 16 weeks. 

A. Plasma, B. Liver, C. Bone (humerus), D. Muscle samples of intravenously injected 

mice treated with a dose of 1x1011 TU/kg. E. Mono-sulfated KS levels in the bone of 

intraarticularly (IA) injected mice and F. Muscle of intramuscularly (IM) injected mice. 

One-way ANOVA with Tukeyôs post-hoc test; *: < 0.05, **: < 0.005, ***: < 0.001, ****: 

< 0.0001.  



129 

 

LV
-C

Bh-
hG

ALN
S

LV
-C

Bh-
hG

ALN
S
co

LV
-C

O
L2

A
1-

hG
ALN

S

LV
-C

D
11

b-
hG

ALN
S

LV
-C

D
11

b*
D
8-

hG
ALN

S

W
ild

 T
yp

e

U
nt

re
at

ed

0

50

100

150

Plasma KS (4-week-old Low Dose)

M
o

n
o

-S
u

lf
a

te
d

 K
S

 (
n

g
/m

l)

Ṧ Ṧ

ṦṦṦṦ

Ṧ Ṧ

B
####

#

LV
-C

Bh-
hG

ALN
S

LV
-C

Bh-
hG

ALN
S
co

LV
-C

O
L2

A
1-

hG
ALN

S

LV
-C

D
11

b-
hG

ALN
S

LV
-C

D
11

b*
D
8-

hG
ALN

S

W
ild

 T
yp

e

U
nt

re
at

ed

0

50

100

150

Plasma KS (Newborn Low Dose)

M
o

n
o

-S
u

lf
a

te
d

 K
S

 (
n

g
/m

l)

ṦṦṦ

Ṧ

ṦṦṦṦ

ṦṦṦ

ṦṦ

A

####

#

###

Di HS 0S Di HS NS Di 4S KS Di S KS

0.0

0.5

1.0

1.5

Intravenous LVGT - Humerus GAGs

G
A

G
 C

o
n

c
e

n
tr

a
ti
o

n
 (

n
g

/m
g
)

LV-CBh-hGALNS

LV-CBh-hGALNSco

LV-COL2A1-hGALNS

LV-CD11b-hGALNS

LV-CD11b-D8*hGALNS

Wild Type

Untreated

C

Di HS 0S Di HS NS Di 4S KS Di S KS

0.0

0.5

1.0

1.5

Intraarticular LVGT - Humerus GAGs

G
A

G
 C

o
n

c
e

n
tr

a
ti
o

n
 (

n
g

/m
g
)

4-week-old (IA-injected mice) LV-CBh-hGALNS

Newborn (IA-injected mice) LV-CBh-hGALNS

Wild Type

Untreated

E

Di HS 0S Di HS NS Di 4S KS DI S KS

0

50

100

150

200

Intravenous LVGT - Plasma GAGs

G
A

G
 C

o
n

c
e

n
tr

a
ti
o

n
 (

n
g

/m
l)

LV-CBh-hGALNS

LV-CBh-hGALNSco

LV-COL2A1-hGALNS

LV-CD11b-hGALNS

LV-CD11b*D8-hGALNS

Wild Type

Untreated

D
####

ṦṦ

ṦṦṦ

ṦṦ

ṦṦ

ṦṦ

 

Figure 4.6: GAG concentrations after LVGTs. 

GAG level (KS) in plasma of low dose treated groups. A. Newborns and B. 4-week-old 

plasma samples. C-D. Humerus and plasma GAG concentrations in newborns under high 

dose intravenously injected LVGT at 16 weeks. E. Humerus GAG concentrations in 

newborns and 4-week-old-treated mice by high dose intravenously injected LVGT at 16 
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weeks. One-way ANOVA with Tukeyôs post-hoc test. LVGT groups vs an untreated group 

*: < 0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001; LVGT groups vs. a wild-type group; 

#: < 0.05, ##: < 0.005, ###: < 0.001, ####: < 0.0001. 

 

4.2.3 Tissue-specific LVs were detected higher than ubiquitous LV in the liver 

ddPCR detection of lentiviral-specific psi gene was used to determine lentiviral copy 

numbers in liver samples (Fig. 4.7A). 16 weeks after a single dose of the hGALNS or 

hGALNSco lentiviruses, the highest level of vector was detected in the group of LV-

CD11b*D8-hGALNS by 1.5 Ñ 0.2 copies per diploid cells, while lower levels of vector 

were detected in the group of LV-CBh-hGALNS by 0.2 Ñ 0.01 copies per diploid cells. 
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Figure 4.7: VCN and toxicity analysis. 

A. VCN in the liver 16 weeks post-infusion. B. AST and C. ALT levels of mice treated 

with a 1x1011 TU/kg dose. One-way ANOVA with Tukeyôs post-hoc test and T-test was 

done according to normality distribution determined using the Shapiro test. LVGT groups 

vs untreated: *: < 0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001. LVGT groups vs a 

wild-type group: ####: < 0.0001. 
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4.2.4 LVGT induced no liver toxicity 

The levels of ALT and AST were measured to determine the potential side effects of the 

LVGT. No significant differences between groups suggest that treatment failed to induce 

chronic hepatic toxicity (Fig. 4.7B-C). Additionally, we measured the liver toxicity in 

newborn-treated low-dose groups (data not shown), in which there were no differences 

between groups. 

4.2.5 Elevation of total anti-hGALNS antibodies after LVGT 

To explore the immune reaction following the GALNS transgene expression, we 

analyzed 4- and 16-week post-infused plasma samples. In all groups, we detected total 

anti-hGALNS antibodies at levels like enzyme activity levels. However, treatment with 

LV-COL2A1-hGALNS showed significant elevation in the circulating anti-GALNS 

antibodies at 16 weeks by 8.7 ± 1.3 ug/ml (Fig. 4.8A-B).        
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Figure 4.8: Evaluation of anti-GALNS antibodies. 
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A. Plasma anti-GALNS antibody levels at 4 and 16 weeks; Two-way ANOVA with Tukey 

multiple comparison test (4W vs. 16W). B. Pearson correlation analysis (two-tailed) of 

plasma enzyme activity and total anti-GALNS antibodies at 16 weeks. * :<0.05, 

**:<0.005, ***: < 0.001. (EA: Enzyme activity, Ab: Antibody, 4W: 4 weeks, 6W: 6 

weeks). 

 

4.2.6 High doses of LVGT fully corrected heart pathology while ameliorating 

vacuolization and column structure in the bone growth plate 

To evaluate the pathologic impact of LVGT, toluidine blue-stained heart and knee joint 

samples were examined in detail. In the heart, valvular areas, endocardial membrane 

(base), and heart muscles were screened for the presence/absence of vacuolated cells. 

Except for LV-CD11b-hGALNS with partial correction, all LVs driving hGALNS 

expression fully corrected heart pathology, among which no statistical differences existed 

compared to the wild-type control group (Fig. 4.9A-B). The group treated with LV-

CD11b-D8*hGALNS showed a partial correction regarding the vacuolization of heart 

structures, which did not reach that of the wild-type level. We also tested low doses of 

LVGT in newborns and 4-week-olds, but no clear pathological correction was detected in 

the knee joint, while heart samples were slightly correct (data not shown). 

Table 4.1: In vivo GT heart pathology at 16 weeks. 

Levels of storage materials were scored. ñNo storage or very slightò was 0 (ī), ñslight but 

obviousò was 1 (+), ñmoderateò was 2 (++), and ñmarkedò was 3 (+++). Each 

pathological slide was assessed in a double-blind manner three times. n=3-6. Data are 

presented as Mean Ñ SEM. 

Heart Untreated 
Wild 

Type 

LV -CBh-

hGALNS 

LV -CD11b-

D8*hGALNS 

LV -

CD11b-

hGALNS 

LV -

COL2A1-

hGALNS 

LV -CBh-

hGALNSco 

Base 1.9±0.2 0.0 0.0 0.0 1.2±0.4 0.0 0.0 

Valve 1.9±0.2 0.0 0.0 0.0 1.5±0.6 0.0 0.0 

Muscle 1.6±0.3 0.0 0.0 0.0 0.2±0.2 0.0 0.0 
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Figure 4.9: In vivo GT heart pathology after LVGT. 

A. The figure depicts the heart muscle, base, and valve at 40X magnification with a 100-

Õm scale. B. Vacuolization in heart cells. Kruskal-Wallis with Dunnôs test; LVGT groups 

vs an untreated group: *: < 0.05, **: < 0.005, ***: < 0.001, ****: < 0.0001, LVGT 

groups vs wild-type: #: < 0.05, ####: < 0.0001. 

 

In the bone, we analyzed articular cartilage and growth plate of both femur and tibia, 

ligament, and meniscus to confirm the degree of pathological correction. Vacuolization 

and column structure disturbances are the key parameters to evaluate pathological 

correction. Therefore, each tissue part of the bone was assessed based on these two 

parameters (Fig. 4.10A-C). All LV treatments showed partial correction in varying levels. 

Particularly, CBh and CD11b LVs revealed a correction in vacuolization compared to the 

untreated group; however, none reached the wild-type level. 
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Additionally, the column structure of chondrocytes in the growth plate was significantly 

corrected at the different levels following each LV treatment (Fig 4.10A-C). Furthermore, 

we measured the chondrocyte size in the growth plate of the tibia to confirm the 

reduction of storage materials by LVs. Although the chondrocyte size was significantly 

reduced compared to the untreated control group, it did not reach the wild-type level with 

all LVs (Fig. 4.10D). 

In addition, we analyzed the bone pathology of intraarticularly injected mice. The 

intraarticular injection was conducted in the exterior side of the right leg medial cavity. 

The results revealed no correction in vacuolization or columnar structure of the growth 

plates (data not shown). 
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