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Abstract 

 

Fabry disease (FD) is an X-linked inherited, lysosomal storage disorder caused by mutations in the 

Alpha Galactosidase-A (GLA) gene. This gene encodes for the GLA enzyme which is responsible for 

the catabolism of glycosphingolipids like globotriaosylceramide (Gb3). Accumulation of Gb3 in 

lysosomes results in systemic clinical manifestations and reduced lifespan. Enzyme replacement 

therapy (ERT) and chaperone therapy are the available treatments for FD however, noncurative and 

with limitations.  

We developed a potential therapeutic approach based on the permanent genetic modification of 

hepatocytes to express the GLA enzyme by targeting the albumin locus in vivo. To model late-onset 

and early-onset FD, we treated juvenile (P30) and neonatal (P5) Fabry mice with an AAV8 donor 

vector containing mAlb homology arms and a codon-optimized version of the human GLA cDNA. 

This treatment was coupled with the AAV-mediated delivery of the CRISPR/SaCas9 platform to 

increase targeting efficiency. Treatment of juvenile Fabry mice (donor, 3.0E13 vg/kg; SaCas9, 

6.0E12 vg/kg) resulted in elevated GLA enzyme activity which was stable till the termination of the 

experiment at 5 months of age, accompanied by a 70-80% reduction in Lyso-Gb3 accumulation in 

liver, kidneys and heart, compared to untreated mutant mice. To increase the safety of the procedure, 

concerns related to the use of programmable nucleases were avoided by applying a nuclease-free 

approach. Juvenile animals were treated only with the donor vector (3.0E13 vg/kg), coupled with 

the treatment with fludarabine, which enhances the gene targeting rate. This nuclease-free strategy 

resulted in increased plasma GLA activity compared to donor-only treated mice, accompanied by 

80-95% of lyso-Gb3 clearance.  

When we treated neonatal P5 Fabry mice with donor and SaCas9 AAVs, the treatment was 

significantly more efficient than in juvenile animals due to the increased targeting rate observed in 

proliferating hepatocytes present in a growing liver. In fact, we were able to completely clear lyso-

Gb3 in plasma and in the different organs with the highest dose of 3.0E14 vg/kg of donor vector, 

while a dose of 3.0E13 vg/kg resulted in a reduction of 95-98% in plasma and target organs.  

A dose escalation study with AAV-mediated episomal gene therapy was also done as a proof-of-

principle in juvenile Faby KO mice using a strong liver-specific promoter and the human codon-

optimized GLA transgene. Animals treated at 3.0E12 vg/kg and higher doses were able to reduce 

substrate accumulation by 98-100% in plasma and target tissues. Treatment with the lowest dose of 

the AAV vector (3.0E11vg/kg) resulted in the clearance of 85-95% lyso-Gb3 in the bloodstream and 

tissues proving the efficacy of the treatment for late-onset FD. ERT-treated animals were considered 

for comparative evaluation of the treatment. 
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This data is inclined towards a promising one-shot therapy using an AAV-based integrative gene-

editing approach for early-onset and AAV-based episomal gene therapy for late-onset FD to revert 

the phenotype irrespective of the Fabry disease-causing mutation. To test the translational 

applicability of this integrative strategy, AAV-LK03 vectors containing human ALB homology arms 

have been tested in human liver cell lines and will be validated in primary cultures of human 

hepatocytes, and in humanized mice to generate consistent preclinical support.
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1.1 Inherited rare diseases 

 

Rare diseases cover a wide range of 7,000-8,000 genetically inherited disorders. The definition of rare 

diseases changes among different countries. For example, in the European Union and Australia, it is 

defined as a disease whose prevalence corresponds to 1  affected person in 2,000, while it is 1 in 10,000 

according to China, 1 in 50,000 in Japan, and 200,000 affected persons according to the United States 

of America (Nguengang Wakap et al. 2020) (Khosla and Valdez 2018). The lack of a single 

epidemiology data across a continent makes these rare diseases a non-priority issue in the medical 

community. Regardless of their nomenclature and definitions, rare diseases are significantly common 

affecting 350 to 446 million people globally (30 million out of 500 million in the European continent) 

(Bax 2017) (Nguengang Wakap et al. 2020). The term “rare diseases” is often interchangeably used 

with “orphan diseases” or diseases that have been under-estimated and under-appreciated by the 

medical and research community like Huntington’s disease and even a few common issues like pediatric 

Severe combined immunodeficiency (SCID) and pediatric diabetes, and lysosomal storage disorders 

(LSD) like Fabry disease. Eighty percent (80%) of these disorders have a genetic cause that is usually 

a recessive mutation in the genome, which is often heritable (Tambuyzer 2010). 

The advancements in DNA sequencing techniques and big data analysis have paved the way for 

discovering and diagnosing rare disorders. Orphanet is an open platform in which all the sequencing 

data are stored, providing modifiable gene-sequencing panels, genetic tests, and directories from 

diagnostic laboratories for rare diseases (Pavan et al. 2017). Other than this, Whole-Exome Sequencing 

(WES) has also helped in the identification of genetic mutations (Nguyen and Charlebois 2015). 

Although the exome comprises 2% of the entire genome, it is estimated that 85% of the heritable 

Mendelian disease-causing mutations are in this region. There is enough evidence to support that 

genetic aberrations in the rest of the 98% genomic component, the non-coding sequences, are the 

causative of many genetic diseases as well. Other than sequencing, genetic counseling, family tree 

studies, and prenatal analysis are methods to assist diagnose the possibility of the presence of rare 

disease-causing mutations (Cornel et al. 2021). Due to a lack of enduring solutions for rare diseases, 

patients often rely on dietary therapies in case of metabolic disorders or Enzyme Replacement Therapy 

(ERT) for a limited number of conditions to improve their quality of life. Ultimately, patients must 

undergo organ transplants to revert the phenotype. Research being done on rare diseases like lysosomal 

storage disorders (Hunter syndrome, Fabry disease, Pompe disease, etc.) with gene therapy to target the 

core genetic cause has brought in hope for a more reliable treatment. 
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1.2  Lysosomal Storage Disorder 

 

1.2.1 The lysosome 

In order to better understand Lysosomal Storage Disorders (LSDs) it is vital to skim through the 

significance of the lysosome. Nearly 60 years ago in 1963 the Nobel Laureate, Christian de Duve 

introduced “The Lysosome” in the Scientific American journal as “This small particle acts as the 

digestive tract of the living cell. Its enzymes dissolve the substances ingested by the cell under certain 

circumstances can dissolve the cell itself” (de Duve 1963). This discovery has become an aid in the 

identification of over 50 LSDs and hence novel curatives. 

Lysosomes are cell vacuoles that use acid hydrolases to digest the extracellular material taken up by the 

cell’s macrophages by phagocytosis and clean up the cell’s intracellular compartment by autophagy. 

The endocytic role of lysosomes not only contributes to their function but also their formation. The 

extracellular material is endocytosed by a clathrin-coated endocytic vesicle followed by budding from 

the plasma membrane and eventually fusing with the endosomes. These endosomes progressively 

mature to late endosomes characterizing the lowering of the internal pH of the vacuole. These events 

trigger the formation of the lysosome by stimulating the recognition of acid hydrolases synthesized in 

the rough endoplasmic reticulum, in the trans-Golgi network by mannose-6-phosphate (M6P) residues 

Figure 1. Formation of lysosomes. Lysosomes are membrane-bound organelles 

formed by the fusion of endocytic vesicles-enclosing extracellular substrate and 

transport vesicles with acid hydrolases bound to M6P receptors. With optimal pH the 

acid hydrolases dissociate from the receptors and engage in catabolizing the substrate 

acting as degrading bodies.  
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and their receptors. These hydrolases are then packed in the clathrin-coated vesicles and fuse with the 

late endosomes. The low pH of the endosomes allows the dissociation of the hydrolases from the M6P 

receptors. Once the late endosomes containing the target molecules acquire the necessary hydrolase 

mature and form the lysosome as depicted in Figure 1 (Luzio et al. 2000) (von Knebel Doeberitz and 

Wentzensen 2008).  

There are about 60 enzymes constituting the family of lysosomal hydrolases. Glycosidases (Alpha-

Galactosidase A, Cytosolic Beta-Glucosidase, Hyaluronidase1/4, etc.) use carbohydrates, glycoprotein, 

and glycolipids as their substrates; nucleases like DNase I/II and Phospholipase D3/D4 act on RNA and 

DNA molecules; phosphatases play their role in the removal of phosphate groups from its substrate 

(polysaccharides and mucopolysaccharides, and sulfates) by hydrolysing phosphoric acid monoesters. 

Proteases like the Cathepsin family and Napsin digest proteins, peptides, and collagen, and Lipases 

(LIPA and LIPL4) break down cholesteryl esters and triglycerides. The proper functioning of the 

lysosome and its enzymes is vital for cell homeostasis. The table assembled below classifies lysosomal 

enzymes based on the target substrate along with their genes since mutations in the gene encoding these 

lysosomal enzymes are known to cause lysosomal storage disorders (Table 1).  

 

1.2.2 Understanding LSDs 

Lysosomal storage disorders or LSD are a group of around 50 inherited metabolic diseases dealing with 

deficiencies and malfunctioning acid hydrolases of the lysosomes. Most LSDs occur due to mutations 

in the genes encoding these enzymes, translating to misfolded or inefficient protein production, ER 

retention, and aberrations in lysosomal intracellular trafficking and signaling mechanisms. 

Pathologically, this condition leads to the accumulation of non-degraded substrates in the lysosomes 

inside the cell, eventually manifesting clinical symptoms. Lysosomal storage disorders are classified 

based on the type of accumulating substrate. For example, defects in enzymes responsible for 

Glycosaminoglycans (GAG) catabolism are categorized as mucopolysaccharidoses, defects in enzymes 

for sphingolipid catabolism are sphingolipidoses, for glycolipids and glycoproteins; glycoproteinoses 

(Parkinson-Lawrence et al. 2010). LSDs also cover diseases with defects in the machinery leading to 

the maintenance of lysosomes like post-translations processing of lysosomal enzymes, defects in 

channels and transporters of these enzymes or substrates, or even defects in the machinery of lysosome 

synthesis itself.  
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1.2.3 Reviewing treatments and trials for LSDs 

There are several treatments available for patients suffering from lysosomal storage disorders like 

hematopoietic stem cell transplantation (HSCT), enzyme replacement therapy (ERT) (Mindy 2018), 

substrate reduction therapy (SRT) (Coutinho, Santos, and Alves 2016), and pharmacological chaperone 

therapy (PCT) (Parenti, Andria, and Valenzano 2015) to name a few. ERT has proven to be effective 

for many of these disorders (listed in Table 2). The first recombinant enzyme approved was Alglucerase 

Table 1. Classification of Lysosomal Storage diseases. Lysosomal storage disorders can be broadly 

classified based on the substrate that accumulates in the lysosomes of the affected cells. The table represents 

a few categories and major diseases associated with the storage molecule and the respective acid hydrolase 

or lysosomal enzyme responsible for the catabolism of the substrate. 
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for Gaucher’s disease type 1, which dates back to 1991 (Whittington and Goa 1995). Following this, 

other enzyme replacement products for Gaucher disease were approved like Imiglucerase (Zimran et 

al. 1995), and Taliglucerase alpha. Fabrazyme and Replagal were approved in recent years for Fabry 

disease (Pisani et al. 2012). According to the Canadian Agency for Drugs and Technologies in Health 

(CADTH) Common drug review, the cost of treatment using Fabrazyme and Replagal per patient per 

year is 312,186 USD and 299,821 USD respectively with a life-long course of treatment, this unrealistic 

cost comes along with a considerable loss in the quality of life. Currently, the standard treatment to 

manage the phenotype of diseases like Gaucher disease, Pompe disease, neuronal ceroid lipofuscinosis 

type 2 (CLN2), Fabry disease, and mucopolysaccharidoses is dependent on their respective enzyme 

replacement therapy products (Silva et al. 2022).  

Pharmacological Chaperone therapy (PCT) works on the principle that molecules called chaperones 

help to stabilize protein folding and unstable conformations. Velaglucerase alfa was first approved for 

Gaucher patients for whom ERT was not an option (Cox et al. 2008). Migalastat is the only approved 

drug using PCT for Fabry disease (Germain et al. 2016), however, there are clinical trials ongoing for 

similar drugs for other LSDs. Ambroxol an over-the-counter drug just completed phase-2 clinical trials 

for type 1 Gaucher disease (Zimran, Altarescu, and Elstein 2013). Despite important research, 

chaperone therapy targets only a small proportion of patients due to its mutation-specific mode of 

action. 

Table 2. FDA-approved ERT for LSDs. There are several FDA-approved Enzyme Replacement 

Therapy (ERT) available for the treatment of lysosomal storage disorders. Most recently Pegunigalsidase 

alfa has been accepted for FDA approval in 2023 for Fabry disease. 



Introduction 

21 
 

A promising tool for the treatment of LSDs is gene therapy. Jacob Favret in his review of lysosomal 

storage diseases explains the different approaches to treatment represented in Figure 2 (Favret et al. 

2020). Recently many gene therapy studies based on in vivo AAV-mediated delivery of a functional 

copy of the defective gene have advanced to the clinics. Reports suggest encouraging progress using 

adeno-associated viral vectors serotype 8 (AAV8) because of its efficient transduction abilities along 

with an appreciable safety profile and long-lasting expression in non-replicative cells in vivo. There is 

incessant research being done in the field of engineered AAV capsids to increase transduction efficiency 

and safety. AAV-DJ and AAVLK03 are some engineered AAV capsids that are capable of enhanced 

specie-specific infectivity that have reached clinics and are being tested in phase-1 and phase-2 trials, 

making AAV a good candidate for use in pre-clinical and clinical research (Wang et al. 2015). For some 

LSDs, the delivered gene expresses the correct enzyme which is secreted from its depot organ like the 

liver and taken up by other organs using M6P receptors. This “cross-correction” is being applied to 

gene therapy treatments of various LSDs like Fabry disease.  

Figure 2. Potential therapeutic approaches to treat substrate accumulation in LSDs. This image 

from Favret et al. reviewed the different therapeutic approaches being researched and tested to target substrate 

accumulation in LSDs. 1) Bone marrow transplantation (BMT) (2) Enzyme replacement therapy (ERT) 

compensates for the loss of endogenous hydrolase activity by providing recombinant enzyme (3) Pharmacologic 

chaperone therapy (PCT) can improve the catalytic activity of the misfolded lysosomal enzyme by promoting 

folding and acquisition of functional conformation of the nascent mutant peptide (4) Gene therapy (GT) (5) 

Substrate reduction therapy (SRT) involves the delivery of small molecule inhibitors that reduce biosynthesis of 

the specific accumulating substrate. (Favret J M. et al., 2020) 
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Adult Fabry patients have been involved in a clinical trial with AAV6 (NCT04046224) and with other 

engineered capsids (NCT04040049, NCT04519749) to test safety and tolerability. Other than this, a 

phase-1/2 clinical trial delivering AAV8 to late-onset Pompe disease patients is ongoing 

(NCT04093349, NCT04174105). Also, in a multi-center phase-1/2 clinical trial (NCT03173521) 

AAV8-based vector has been administered to MPS IV patients. 

Ex vivo gene therapy using lentiviral vectors works by correcting the patient’s cells by manipulating the 

genetic structure to produce a functional protein followed by re-implantation into the patient. In 2018, 

a phase-1/2 clinical trial was initiated for Mucopolysaccharidosis Type I, using lentiviral mediated gene 

therapy which has recently shown promising preliminary clinical data. Similarly, in the case of Gaucher 

disease, a successful preclinical mouse data was followed by a phase 1/2 clinical trial by Avrobio where 

lentiviral modified HSCs are being administered to patients.  

A list of recent ongoing clinical trials with gene-based therapies is presented in Table 3 (Kido, 

Sugawara, and Nakamura 2023). Patients treated with ERT and PCT have noticed more manageable 

phenotypes of the disease condition. However, the course and high cost of the therapies reduce the 

quality of life substantially. Therefore, targeting lysosomal storage disorders at the root cause is 

essential and the research with gene-based therapies comes with a hope of a potential therapeutic for 

LSDs. 

 

1.3 Fabry disease 

 

1.3.1 Overview and research history 

Fabry disease (OMIM 301500) is a rare lysosomal disorder often reminded as Anderson-Fabry disease 

after the researchers who brought light to it. Other nomenclatures include Alpha-galactosidase A 

deficiency or GLA deficiency, Angiokeratoma corporis diffusum, Diffuse Angiokeratoma, Ceramide 

trihexosidosis (Brady et al. 1967), and Hereditary dystopic lipidosis. It is an X-linked inborn error of 

metabolism which occurs due to the deficiency of the Alpha galactosidase enzyme intended to 

catabolize globotriaosylceramide or Gb3 and its isoforms, instead progressively accumulates in the 

lysosomes of the cells (Figure 3). There are more than 1000 mutations registered in the GLA gene 

translating into a defective enzyme with reduced (non-classical variant) and minimal or null (classical 

variant) Alpha-D- Galactosidase A enzyme activity. 
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Table 3. Gene therapy-based clinical trials for Lysosomal Storage diseases. Gene therapy and genome editing are 

proving to be potential treatment approaches to lysosomal storage disorders. The table lists clinical trials with gene-based 

therapies, most of which are in Phase-1 and -2. However, many treatments are undergoing long-term follow-up studies and have 

the potential for FDA approval. The list was updated in April 2023 from clinicaltrials.gov 
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Currently, enzyme replacement therapy therapeutics Replagal and Fabrazyme, and more recently 

chaperone therapy product Galafold, have been made available in the market to treat Fabry disease. 

There is a dire need for awareness of Fabry disease among the general population. In a study on global 

research on Fabry disease, it was noticed that from 1973 to 2018 a total number of 1,975 articles were 

published with the USA leading in the research followed by Germany, Italy, the UK, France, and Japan. 

The global market for the treatment of Fabry disease blooms with an estimated 3.12 billion USD growth 

by 2025 according to Value Market Research (Klingelhöfer et al. 2020). 

Anderson-Fabry disease came into light for the first time in 1898 when two dermatologists 

independently reported cases indicating the novel disease. Johannes Fabry in Germany diagnosed a 13-

year-old patient suffering from nodular purpura and albuminuria as a case of Angiokeratoma Corporis 

Diffusum. While in the same year in England, William Anderson reported a systemic disorder in his 39 

years old patient suffering from Angiokeratomas, proteinuria, varicose veins, lymphedema along with 

deformities in the fingers (Anderson 1898). Several similar cases followed the initial description of the 

disease. It was identified to possess hereditary traits when Pompen in 1947 reported the death of two 

brothers with the same disease (Pompen, Ruiter, and Wyers 1947). A breakthrough in the context of the 

disease came with the discovery of Gb3 in 1963 by Sweeley and Klionsky. It was found that the 

accumulation of this lipid in the lysosomes was the main cause of Fabry disease. Eventually, the 

Figure 2. Fabry disease. Fabry disease is caused due to a mutation in the GLA gene encoding Alpha-

galactosidase A enzyme responsible for the degradation of larger Gb3 and its isotopes into smaller 

molecules in the lysosome. Due to the mutation in the gene, a misfolded or inefficient GLA is produced 

and is unable to hydrolyse Gb3 substrates resulting in substrate accumulation in the lysosome and a 

systemic response known as Fabry disease. 
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defective α-Galactosidase A gene was identified to be the primary contributing agent of Anderson-

Fabry disease. 

 

1.3.2 Molecular basis and pathophysiology 

Fabry disease is caused by the deficiency of Alpha D-Galactosidase A (E.C. 3.2.1.22) an enzyme 

translated from the GLA gene (Gene ID: 2717) present on the long arm of the X chromosome at q22.1 

(Xq22.1). It is a 12kb gene with a 1290 base pair long coding sequence with 8 exons and 429 amino 

acids. Structural studies of the gene describe it as a homodimer glycoprotein, where each monomer in 

the dimer contains two domains: a C-terminal antiparallel β domain and a (β/α) barrel with the active 

site. The GLA protein is secretory as well as cellular in nature and abundantly available in most organs 

in a healthy individual. The functional significance of the protein relies on its catalytic capabilities in 

that hydrolysis of the terminal alpha-galactosyl moieties from glycolipids and glycoproteins (Garman 

and Garboczi 2004). Predominantly, it is responsible for the catalytic cleavage of the terminal galactose 

from Gb3 (Globotriaosylceramide) (Garman and Garboczi 2004). Gb3 or ceramide trihexoside is 

formed by the linkage of galactose and lactosylceramide making it a lipid moiety that is also a cluster 

of differentiation (CD77). Accumulation of glycosphingolipids, such as globotriaosylceramide (Gb3) 

isoforms, globotriaosylsphingosine (lyso-Gb3) and isoforms, and galabiosylceramide (Ga2) isoforms, 

are measured in human plasma and urine and are standard substrate markers of Fabry disease (Garman 

and Garboczi 2004) (Figure 4.).  

According to fabry-database.org, more than 1000 mutations have been reported in the gene including 

1518 missense and 297 nonsense accounting for a large percentage of the mutations. However, it is 

crucial to note that not all of them lead to a defective GLA protein, but more than 800 mutations have 

already been held responsible for the condition. These mutations in the GLA gene translate to misfolded 

or inefficient GLA protein depending on the mutation, which is unable to degrade Gb3 molecules inside 

the lysosomes. As a result, there is progressive accumulation of the substrate in the cells leading to 

clinical manifestations. 

Suffering patients experience a systemic response that varies with each individual. A few mentioned: 

acroparesthesias, heat intolerance, tinnitus (nervous system), vomiting, diarrhea, and nausea along with 

loss of weight target the gastrointestinal tract. Angiokeratomas and hypohidrosis are some of the most 

common abnormalities affecting the skin, the eyes suffer from corneal and lenticular opacities and 

vasculopathy. The two most affected organs include the kidneys which start to malfunction and lead to 

proteinuria, hyperfiltration, and show increased urine Gb3 levels, and the heart which displays signs of 

arrhythmias, ECG abnormalities, and valvular insufficiency to mention a few (Germain 2010).  
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Based on these severe phenotypes, FD is classified according to the affected organ, with the renal and 

the cardiac variants covering the majority of the cases. However, Fabry disease is more often classified 

on the basis of its onset; the classical variant or early-onset FD, and the atypical or late-onset FD. The 

GLA enzyme activity in late-onset patients ranges from 3 to 30%, with symptoms evident in the third 

decade of life whereas, in the case of classical form, patients have mutations causing minimal or no 

residual GLA enzyme activity (1-3%) affecting the quality of life from an early age and reducing life 

expectancy. Children with classical FD suffer intolerance to heat, skin abnormalities, gastrointestinal 

problems, and burning pain in the limbs known as Fabry crises which often extend to renal and cardiac 

symptoms toward adulthood (Michaud et al. 2020). 

  

1.3.3 Epidemiology and diagnosis 

FD is an X-linked inherited disorder associated with the defective GLA gene present on the X 

chromosome and therefore, majorly affects the male population. It is also widely accepted that 

heterozygous females carrying the defective gene have been reported with mild to severe symptoms 

Figure 4. Substrate markers of Fabry disease. Accumulation of substrates like Globotriaosylceramide (Gb3) 

and globotriaosylsphingosine (lyso-Gb3) and their isoforms found in tissues, blood and urine are quantified using 

Mass-spectrometric techniques as markers of Fabry disease.  
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due to random X inactivation. Based on the skewing of X inactivation, some cells express normal range 

of GLA whereas, some other cells will have minimum or null GLA expression, leading to mosaic GLA 

expression at cellular levels (Hughes 2008). 

FD involves multiple organs and varied clinical manifestations with variables like age and sex, it often 

remains underdiagnosed in a common population. The true prevalence of the disease should be studied 

regionally due to its pan-ethnic nature which creates an alarming inconsistency in the number of cases 

globally. In Taiwan, a newborn screening predicts an unexpected 1 in 1,500 FD affected males (Lin et 

al. 2009). During a newborn and family screening in Italy, the numbers reach up to 1 in 3,100 males 

with an 11:1 ratio of late-onset to classical phenotype, proving the higher undiagnosed incidence of 

late-onset FD. Another study in the Netherlands involving pre-natal and post-natal diagnosis accounts 

for 1 in 500,000 FD patients. Similar numbers were diagnosed in the UK (1 in 300,000 as well). This 

discrepancy has led to misjudged prevalence figures in the community (Spada et al. 2006). 

In case the patient is suspected to be suffering from Fabry disease, genetic and enzymatic evaluations 

are done. Clinical tests for the activity of the α-Galactosidase enzyme in plasma are done for both 

classical and non-classical FD. Genetic testing confirms the type of mutation in the enzyme locus and 

its repercussions. This type of genetic testing is recommended for females since enzymatic assay is 

most likely to indicate residual activity. Furthermore, genetic counseling or familial studies have helped 

diagnose Fabry's disease. In families with this X-linked disorder, prenatal evaluation is done through 

the analysis of amniotic fluids and gene sequencing for suspected mutations (Michaud et al. 2020). 

1.3.4 Research, treatments, and trials 

Due to the complex symptoms of the disease which vary from each individual, the diagnosis is often 

delayed and mostly neglected. It is crucial and perchance rare for a general practitioner to identify a 

patient's symptoms as those of Fabry disease. Therefore, a major undiagnosed population is often treated 

with organ-specific treatments in the case of late-onset FD. Currently, patients diagnosed with Fabry 

disease are treated with ERT. Studies are attempting novel treatments are therapeutics for Fabry disease. 

ERT stands first in line to show some success in the treatment of Fabry disease. Recombinant alpha- 

galactosidase enzyme is intravenously infused once every two weeks, in an attempt to provide for the 

deficiency. There are two recombinant products available for the purpose since 2001: Fabrazyme or 

Agalsidase beta and Replagal or Agalsidase alpha. Studies have shown improvement in the clinical 

manifestations during the early stage of the disease involving the heart and kidney, and a reduction in 

pain has also been observed. Despite the success, the long-term effect is yet to be determined. Keeping 

in mind the half-life of the enzyme, multiple infusions, liver-directed ineffective biodistribution, and 

immune response against the recombinant product do not ascertain a permanent and stable cure 

(Rombach et al. 2013). Several missense mutations have been studied which tend to produce a normal 
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GLA protein but result in reduced enzymatic activity due to protein instability. Chaperones are 

substances that bind to the mutated protein and assist it in proper folding, restoring stability, maturation, 

and trafficking to the lysosomes. Migalastat is 1-deoxygalactonojirimycin, a galactose analog or 

chaperone from Amicus Therapeutics is an oral drug taken every other day to treat FD. The long-term 

efficacy of the drug is being studied. A major drawback to this therapy is its eligibility for particular 

mutations which cannot be applied to all GLA mutations (McCafferty and Scott 2019). 

Recent research with substrate reduction therapy (SRT) aims for the reduction of the substrate Gb3 as 

the name suggests. To reduce the accumulation of Gb3 in the lysosomes glucosylceramide synthetase 

inhibitors are used to slow down the rate of Gb3 production. N-butyldeoxynojirimycin, an imino sugar 

analog is under observation for this therapy. Though SRT aims to control the Fabry condition by 

inhibiting Gb3 accumulation and not restoring function GLA, it might spring better results if used 

alongside ERT (Guérard et al. 2018). Another potential approach is promoter activation therapy which 

aims at the amplification of the residual enzyme in Fabry patients. Small molecule promoter activators 

can be targeted to bind the GLA promoter in the cells to boost transcription and produce an increased 

amount of mutated GLA protein to degrade Gb3 and promote trafficking. This technique cannot be used 

in patients suffering from the classical form of Fabry disease (Figure 5) (Motabar et al. 2010). 

The basic goal of gene therapy development for FD aims at the over-expression of GLA protein in the 

target organ, efficient secretion, reabsorption by the cells of the different organs via mannose-6-

phosphate receptors and eventually degrade the accumulating substrate in the lysosomes. There are 

phase-1 and -2 clinical trials ongoing for Fabry disease (Domm et al. 2021). There is a promising 

progress trend for some therapies including long-term follow-up studies for two AAV-based therapies 

by Sangamo therapeutics (ST-920) and Freeline therapeutics (FLT190) and an ex vivo study using 

lentiviruses by AvroBio (AVR-RD-01). The increasing research in the field is indicative of a gene 

therapy-based treatment for Fabry disease. 
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1.3.5 Fabry mouse models 

The deposition of Gb3 and Lyso-Gb3 leads to a gradual systemic response including renal failure, 

premature myocardial infractions, and keratomas in patients. To study the disease and explore 

alternative treatments animal models are valuable. For FD, a mouse model widely used was developed 

by T. Ohshima and their group by gene targeting completely abolishing alpha-galactosidase A activity. 

Though the phenotype is not severe, and the mouse does not show clinical symptoms, accumulation in 

lysosomes has been observed at around 5 months of age. This model is being widely used to obtain 

preclinical data in clinical trials as well (Ohshima, Gary J Murray, et al. 1997). Another mouse model 

generated by crossing GLA knockout mice with a Gb3 synthase expressing transgenic mice 

(G3Stg/GLAko) displays phenotypic symptoms like progressive kidney impairment, albuminuria, and 

much higher Gb3 accumulation in organs and serum. This is a promising model for use in preclinical 

research, however, is not commercially available (Taguchi et al. 2013). 

Figure 5. Potential gene-based therapies applied to clinical and preclinical trials for Fabry 

disease. Domm J M. et al. reviewed in his publication the different gene therapy techniques being used for 

Fabry disease including in vivo and ex vivo strategies using Adeno-associated virus and Lentiviruses 

respectively. Non-viral vectors are also being discussed and tested in the clinics. All these gene therapies share 

a common goal to deliver a therapeutic payload of GLA enzyme to treat Fabry disease. 
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1.4  Genetic manipulation as a therapeutic tool 

 

1.4.1 Gene therapy 

Gene therapy is a promising component of therapeutic medicine for a variety of acquired and inherited 

diseases like hemophilia, eye disorders, neurodegenerative disorders, and cancers with product 

approvals in the USA and Europe. Presently there are more than 2500 approved clinical trials that are 

ongoing around the world which majorly target cancers followed by monogenic diseases and 

cardiovascular diseases.  

Gene therapy is the transfer of genetic material to repair, regulate, add, or delete a genetic sequence to 

prevent, halt or reverse a pathological process. In the case of monogenic diseases, the genetic material 

transferred usually refers to a “healthy” variant of the mutated gene. The principle of augmentation of 

gene therapy in the long-term expression of transferred genes at therapeutic levels is sufficient to revert 

the hyper/hypo physiological level to normal levels.  

AAV-based episomal gene therapy is an emerging field of research and development where a 

therapeutic gene of interest is delivered to the target cells using AAV as cargo. This infection is 

exploited by the AAV to transduce the therapeutic gene into the cell’s nucleus where it remains as an 

episome which are small circular DNA molecules that exist independently of the host genome. Post-

infection, the transgene is expressed by the cell’s machinery transiently. Vector loss due to cell 

duplication is a major concern leading to loss of efficacy of the treatment, however, liver-directed AAV-

based episomal gene therapy has shown success in adults where hepatocyte duplication rate is rather 

low.  

Gene therapy is widely classified based on the mode of administration; ex vivo or in vivo, and the mode 

of delivery; viral vectors (Table 4.), or non-viral vectors. When the therapy is executed by extracting 

defective cells from the patient’s body, genetically manipulating them to normal or healthy cells, and 

then re-infusing them into the patient, an ex-vivo procedure is performed. On the other hand, in vivo, 

therapy involves treating the patient by directly administering the corrected gene via local or systemic 

administration of a vector carrying the therapeutic DNA into the patient’s body. 
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1.4.1.1 Viral vectors 

Retroviral vectors 

Retroviruses belong to the retroviridae family and were one of the first viral vectors to be used in gene 

therapy clinical trials. They are lipid-enveloped particles with a single-stranded RNA as their genetic 

material. The RNA of these vectors is 9Kb to 11Kb in size with long terminal repeats (LTR) at each 

end flanking the gag, pol, env essential genes required for packaging. The envelope is responsible to 

interact with the receptors on the target cells thus controlling the host tropism. The target range of these 

vectors was explored by pseudotyping where the vector binding proteins are engineered to substitute 

with other unrelated viral strains. Once received by the target cells the RNA genome is reverse 

transcribed into double-stranded linear DNA which integrates into the host genome. The drawback of 

using retroviruses as vectors is their random integration which gives rise to the possibility of insertion 

near oncogenes with the risk of tumorigenesis. Also, these are highly immunogenic and can transduce 

only dividing cells (Elsner and Bohne 2017).  

Table 4. Viral vectors used in gene-based therapies. Gene transfer for gene-based therapies can be 

facilitated using viral vectors like Adenovirus, Adeno-associated virus, Lentivirus and Retrovirus. Adeno-

associated viruses (AAV) are most commonly used in in vivo clinical trials due to their safety profile and 

packaging capacity, whereas Lentiviruses have shown promising abilities in ex vivo gene delivery systems. 

*BSL=Biosafety level, ds= double-stranded, ss=single-stranded 
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Lentiviral vectors 

Lentiviruses are a genus of the retroviridae family as well derived from HIV. In addition to the 

retroviridae genes gag, pol, env there are two regulatory genes known as tat and rev essential for viral 

replication and four accessory genes vif, vpr, vpu, and nef which are mandatory for in vivo pathogenesis 

and replication. Lentiviruses can infect dividing and non-diving cells and therefore they are highly used 

in terminally differentiated and stem cells as well. There have been multiple modifications made to the 

genome of the vector to increase safety however, recently the Self-inactivating (SIN) third-generation 

lentivirus has proven to be very efficient and safer in clinical trials (Dull et al. 1998) (Miyoshi et al. 

1998).  

Adenoviral vectors 

Adenoviruses have a double-stranded DNA as their genetic material with a capsid that is icosahedral 

and non-enveloped and a packaging capacity of approximately 35Kb between two inverted terminal 

repeats (ITRs). However, a second vector known as the helper vector is required to carry the genes 

required for viral replication. Adenoviruses are highly immunogenic which makes them incompatible 

with their use in monogenic diseases and in vivo therapy, but are good candidates for the production of 

vaccines (Boussettine et al. 2023).  

Adeno-Associated Virus (AAV) 

Adeno-associated virus (AAV) was discovered as a contaminant of adenovirus in 1965. This is an 

emerging luminary in the vector world of gene therapy. AAV is one of the smallest known single-

stranded DNA viruses (~4.7kb) with a 22 nm icosahedral capsid, belonging to the parvovirus family. 

At the termini, AAV has two 145 bp inverted terminal repeats (ITR) flanking the two viral genes rep 

(replication) and cap (capsid), encoding the structural and non-structural proteins obligatory for virus 

formation and multiplication. The rep region, through two promoters and alternative splicing, encodes 

four regulatory proteins; Rep78, Rep68, Rep52, and Rep40, involved in genome replication. The cap 

gene, has three capsid proteins, VP1 (virion protein 1), VP2, and VP3, with a molecular weight of 

87kDa, 72kDa, and 62kDa, respectively in the available in ratio 1:1:10 (Gonçalves 2005b).  

These viruses are usually non-pathogenic although a co-infection with a helper virus; usually 

adenovirus or herpes simplex virus can result in a productive infection. AAV lifecycle also consists of 

two phases: lytic and lysogenic phases. During infection, if helper genes (from adenovirus or any 

lentivirus) are available then the lytic pathway is followed. These helper genes from adenovirus (i.e., 

E1A, E1B, E2A, E4) assist productive infections characterized by genome replication, viral gene 

expression, and virion production, whereas the herpes virus provides the DNA polymerase and 

helicases. In the absence of any helper genes, AAV adopts the lysogenic pathway where genome 

replication and gene expression reduce. The genome establishes latency by integrating chromosome 19 
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on a 4kb region known as the AAVS1 locus. AAV has 12 serotypes, some of human origin whereas 

others of non-human origin with diverse tissue tropism. Despite the high seroprevalence of AAV, 

serotype 2 is the most common in human beings with about 50-80% seropositivity globally 

(Balakrishnan and Jayandharan 2014). Studies have reported 58.5% and 56% seropositivity in a cohort 

of 546 Hemophilia A patients and 101 males with Duchenne Muscular Dystrophy (Klamroth et al. 

2022) (Verma et al. 2022). Intracellular trafficking of AAV vector is a major rate-limiting step in most 

cell types and any improvement in the area would directly increase its efficiency as a gene therapy viral 

vector. The general transduction follows the binding of the virus to a receptor, its endocytosis, 

intracellular trafficking through the endosomal compartments, escaping from the compartment, 

trafficking to the nucleus, uncoating, viral genome conversion to double-stranded DNA, and finally 

expression (Gonçalves, 2005).  

 

1.4.1.2 Non-viral vectors 

Non-viral vectors demonstrate much lower immunogenic reactions and toxic effects, the production 

mechanism is easier and hence they are cheaper to produce as compared to viral vectors and their 

drawbacks. The progress made in long-term gene expression and biosafety of non-viral vectors has led 

to increased use in clinical trials in the past decade. However, they are unable to fulfill the ideal vector 

properties. These vectors are generally used to deliver small DNA (oligodeoxynucleotides), plasmid 

DNAs, and RNA molecules including siRNAs, miRNAs, ribozymes, and mRNAs. Intracellular 

delivery is possible by disrupting the membrane barrier of the cell using physical means like 

electroporation, sonoporation, ultrasound-assisted microbubbles, gene gun, etc. Liposomes have 

demonstrated enhanced biocompatibility, low immunogenicity, and capability to carry large molecules 

making them efficient vector candidates. Cationic polymers are another alternative being studied as 

potential non-viral vectors. Vectors like lipoplexes and polyplexes have demonstrated appreciable 

results in vitro but fail to replicate the same potential in in vivo settings (Sarvari et al. 2022).  

There is a large number of studies ongoing to explore other non-viral vectors like nanoshells, cell-

penetrating peptides, conjugated polymers, sleeping beauty transposon, and SPION (superparamagnetic 

nanoparticle). Lipid nano particles (LNPs) are a promising vehicle to deliver therapeutics and most 

recently have been successful to deliver mRNAs for example in the case of the COVID-19 vaccine from 

Moderna against the coronavirus was approved in 2020. Moreover, antisense oligonucleotides have also 

seen popularity specially in case of Duchenne muscular dystrophy (DMD) with Exondys51, 

Vyondys53, and Amondys45 approved in 2016, 2019, and 2021 respectively from Sarepta therapeutics. 

Tegsedi from Ionis pharmaceuticals and Onpattro from Alnylam were approved in 2018 for 

Amyloidosis. For the treatment of Transthyretin amyloidosis (ATTR amyloidosis), NTLA-2001 

(NCT04601051) is being researched to deliver CRISPR/Cas9 system via LNPs (Gillmore et al. 2021). 
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1.4.2 Genome editing 

With the progressing gene therapy research, genome editing was a breakthrough in the field opening up 

new endeavors by precise targeting into the genome using engineered and programmable enzymes to 

manipulate DNA.  

 

1.4.2.1 Understanding double-stranded breaks 

The “programmable enzymes” or endonucleases are designed to target a specific genomic region and 

execute double-strand breaks (DBS), progressively triggering the cell’s repair mechanisms. Based on 

the stage in the cell cycle, either of the endogenous repair mechanisms can be stimulated: Non-

homologous End Joining (NHEJ) or Homology-Directed Repair (HDR) (Figure 6).  

Non-homologous end joining or NHEJ machinery can recognize and join diverse DNA, and 

chromosomes resulting in chromosomal translocations. NHEJ is an efficient but error-prone mechanism 

since repeated repairs can cause small insertion and deletion mutations at the site of the double-stranded 

break, denominated INDELs (INsertions-DELetions). These INDELS can lead to a frameshift in the 

open reading frame of the DNA coding region and eventually loss of function of the gene. For example, 

Huntington's disease and achondroplasia are gain of function mutations in HTT and FGFR3 genes, 

respectively, which are actively treated using NHEJ-based therapies. NHEJ-based DNA repair is more 

frequent since it occurs both in diving and post-mitotic cells throughout the cell's life cycle, predominant 

during the G1, S, and G2 phases of the cycle (Weterings and Chen 2008). 

In contrast, HDR-based repair occurs primarily in the S/G2 phases of the cell cycle. It utilizes a “correct” 

template with homology to the sequence near the DSB. Homologous recombination (HR) is a cellular 

mechanism responsible for maintaining genome integrity and stability, and repairs of DSBs, incomplete 

telomers, and damaged DNA replication forks. In the case of meiosis, the diversity of precursor cells 

results due to the exchange of information between maternal and paternal alleles, followed by precise 

segregation of the two homologous chromosomes mediated by HR (Gilles and Averof 2014).  
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1.4.2.2 CRISPR/Cas and other advanced nucleases 

Major advancements have taken shape over the years in the field of site-specific genome targeting, 

especially with the discovery of nucleases and their manipulation for precise and efficient editing.  

There are four major categories of nucleases; Mega nucleases (MegNs), Transcription Activator-Like 

Effector Nucleases (TALENs), Zinc-finger Nucleases (ZFNs), and Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)/ CRISPR-associated system 9 (Cas9) (Figure 7).  

Meganucleases (MegNs) are naturally occurring endodeoxyribonucleases translated from the self-

splicing elements of the genome. They work by exploiting their molecular function to act as invasive 

DNA using its endonuclease activity surrounding the introns and invade the coding sequence using its 

splicing activity. MegNs are regarded as highly specific since they cleave the dsDNA at a specific 

recognition site of 14-40 bp and can be used for the development of therapies for inherited diseases 

from nonsense or frameshift mutations. However, the preparation of custom MegNs is complex and 

inefficient, and the probability to find an enzyme that can target the desired locus is small which makes 

them challenging to work with (Wang and Doudna 2023).    

Zinc-finger nucleases or ZFNs are engineered by joining several zinc-finger domains, the DNA binding 

domain, and Fok1, the endonuclease domain to create the DSB where each finger domain recognizes 3  

Figure 6. Repairing double-strand break. The cell’s repair mechanism approaches the 

double-strand break with two different mechanisms: non-homologous end joining (NHEJ) or 

Homologous directed repair (HDR). NHEJ is capable of joining two diverse ends of DNA generating 

small insertions and deletions (INDELS) whereas, HDR repairs DSBs by homologous 

recombination (HR) efficiently creating gene insertions in the presence of a donor DNA 
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bases. Though the pre-existing combinatorial assembly of zinc fingers aids in its designing, the 

specificity of ZFNs depends on the sequences adjacent to the target sequence in the genome known as 

“context-dependent specificity” which causes fragmentation and non-specific cleavage (Lu et al. 2022). 

Working on improving the limitations faced with ZFNs, TALENs, or Transcription activator-like 

effector nucleases were developed. Similar in rearrangement, TALENs are made by fusing the FokI 

restriction endonuclease domain with a DNA binding domain consisting of conserved repeats derived 

from transcription activator-like effectors or TALE. A TALE is made of a transport signal, a DNA-

binding domain with one nucleotide recognition site, and a carboxy-terminal for nuclear localization 

and transcription activation (Lu et al. 2022).  

CRISPR/Cas9 system is the most recent or third-generation gene editing tool first identified in 1987 in 

the adaptive immune system of E.Coli as a defense mechanism that is RNA-based and is involved in 

the recognition and degradation of parasites. Originally, CRISPR is the foreign genetic material present 

in the host chromosome in a sequence of repetitive loci separated by stretches of variable sequences 

called spacers, flanked by Cas9 genes hence, the name Clustered Regularly Interspaced Short 

Palindromic Repeats. Short sequences from the invading virus/plasmids are incorporated and expressed 

Figure 7. Genome editing nucleases. The figure from Yaoyao Lu et al. depicts the major nucleases used 

to treat genetic disorders using editing techniques. A) Meganucleases (MegN) B) Zinc Finger nucleases C) 

Transcription Activator-Like Effector Nucleases (TALENS) and D) Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/ CRISPR-associated system 9 (Cas9). 
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in the form of CRISPR-derived RNAs (crRNAs), following which the CRISPR-associates protein or 

Cas joins the crRNA to form an active endonuclease complex or CRISPR/Cas system. The system’s 

specificity is based on the complementarity between the crRNA and the target viral DNA. This efficient 

defense system was computationally confirmed to be functional in 40% of sequenced bacteria and 90% 

of archaea. CRISPR/Cas systems are classified into 2 classes: Class 1 and Class 2, further into 6 types 

(types I to VI) and several subtypes. CRISPR-Cas9 system of Class 2, type II category is one of the best 

characterized and utilized in recent research (Makarova et al. 2011).  

A ground-breaking study published in 2012 demonstrated that nucleotide-based recognition could 

generate customizable nuclease for gene editing by the use of the CRISPR system of Streptococcus 

pyogenes involving a Cas9 protein and a combination of crRNA and a Trans-acting antisense RNA 

(tracRNA) to form a chimeric single guide RNA (sgRNA/gRNA). The 5’ end of the sgRNA contains a 

customizable 20 nucleotide sequence complementary to the target DNA which defines the specificity 

of the system, whereas the 3’ end of the gRNA is the invariable tracRNA which efficiently directs the 

Cas9 protein to the site-specific DNA target sequence. To increase precision, the interaction of Cas9 

and the target DNA is aided by the protospacer adjacent motif (PAM) located downstream of the 20-

nucleotide gRNA sequence (Wang and Doudna 2023). Figure 8 represents targeted genome editing 

using the CRISPR Cas9 system. 

Since the development of CRISPR/Cas technology, research was biased towards spCas9 or 

Streptococcus pyogenes Cas9 which is 1368 amino acid and a PAM consisting of NGG nucleotides 3’ 

to the target site. However, Cas9 nucleases from other bacterial species were identified like 

Streptococcus thermophilus, Neisseria meningitides, and Staphylococcus aureus. Recently, saCas9 or 

Staphylococcus aureus which recognizes an NNGRRT PAM site, due to its small size (1053 amino 

acids) which makes it easier to be packaged into an Adeno-associated virus (AAV) and reduces off-

targets due to its more complex PAM is proving to be a promising candidate for clinical research (Ran 

et al. 2015). 

  

1.4.3 Advancements and clinical trials 

Currently, the AAV-based gene therapy market blooms with recent approvals. Spark Therapeutic’s 

Luxturna was approved for rare inherited retinal dystrophy in 2017 and Novartis’s Zolgensma for Spinal 

Muscular Dystrophy was approved in 2019. The first gene therapy product Glybera for hereditary 

lipoprotein lipase deficiency was approved in 2012 however, due it was soon withdrawn due to 

commercial reasons. In 2022, new therapies with AAV5 were approved for Haemophilia, Roctavian 

(Blair 2022) for adults with severe hemophilia A by BioMarin and Hemgenix (Sachin Navale et al. 

2022) for Haemophilia B from UniQure. 
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The discovery of a novel gene editing system has dramatically opened up new opportunities for research 

and clinical therapy in various fields. Many phase-1 and -2 clinical trials are going on globally using 

genome editing interventions with CRISPR/Cas technology (Khirallah et al. 2023). Some of them are 

listed in Table 5. Cancer immunotherapy research has been on a boost since the development of 

engineered chimeric antigen receptor T cells (CAR-T cells) using the CRISPR-Cas system which has 

the potential to treat leukemia and lymphomas. CRISPR has also proven to be helpful in the 

development of human iPSCs (induced pluripotent stem cells) based models for human diseases.  

There have been notable improvements to the CRISPR/Cas system as well. Researchers have developed 

a dead-Cas9 or dCas9 which lacks the DNA cleavage activity but still has the DNA binding activity by 

introducing two-point mutations (H840A and D10A) into the nuclease domains. CRISPR-dCas9 

Figure 8. Targeting using CRISPR-Cas9. A) CRISPR-Cas9 system consists of a Cas9 protein and guide RNA 

which determine target DNA specificity by sequence complementarity. (B) Guide RNA and Cas9 form a complex that 

cleaves target DNA creating a double-strand DNA break. (C) Cellular DNA repair mechanisms, non-homologous end 

joining (NHEJ) and homology-directed repair (HDR), repair the double-strand DNA break. In the process, short insertions, 

deletions, nucleotide substitutions, or gene insertion may occur. (Kaoutar El-Mounadi et.al.,2020) 
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system’s sequence-specific recruitment is being exploited by fusing transcription activators and 

inhibitors to the dCas9 to activate (CRISPRa) or inhibit (CRISPRi) transcription of target genes, or even 

fusing fluorescent proteins for genome imaging (Xu and Li 2020). 

Base editor systems have been developed to enhance the efficiency of site-directed mutagenesis by 

coupling cytosine deaminase (cytidine base editor, CBE) or adenosine deaminase (adenine base editor, 

ABE) with dCas9. This complex is able to introduce point mutations in the target sites of the sgRNA 

without the need for a double-strand break avoiding the generation of random insertions and deletions. 

This system is being widely used in cell lines, bacteria, human embryos, and plants for site-directed 

mutagenesis (Doudna 2020). 

Anzalone et al. very recently developed prime editing technology consisting of a catalytically impaired 

Cas9 protein fused with a prime editing guide RNA (pegRNA) encoding the desired edits and the ability 

to specify target sites and reverse transcriptase (RT). Following the cleavage by Cas9 at the target site, 

Table 5. Clinical trials using CRISPR/Cas genome editing interventions to treat inherited genetic 

disorders. The list is a database of recent clinical trials for genetic disorders being approached with CRISPR/Cas 

technology. Clinicaltrial.gov  
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the RT uses pegRNA as a template to write new genetic information using reverse transcription. Prime 

editing can mediate deletions, insertions, and all base substitutions without the need for a double-strand 

break or donor DNA template. This breakthrough has expanded the scope of genome editing accurately 

and efficiently, however, more research is yet required (Anzalone et al. 2019). 

CRISPR/Cas technology is now widely being used for the development of cell and animal models of 

human diseases; it is also rapidly being exploited for molecular diagnostic technology and is proving to 

be inexpensive and accessible. Feng Zhang et al. developed SHERLOCK (Specific High Sensitivity 

Enzymatic Reporter UnLOCKing) (Kellner et al. 2019): a Cas13a-based in vitro nucleic acid detection 

platform. Cas13 can cleave nearby non-target RNAs after having been activated by cleaving the target-

specific sequence, an activity known as ‘collateral cleavage’. Researchers are using this technology to 

detect viruses and pathogenic bacteria and identify tumor DNA mutations. Similarly, Doudna et al. 

developed DETECTR (DNA endonuclease targeted CRISPR trans reporter) based on Cas12 enzyme 

also possessing collateral cleavage activity which is being used to detect cervical cancer-associated 

HPV in cell lines and clinical patient samples (Petri and Pattanayak 2018).  

These advancements and new technologies have paved the way for clinical research for genetically 

inherited disorders.  

 

1.5  Liver-directed gene targeting 

 

1.5.1 AAV transduction in hepatocytes 

The liver is the largest and most vital organ maintaining the metabolism of the human body. The cells 

of the liver or hepatocyte are parenchymal in nature and makeup about 67% of the residing liver cells 

(Figure 9) (Azparren-Angulo et al. 2021). Important factors involved in hepatocyte-directed gene 

transfer are the successful passage through the hepatocyte fenestrae and the long-term expression of the 

transgene DNA. Considering that the diameter of a healthy human liver fenestrae is 107 nm, AAV 

vectors can easily facilitate this journey.  

Referring to the successful gene therapy treatment in hemophilia patients, it can be implied that 

hepatocytes can be easily transduced with AAV ensuring the safe and long-term expression of the 

transgene. Recent studies demonstrate that even though AAV2 was earlier considered the optimum 

choice for liver transduction, serotype 8 (AAV8) has shown better results in rescuing the phenotype in 

genetic disease (Zhao et al. 2023). Some novel serotypes like LK03 and NP59 and also AAV3B have 

reached superior transduction efficiency in mouse and human hepatocytes. Using a liver-restricted 

promoter has also been studied to decrease the immune response generated due to the reduced 
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expression of the transgene in antigen-presenting cells. Therefore, AAV-mediated liver-directed gene 

transfer has the potential to remedy hepatic disorders, mainly inborn errors of metabolism. However, a 

major loophole is the loss of AAV viral particles due to hepatocyte duplication when treating pediatric 

patients which is vital in early-onset disorders (Zabaleta et al. 2023). 

 

Liver-directed AAV gene therapy has evolved to be safe and efficient, however, the major obstacle 

remains the vector DNA loss associated with hepatocyte proliferation in cases of liver damage and 

pediatric settings. AAV episomes are lost with the growing liver due to the duplication of the 

hepatocytes and eventually the efficacy of the treatment is significantly reduced ultimately raising the 

need for re-administration, an option that is not feasible due to the production of anti-AAV antibodies 

raised after the first AAV administration (Cunningham et al. 2008). Several ongoing studies are 

determined to resolve the issues related to the re-administration of AAV vectors. An alternate approach 

to this problem is to modify the genome permanently, using AAV vectors to integrate the therapeutic 

cDNA into the target locus. The integrated cells with the therapeutic cDNA divide and express the 

therapeutic protein, maintaining the efficacy of the treatment, and eliminating the need for re-

administration.  

 

 

Figure 9. The organisation of human liver cells. The figure by Maria A. A. et 

al. defines the liver architecture and its cells. The liver is composed of sinusoidal cells, 

Kupffer cells, Stellate cells and Hepatocytes occupying ~70% of the overall liver cell 

population. 
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1.5.2 GeneRideTM Technology 

In a study published in 2015 by the team of Prof. Mark. Kay, at Stanford, recombinant AAV (rAAV) 

was used to deliver a promoterless construct containing the human coagulation factor 9 cDNA, with a 

preceding P2A peptide, flanked by mouse albumin homology arms to hemophilia B mice, in the absence 

of nucleases. This construct targets the albumin gene in the liver, as a “safe harbor locus”, using the two 

homology arms at each end. This strategy facilitates the use of the endogenous albumin promoter for 

the production of both albumin itself and coagulation factor 9. Even though the transgene and the 

albumin are fused at the RNA and DNA levels, the P2A peptide enables ribosomal skipping and results 

in the production of separate proteins for albumin and Factor 9. The strategy also denominated Gene 

Ride, is expected to integrate into at least 0.5% of hepatocytes with efficient ribosomal skipping (Figure 

10) (A Barzel et al. 2015). In a study published in 2017, the albumin locus of a Crigler-Najjar syndrome 

type I (CNSI) mouse model was targeted with a promoterless therapeutic cDNA which led to complete 

rescue of the neonatal lethality and a long-term stable reduction in plasma bilirubin levels (Porro et al. 

2017). In order to increase the recombination of the donor vector, the Gene Ride technology was 

coupled with CRISPR/Cas9 system which increased the targeting efficiency by 26-folds with EGFP 

reporter cDNA. When applied to Crigler-Najjar mice targeting the UGT1A1 cDNA in the albumin locus 

with the aid of CRISPR technology corrected the phenotype completely with a 90-fold increase in 

recombination rate (De Caneva, Porro, Bortolussi, Sola, Lisjak, Barzel, Giacca, Mark A Kay, et al. 

2019). 

Figure 10. Schematic of Gene RideTM technology. The schematic is the original diagram from 

“Promoterless gene targeting without nucleases ameliorates haemophilia B in mice” by Barzel et al. where 

Gene ride was used to target haemophilia B. 
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1.5.3 Nuclease-free approach to gene targeting 

Nucleases have shown their potential in gene targeting by increasing HR (homologous recombination) 

rate. However, they came in with a number of safety issues like off-target activity, transactivation of 

oncogenes, pre-existing immunity against the nucleases, and toxicity. An approach using a donor vector 

containing albumin homology arms without nucleases is the next challenge. Various studies have shown 

the effect of chemical compounds and small molecules on the rate of homologous recombination to 

achieve better therapeutic efficiency. For example, the small-molecule RS-1 was found to enhance the 

homologous recombination activity of hRAD51, a protein that carries out the central steps of 

homologous recombination (Jayathilaka et al. 2008). In another recent study, a series of FDA-approved 

compounds were tested [i.e., mTOR inhibitor (Torin-1), proteasome inhibitor (MG132), HDAC 

inhibitors (Trichostatin A, FK228), topoisomerase inhibitor (Teniposide), and ribonucleotide reductase 

(RNR) inhibitors] concluding that a drug called fludarabine, which is an RNR enzyme inhibitor, was 

able to increase rAAV homologous recombination rate in vivo (Tsuji et al. 2022). The safety study 

revealed no toxic side effects and also precise integration into the albumin locus using the GeneRideTM 

construct. It is theorized that fludarabine works in non-dividing cells by antagonizing basal levels of 

the DNA repair mechanism also benefitting from its transient presence in the cells. The long-term 

effects of this drug are yet to be studied. Nevertheless, it can prove to be a promising tool for higher 

rates of recombination. 

This project aims at the development of a therapeutic approach based on the genetic modification of 

hepatocytes to permanently express a human GLA enzyme. It employs the GeneRideTM technique to 

deliver the hGLA cDNA into the albumin locus, exploiting the use of its endogenous strong and liver-

specific promoter. This strategy will be applied in Fabry knockout mice to rescue the diseased 

phenotype. The rate of HDR will be enhanced using the SaCas9 nuclease, however, to avoid the risks 

of its potential side effects, a nuclease-free approach using an HDR-enhancer drug will be tested in 

parallel. This compound, fludarabine, has been proven to significantly increase the recombination rate. 

As the principal end-point assessment, GLA enzyme activity will be measured and the reduction in Gb3 

accumulation will be monitored in the kidney, heart, and liver to test the efficiency of the two strategies 

to revert the phenotype to wild-type levels (Figure 11).  

As an evaluation of this therapy with the currently available treatments for FD, ERT-treated Fabry mice 

will be used as control. In order to support the clinical translation of this potential therapy, the strategy 

will be tested in a human-like environment in vitro and in vivo. Donor constructs with human albumin 

homology arms with the hGLA and EGFP cDNAs will be tested in human cell lines like HuH7 and 

primary cultures of human hepatocytes. Furthermore, the in vivo proof-of-principle will be obtained by 

treating chimeric mice with the liver repopulated with human hepatocytes with the EGFP transgene. In 

this work, we aim to develop an alternative, cost-effective, treatment, that can be potentially applied to 
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Fabry patients. With this strategy, a single treatment would be enough to restore the diseased phenotype, 

but importantly, it can be applied to different disease-causing mutations and can be also implemented 

to cure other LSD. Therefore, we will evaluate the therapeutic potential of this treatment, considering 

its safety profile. 

 

 

Figure 11. Liver-directed gene targeting as a potential therapy for Fabry disease. 

The schematic demonstrates the strategy to treat Fabry disease by exploiting the Gene ride 

technology incorporating the hGLA cDNA. CRISPR/Cas9 was coupled with the Donor AAV to 

increase the rate of recombination, however, the use of Fludarabine drug with the AAV vector 

holds promising evidence of a safer and more efficient one-shot therapy for FD. 
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The main aim of this study is to develop potential therapeutic treatments targeting late-onset and early-

onset Fabry disease irrespective of the disease-causing mutation, using liver-specific AAV-based 

episomal gene therapy and integrative genome editing tools.  

 

To achieve this goal, it is essential to gather preliminary data in C57BL/6 WT mice by:  

• Studying the association of liver-directed episomal and integrative AAV-based therapies with 

age to select an optimum postnatal age for AAV delivery 

• Constructing an advanced codon-optimized version of the human GLA gene to achieve 

optimum expression and enzyme activity 

 

For the assessment of AAV-based therapy for late-onset FD in juvenile Fabry KO mice, it will be 

necessary to: 

• Perform a dose-response experiment to test the episomal AAV vector strategy 

• Evaluate the integrative genome editing vector coupled with CRISPR/Cas9 system 

• Evaluate the nuclease-free integrative genome editing approach with fludarabine, a drug that 

increases gene targeting rate 

 

Whereas, in order to assess the AAV integrative genome editing strategy for the early-onset FD in 

neonatal mice, it will be necessary to: 

• Study the dose-response of integrative genome editing vector coupled with CRISPR/Cas9 in 

neonate Fabry KO mice 

• Optimization of the fludarabine dose in C57BL/6 WT neonatal mice 

 

The clinical potential of the integrative strategy will be tested in human primary hepatocytes and 

humanized mice by generating an AAV vector containing human albumin homology arms. The 

rationale behind these aims is to permanently constrain the hepatocytes to produce hGLA and convert 

the liver into a biofactory of hGLA production avoiding the need for vector re-administration and 

reducing the elevated costs of existing standard treatments for FD including enzyme replacement 

therapy.  
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3.1 Construction and preparation of plasmids and AAV vectors 

3.1.1 Codon-optimization of human GLA gene 

 

The human mRNA transcript 201 sequence (hGLA WT) was extracted from the NCBI database. Codon 

optimization was done using different online tools using different optimization algorithms (IDT Codon 

Optimization Tool, JCAT Java Codon Adaptation Tool, COOL Codon Optimization Online by the 

National University of Singapore). GC content was registered using ENDMEMO GC content 

calculator, CpG Islands were identified by EMBOSS CPG PLOT by EMBL-EBI, and Cryptic Splice 

Sites were identified using Splice Site Prediction by Neural Network at Fruitfly.org. Further, the four 

codon-optimized sequences obtained were manually edited to reduce splice site score, and base 

modification to avoid additional Open reading Frames and CpG Islands. To enable cloning, a Kozak 

sequence was added at the 5’ end (5 GCCGCCACC 3’). A SalI Site was added at the 5’ end and a 

NheI+ EcoRI site was added at the 3’ end of the GLA sequences. All four codon-optimized sequences 

along with wild-type sequences (hGLA_WT, hGLA_CO01, hGLA_CO02, hGLA_CO03, and 

hGLA_CO04) were synthesized by Genscript and cloned in the pUC57-Kana plasmid at the SalI and 

NheI sites. 

3.1.2 Plasmid construction 

Episomal hGLA plasmids (pSMD2_hGLA WT/CO) 

All the codon-optimized cDNA were cloned into the pSMD2 vector containing the alpha-1-antitrypsin 

(hAAT), liver-specific, promoter, and the apolipoprotein E (ApoE) enhancer. The hGLA_WT and 

codon-optimized constructs were inserted using SalI and NheI restriction sites into the pSMD2 episomal 

AAV ITRs containing vectors.  

 

Integrative mALB arms hGLA/ EGFP plasmids (pAB hGLA_WT/CO or pAB288-ALB-EGFP) 

The hGLA_WT and hGLA_CO02 cDNAs were inserted into a donor vector using SalI and NheI 

restriction sites (pAB288). The pAB288 vector contained a P2A peptide flanked by mouse albumin 

homology arms and AAV ITRs at both ends. The vector had a modified PAM site to facilitate genome 

editing using nucleases. The modified version of the pAB288 vector was generated by mutating the 

PAM recognition site as described previously.  

 

Integrative hALB arms hGLA plasmids (pAB hALB Hap1/Hap2_EGFP) 

Two albumin homology arms containing constructs were created with the SNPs at the positions 

mentioned in Table 6 corresponding to haplotype 1 and haplotype 2. The right homology arm (1401 
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base pair) starts at the stop codon in exon 14 and ends with the locus whereas the left arm corresponds 

to 1302 bases upstream of the latter. A 2A peptide and EGFP transgene sequences were added upstream 

to the stop codon in the exon 14, flanked by the two homology arms. 

Guide RNA and saCas9 plasmids (pX602-sgRNA-Cas9/ pX602-hsgRNA) 

The sgRNA used to target the mouse albumin gene was previously constructed based on (De Caneva et 

al., 2019). In the case of the human albumin targeting CRISPR/Cas9 system, human single guide RNA 

(sgRNA) was designed based on the saCas9 PAM (NNGRRT) sequence identified in the genomic 

region flanking the albumin stop codon located in exon 14 of the human albumin gene. The PAM region 

was modified to TTAAAC. The guide RNA oligonucleotide was cloned into pX602 plasmid encoding 

saCas9 under the transcriptional control of thyroid-binding globulin (TBG). 

Original PAM: TTAAAC 

Modified PAM: TTAAAC 

Guide RNA:  5’ AGCATCTCAGGTAACTATATT 3’ 

 

3.1.3 Plasmid preparation 

After the plasmids were cloned, XL10 Gold ultracompetent bacterial cells were used for transformation. 

50µl cells were added to the ligation reaction and incubated in ice for 30 minutes. The cells were heat-

shocked at 42°C for 45 seconds and placed on ice immediately for 2 minutes. Bacteria were recovered 

by adding 200µl LB medium followed by incubation for 1 hour at 37°C on a shaker. Cells were later 

plated on appropriate antibiotic-containing agarose plates and incubated overnight at 37°C. Isolated 

colonies were picked to perform colony PCR by amplifying cloned regions in the plasmid, followed by 

verification of amplicon size on an agarose gel. After identifying the positive clones the corresponding 

colony was used to inoculate the primary culture in LB broth containing antibiotic. This culture was 

used for a miniprep or for inoculation of a secondary culture with 400ml antibiotic containing LB broth 

which was incubated overnight at 37°C in a shaking incubator. This bacterial culture was used for 

plasmid isolation at three different scales depending on the requirement (5ml for miniprep, 50ml for 

midiprep and, 400ml for megaprep). The plasmids were isolated from this bacterial culture on different 

scales using Wizard® Plus SV Minipreps DNA Purification Systems (Promega Cat#A1330) for small-

scale (5ml), NucleoBond Xtra Midi kit for transfection-grade plasmid DNA (Macherey-Nagel 

Cat#740410.50) for medium-scale up to 50ml and NucleoBond Xtra Maxi kit for transfection-grade 

plasmid DNA (Macherey-Nagel Cat# 740414.1) for large-scale up to 400ml culture. The plasmid 

isolation was carried out according to the manufacturer’s instructions. The DNA was quantified using 

NanoDrop™. The plasmids were verified by restriction digestion using restriction endonucleases (from 

New England Biolabs) and validated by Sanger sequencing (Eurofins Genomics). All the plasmid DNA 

was stored at -20°C. 
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3.1.4 rAAV vector production 

All AAV stocks were prepared by AAV Vector Unit at ICGEB, Trieste. Serotype AAV8 was used for 

all the preparations of episomal vectors and integrative vectors containing mouse albumin homology 

arms. AAV LK03 serotype was used for the preparation of an integrative vector containing human 

albumin homology arms and the corresponding saCas9-guide RNA-containing vector. 

 

3.2 Cell culture 

 

3.2.1 Cell maintenance 

HuH7 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 10% of Fetal 

Bovine Serum (FBS) and antibiotics at 37°C in 10cm2 cell culture-safe dishes. Cells were passaged at 

80% confluency by removing the existing medium. PBS was added to the cells to wash any leftover 

remains of the medium. After the PBS was discarded 3ml 1x trypsin was added to the cells and 

incubated for 5 minutes. The trypsin was deactivated by adding a fresh medium to collect the cells in a 

15ml tube. The tube was centrifuged at 5000rpm for 5 minutes at room temperature. The supernatant 

was discarded, and the pellet was resuspended in a cell culture medium and plated in 10cm2 cell culture-

safe dishes (1:10) until confluent. 

3.2.2 Plasmid transfection  

Transient transfection was performed using Lipofectamine 2000 reagent (Lipofectamine™ 2000 

Transfection Reagent; Cat# 11668019; Invitrogen). HuH7 cells were plated on a 12-well plate to reach 

70-80 % confluency at the time of transfection. According to the manufacturer’s instruction, two 

solutions were prepared, sol#A containing Lipo2000 reagent diluted in OptiMEM, and sol#B 

constituted of the DNA diluted in OptiMEM. For transfection mix A and B were mixed and incubated 

for 5 minutes at room temperature. The growth medium in the cells was replaced by the transfection 

mix. DMEM growth medium was added 4-6 hours post-transfection. cells were incubated at 37°C for 

48 hours. 

3.2.3 AAV Transduction 

The efficiency of human albumin arms containing vectors 

AAVLK03_pAB_hALB_Hap1/Hap2_EGFP was tested by in vitro transduction. HuH7 cells were 

seeded in a 96-well plate on day 0 such as to accommodate triplicates for the following conditions: 

Donor Hap1/Hap2, Donor Hap1/Hap2+Fludarabine, and Donor Hap1/Hap2+Cas9. Cells were treated 

with Fludarabine on day 1 by replacing the growth medium with fresh DMEM containing 100µM 
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fludarabine. Drug-treated cells were incubated for 16-18 hours. On day 2, Transduction with AAV 

vectors was performed by diluting AAV vectors at 500,000 MOI in OptiMEM. The existing media in 

the cells with and without the drug was replaced with AAV containing OptiMEM. In the case of Donor 

vector+Cas9 treatment, AAVLK03_px602_hsgRNA and AAV donor vector were diluted (1:5) in 

OptiMEM together at 100,000MOI and 500,000MOI respectively, and added to the cells. Fresh 

DMEM+10% FBS with antibiotics was added to the cells 4 hours post-transduction. The cells were 

incubated for 72 hours at 37°C. Once 100% confluency was achieved, the cells were trypsinized, 

collected, pooled together, and plated into 24 well plate to provide a larger surface area to expand. Once 

confluency was obtained after 72 hours in the 24-well plate, the cells were collected and plated in a 12-

well plate. The cells were allowed to expand until they reached 100% confluency in a 10cm2 dish. The 

transduced cells and mock untreated cells were harvested for analysis. 

 

3.3 Animals 

 

3.3.1 Murine maintenance 

All the animals were housed and handled according to the institutional guidelines and the Italian 

Ministry of Health in the ICGEB bio-experimental facility in Trieste. C57BL/6 WT and Fabry KO mice 

were maintained in a temperature-controlled environment with 12/12 hours of light/dark cycles and 

received a standard chow diet and water ad libitum. Fabry KO mice or B6;129-Glatm1Kul/J (Strain 

#003535) were bought from Jackson laboratory and were housed in ICGEB bio-experimental facility. 

Hemizygous males and homozygous females were used for mating to generate hemizygous males for 

experimentation.  

3.3.2 Genotyping 

Fabry KO mice were genotyped according to the protocol provided by Jackson's laboratory. Ears were 

marked for mice identification and the tip of the tails were cut and harvested. Genomic DNA was 

extracted using KAPA2G Fast Genotyping Mix (Roche cat#KK5121). Approximately 0.5cm biopsies 

were incubated in 50µl of extraction mix containing 5µl of Kapa Express Extract buffer, 0.5µl of Kapa 

Express Extract enzyme, and 44.5µl of water. After a lysis incubation for 20 minutes at 70°C, a 5 

minutes incubation at 95°C was performed to inactivate the enzyme. The extract was diluted 10-fold 

with 10 mM Tris-HCl (pH 8.0–8.5). Genotyping was done by amplifying the genomic region of human 

GLA exon 3 using a touchdown PCR reaction using 5x DNA polymerase reaction buffer, 0.25-unit 

GoTaq Flexi DNA polymerase, 25mM MgCl2, 5mM dNTPs, 100ng/µl primers (Table 7), water and, 

genomic DNA. The PCR protocol was designed with the initial denaturation at 94°C for 3 minutes, and 

10 cycles of 94°C for 30 seconds, 65°C for 30 seconds with a touchdown of -0.5°C and 68°C for 30 
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seconds. Followed by 23 cycles of 94°C for 30 seconds, 62°C for 30 seconds, 72°C for 30 seconds. A 

final elongation at 72°C for 7 minutes was done before reaction cool down at 4°C. The bands 

corresponding to wild-type (295bp), hemizygotes/mutant (202bp), and heterozygotes (295bp+202bp) 

were identified by running the PCR product on a 2% agarose gel. 

 

 

 

 

 

3.3.3 Animal treatments 

AAV treatments 

AAV viral vector treatment was done intravenously via the retro-orbital route of injections dosed as 

AAV viral genomes per weight of the animal (vg/kg) in all cases by anesthetizing animals with 

isoflurane. The study in C57BL/6 WT animals was done by treating males at postnatal days P1, P5. 

P10, P15, P20, P30. All the animals were sacrificed at P60. C57BL/6 WT neonatal male mice were also 

treated at P5 to test the human albumin arms containing integrative vectors. These animals were 

sacrificed two weeks post-treatment at P15. Untreated wild-type animals were used as controls. The 

liver was harvested at sacrifice for molecular analysis and the right lobe of the liver was collected in 

4% PFA (Paraformaldehyde) solution for immunofluorescence analysis. The study in Fabry KO 

(B6;129-Glatm1Kul/J) juvenile and neonatal animals was done by treating hemizygous males at P30 and 

P5 respectively. Untreated age-matched B6;129sf2/J and B6;129-Glatm1Kul/J were used as wild-type and 

mutant controls. All the experiments in Fabry mice were terminated at 5 months of age (P150) by 

sacrificing the animal and harvesting the liver, kidneys, and heart. The tissues were snap-frozen and 

later crushed using mortar-pistol into homogenous powder and stored at -80°C until further use. Blood 

was collected at intermediate time points from the submandibular (facial) vein in 0.5M EDTA by 

anesthetizing animals (isoflurane). Plasma was isolated from the collected blood by centrifugation at 

3000 rpm for 15 minutes at room temperature. Plasma was stored at -80°C until further use. 

Fludarabine treatment 

Fludarabine treatment was done in Fabry KO by treating P30 male mice intraperitoneally at 125mg/kg 

drug (total 375mg/kg) three times a day with an interval of 3-4 hours for three consecutive days. This 

treatment was coupled with a single AAV retro-orbital injection on day one preferably between the first 

and second dose. The animals were incubated and sacrificed as mentioned above. 

Primers used for Fabry KO genotyping 

Primer name Sequence 5’→ 3’ 

oIMR5947_common AGG TCC ACA GCA AAG GAT TG 

oIMR5948_WT REV GCA AGT TGC CCT CTG ACT TC 

oIMR7415_MUT REV GCC AGA GGC CAC TTG TGT AG 

Table 6. Primers for Fabry KO genotyping 
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3.4 Nucleic acid and protein extraction 

3.4.1 Genomic DNA extraction 

Wizard® SV Genomic DNA purification System (Promega Cat# A2361) was used to extract genomic 

DNA from murine liver powder homogenates according to the manufacturer’s instructions. 25mg tissue 

was incubated with lysis buffer (200µl of Nucleic Solution, 50µl of EDTA, 5µl of RNAse and 20µl of 

Proteinase K) over night at 55°C. Samples were mixed by vortexing post-incubation and centrifuged 

for 20 minutes at 13,000 rcf. The supernatant was collected, mixed with 250µl of Wizard® SV lysis 

buffer in a new 1.5ml tube, and incubated at room temperature for 5 minutes. The lysate was transferred 

to Wizard® SV mini-column and centrifuged at 13,000 rcf for 2 minutes. The flow through in the 

collection tube was discarded and the column was washed with column wash solution at 13,000 rcf for 

1 minute, this step was repeated three times before a dry spin for 2 minutes. The DNA was eluted with 

Nuclease-free water by incubating for 2 minutes at room temperature followed by collection in a fresh 

1.5 ml tube by centrifugation at 13,000 rcf for 1 minute. The DNA extracted was quantified using 

NanoDrop™. 

3.4.2 RNA extraction and reverse transcription 

RNA was isolated using a NucleoZOL solution from Macherey-Nagel. For murine livers, 500µl 

NucleoZOL was used for 50mg tissue homogenate, whereas in the case of cells, 1ml NucleoZOL per 

10cm2 cell culture dish was used after removing the growth medium followed by the collection of cells 

in a 1.5ml tube. 400µl water per 1ml NucleoZOL was added and vigorously shaken for 15 seconds at 

room temperature and then incubated for another 15 minutes followed by centrifugation at 12,000 rcf 

for 15 minutes. The supernatant containing the solubilized RNA was collected leaving a small volume 

of DNA/protein/polysaccharides containing liquid above the pellet in a 1.5ml tube. Isopropanol 

(500µl/500µl supernatant) was added to the supernatant and incubated at room temperature for 10 

minutes and then centrifugation at 12,000 rcf for 10 minutes. The supernatant was discarded, and a 

white RNA pellet was observed. The pellet was washed using 500µl of 75% ethanol by centrifuging at 

8000 rcf for 3 minutes. The pellet was partially dried after the removal of the ethanol and later dissolved 

in nuclease-free water. The RNA extracted was quantified using NanoDrop™. 

About 1µg of total RNA was reverse-transcribed using M-MLV reverse transcriptase (Invitrogen, 

Carlsbad, CA, United States) following the manufacturer’s instructions. The RT-reactions were 

conducted in a volume of 12µl containing 1µg of total RNA, 1µl of 10mM dNTPs mix (10mM of each 

dNTP), 5µl of oligo dT (0.1µg/µl) and, water to a volume of 12µl. 

Mixes were heated at 65°C for 5 minutes and then chilled on ice. Thereafter, 4µl of 5x First-Strand 

buffer and 2µl of 0.1M DTT were added to the mix and incubated for 2 minutes at 37°C, followed by 
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the addition of 1µl of M-MLV RT (200 units). The RT reaction was incubated for 1 hour at 37 °C. The 

enzyme was heat-inactivated for 15 minutes at 70 °C. cDNA was stored at -20°C. 

3.4.3 Protein extraction 

Whole livers were harvested, reduced to powder using a mortar pistol with liquid nitrogen, and stored 

at -80°C. Around 20-25mg of liver powder was homogenized using a mechanical homogenizer (IKA 

ULTRA-TURRAX T25), in 100µl protein lysis buffer. The homogenate was centrifuged at 13,000 rcf 

for 15 minutes at 4°C. Supernatants were transferred into a fresh tube and stored at -80°C. Bradford 

(Bio-Rad) method was used to determine total protein concentration. Coomassie Brilliant Blue G-250 

(200µl) was added to 1µl protein lysate in a transparent 96-well plate. Bovine Serum Albumin (BSA) 

at different concentrations were used as standard samples. Using a multi-plate reader (Perkin Elmer 

Envision Plate Reader, Waltham, MA), the absorption of the samples and standards was measured at 

595nm. The protein concentration was determined by plotting the absorbance obtained against the BSA 

standards reference curve. Different lysis buffers were used depending on the analytical purposes. Lysis 

buffer for the purpose of western blot analysis was composed of 50mM Hepes (pH 7.4), 150mM Sodium 

chloride (NaCl), 1mM EDTA, 0.5% NP40, Protease inhibitor, and water, whereas the buffer used to 

extract proteins to perform GLA enzymatic assay consists of 28mM citric acid, 44mM Disodium 

phosphate, 1% TritonX-100, Protease inhibitor and water. 

 

3.5 Viral genome copy number analysis 

 

Viral genome particles were quantified using a real-time quantitative PCR (RT-qPCR) method. The 

pSMD2 episomal vectors were analyzed using primers amplifying the region between the hAAT 

promoter region of the vector (Table 8).  

 

 

 

 

 

 

A reference curve was prepared using pSMD2_hGLA_WT plasmid serially diluted from 1010 to 100 

copies. The AAV viral vector treated genomic DNA samples and the standards were added to the master 

mix which was composed of iQ SYBER Green Supermix (Biorad), forward and reverse primers, water, 

and genomic DNA and run in a C1000 Thermal Cycler CFX96 Real-Time System (Bio-Rad) with a 

reaction protocol starting at 98°C for 30 seconds and 40 cycles of 5 seconds at 95°C and 25 seconds at 

pSMD2 specific primers 

pGG2_906 FW GCC ACT AAG GAT TCT GCA GT 

pGG2_105 REV CTG CAC TTA CCG AAA GGA GT 

Table 7. Primers for viral genome copy number analysis 
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62°C. Melting curves were generated at 95°C for 10 seconds and increased from 65°C to 95°C at 

0.5°C/second. The viral genome particles per cell (vgp/cell) were determined by based on the 

standard curve obtained. 

 

3.6 mRNA expression analysis  

 

Quantitative real-time RT-PCR (qRT-PCR) was performed to determine the gene expression of immune 

markers in the liver of mice treated with episomal gene therapy and also to determine the fused 

ALB+EGFP mRNA expression. Diluted cDNA reverse transcribed from RNA extracted from HuH7 

cells or liver homogenates was used as a template for the qPCR. In the case of the study with immune 

markers, gene-specific primers were used, whereas to quantify gene expression of the fused mRNA a 

primer on the EGFP transgene was coupled with a primer specific to exon 12 of the endogenous albumin 

(mALB for murine liver/ hALB for HuH7 cells) to amplify the fusion. GAPDH-specific primers were 

used to amplify the housekeeping gene for normalization The primers are listed in Table 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Primer  Sequence 5’→3’ 

mIL6 
mIL6-FW  CAACGATGATGCACTTGCAG 

mIL6-REV  TCTGAAGGACTCTGGCTTTG 

mCD86 
mCD86-FW  TGTGTTCTGGAAACGGAGTC 

mCD86-REV  CTGATTCGGCTTCTTGTGAC 

mNFkB1 
mNFkB1-FW  AGCAGGACATGGGATTTCAG 

mNFkB1-REV  AGGTGGATGATGGCTAAGTG 

mGRP78 
mGRP78-FW  GTTCTTCAATGGCAAGGAGC 

mGRP78-REV  TGAGACTTCTTGGTGGGTAC 

mCHOP 
mCHOP FW  ACCACACCTGAAAGCAGAAC 

mCHOP REV  TCTTCCTCTTCGTTTCCTGG 

mGAPDH 
mGAPDH-FW  GCATGGACTGTGGTCATGAG 

mGAPDH-REV  CCATCACCATCTTCCAGGAG 

hGAPDH 
hGAPDH-FW  CTGGGCTACACTGAGCAC 

hGAPDH-REV  AAGTGGTGCGTTGAGGGCAAT 

hALB Exon 12 hALB exon12 FW  CTGAGAAGGAGAGACAAATC 

mALB Exon 12 mALB exon12 FW  CACACTTCCAGAGAAGGAGAAGC 

EGFP 
pAB-EGFP 1635 

REV 

 
ACCACCCCGGTGAACAGC 

Table 8. Primers for mRNA expression analysis 
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The assay was performed on a 96-well real-time PCR plate using the iQ SYBER Green Supermix (Bio-

Rad), forward and reverse primers, water, and diluted cDNA on a C1000 Thermal Cycler CFX96 Real-

Time System (Bio-Rad). The qRT-PCR protocol used consists of an amplification reaction and the 

generation of a melting curve. Amplification reactions were conducted as follows: 1 cycle of 30 seconds 

at 98°C; 40 cycles of 5 seconds at 95°C, and 25 seconds at 62°C. Melting curves were generated as 

follows: 10 seconds at 95°C and increasing the temperature from 65°C to 95°C at 0.5°C increment per 

second. Data were analyzed using the ΔΔCt method. 

 

3.7 Western blot 

 

Proteins extracted from liver homogenates of treated and untreated mice (15µg) or plasma diluted 1:50 

were used to perform an SDS-PAGE. The samples were denatured in 1x protein loading buffer (250mM 

Tris-HCl pH 6.8, 10% SDS, 0.5% Bromophenol blue, 50% Glycerol, 500mM DTT) for 5 minutes at 

95°C and loaded onto the electrophoretic chamber along with a protein marker (Sharpmass VII Plus 

Euroclone) at 120V. After the appropriate separation of the bands and completion of the run, the 

proteins were transferred to a Polyvinylidene fluoride (PVDF) membrane using a Lightning Blot™ 

System (Perkin Elmer) using a PVDF membrane activated with water and buffer 2 (25mM Tris, 10% 

Methanol, water) and the gel sandwiched between 3mm Whatman paper, soaked in transfer buffers 1 

(200mM Tris, 10% Methanol, water) and buffer 3 (25mM Tris, 10% Methanol, 40mM Glycine, water). 

Proteins on the membrane post-transfer were stained with Red Ponceau solution for 5 minutes and then 

imaged. The membrane was blocked in blocking buffer (5% milk in 0.1% PBS-Tween 20) for 2-4 hours 

followed by incubation in primary antibody diluted in the blocking buffer overnight at 4°C on a shaking 

surface. The membrane was later washed with wash buffer (0.1% Tween 20 in PBS) before incubating 

it with the secondary antibody diluted in the wash buffer for ~2 hours at room temperature on a shaking 

surface. Finally, the membrane was washed again with wash buffer to remove excess traces of 

antibodies and developed with Enhanced Chemiluminescence (ECL – ThermoFisher Scientific) to be 

imaged using a ChemiDoc imaging system (Biorad). The list of primary and secondary antibodies is 

listed in Table 10. 

The band intensities on the images were measured using Image Lab software 6.0.1 (Biorad) for a 

quantitative evaluation of the western blot analysis. 
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3.8 Histology 

 

The right lobe of the liver and/or one kidney were harvested during the sacrifice of the treated and 

untreated mice in 4% PFA (4% paraformaldehyde in 1x PBS). The tissues were fixed in the solution at 

4°C for 24 hours. The buffer was changed to 20% sucrose solution (20% sucrose, 0.02% sodium azide, 

and, PBS) post-incubation. The tissues were frozen at optimal cutting temperature compound and sliced 

into 4µm slices on histological slides. The slides with tissue sections were stored at -20°C until further 

use.  

Similarly, in the case of HuH7 cells, the medium was removed from the well plate, and cells were 

washed with PBS. 4% PFA was added to the cells and incubated for 20 minutes at room temperature 

followed by PBS wash. 

3.8.1 Counterstaining 

Counterstaining was done to stain the nucleus of the cells and observe EGFP-positive cells. The sections 

were thawed at room temperature for 20 minutes, whereas the cells in PFA did not require thawing.  

The cells and tissues were washed with PBS for 5 minutes. The washing was repeated three times before 

 

 
Antibody Source Supplier Cat. No. Dilution 
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s Human alpha-

Galactosidase A / hGLA  

Rabbit 

(Monoclonal) 

Sino 

Biological 
12078-R001 1:3000 

EGFP Mouse 
Santa Cruz 

Biotechnology 
sc-81045 1:3000 

HSP70/HSP73 (1B5) 
Rat 

(Monoclonal) 

Enzo Life 

Science 
ADI-SPA-815-D 1:3000 

S
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n
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ry
 A
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b
o

d
ie

s 

Anti-Mouse IgG/HRP 
Goat 

(Polyclonal) 
Dako P0447 1:3000 

Anti-Rat IgG/HRP 
Goat 

(Polyclonal) 

Bethyl 

Laboratories 
A110-305P 1:3000 

Anti-Rabbit IgG/HRP 
Goat 

(Polyclonal) 
Dako P0448 1:3000 

Table 9. Antibodies for western blot analysis 
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proceeding. Nuclei-staining Hoechst diluted in PBS was added to the sections and incubated for 10 

minutes. To remove excess Hoechst, the slides were washed three times with PBS for 5 minutes each 

and then rinsed with water. The sections were then mounted with Mowiol and covered with a coverslip 

and left to dry. Once the slides were counter-staining and mounted, fluorescent images were taken with 

Leica fluorescent microscope. The images were analyzed using ImageJ software 1.53e and QuPath-

0.3.2. for EGFP-positive cells. 

3.8.2 Immunofluorescence 

Immunofluorescence was done with Fabry KO animals to differentiate between the hemizygous and 

the wild-type male mice. The slides with liver and kidney sections were thawed at room temperature 

for 20 minutes followed by a PBS wash. Antigen retrieval was done with 10mM Sodium citrate buffer 

pH 6.0 by baking the slides in the microwave for 40 minutes (refresh the solution to avoid temperature 

increasing above 65°C). The slides were washed with PBS and blocked with blocking buffer (5% BSA 

in 0.4% PBS-Triton X 100) for 2 hours at room temperature. Later, excess blocking buffer was removed, 

and the sections were incubated with the primary antibody in 2.5% BSA in 0.4% PBS-triton X 100 for 

2 hours at room temperature.  The slides were washed with three cycles of washing buffer (0.1% PBS- 

Triton X 100) for 5 minutes each, followed by incubation with a secondary antibody diluted in wash 

buffer for 2 hours at room temperature. Finally, the slides were washed with wash buffer to remove 

traces of antibodies and incubated with Hoechst diluted in PBS to stain the nucleus for 10 minutes. The 

stain was washed with PBS and rinsed with water before mounting with a Mowiol using a coverslip. 

The mounted slides were left to rest until dry and later fluorescent images were taken with Leica 

fluorescent microscope. The antibodies used are listed in Table 11. 

Antibody Source Supplier Cat. No. Dilution 

Anti-GB3 
Mouse 

(Monoclonal) 
Amsbio AMS.A2506 1:250 

Alexa Fluor™ 488 

Phalloidin 
- Invitrogen A12379 1:500 

Anti-mouse IgG/Alexa 

Fluor™ 568 

Goat 

(Polyclonal) 
Invitrogen A11004 1:500 

 

 

 

 

Table 10. Antibodies used for immunofluorescence  
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3.9 GLA enzyme assay 

 

GLA enzyme activity test was done with HuH7 cell extract and supernatant medium, and murine plasma 

and tissue including liver, kidney, and heart as a phenotypic marker of Fabry disease. Protein extracted 

from the cells and tissues using citrate lysis buffer mentioned in the protein extraction section was used 

as samples, along with crude supernatant and plasma diluted according to the requirement with PBS. 

Initially, 4MU (4-Methylumbelliferone, Cat# M1381 Sigma Aldrich) was used to prepare stocks of 

different concentrations (2pmoles, 4pmoles, 10pmoles, 20pmoles, 40pmoles, 80pmoles, and 

100pmoles) to be used as standards to generate a reference curve. In a black opaque 96-well plate, a 2µl 

enzyme-containing sample (protein from cell/tissue, supernatant medium, or blood plasma) was added. 

To this, 20µl of 4MUG (4-Methyl-umbelliferyl-alpha-D-galactopyranoside, Cat#M7633 Sigma 

Aldrich) (2.46mM 4MUG in 0.1M Citrate/ 0.2M phosphate buffer pH 4.5) substrate was added and 

mixed gently by pipetting. The plate was incubated at 37°C for the reaction to take place. After 1 hour 

of incubation, 200µl of stop solution (200mM glycine-NaOH Buffer pH 10.4) was added to stop the 

reaction. Previously prepared standards were also added to the plate diluted in 200µl of stop solution. 

The released fluorescence from the samples and the standards was measured at excitation 365nm and 

emission 450nm wavelengths with a multi-plate reader (Perkin Elmer Envision Plate Reader, Waltham, 

MA), 

For the analysis, the RFU obtained was normalized with the appropriate blank samples, and 4MU units 

(B) released by the samples were calculated using the standard curve. To calculate enzyme activity,  

 

 

 

 

 

Where,  B= 4MU (pmoles) 

  V= Volume of samples used (ml) 

 P= Concentration of proteins (µg/µl) 

 D= Dilution 

 

 

 

Enzyme activity  

(nmoles/ml/hr or nmoles/mg/hr) 
= 

(B/1000) x D 

V x P 
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3.10 Mass-spectrometry for Lyso-Gb3 analysis 

 

Lyso-Gb3 level was evaluated as a phenotypic marker of Fabry disease in murine plasma and tissues 

(liver, kidney, and heart) of treated and untreated animals. In the case of tissues, 20mg of powdered 

tissue homogenate was weighed and homogenized using a mechanical homogenizer (IKA ULTRA-

TURRAX T25) with 350µl of water. Liver (20mg) from an untreated hemizygous 5-month-old mouse 

was homogenized in 350µl of water and was used as a reproducibility control whereas, 30mg liver from 

an untreated wild-type 5-month-old mice was used as a matrix control in all assays for the assessment 

of murine tissues. Tissue and plasma lyso-Gb3 concentrations were determined by liquid 

chromatography-mass spectrometry (LCMS) at Centro Servizi di Laboratorio (CSL) in Hospital Santa 

Maria della Misericordia in Udine. Homogenized samples or plasma were mixed with precipitation 

solution (10ml internal standard solution (1ng/mL-10ng/mL), 10ml acetone, 2.22ml water) containing 

internal standard (1ng/mL Lyso GlcCer d5 - Lyso-SM d9; 10ng/mL Lyso Gb3 d7 in Methanol). The 

mix was vortexed and incubated on an orbital shaker for 30 minutes and then centrifuged at 16,000 rcf 

for 10 minutes. The clear supernatant observed was collected in a clean tube and dried under a stream 

of nitrogen. Once the liquid was evaporated the dried content was reconstituted with 100µl mobile phase 

(55% FMA: water + 0.1% HCOOH, 45% FMB: CH3CN +0.1 %HCOOH) was mixed using a vortex 

for 30 seconds. The reconstituted mix was centrifuged at 16,000 rcf for 5 minutes and 100µl supernatant 

was used for analysis by injecting 2µl in Citrine Sciex 6500QT with Poroshell 120 EC-C8 2.7µm and 

3.0x50mm columns. The analysis was done against a calibration curve prepared by spiking the pure 

standards in water: methanol 50:50 solution (range 0.1ng/ml-200ng/ml for  LysoGb3, Lyso GlcCer, and 

range 1ng/ml -2000ng/ml for Lyso SM/509). 

 

The absolute values of lysoGb3 accumulation in plasma (ng/ml) and tissues (ng/mg) were converted to 

percentages for ease of understanding. In the case of plasma, the mean of lyso-Gb3 accumulation in 

untreated hemizygous males (n=5) at P150 was considered as 100%. Whereas, in the case of tissues, 

the mean of lyso-Gb3 accumulation in the specific organ (liver/kidney/heart) of untreated hemizygous 

males (n=5) was considered as 100% accumulation. All the treated and untreated wild-type substrate 

levels were re-calculated as percentages based on this criterion. 
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3.11 Digital droplet PCR 

 

The on-target recombination rate was measured using ddPCR of liver genomic DNA as described 

previously (Tsuji et al., 2022). Genomic DNA (100-200ng) was digested with SpeI for 1 hour. The 

digested genomic DNA (25ng) was added to a 25μl PCR reaction containing ddPCR Supermix for 

Probes (No dUTP) (Bio-Rad), 900nM target-specific primers, and 250nM amplicon-specific probes 

(Table 12). The droplets were generated using 22μl of the PCR reactions and 70μl of oil according to 

the manufacturer’s instructions. Reaction cycles were as follows: 95°C for 10 minutes, 50 cycles of 

95°C for 30 s, 60°C for 30 s, and 72°C for 6 minutes, and one cycle of 95°C for 10 minutes and held at 

4°C until droplet reading.  

 

 

3.12 ALT assay 

 

Plasma from animals treated with episomal AAV vectors and untreated controls was used to determine 

alanine aminotransferase (ALT) activity, 15 days, and 30 days post-infection. The enzyme activity was 

measured using an ALT Assay kit from Abnova (Cat#KA4189). ALT standards were prepared, and 

samples were used to carry out the enzymatic reaction producing glutamate as a blue-colored product, 

whose absorbance was measured using a multi-plate reader (Perkin Elmer Envision Plate Reader, 

Waltham, MA), absorbance ration A570nm/A610nm as per manufacturer’s instructions. The equation 

obtained from the standard curve plotted using the absorbance (ABS) values were used to calculate the 

ALT levels (µM/ml) in the samples. 

 

 

 

 
 

 

 On-target (endogenous Alb) Non-target (P2A) 

Primers 

5’→3’ 

GGGCAAGGCAACGTCATGG CTGCTGTGCACCAGTTGATGTT 

CCAGGGTTCTCTTCCACGTC TGCTTTCTGGGTGTAGCGAACT 

Probes 

5’→3’ 

GCCCAAGGCTACAGCGGAGC 

(FAM) 

TCTGGTGCTGAGGACACGTAGCCCAGT 

(HEX) 

Table 11. Primers and probes used for ddPCR analysis 
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3.13 TIDE analysis 

 

The efficiency of the CRISPR/Cas9 system with the single guide RNA designed to target the human 

albumin gene was tested in vivo in HuH7 liver-derived human cells, using TIDE (Tracking of Indels by 

Decomposition) analysis. HuH7 cells were transfected with the pX602_hsgRNA plasmid. The 

transfected and mock untreated cells were collected 24 hours post-transfection. Genomic DNA isolated 

from these cells was used as a template to amplify the albumin region of the CRISPR target site using 

a PCR reaction composed of 5x DNA polymerase reaction buffer, 0.25-unit GoTaq Flexi DNA 

polymerase, 25mM MgCl2, 5mM dNTPs, water, and primers specific to the albumin region around the 

PAM site as mentioned in table 13.  Genomic DNA was added to the master mix. The PCR run followed 

a temperature cycle of initial denaturation at 95°C for 3 minutes, followed by 95°C for 30 seconds, 

47°C for 30 seconds, and 72°C for 30 seconds for 30 cycles, followed by final elongation of 7 minutes 

at 72°C and a cool down at 4°C. The PCR product was run on an agarose gel and the band corresponding 

to the amplicon was purified from the gel. Sanger sequencing of the amplicon DNA was done with 

Eurofins Genomics and the raw sequence obtained was used as input to determine cleavage efficiency 

using the TIDE web tool (https://tide.nki.nl/). 

Primers  Sequence 5’→3’ 

pAB_hALB_Hap2 FW  AGCTTCCATCCAGAGATTAT 

hALB Int14_1102 REV  TTGAATTTTGACCCTTTGGAA 

 

  

3.14 SNP hALB genotyping 

 

TaqMan predesigned SNP genotyping assay from Thermofisher Scientific was used to genotype the 

SNP ID rs962004, using fluorophores for human ALB Haplotype 1 (FAM/ TTGTTGAGCTT) and 

Haplotype 2 (VIC/ TTGTTGAGCTC). Genomic DNA (20ng) isolated from untreated HuH7, and four 

different human blood samples were used to increase confidence in the genotyping assay. Water was 

used as the negative control. A reaction mix containing 2x iQ supermix (Biorad), 20x SNP assay mix, 

and water. DNA was added to the mix and run on a C1000 Thermal Cycler CFX96 Real-Time System 

(Bio-Rad). The generated dot plot was generated according to the Fluorophore-specificity in the sample.  

 

 

Table 12. Primers used for TIDE analysis 

https://tide.nki.nl/
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3.15 Statistical analysis 

 

Statistical analyses were performed for all the assays using GraphPad Prism 8.2.1. Data in the graphs 

were plotted as mean with the corresponding standard deviation (SD). Statistical analysis of data 

containing different time points was done using a mixed-effect model (REML). The comparison of 

groups was done using one-way or two-way ANOVA was used. A p-value below 0.05 was considered 

significant (* p<0.05, ** p<0.01, *** p<0.001). 
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4.1 Generation and evaluation of codon-optimized human GLA 

constructs 

Codon optimization is a technique that aims at improving expression profiles and translational 

capabilities of genes and cDNAs by manipulating the nucleic acid sequence without altering the amino 

acid sequence. In nature, most amino acids are encoded by more than one codon, and each organism 

has a favorable codon for a particular amino acid known as codon biasing. The approach is based on 

the replacement of less used codons by the optimal ones, maintaining the original primary sequence. 

To obtain an advanced version of human GLA (hGLA), transcript 201 of the wild-type human GLA 

sequence was codon-optimized, modifying its codon composition based on biasing templates. Online 

codon-optimization tools like IDT Codon Optimization tool (https://eu.idtdna.com/CodonOpt), JCAT 

or Java Codon Adaptation Tool (http://www.jcat.de/) and COOL or Codon Optimization On-Line by 

the National University of Singapore, were used to generate different hGLA variants. These hGLA 

constructs were then manually analyzed and further optimized for parameters like GC content, CpG 

islands, cryptic splice sites, and the absence of alternative open reading frames in the coding and non-

coding strands. Following automated and manual optimizations, four codon-optimized constructs were 

generated: hGLA_CO01, hGLA_CO02, hGLA_CO03, and hGLA_CO04 with 76.52%, 78.11%, 

80.23%, and 80.76% sequence identity with hGLA_WT, respectively. 

A Kozak consensus sequence and NheI and SalI unique cloning sites flanking either end to facilitate 

cloning were added to all sequences. The hGLA cDNAs were cloned into the plasmid pSMD2, which 

contains the AAV ITRs flanking a liver-specific promoter from human Alpha-1 antitrypsin (α-1hAAT), 

the human apolipoprotein E enhancer (ApoE) (Ronzitti et al., 2016), the HBB2 intronic sequence for 

enhanced expression, and the bovine growth hormone polyadenylation sequences, namely, 

pSMD2_hGLA WT, pSMD2_hGLA CO01, pSMD2_hGLA CO02, pSMD2_hGLA CO03 and 

pSMD2_hGLA CO04 as represented in Figure 12. 

Figure 12. Synthesis and construction of codon-optimized hGLA constructs. The human GLA 201 

transcript was used as a template to generate four codon-optimized variants of the gene using online tools and manual 

alterations to the codon composition, resulting in hGLA_CO01, hGLA_CO02, hGLA_CO03, and hGLA_CO04 with 

76.52%, 78.11%, 80.23% and 80.76% sequence identity with hGLA_WT respectively. These codon-optimized cDNAs 

along with WT hGLA cDNA were cloned into pSMD2-hAAT-ApoE episomal plasmid containing liver-specific 

promoter. 

https://eu.idtdna.com/CodonOpt


Results 

 66 
 

4.1.1 in vitro characterization of codon-optimized hGLA constructs 

Codon-optimized episomal hGLA plasmids and wild-type constructs were tested in vitro to determine 

the expression and compare the activity of the produced codon-optimized proteins against the wild-type 

hGLA protein. The hGLA plasmids were transfected into HuH7 cells as described in the Materials and 

Methods Section. Untreated cells were considered mock control for the assay and an EGFP containing 

plasmid was co-transfected as transfection control (Figure 13).  

 

Since HuH7 is a human liver cell line with endogenous GLA expression, we expect to observe above-

basal levels of GLA protein production and GLA enzyme activity in the cell extract by transfecting 

these cells. Due to its secretory nature, we also expected a fraction of the produced protein to be 

observed in the cell culture medium. Proteins (5 µg) extracted from the harvested cells and 5 µl of cell 

medium were used to measure GLA enzyme activity. According to the data in Figure 14, It was evident 

that the codon-optimized hGLA sequences were more efficient than the wild-type sequence, showing 

higher levels of GLA enzyme activity. The data are represented as relative to the wild-type values 

obtained in the enzyme activity assay. The constructs hGLA_CO01, hGLA_CO02, hGLA_CO03, and 

hGLA_CO04 showed a 2.1x, 2.0x, 1.5x, and 1.2x increase in the GLA activity in cells respectively, 

while the secreted GLA activity was 4.2x, 4.5x, 2.3x and 1.6x higher than hGLA_WT for the codon-

optimized constructs in that order (Figures 14A and 14B). 

Before, the selection of the optimum construct it was necessary to evaluate the protein production 

abilities. Therefore, SDS-PAGE was performed for proteins extracted from both the cell extract and the 

cell culture medium. Western blot analysis was done to compare protein levels of codon-optimized 

hGLA and wildtype sequences in both cases, using co-transfected-EGFP as a control for transfection 

efficiency. An anti-GLA antibody (1:3000; 49KDa; Sino Biological Cat# 12078-R001) was used to 

obtain hGLA-specific bands. With the Western blot image analysis, it was evident that codon-optimized 

Figure 13. Experimental set-up for the assessment of codon-optimized sequences in 

vitro. Experimental design for the assessment of the four codon-optimized sequences in vitro in HuH7 

cells. The cloned pSMD2_hGLA_CO sequences were transfected in HuH7 cells using lipofectamine 

2000. An eGFP-containing plasmid was co-transfected as transfection control and untreated cells were 

considered mock control. Cells were harvested to extract proteins and growth medium was collected 

48 hours post-transfection. 
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sequences were able to express higher protein levels than wild-type ones. hGLA_CO01, hGLA_CO02 

and hGLA_CO03 had similar expression profiles in cells being 2x, 1.9x and 1.7x higher compared to 

hGLA_WT.  The proteins detected in the cell supernatant were 6.5x for hGLA_CO01, 5.3x for 

hGLA_CO02, and 2.7x for hGLA_CO03. The hGLA_CO04 treated cells however did not match 

hGLA_WT levels in protein production in cells even though 1.8x higher proteins were detected in the 

cell culture medium. (Figure 14C-14F).  

Figure 14. Assessment of codon-optimized sequences in vitro. An enzymatic reaction was performed 

to evaluate the relative GLA activity of the codon-optimized versions and the wild-type hGLA sequence 

A) This data represents the mean of three independent assays (n=2), each with 5µg proteins extracted 

from the cell extract. B) similar assay was done using 5µl growth media (n=2). C-D) Western blot assay 

was done for cell extract and growth medium using hGLA specific antibody and normalized with 

transfection control. E-F) This data quantitatively represents the Western blot analysis (n=2). Mean±SD. 

One-way ANOVA (p*<0.05, **<0.001, ***<0.0001)   
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These data coincide with the information obtained from the enzyme assay and therefore it can be 

claimed with confidence that codon-optimized hGLA sequences CO01, CO02, and CO03 were more 

efficient than the wild-type hGLA sequence. Moving forward, it was necessary to evaluate these 

constructs in vivo for their GLA enzyme activity and protein production abilities. 

 

4.1.2 in vivo characterization of codon-optimized hGLA constructs 

Following the promising in vitro data, where the codon-optimized sequences demonstrated better 

efficiency than wild-type both in terms of protein expression and enzyme activity, it was necessary to 

validate the same in vivo since the ultimate aim for the assessment of the codon-optimized constructs is 

the selection of an advanced version when compared to WT to use is in Fabry KO mouse model. For 

this, AAV8-pSMD2-hGLA virus stocks of the most efficient codon-optimized hGLA variants were 

prepared, (i.e. CO01, CO02, and CO03 as well as for hGLA_WT). Liver-specific expression of the 

hGLA cDNA variants is driven by the human α1-aat promoter and ApoE enhancer sequences. One-

month-old (post-natal day 30, P30) C57BL/6 WT mice (n=5) were treated with a dose of the episomal 

vectors (3.0E+12 vg/kg) via retro-orbital injections, expecting to obtain a higher hGLA expression than 

the endogenous mGLA, in order to be able to evaluate the hGLA cDNA. Age-matched untreated animals 

were considered as control. These mice were sacrificed three weeks post-injection (P51), the liver was 

harvested, and blood was collected for plasma analysis (Figure 15). 

 

To determine GLA activity, the fluorescent enzyme assay was performed with 3 ng liver proteins 

(nmole/mg/hr) and plasma diluted 1:10,000 in PBS (nmoles/ml/hr). The GLA enzyme activity in the 

liver in mice treated with AAV8 pSMD2_hGLA CO02 and AAV8 pSMD2_hGLA CO03 was 2.1x and 

Figure 15. Experimental set-up for the assessment of codon-optimized sequences in vivo. 

Experimental design for the assessment of the codon-optimized sequences in vivo in C57BL/6 WT mice. AAV8 

viral stocks were prepared for hGLA_CO plasmids. AAV8_pSMD2_hGLA WT, AAV8_pSMD2_hGLA_CO01, 

AAV8_pSMD2_hGLA_CO02 and AAV8_pSMD2_hGLA_CO03 vectors used to infect WT animals (n=5) at 

3.0E+12vg/kg intravenously (retro-orbital) at P30. Age-matched untreated mice were used as a control to indicate 

endogenous mGLA. The experiment was terminated after 3 weeks, harvesting the liver and collecting blood for 

plasma analysis. 
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1.7x higher than in hGLA_WT treated animals. Likewise, when the secreted GLA in the bloodstream 

was measured the values were in line with those observed in the liver homogenates, hGLA_CO02 and 

hGLA_CO03 had 3.4x and 2.3x higher activity than hGLA_WT.  The animals with hGLA_CO01 

treatment could not match the activity of the WT construct either in the liver cells or in the plasma 

(Figure 16).  

 

 

AAV8 viral genome particles in genomic DNA extracted from liver homogenates were also measured 

using quantitative RT-PCR analysis as represented in (VGP/cell) Figure 17. Importantly, the VGC of 

mice treated with AAV8_pSMD2_hGLA CO02 was 5.6-fold lower than those present in mice treated 

with the hGLA WT construct, suggesting that the increase in GLA activity observed was sub-estimated 

and the CO02-variant may be more efficient than what it was determined in the enzyme assays.  

Figure 16. GLA enzyme activity analysis in C57BL/6 WT mice. C57BL/6 WT Mice (n=5) treated 

with AAV8 codon optimized vectors and wild type were sacrificed after 3 weeks of treatment. GLA 

enzyme activity was tested using a fluorescent enzyme assay with A) proteins extracted from liver 

homogenates (3ng) (nmoles/mg/hr) and B) plasma isolated from crude blood collected at the 

termination of the experiment (nmoles/ml/hr). The graphs represent the mean of GLA enzyme activity. 

Age-matched untreated mice were used as control and showed endogenous activity ranging from 2-6 

nmoles/mg/hr in the liver and 0.5-3 nmoles/ml/hr in blood plasma. Mean±SD. One-way ANOVA 

(p*<0.05, **<0.001, ***<0.0001)   
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For a more confident result, hGLA protein expression was analyzed by Western blot. Plasma (1:50) and 

liver proteins (15 µg) from treated animals as well as untreated control groups were run on an SDS- 

PAGE gel and blotted onto a nitrocellulose membrane. A GLA-specific antibody was used to identify 

human GLA proteins. Housekeeping genes, HSP70 (liver proteins), and mIgG (plasma) were used for 

normalization. According to the quantification of the band intensities, AAV8_pSMD2_hGLA CO02 

and AAV8_pSMD2_hGLA CO03 reflect an increase in the relative expression by 1.3-fold in liver and 

1.4-fold in plasma as compared to the wild-type sequence. AAV8_pSMD2_CO01 levels were still 

lower than that of wild-type hGLA expression (Figure 18).   

Considering the data obtained from the enzyme assay and the western blot it was concluded that 

hGLA_CO02 and hGLA_CO03 had better potentials than the wildtype in C57BL/6 mice and HuH7 

cells. However, instead of going forward with both sequences, hGLA_CO02 was given preference 

based on its notable increase in enzyme activity levels. 

Figure 17. VGP in C57BL/6 mice treated with AAV8 

pSMD2_hGLA CO. Genomic DNA was extracted from liver 

homogenates of mice treated with AAV8 pSMD2_hGLA codon optimised 

vectors and WT and viral genome particles were measured using quantitative 

PCR. Untreated C57BL/6 WT mice were used as control (n=5). Mean±SD 

One-way ANOVA (p*<0.05, **<0.001, ***<0.0001)   
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Figure 18. Western blot analysis in C57BL/6 mice treated with AAV8 pSMD2_hGLA CO. A and B) Proteins 

were extracted from the liver homogenates of C57BL/6 WT mice treated with AAV8 pSMD2 hGLA codon optimized variants 

and hGLA_WT. Western blot analysis was done with 15µg proteins using Anti-GLA antibody (1:3000), represented with 

comparative blots of hGLA_CO and hGLA_WT proteins and a representative image. Anti-HSP70 antibody (1:3000) was 

used for normalisation. Quantification represents the relative GLA expression in the liver. C and D) Blood collected from 

treated and untreated mice were used to extract plasma. A 1:50 dilution of plasma (PBS) was used to do the western blot 

analysis. The blots represent comparative expression profiles of GLA normalised using mouse IgG-specific antibody and its 

quantitative analysis. Age-matched untreated C57BL/6 WT mice were used as control (n=5). Mean±SD, One-way 

ANOVA (p*<0.05, **<0.001, ***<0.0001)   
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4.2 Determination of optimal conditions for gene-based therapies 

Despite their resemblances in phylogenetic traits and physiological similarities, determining the 

appropriate ‘age matching’ in humans and mice is still a work in progress, and many studies have been 

conducted to decipher the correlation between humans and mice in terms of lifespan and age. This 

knowledge is a vital aid to designing experiments targeting monogenic diseases with different onsets, 

for example in the case of Fabry disease where the early onset is usually diagnosed in the first decade 

of human life and the late onset, on the other hand, is recognized near to the third decade of life. When 

performing gene-based therapies, it is also important to optimize experimental conditions to obtain 

optimum efficiency. In the case of liver-directed AAV gene therapy, due to the duplication of the 

hepatocytes in a growing liver, AAV episomes are lost, eventually compromising the efficacy of the 

treatment. So far AAV based episomal gene therapies have shown success in adults with fully-

developed and mature liver cells in contrast to children with growing livers and in cases of liver damage. 

Alternatively, genome editing therapy with AAV vectors targeting the liver to permanently modify the 

genome exploits hepatocyte proliferation to target the efficiency issues of the treatment. The cells 

integrated with the treatment, divide, and pass on the therapeutic gene to the daughter cells, maintaining 

the efficacy of the therapy.  

An experiment (Figure 19) was designed to determine the optimum age for liver-directed gene therapy 

using an AAV8 donor vector with hAAT liver-specific promoter referred to hereafter as episomal 

treatment, and genome editing with a promoter-less AAV8 donor vector with mouse albumin homology 

arms and EGFP transgene referred hereafter as integrative treatment coupled with an AAV vector 

containing gRNA and saCas9 to increase HR.  

C57BL/6 WT male animals (n=5) were intravenously treated (retro-orbital) at different postnatal ages 

of P1, P5, P10, P15, P20, and P30 at a dose of 3.0E+12vg/kg with AAV8-pGG2-AAT-EGFP for 

Episomal treatment and a higher dose for integrative treatment i.e., 3.0E+14vg/kg for AAV8-pAB288-

ALB-EGFP (Donor vector) and AAV8 pX602-sgRNA-Cas9 (1:1; Donor: Cas9). All the animals treated 

at different time points were sacrificed at 2 months of age. The liver was harvested for histological and 

expression analysis (Figure 19).  

Proteins were extracted from liver homogenates for expression assessment. Western blots analysis of 

liver proteins identified minimum EGFP expression in mice treated with episomal treatment at early 

time points and the gradual increase in band intensity in animals treated at P15, P20, and a 51x increase 

with animals treated at P30 when compared to the initial time point. Animals treated with integrating 

donor vector and Cas9 at P1, P5, and P10 reached up to 72-88% efficiency however, treatment after 15 

and 20 days of birth sees a 2.4x and 3.7x decrease in the intensity of EGFP expression bands compared 

to treatment at P1. 
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The blots are representative images of the treated groups (Figure 20 A and B). Similar results were 

obtained with immunofluorescence analysis of liver sections after 2 months of treatment where figure 

20C shows representative images of the treated groups. Neonatal mice treated with episomal therapy 

count very few EGFP (green) positive cells. However, there was a 10-fold between animals treated at 

P20 (2% EGFP-positive cells) and P30 with 20% EGFP-positive cells compared to treatment at P1. In 

the case of animals treated with integrative treatment 1-day after birth counts to 60-90% EGFP positive 

cells, which gradually decrease with age of treatment, P5 (42%), P10 (30%), P15 (17%), and P20 (11%), 

and a non-significant hike with 60% EGFP positive cells can be observed with mice treated at P30 

(Figure 20 C and D). This data can be confirmed since protein expression analysis and 

immunofluorescence quantification follow the same trends for both therapies. These results fall in line 

with the expectation and confirm the theory explained before. During the first few days after birth, the 

liver grows at the maximum rate accompanied by hepatocyte duplication which leads to AAV episome 

loss and dilution. Therefore, there is almost no expression observed after 2 months when animals were 

treated 1 day, 5 days, and 10 days after birth. The expression gradually starts to increase in the later 

time points and an increase in expression is observed with animals treated at 1 month of age when the 

liver growth rate is rather stable. On the contrary, genome editing with Cas9 was able to integrate EGFP 

transgene in the hepatocyte which rapidly expanded to the daughter cells in the early time points of 

treatment when the liver growth is at its peak, reaching maximum efficiency.  

 

 

Figure 19. Experimental set-up to determine the optimal age of AAV-based gene therapies in 

C57BL/6 mice. An experiment was designed to assess the efficacy of AAV-based gene therapies at different 

postnatal ages. C57BL/6 WT male mice (n=5) were treated with either AAV8-pGG2-AAT-eGFP episomal donor 

vector (3.0E+12vg/kg) with a liver-specific promoter or AAV8-pAB288-ALB-eGFP integrating donor vector 

(3.0E+14vg/kg) coupled with AAV8 pX602-sgRNA-Cas9 (3.0E+14vg/kg) at P1, P5, P10, P15, P20 and P30 via 

retro-orbital route of injection. Age-matched untreated mice were considered as control. The experiment was 

terminated at 2 months of age regardless the time of treatment. The liver was harvested and processed for 

expression and histological evaluation. 
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Figure 20. Determining the optimal age of AAV-based gene therapies in C57BL/6 mice. C57BL/6 

WT male mice (n=5) were treated with either AAV8-pGG2-AAT-eGFP episomal donor vector with a liver-

specific promoter or AAV8-pAB288-ALB-eGFP integrating donor vector coupled with AAV8 pX602-sgRNA-

Cas9 at P1, P5, P10, P15, P20 and P30 via the retro-orbital route of injection. A) Western blot images show a 

gradual increase in band intensity with episomal treatment with increasing age of treatment, whereas there is a 

slight decrease in intensity with integrative treatment. B) Quantitative analysis of the western blots represented as 

relative GFP expression in the liver homogenates, confirms the trend followed by both treatments is statistically 

significant. C) Immunofluorescence was done on liver sections of treated mice showing eGFP-positive cells in 

green. D) Quantification of immunofluorescence images is shown as the mean percentage of GFP-positive cells. 

Age-matched untreated C57BL/6 WT mice were used as control (n=5). Mean±SD, Mixed-effect analysis 

(p*<0.05, **<0.001, ***<0.0001).  



Results 

 75 
 

4.3 Characterisation of Fabry knock-out mouse model 

Fabry knock-out mice B6;129-Gla tm1Kul/J were brought to the ICGEB animal facility from Jackson 

Laboratory, Main, USA (Cat no. 003535). Also known as α-Gal A KO (α-Gal A-), these mice were 

developed by Dr. Ashok B Kulkarni and have a 1kb region including the exon 3 and intron 3 region 

which was replaced by a neomycin resistance cassette (Oshima T et. al, 1997).    

The colony was expanded by mating heterozygous females with wild-type males. Mating cages were 

also set up between mutant females and hemizygous males to generate hemizygous males for 

experimentation. For the characterization of the colony, male Fabry KO animals (n=2) aged 2-, 3-, 4-, 

5-, and 6 months were sacrificed, the liver, kidney, and heart were harvested, and blood was collected 

to extract plasma. GLA enzyme activity assay was done for all samples. The values of GLA enzyme 

activity of 5 months wild-type animals measured an average of 5.1 nmoles/mg/hr, 4.6 nmoles/mg/hr, 

0.45 nmoles/mg/hr, and 2.05 nmoles/ml/hr for liver, kidney, heart, and plasma, respectively. The 

hemizygous (mutant) animals in the liver, kidney, heart, and plasma reached a mean of 0.22 

nmoles/mg/hr, 0.23 nmoles/mg/hr, 0.08 nmoles/mg/hr, and 0.5 nmoles/ml/hr respectively at the age of 

5 months implying the lack of GLA enzyme activity (Figure 21A-21D).  

Further, as a test of the phenotypic characterization of Fabry disease, the accumulation of lyso-Gb3 was 

determined by UHPLC MS/MS at a facility located in “Azienda Sanitaria Universitaria Integrata” in 

Udine, Italy. To determine the basal Lyso-Gb3 levels of plasma in untreated Fabry KO mice, 5-month-

old male hemizygous (mutant) and wild-type blood plasma were sent for Lyso-Gb3 analysis. Figure 

21E indicates the significant lyso-Gb3 accumulation in mutants (142.30 ng/ml), whereas wild-type male 

mice presented a very low value (0.49 ng/ml). This result offers confidence in the Fabry KO mouse 

colony and the representation of a clear Fabry disease phenotype in 5 months old hemizygous mice. 

This strain does not reveal evident phenotypic traits like the accumulation of Gb3 and lyso-Gb3 before 

the age of 5 months. Therefore, in the studies that follow, mice treated at different time points have all 

been sacrificed at least at 5 months of age to effectively judge the efficiency of the treatment by 

measuring the accumulation of substrate. 

Immunofluorescence was also done to confirm the accumulation of Gb3 in tissue sections of the liver 

and kidney of 5 months old hemizygous and wild-type male mice. An anti-Gb3-specific antibody [Anti- 

Gb3 Monoclonal Antibody; A2506; TCI] was used to see the Gb3 accumulation in red, indicated by 

white arrows in mutant liver and kidney sections. The Gb3 distribution was found to be non-

homogenous throughout the screened tissue section. However, the difference in the wild-type and 

mutant tissues was evident since Gb3 was hardly visible in wild-type animals (Figure 21F). 
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Figure 21. Characterisation of Fabry KO mice. Male Fabry KO animals (n=2) aged 2-, 3-

, 4-, 5-, and 6 months were sacrificed, the liver, kidney, and heart were harvested, and blood 

was collected to extract plasma. Proteins were extracted from the tissue homogenates and 

GLA enzyme activity assay was done in A) liver B) kidneys and C) heart for all the animals 

(nmoles/mg/hr). D) GLA enzyme activity was analysed in the plasma isolated from the 

collected blood (nmoles/ml/hr). E) Lyso-Gb3 accumulation was measured in plasma of 5-

months old male hemizygous and wild-type mice (ng/ml) with mass-spectrometric analysis. 

F) Kidney and liver sections of 5-month-old hemizygous and wild-type male mice were 

cryopreserved for immunofluorescence with Anti-Gb3 antibody (red), Phalloidin (green) and 

the nucleus was stained with Hoechst (blue). The white arrows mark the Gb3 accumulation 

in the hemizygous animals. 
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4.4 Potential therapy for late-onset Fabry disease 

As explained earlier, depending on the onset, Fabry disease can be classified into two variants i.e., the 

early-onset and the late-onset. In the following studies, experiments have been designed to target the 

late onset of FD, by keeping in mind the results obtained from ‘optimal conditions of gene-based 

therapies.’ 1-month-old (P30) hemizygous male Fabry KO mice were chosen in anticipation of efficient 

treatment in juvenile mice mimicking late-onset Fabry disease. 

4.4.1 AAV-based gene therapy for juvenile Fabry KO mice 

Based on previous results obtained by testing different codon-optimized variants of the human GLA 

gene, hGLA_CO02 proved to be more efficient than wild-type human GLA, therefore all experiments 

will be done with hGLA_CO02 and the hGLA_WT. In order to obtain proof of principle and a minimum 

effective dose for a potential therapy for Fabry disease in juvenile mice, AAV-based gene therapy was 

performed. 

4.4.1.1 Minimum effective dose of AAV-based episomal gene therapy 

AAV8 vector stocks were prepared in the AAV facility at ICGEB, Trieste using the pSMD2_hAAT-

ApoE_hGLA plasmids containing the liver-specific promoter from human Alpha-1 antitrypsin (α-

1hAAT), human apolipoprotein E enhancer (ApoE) (Ronzitti et al., 2016) and HBB2 intronic sequence 

for enhanced expression, flanked by AAV ITRS, nomenclature as, AAV8 pSMD2_hGLA WT and 

AAV8 pSMD2_hGLA CO02.  One-month-old (P30) juvenile hemizygous Fabry KO mice (n=5) were 

Figure 22. Experimental set-up to study the dose-response of AAV-based gene therapy in Fabry 

KO mice. Hemizygous male mice (n=5) were treated with either AAV8-pSMD2_hGLA WT or AAV8-

pSMD2_hGLA CO02 viral vectors at the dose of 3.0E+13 vg/kg, 1.0E+13 vg/kg, 3.0E+12 vg/kg and, 3.0E+11 

vg/kg. Animals were injected retro-orbitally at P30 and sacrificed at 5 months of age. Blood was collected at 

intermediate time points and at termination along with harvesting the liver, kidneys, and heart for analysis. Age-

matched untreated hemizygous males (B6;129-Glatm1Kul/J) and wild type (B6;129sf2/J) were used as controls. 
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treated with either AAV8 pSMD2_hGLA_WT or AAV8 pSMD2_hGLA_CO02 at four different doses, 

3.0E+13 vg/kg, 1.0E+13 vg/kg, 3.0E+12 vg/kg and, 3.0E+11 vg/kg to establish a dose-response in terms 

of GLA enzyme activity levels and lyso-Gb3 accumulation in tissues and blood plasma. Mice were 

injected via the retro-orbital route and blood was collected at intermediate time points. Age-matched 

untreated hemizygous males (B6;129-Glatm1Kul/J) and wild-type (B6;129sf2/J) animals were used as 

controls. All the animals were sacrificed after 4 months of treatment at P150. The liver, kidneys, and 

heart were harvested, and blood was collected for blood plasma analysis (Figure 22).  

All the treated and untreated animals were weighed at intermediate time points throughout the timeline 

of the experiment and no significant changes were observed in either AAV8 pSMD2_hGLA WT 

(Figure 23A) or AAV8 pSMD2_hGLA CO02 (Figure 23B) compared to untreated mutants or wild-type 

controls.  

AAV viral genome copies were measured in the treated animals in expectation to assess the technical 

consistency of injections and a dose-dependent response in the viral genome particle (VGP) copies/cell 

with the decrease in the dose. Genomic DNA extracted from liver homogenates was quantified and used 

as a template to amplify the promoter region of the AAV8 pSMD2 vector. The measurement of these 

AAV episomes was done using quantitative RT-PCR as described in the Materials and Methods 

Section. Figure 23C bars represent the mean of VGP/cell of the groups treated with episomal vector 

(scale: log 10). The graph indicates a dose-dependent reduction in VGP/cell with the decrease in dosage 

of the AAV8 episomal vector. No significant changes within hGLA_WT and hGLA_CO02 specific 

treatments were observed validating the technical consistency. 

In order to test the efficiency of AAV-based gene therapy on Fabry KO mice, blood was collected at 

intermediate time points and at sacrifice as mentioned in the Materials and Methods section. Plasma (2 

µl) from blood collected at P45, P60, P90, P120, and P150 from all the treated and untreated animals 

was assessed for GLA enzyme activity. Figure 24A represents GLA enzyme activity (nmoles/ml/hr) in 

a logarithmic scale in the blood plasma of AAV8 pSMD2_hGLA WT and AAV8 pSMD2_hGLA CO02 

treated at different doses. When compared to the enzyme activity in untreated hemizygotes (black) and 

wild-type (grey), all the groups reached supraphysiological levels of activity. Observing the trend lines, 

it is ideal to note that the treatment was stable till the end of the experiment.  

For better understanding Figure 24B, focuses on the GLA enzyme activity at 5 months of age i.e., after 

4 months of treatment. From the bars, an evident dose-response can be appreciated. Although not 

significant, hGLA_CO02 (dotted bars) was able to increase enzyme activity more efficiently than 

hGLA_WT (red bars) with a difference of 3.2x in animals treated at 1.0E+13 vg/kg, 3.8x in 3.0E+12 

and 14x in 3.0E+11 vg/kg between the two, except in animals treated at 3.0E+13 vg/kg where a drop in 

enzyme activity was observed in plasma at the initial timepoints which was later stabilized.  
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After the promising GLA enzyme activity results, it was necessary to assess if the therapy was able to 

rescue the phenotype by evaluating lyso-Gb3 accumulation in plasma. Figure 24C represents the 

percentage of lyso-Gb3 levels at P45, P60, P90, P120, and P150 in the treated animals, considering the 

mean of lyso-Gb3 accumulation in untreated hemizygous animals at P150 as 100%. The results are in 

line with the data acquired from the GLA enzyme assay, with a dose-dependent response to the lyso-

Gb3 levels and demonstrating stable substrate reduction over time. Animals treated at 3.0E+13vg/kg  

Figure 23. Assessing the effect of a dose study on viral genome copies and weights in Fabry KO 

mice treated with AAV-based gene therapy. Hemizygous male mice (n=4/5) were treated with either 

AAV8-pSMD2_hGLA WT or AAV8-pSMD2_hGLA CO02 viral vectors at the dose of 3.0E+13 vg/kg, 1E+13 

vg/kg, 3.0E+12 vg/kg and, 3.0E+11 vg/kg. A and B) All the animals were weighed at intermediate time points 

throughout the experiment along with untreated controls. C) Quantitative RT-PCR was done with genomic DNA 

extracted from liver homogenated to amplify the promoter region on the AAV8 pSMD2 vector to estimate viral 

genome copies/cell in the treated animals. The red bars and dotted bars indicate the mean of vgp/cell present in 

the livers of AAV8 pSMD2_hGLA WT and AAV8 pSMD2_hGLA CO02 treated mice at different doses. 

Mean±SD, two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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Figure 24. Evaluating FD phenotype in the blood plasma of Fabry KO mice treated with AAV-

based gene therapy. Hemizygous male mice (n=4/5) were treated with either AAV8-pSMD2_hGLA WT or 

AAV8-pSMD2_hGLA CO02 viral vectors at the dose of 3.0E+13 vg/kg, 1E+13 vg/kg, 3.0E+12 vg/kg and, 3.0E+11 

vg/kg. A) GLA enzyme activity was measured in blood plasma collected at different time points at P45, P60, P90, 

P120, and P150 for all treated and untreated animals. The graph demonstrates the mean of the activity (nmoles/ml/hr) 

at a particular time point. B) Bar graph representation of enzyme activity at P150. C) Lyso-Gb3 levels were measured 

in blood plasma collected at different time points during the experiment. The lyso-Gb3 levels have been indicated at 

percentage, considering the mean lyso-Gb3 levels in untreated hemizygous mice as 100%. D) The bar graphs 

represent lyso-Gb3 at P150.  Mean±SD, REML or two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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and 1E+13vg/kg were able to reduce substrate accumulation by 99-100%. Treatment with 

3.0E+12vg/kg reached 96-99% reduction whereas, with the lowest dose of 3.0E+11vg/kg, hGLA_WT, 

and hGLA_CO02 managed to clear out 61% and 90% lyso-Gb3 in blood plasma respectively at the end 

of the experiment (P150).  

It is interesting to note hGLA_CO02 was more efficient in clearing the lyso-Gb3 accumulation in 

plasma when compared to its wild-type counterpart by 3x, 3.5x, and 3.7x when dosed at 1.0E+13 vg/kg, 

3.0E+12 vg/kg and 3.0E+11 vg/kg respectively.  However, animals treated with hGLA_CO02 at 

3.0E+13 vg/kg showed 5.7x less clearance than hGLA_WT-treated animals. A similar effect was 

observed with the GLA enzyme assay. According to the VGP data in figure 23C, there is a noticeable 

reduction in viral copy numbers in animals treated with hGLA_CO02 at the highest dose, which 

confirms the compromised efficacy of the codon-optimized construct.  

As a hypothesis, this reduction can be explained by the elimination of GLA proteins-containing cells 

by the induction of immune response caused by endoplasmic reticulum (ER) stress. This ER stress could 

be generated due to the production of very high levels of GLA proteins in AAV-transduced cells, which 

is noticed at P45 (GLA enzyme activity, Figure 24A) hence, compromising the overall enzyme activity 

and lyso-Gb3 reduction efficiency of the hGLA_CO02-treated mice, when compared with hGLA_WT 

at 3.0E+13vg/kg (Figure 24B and 24D).  This hypothesis could be a probable explanation for the 

phenomenon, which needs to be confirmed. 

Due to the secretory nature of the GLA proteins, it was essential to assess the biodistribution and uptake 

of the GLA delivered through episomal gene therapy. The liver, which is the AAV-target organ, along 

with kidneys and heart homogenates were prepared for assessments (Figure 25A-C). The enzyme assay 

done with proteins extracted from the tissues showed elevated activity levels when compared to 

untreated wild-type controls with an evident dose-response. The animals treated with hGLA_CO02 had 

~2-4x higher activity in the kidneys and heart than animals treated with hGLA_WT which confirms the 

efficient uptake and activity of the codon-optimized version in non-AAV-target organs.  

When these tissues were tested for their lyso-Gb3 accumulation, the treatment dosed at 3.0E+13 vg/kg, 

1.0E+13 vg/kg and 3.0E+12 vg/kg reduced the substrate by 98-100% regardless of the tissue type 

(Figure 25D-F). However, the lowest dose with hGLA_WT managed to clear 74.6%, 44.8%, and 47.2% 

substrate from the liver (Figure 25D), kidney (Figure 25E), and heart (Figure 25F) respectively. On the 

contrary, 96.5%, 91.3%, and 86% substrate was removed from the later organs with the codon-

optimized treatment. This result confirms the higher efficiency of the codon-optimized GLA, able to 

revert the substrate phenotype even with the lowest dose. 
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Figure 25. Evaluating biodistribution and phenotype in the tissue of Fabry KO mice treated with 

AAV-based gene therapy. Juvenile (P30) Fabry KO mice were treated with AAV8-pSMD2_hGLA WT or 

AAV8-pSMD2_hGLA CO02 viral vectors at the dose of 3.0E+13 vg/kg, 1E+13 vg/kg, 3.0E+12 vg/kg and, 

3.0E+11 vg/kg. GLA enzyme activity was measured in proteins extracted from homogenates of A) liver B) Kidney 

and C) heart. (nmoles/mg/hr). The bars represent the mean of GLA enzyme activity after 4 months of treatment. 

D) liver, E) kidney and F) heart tissue homogenates were homogenized in water to measure for lyso-Gb3 

accumulation. The bars represent the mean percentage lyso-Gb3 levels after 4 months of treatment. Mean±SD 

Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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The GLA protein production levels of the liver as the target organ were measured using a western blot 

analysis. An anti-GLA antibody was used to detect the GLA-specific bands. The blot in Figure 26 is 

representative of the GLA expression of the treatment. The reduction in the intensity of the bands with 

the reduction in the dose is evidence of a dose-dependent response with a clear difference in the higher 

expression of hGLA_CO02 treated bands when compared to hGLA_WT. For quantitative analysis, the 

band intensities were quantified and normalized with the HSP70 housekeeping gene and plotted on the 

bar graph in Figure 26. The mean of the treatments reduced with the dose and confirmed the finding of 

the GLA enzyme assay and the lyso-Gb3 mass-spectrometric analysis. 

 

Figure 26. Evaluating GLA protein production in Fabry KO mice treated with AAV-

based gene therapy. Hemizygous male mice were treated with either AAV8-pSMD2_hGLA WT 

or AAV8-pSMD2_hGLA CO02 viral vectors at the dose of 3.0E+13 vg/kg. Proteins extracted from 

liver homogenates were used to run an SDS-PAGE gel. Western blot analysis was done with the treated 

animals with Anti-GLA antibody to detect GLA proteins on the blot and HSP70 specific antibody was 

used as a housekeeping protein. The blot shown is representative of all the treatment groups. The bar 

graph represents the quantified and normalized values of the bands obtained from all the animals treated 

at different doses.  Mean±SD, Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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4.4.1.2 Immune response associated with AAV-based gene therapy 

As mentioned above, in the case of animals treated with 3.0E+13vg/kg of AAV8 pSMD2_hGLA CO02 

vectors, a reduction in the GLA enzyme activity levels was observed in plasma after 15 days of 

treatment (P45) which stabilized at later time points. To address this phenomenon, expression levels of 

immune markers in the liver homogenates harvested after 4 months of treatment with AAV8 

pSMD2_hGLA WT and CO02 were studied using quantitative RT-PCR (Figure 27A). TNFα (Tumour 

Necrosis Factor-alpha), NFβ (Nuclear factor kappa-light-chain-enhancer of activated B cells), CD86 

(Cluster of Differentiation 86), IL6 (Interleukin 6) were measured as markers of innate and adaptive 

immune response whereas, GRP78 (Glucose-Regulated Protein 78) and CHOP (C/EBP Homologous 

Protein) were evaluated due to the speculation of potential ER stress. Although statistically 

insignificant, an increase in TNFα, NFβ, and IL6 was observed with significant upregulation in CD86. 

Figure 27. Evaluating immune response markers in Fabry KO mice treated with AAV-based 

gene therapy. Hemizygous male mice were treated with either AAV8-pSMD2_hGLA WT or AAV8-

pSMD2_hGLA CO02 viral vectors at the dose of 3.0E+13 vg/kg. A) RNA was extracted from liver homogenates 

harvested 4 months post-treatment and later converted to cDNA. Gene expression of different immune response 

markers (TNFα, NFκβ, CD86 and IL6) and ER stress markers (GRP78 and CHOP) were measured using 

quantitative PCR and compared to untreated hemizygous and wild-type animals. mGAPDH was used as 

housekeeping gene to normalize the expression values. The bars represent the mean of the normalized expression 

levels of treated and untreated mice. B) ALT enzyme assay was done with plasma samples collected at P45 (or 

D15 and P60 (or D30). The bars represent the mean of the animals in a particular group. Mean±SD, two-way 

ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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According to a study in healthy conditions, GRP78 controls the stability of survival pathways like ER 

signaling molecules and caspases (Miao Wang et. al., 2009). However, under stress conditions, GRP78 

is tittered away to unblock these protective pathways. In our study, GRP78 was significantly 

downregulated indicating an ER-stress environment. CHOP expression was within the normal range in 

all the treated samples.  

To further comprehend the condition, ALT (alanine transaminase) levels were measured in plasma 

collected from the treated and untreated samples after 15- and 30-days post-treatment. ALT is a liver 

transaminase that is released into the bloodstream in case of liver damage. Figure 27B shows a 

statistically significant increase in ALT levels in animals treated with AAV8 pSMD2_hGLA CO02 

after 15 days post-treatment compared to untreated hemizygotes, which later drops to a normal range 

after another 15 days (D30). However, the increase in ALT levels was variable and it was not observed 

in all the animals of the group.  

 

4.4.2 Gene targeting with AAV vectors containing mALB homology arms in 

juvenile Fabry KO mice   

Genome editing has the potential to overcome the limitations associated with episomal gene therapy by 

targeting the genome and integrating the transgene, permanently avoiding the reduction of transgene 

expression due to the loss of AAV episomes. Gene RideTM (Figure 28) is a genome targeting strategy 

developed by Mark. A. Kay’s team at Stanford in 2015 where a recombinant AAV (rAAV) was used 

to deliver a promoterless construct containing the human coagulation factor 9 cDNA, with a preceding 

P2A peptide, flanked by mouse albumin homology arms, to hemophilia B mice (A Barzel et al. 2015). 

This donor vector targets the albumin locus using the two homology arms at each end. The endogenous 

albumin promoter controls the production of the albumin and coagulation factor 9 as a chimeric mRNA. 

The chimeric mRNA then translates into two separate proteins: albumin and Factor 9, with the aid of a 

P2A peptide executing ribosomal skipping (A Barzel et al. 2015). In another study of our laboratory, 

Gene RideTM was used to target the albumin locus of a Crigler-Najjar syndrome type I (CNSI) mouse 

model with a promoterless therapeutic UGT1A1 cDNA, which led to complete rescue of neonatal 

lethality and a long-term stable reduction in plasma bilirubin levels (Porro et al. 2017).  
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4.4.2.1 Gene targeting using CRISPR/Cas9 technology 

Based on previous evidence supporting the success of genome targeting using Gene Ride technology, 

an experiment was designed to obtain a potential treatment for late-onset Fabry disease, directed 

towards the juvenile population of Fabry KO mice. To improve therapeutic efficacy, the donor vector 

was coupled with CRISPR/Cas9 system to increase the rate of homologous recombination. 

Referring to figure 29, AAV stocks were prepared for hGLA_WT and hGLA_CO02 packaged with the 

donor vector AAV8 pAB 288_mAlb containing mouse albumin homology arms. These donor vectors 

Figure 28. Genome targeting using Gene RideTM technology. Schematic of the 

genome targeting construct containing a recombinant transgene with a P2A peptide sequence, 

flanked by mouse albumin homology at either side.  

Figure 29. Experimental design for gene targeting using CRISPR/Cas9 technology in 

Fabry KO mice. Juvenile Fabry KO mice (P30) were treated with a donor vector containing mouse 

albumin homology arms and hGLA transgene (hGLA_WT or hGLA_CO02) via the retro-orbital route 

of injection. The donor vector was coupled with and without AAV8 pX602_sgRNA, a saCas9 

harbouring vector. The experiment lasted for 4 months accompanied by blood collection at intermediate 

time points. The liver, kidneys, and heart were harvested at sacrifice (P150).  
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i.e., AAV8 pAB hGLA_WT and AAV8 pAB hGLA_CO02 will also be referred to as the WT Donor 

vector and CO02 Donor vector. Juvenile Fabry KO male mice (P30) were given WT Donor vector, or 

CO02 Donor vector at 3.0E+13vg/kg via the retro-orbital route of administration with and without 

AAV8 pX602_sgRNA vector containing the SaCas9 and single guide RNA (sgRNA). 

All the animals were weighed at different time points (Figure 30A) till the termination of the 

experiment. The treatment had no significant alteration in the weights when compared to the untreated 

controls. Genomic DNA extracted from the liver homogenates was used to perform a digital droplet 

PCR (ddPCR) assay to determine the targeting rate. Figure 30B represents the ddPCR analysis in the 

percentage of homologous recombination in the samples treated with the donor vector only and the 

donor vector coupled with Cas9. Theoretically, the generation of DSB by CRISPR/Cas9 system 

increases the homologous recombination rate, however, the results of the ddPCR analysis did not meet 

the expectations since no difference in the percentage of HR was observed between the animals treated 

with and without Cas9 at P30.  

 

Figure 30. Assessment of the effect of integrative treatment on the weight of Fabry KO 

animals and evaluating the rate of homologous recombination. A) Weights of all the treated 

and untreated animals were monitored during the course of the treatment. B) Genomic DNA from liver 

homogenates was used to perform a ddPCR analysis to evaluate the rate of homologous recombination. 

The bars represent the mean of the percentage of homologous recombination of the particular treatment. 

Mean±SD, Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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To determine the efficiency of the treatment, plasma isolated from the blood collected at different time 

points was assessed for GLA enzyme activity and lyso-Gb3 levels. Figure 31A represents the trend that 

follows post-treatment with hGLA_WT and hGLA_CO02 donor vectors coupled with and without Cas9 

(Donor+Cas9). All treated animals showed elevated and stable GLA activity levels till the termination 

of the experiment. The treatment coupled with Cas9 was able to increase the activity in the plasma by 

70x with hGLA_WT and 55x with hGLA_CO02 vector when compared to the treatment with Donor-

only treated counterparts. The GLA enzyme activity at P150, plotted as a bar graph in Figure 31B 

showed 1.2-1.8x higher activity with hGLA_CO02 than with hGLA_WT. Further, to evaluate the effect 

of the treatment on substrate accumulation, lyso-Gb3 mass-spectrometric analysis was done in the 

Figure 31.GLA enzyme activity and lyso-Gb3 accumulation in plasma after AAV 

integrative treatment. Juvenile Fabry KO mice (n=5, Donor WT+Cas9 n=3) were treated with 

either AAV Donor vector (hGLA_WT or hGLA_CO02 or coupled with Cas9. A) GLA enzyme activity 

was measured in plasma collected at intermediate time points (nmoles/ml/hr). B) the bars represent the 

mean of GLA enzyme activity obtained at P150 i.e., after 4 months of treatment. C) Mass-spectrometer 

was used to measure the lyso-Gb3 accumulation in plasma represented in the percentage of lyso-Gb3 

accumulation. D)the bars represent the mean of percentage lyso-Gb3 levels at P150 or 4 months post-

treatment. The lyso-Gb3 accumulated in the plasma of untreated hemizygous mice at P150 was 

considered 100%. Mean±SD, REML or Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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plasma samples (Figure 31C-D). The treatments proved to be effective by reducing the accumulation 

in Fabry KO mice by 66% with Donor WT, 75% with Donor CO02, 72% in Donor WT+Cas9, and 39% 

with Donor CO02+Cas9 which was sustained until 5 months of age. The treatment with CRISPR/Cas9 

system showed higher enzyme activity in the plasma however, it was not able to completely clear 

substrate accumulation.  

The proteins extracted from the liver, kidney, and heart harvested at sacrifice were used to perform a 

GLA enzyme assay. Figures 32A, B, and C represent the GLA enzyme in the Liver, kidney, and heart 

respectively. In the case of animals treated with Donor vector+Cas9, there is a supraphysiological 

increase observed in all the tissues, whereas, in the case of animals treated with only the donor vector 

the GLA enzyme activity was higher than that of the untreated wild-type animals but did not reach 

levels high as in Donor+Cas9. In the liver (Figure 32A), Cas9 increased the activity by 58x and 14x 

with hGLA_WT and hGLA_CO02 respectively. The kidneys (Figure 32B) observed a more impressive 

increase of 120-144x with the two constructs coupled with the nuclease, similarly, the heart (Figure 

32C) had 97-198x higher activity with Donor+Cas9 treatment. However, no specific trend of difference 

was observed between the wild-type and the codon-optimized GLA constructs. 

Similar observations were made when these tissues were tested for lyso-Gb3 accumulation, the donor 

vector was effective in reducing the accumulated substrate in the liver (Figure 32D) by 84-86% with 

Donor WT, with and without the use of Cas9. Donor CO02 alone cleared 90% substrate however, with 

the aid of nuclease it was able to reduce only 55% lyso-Gb3. Figure 32E shows the accumulation 

percentage in the kidneys with 76% and 68% clearance using Donor WT and Donor WT+Cas9 and, 

80% and 36% with Donor CO02 and Donor CO02+Cas9. Similar observations were made in the heart 

(Figure 32F) with 73%, 67%, and 84% reduction with Donor WT, Donor WT+Cas9, and Donor CO02 

treatments respectively, Donor CO02+Cas9 removed 42% lyso-Gb3.  

It must be noted that the treatment with donor vector was able to elevate GLA enzyme activity and clear 

lyso-Gb3 accumulation with and without the use of Cas9, however, the treatment did not meet the 

expected results. Donor vector coupled with Cas9 presented a supraphysiological level of GLA activity 

in plasma as well as in tissues but failed to match the lyso-Gb3 levels of untreated wild-type levels. 

Moreover, there were no significant differences observed between AAV8 pAB_hGLA WT (Donor WT) 

and AAV8 pAB_hGLA CO02 (Donor CO02) treated animals. Therefore, so far there is no validated 

evidence of the success of using nuclease to increase the efficacy of the donor vector treatment in this 

study. 
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Figure 32. GLA enzyme activity and lyso-Gb3 accumulation in tissues after AAV 

integrative treatment. Juvenile (P30) Fabry KO mice (n=5, Donor WT+Cas9 n=3) were treated 

with either AAV Donor vector (hGLA_WT or hGLA_CO02) or coupled with Cas9. GLA enzyme 

activity was measured in proteins extracted from homogenates of A) liver B) Kidney and C) heart. 

(nmoles/mg/hr). The bars represent the mean of GLA enzyme activity after 4 months of treatment. 

Tissue homogenates were used to measure lyso-Gb3 accumulation. The bars represent the mean 

percentage lyso-Gb3 levels after 4 months of treatment in D) liver, E) kidney and F) heart. Untreated 

hemizygous tissue levels are considered 100% lyso-Gb3 accumulation. Mean±SD, Two-way 

ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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4.4.2.2 Nuclease-free approach to gene targeting 

The use of CRISPR/Cas comes along with its pros and cons. The primary risk associated with this 

technology is the potential off-targeting effect and activation of oncogenes, generating safety concerns. 

In order to address this issue, a study was designed to replace the Cas9-containing vector with 

Fludarabine, an FDA-approved drug known to increase the rate of homologous recombination (Tsuji et 

al. 2022). Fabry KO juvenile (P30) animals were treated with either Donor WT or Donor CO02 vector 

at 3.0E+13vg/kg. The treatment was coupled with the use of Fludarabine (in the absence of Cas9) and 

compared with a group of animals without drug exposure. Fludarabine was dosed at 375 mg/kg over 

the course of three days, by treating the animals intra-peritoneally with 125 mg/kg three times a day for 

three consecutive days. AAV8 donor vectors were retro-orbitally injected on day 1 (Figure 33). 

Figure 33. Nuclease-free approach to gene targeting in Juvenile Fabry KO mice.  

Juvenile (P30) Fabry KO mice (n=5) were treated with AAV Donor vector (hGLA_WT or 

hGLA_CO02) at 3.0E+13 vg/kg, coupled with Fludarabine at 375mg/kg. This drug was dosed at 

125mg/kg per IP injection three times a day for three consecutive days. Intermediate blood was 

collected, and the animals were sacrificed at P150 or 4 months post treatment. Untreated wild-type and 

hemizygous Fabry KO males were considered as control animals. The liver, kidney, and heart were 

harvested for analysis. The weights of all the animals were monitored throughout the course of the 

treatment Mean±SD. 
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Untreated wild-type and hemizygous mice were used as controls. The treatment lasted for 4 months, 

with blood withdrawal at intermediate time points. The mice were sacrificed at P150, harvesting the 

liver, kidney, and heart. During the course of the treatment, the weight of all the animals was monitored 

(Figure 33). No significant changes were observed in the weights of the treated animals when compared 

to the controls. 

For the assessment of the efficiency of the treatment, proteins extracted from liver homogenates were 

used to perform western blot analysis (Figure 34A-B). The blot was incubated with an Anti-GLA 

antibody to detect the GLA proteins and HSP70 specific antibody was used to detect the housekeeping 

gene. The quantification of the Western blot analysis after normalization represented in Figure 34B 

indicates a small increase in protein production of GLA protein when the donor vector was coupled 

with Fludarabine, however, these minor differences were statistically insignificant. It is also important 

to observe the 1.08x higher protein production with Donor CO02 when compared to Donor WT.  

The liver homogenates were also used to extract genomic DNA which was later used to evaluate the 

percentage rate of homologous recombination by a digital droplet PCR. Figure 34C demonstrates the 

quantification of the PCR technique showing no major differences in the homologous recombination 

efficiency. Although protein production slightly increased due to the use of Fludarabine, the HR rate 

did not match the expected increase mediated by fludarabine. 

Blood collected from the treated and untreated animals at intermediate time points throughout the course 

of the experiment was evaluated for GLA enzyme activity. Plasma isolated from the blood samples was 

measured for enzyme activity (nmoles/ml/hr), and represented in Figure 35A, which shows elevated 

levels of GLA activity when compared to untreated wild-type animals which were stable until the 

termination of the experiment. From the plasma activity at P150 (Figure 35B), it is clear that 

Donor+drug treated animals certainly have up to 5x higher GLA enzyme activity with Donor WT and 

1.4x higher with Donor CO02 treatment. 

Similarly, the plasma isolated was also checked to estimate the lyso-Gb3 accumulation with mass-

spectrometric analysis. Figure 35C shows the percentage of lyso-Gb3 in the blood of treated animals 

when compared to untreated hemizygous males with 100% substrate. The treatment was able to reduce 

the accumulation by at least 70% in all treated groups which were stable until the end of the experiment.  
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Focusing on the values obtained at P150 (Figure 35D), the treatment with Donor WT was able to clear 

66% substrate and when coupled with fludarabine the efficiency increased to 85% reduction. Similarly, 

lyso-Gb3 in the plasma of animals treated with Donor CO02 was reduced by 75% which increased to 

81% when the drug was coupled with the treatment. Therefore, it was evident that the drug enhanced 

the capabilities of the therapy by ~1.2x when compared to donor-only treatment. 

Figure 34. Assessment of Nuclease-free approach to gene targeting on protein 

production and recombination rate.  Juvenile (P30) Fabry KO mice were treated with AAV 

Donor vector (hGLA_WT or hGLA_CO02) at 3.0E+13 vg/kg, coupled with Fludarabine at 375mg/kg. 

A and B) Liver homogenates were used to extract proteins to perform western blot analysis (n=3). 

GLA-specific antibody was used to detect the proteins. HSP70 was used as a housekeeping gene. The 

bars represent the mean of the normalized intensity observed in the blot. C) Liver homogenates were 

also used to extract genomic DNA (n=5). The rate of homologous recombination was evaluated in the 

DNA of treated animals using ddPCR. The bars represent the mean of the percentage HR in a group. 

Mean±SD, Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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To further investigate the effect of the treatment on Fabry KO mice, a GLA enzyme assay was 

performed with the liver (Figure 36A), kidney (Figure 36B), and heart (Figure 36C) harvested at 

sacrifice. The bars represent the mean of the GLA activity obtained by treatment. In the target organ 

i.e., the liver the results clearly indicate a 12x higher activity in animals treated with Donor WT and 

Figure 35. Evaluating GLA enzyme activity and substrate reduction in plasma of Fabry 

KO mice treated with the nuclease-free approach to gene targeting. Juvenile (P30) Fabry 

KO mice (n=2) were treated with AAV Donor vector (hGLA_WT or hGLA_CO02) at 3.0E+13 vg/kg, 

coupled with Fludarabine at 375mg/kg. Plasma samples isolated from the blood collected at different 

events during the course of the treatment were subjected to evaluation of Fabry disease markers. A) 

GLA enzyme assay is represented in the XY graph demonstrating the trend of the activity in the plasma 

from blood collected at different time points. B) The bar graphs represent the mean of the GLA enzyme 

activity obtained at P150. C) Mass-spectrometry was done to quantify the lyso-Gb3 levels in the blood 

plasma at different time points. D) the mean percentage of substrate accumulation at P150 is 

represented in the bar graph. Mean±SD, REML or Two-way ANOVA (p*<0.05, **<0.001, 

***<0.0001). 
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Fludarabine and 1.9x higher activity with Donor CO02 and drug when compared to their counterpart 

animals treated with the donor vector only.  

 

 

Figure 36. Evaluating GLA enzyme activity and substrate reduction in the tissues of 

Fabry KO mice treated with the nuclease-free approach to gene targeting. Juvenile (P30) 

Fabry KO mice were treated with AAV Donor vector (hGLA_WT or hGLA_CO02) at 3.0E+13 vg/kg, 

coupled with Fludarabine at 375mg/kg. Proteins extracted from the tissue homogenates were used to 

perform GLA enzyme activity (nmoles/mg/ml) in A) the Liver, B) the kidney and C) the heart. The bar 

graph represents the mean of the activity obtained by the animals treated. Untreated wild-type animals 

were considered control. The tissue homogenates were homogenized in water to test for lyso-Gb3 

accumulation in D) the liver, E) the kidney and F) the heart. The bar graphs indicate the percentage of 

substrate accumulation at P150, considering hemizygous make Fabry Ko mice with 100% 

accumulation. Mean±SD, Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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The GLA protein produced in the liver was efficiently biodistributed and taken up by the other organs 

like the kidney and heart. In Figure 36B, the activity assessment in kidneys shows elevated levels of 

enzyme activity in the knockout-treated mice that reached wild-type levels. A similar effect was 

observed in the heart in figure 36C.  

After confirming the presence of the GLA protein, its enzyme activity, and its uptake, the tissues were 

evaluated for lyso-Gb3 substrate accumulation. Figures 36D, E, and F represent the lyso-Gb3 

accumulation values in the liver, kidney, and heart respectively. The bar graph plots the substrate 

accumulation in percentage, compared to untreated hemizygous male Fabry KO mice accumulating 

100% lyso-Gb3 in their organs. The results show a clearance of the substrate in all the organs. In the 

liver, the treatment coupled with the drug was able to clear 94% of the substrate which is higher than 

when the animals were treated with the only-donor WT (84%) or Donor CO02 (90%). Similarly, the 

donor-only constructs removed 76-80% substrate from the kidneys, which increased to 86-90% when 

coupled with the drug. In the heart, the 73-84% reduction was observed with the donor vectors which 

increased to 85-90% under the influence of the drug. The reduction was always ~10% higher than the 

animals treated with only the donor vector. 

The nuclease-free approach proved to be effective and more efficient than treatment with the gene-

targeting AAV vector alone. By eliminating the use of the CRISPR/Cas system, genome editing has the 

potential to be safer due to the absence of off-target sites leading to tumorigenesis.  

  

4.5 Potential therapy for early-onset Fabry disease 

Following the previous experiment in which mice were treated at P30, the tested treatment was tested 

in mice at early stages since it was shown higher rate of targeting with AAV-based genome editing. 

Thus, we treated neonatal Fabry KO mice with AAV-based gene targeting as a potential therapy for the 

early onset of Fabry disease. 

4.5.1 AAV-based gene-targeting in neonatal Fabry KO mice using 

CRISPR/Cas9 technology 

An experiment was designed to target Fabry KO neonatal mice (P5) with AAV8 pAB hGLA_WT or 

AAV8 pAB hGLA_CO02 donor vectors coupled with AAV8 pX602_sgRNA Cas9 vector (1:5) at two 

different doses retro-orbitally. 3.0E+13vg/kg of donor vector with 6E+12vg/kg Cas9 was initially given 

as the normal dose used throughout this study. Later a higher dose of 3.0E+14 vg/kg of donor vector 

coupled with 6E+13vg/kg of Cas9-containing vector was used to test the efficacy of the treatment. 

Untreated age-matched wild-type and hemizygous male mice were used as control animals. All the 

animals were sacrificed at the age of 5 months harvesting the liver, kidneys, and heart. The animals 
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were intermittently bled for blood plasma and their weights were monitored which remained unchanged 

between the treated and untreated groups (Figure 37). 

 

Proteins were extracted from liver homogenates to evaluate protein production. Proteins (15 µg) were 

run on an SDS PAGE gel to perform Western blot analysis (n=3). Anti-GLA antibody was used to 

detect GLA proteins and HSP70 was used as a housekeeping protein (Figure 38A). The intensity of the 

bands confirms a dose-response effect, the higher dose of 3.0E+14vg/kg displays more intense bands 

than in animals treated with 3.0E+13vg/kg for both Donor WT as well as Donor CO02. Quantification 

of the band intensities suggests 9x and 5x higher protein levels in the case of animals treated with 

3.0E+14vg/kg Donor WT and Donor CO02, respectively, compared to the lower dose (Figure 38B). 

Importantly, expression levels of the CO02 were 2.4x to 4x higher than that of the WT construct with 

higher and lower doses respectively. 

Genomic DNA was isolated from the liver homogenates to evaluate the rate of homologous 

recombination (HR) by digital droplet PCR. Figure 38C shows the quantification of the ddPCR results. 

Figure 37. Schematic diagram of gene targeting in neonatal Fabry KO mice. Neonatal 

(P5) Fabry KO mice (n=5) were treated with AAV Donor vector (hGLA_WT or hGLA_CO02) at 

3.0E+13 vg/kg or 3.0E+14 vg/kg, coupled with AAV8 pX602_sgRNA at 6E+12vg/kg or 6E+13vg/kg 

respectively. Untreated age-matched wild-type and hemizygous male mice were treated as control. 

Blood was collected at intermediate time points and the weights of all the animals were monitored. All 

the animals were sacrificed at 5 months of age harvesting the liver, kidney, and heart. 
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There is a statistically significant increase in the percentage of HR in the albumin locus when the 

animals were treated with a higher dose, ranging from 8.5 to 8.1% HR in neonatal mice treated with 

3.0E+14vg/kg to 0.21-0.85% in those treated with 3.0E+13vg/kg. 

Figure 38. Assessment of protein production and recombination rate in neonatal Fabry KO mice 

treated with AAV-based gene targeting.  Neonatal (P5) Fabry KO mice were treated with AAV Donor 

vector (hGLA_WT or hGLA_CO02) at 3.0E+13 vg/kg and 3.0E+14vg/kg, coupled with Cas9 (1:5). A and B) 

Liver homogenates were used to extract proteins to perform western blot analysis. GLA-specific antibody was 

used to detect the proteins. HSP70 was used as a housekeeping gene. The bars represent the mean of the 

normalized intensity observed in the blot. C) Liver homogenates were also used to extract genomic DNA. The 

rate of homologous recombination was evaluated in the DNA of treated animals using ddPCR. The bars represent 

the mean of the percentage homologous recombination (HR) in a group. Mean±SD, Two-way ANOVA 

(p*<0.05, **<0.001, ***<0.0001). 
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To further investigate the effects of the treatment, plasma was isolated from the blood collected at 

intermediate time points and at the time of sacrifice. This blood plasma containing the GLA proteins 

was tested for enzyme activity. Figure 39A shows the GLA enzyme activity plotted at different time 

points for all the treated and untreated animals. The trendlines suggest a supraphysiological increase in 

the activity in the treated animals which was stable till the termination of the experiment at 5 months of 

age. The GLA enzyme activity obtained at P150 was plotted on a bar graph shown in Figure 39B. An 

increase of 105x was observed in animals treated with Donor WT+Cas9 at 3.0E+14 vg/kg when 

comparing the treatment at 3.0E+13 vg/kg. Similarly, a 15x increase with the higher dose was noticed 

in the case of Donor CO02 treatment. It is also interesting to note that the treatment with Donor 

CO02+Cas9 was able to elevate the enzyme activity more than that of Donor WT+Cas9 at both doses.  

Figure 39. Evaluating GLA enzyme activity and substrate reduction in plasma of Fabry KO 

mice treated with the nuclease-free approach to gene targeting. Neonatal (P5) Fabry KO mice were 

treated with AAV Donor vector (hGLA_WT or hGLA_CO02) at 3.0E+13 vg/kg and 3.0E+14vg/kg, coupled with 

Cas9 (1:5). Plasma samples isolated from the blood collected at different events during the course of the treatment 

were subjected to evaluation of Fabry disease markers. A) GLA enzyme assay is represented in the XY graph 

demonstrating the trend of the activity. B) The bar graphs represent the mean of the GLA enzyme activity obtained 

at P150. C) Mass-spectrometry was done to quantify the lyso-Gb3 levels in the blood plasma at different time 

points. D) the mean percentage of substrate accumulation at P150 is represented in the bar graph. Mean±SD, 

REML or Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 



Results 

 100 
 

Mass-spectrometry was done to test substrate accumulation in plasma samples collected from the 

treated and untreated animals. Figure 39C shows the results obtained from the assay in the percentage 

of lyso-Gb3 accumulation, considering that untreated hemizygous Fabry KO males have 100% 

accumulation at P150. The treatment with both doses was able to clear lyso-Gb3 accumulation since 

the initiation of the experiment and was stable till the termination. Looking closely at the data obtained 

at sacrifice or P150 (Figure 39D) shows that the plasma of treated hemizygous mice presented almost 

similar lyso-Gb3 levels as the healthy wild-type animals. The Donor WT at 3.0E+14 vg/kg cleared 97% 

substrate compared to the lower dose (71%), similarly, the highest dose of Donor CO02 reduced the 

lyso-Gb3 by 99% and the lower dose by 94%. This result confirms the efficacy of the treatment even at 

a dose of 3.0E+13 vg/kg with hGLA_CO02 vectors. 

GLA enzymes produced by targeting the liver were found to be in supraphysiological levels in the blood 

plasma confirming the outflow of abundant GLA from the liver to the bloodstream. To confirm the 

uptake of this enzyme by other target organs, the kidney, and heart, together with the liver, were used 

to perform a GLA enzyme assay. In the liver (Figure 40A), the enzyme activity reached 2826.2 

nmoles/mg/hr with the highest dose of Donor WT which is 19x higher than the lower dose (147 

nmoles/mg/hr), likewise, the activity is elevated to 9129.6 nmoles/mg/hr with Donor CO02 at 3.0E+14 

vg/kg which is 15x higher than that achieved by 3.0E+13 vg/kg. It is important to note that despite the 

clear differences in the activity with the dose, a 3-4x higher activity was observed with hGLA_CO02 

codon-optimized vectors than with hGLA_WT in the liver. Also, in the kidneys (Figure 40B) and heart 

(Figure 40C) 52x and 4x higher activity was observed with Donor CO02 with the higher dose 

respectively when compared to Donor WT. The dose-response was evident with the enzymatic assay.   

To further check whether the increase in GLA enzyme activity had an effect on substrate accumulation, 

tissue homogenates were analyzed by mass spectrometry. Figures 40D-F represent the percentage of 

lyso-Gb3 present in the liver, kidneys, and heart, post-treatment with AAV8 genome targeting donor 

vectors after 5 months of injection. Associating untreated hemizygous mice at P150 with 100% lyso-

Gb3 accumulation, in the liver, the Donor WT dosed at 3.0E+13vg/kg was able to reduce the 

accumulation to 89% whereas Donor CO02 cleared 98% substrate. At the higher dose of 3.0E+14vg/kg, 

both the Donor vector (WT and CO02) were able to completely clear the substrate reversing the lyso-

Gb3 phenotype completely. In the case of the kidneys, animals dosed at 3.0E+13vg/kg reduced substrate 

by 85% with Donor WT and 95% with Donor CO02. The kidneys of animals treated with the higher 

dose were able to eliminate any accumulating substrate. A very similar situation was observed in the 

heart, where the animals given the vector at 3.0E+13vg/kg reduced lyso-Gb3 by 89% and 94% with 

Donor WT and Donor CO02, whereas 97% and 99% with the higher dose. Clearance of lyso-Gb3 was 

in all cases more effective with the CO02 than with the WT GLA cDNA. 
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Figure 40. Evaluating GLA enzyme activity and substrate reduction in the tissues of 

neonatal Fabry KO mice treated with AAV-based gene targeting. Neonatal (P5) Fabry KO 

mice were treated with AAV Donor vector (hGLA_WT or hGLA_CO02) at 3.0E+13 vg/kg and 

3.0E+14vg/kg, coupled with Cas9 (1:5). A-C) Proteins extracted from the tissue homogenates were 

used to perform GLA enzyme activity (nmoles/mg/ml) in A) the Liver, B) the kidney and C) the heart. 

The bar graph represents the mean of the activity obtained by the animals treated. Untreated wild-type 

animals were considered control. D-F) The tissue homogenates were homogenized in water to test for 

lyso-Gb3 accumulation in D) the liver, E) the kidney and F) the heart. The bar graphs indicate the 

percentage of substrate accumulation at P150, considering hemizygous make Fabry Ko mice with 

100% accumulation. Mean±SD, Two-way ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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4.5.2 Optimization of Nuclease-free approach to gene targeting in C57BL/6 WT neonatal 

mice. 

After the positive results obtained from the gene-targeting approach in Fabry KO neonatal mice using 

CRISPR/Cas9, it was necessary to optimize a protocol for a genome-targeting therapy coupled with 

fludarabine in neonatal mice since the toxic effect of a high dose of the drug on pups was still 

undetermined. Therefore, a study was designed in C57BL/6 WT neonatal mice (n=3). A donor vector 

containing EGFP transgene and mouse albumin homology arms (AAV8 pAB_EGFP) was retro-

orbitally injected at 3.0E+13vg/kg at P5 (Figure 41). The treatment was coupled with fludarabine at two 

different doses of 190mg/kg and 95mg/kg with varying booster frequency intra-peritoneally. Group 1 

was given the donor vector with EGFP only. Group 2 was dosed with donor vector and 190 mg/kg of 

fludarabine once per day for two consecutive days (total of 380 mg/kg). Group 3 was dosed with the 

donor vector and 95 mg/kg of the drug was given twice per day for two consecutive days (a total of 380 

mg/kg). Lastly, group 4 was given the donor vector and an increment of fludarabine by treating the 

animals with 190 mg/kg twice a day for two consecutive days (a total of 760 mg/kg). An age-matched 

untreated mouse was used as a control. All the treated and untreated animals were sacrificed after 15 

days of treatment at P20 collecting the blood and harvesting the liver.  

Figure 41. Experimental design to optimise the nuclease-free approach to gene 

targeting in C57BL/6 WT neonatal mice. Neonatal (P5) C57BL/6 WT mice were treated retro-

orbitally with AAV8 pAB_EGFP vector containing mouse albumin homology arms and EGFP 

transgene at 3.0E+13vg/kg with and without Fludarabine (n=3). The drug was given at different 

concentrations of 190mg/kg or 95mg/kg with different frequencies of booster doses as can be seen in 

the figure. Age-matched untreated WT mice were used as a control. All the treated and untreated mice 

were sacrificed at P20 after 15 days of treatment. The liver was harvested for analysis. 
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Proteins extracted from the liver homogenates were used to perform an SDS-PAGE. Western blot was 

done to detect EGFP proteins using an Anti-EGFP antibody and HSP70 was used as housekeeping 

control (Figure 42A). A bar graph was plotted with the relative EGFP expression obtained after 

quantification and normalization of the western blot (Figure 42B). There is a minor non-statistically 

significant difference observed after quantification of the intensities, where Group 4 with the highest 

dose of the drug had the highest EGFP expression level as represented in the bar graph.  

To determine the levels of fused mALB+EGFP expression, a quantitative RT-PCR was performed to 

amplify the region between the EGFP transgene and exon 12 on the endogenous albumin (Figure 42C). 

The qRT-PCR analysis indicates the relative expression of the fused mALB+ EGFP represented in bars 

as the mean of the expression of all animals in the group. When compared to the animals treated with 

the donor vector only (Group 1), the animals with a single dose of 190 mg/kg drug given for two days 

(Group 2) showed 2.3x more fused mRNA expression, whereas Group 3 with two doses of 95 mg/kg 

drug for two days express 1.6x more fused mALB+ EGFP. Group 4 with the highest dose of fludarabine 

with 190 mg/kg twice a day for two days was significantly able to increase the expression by 4.3x. 

Figure 42. Protein and mRNA expression analysis of the nuclease-free approach to gene 

targeting in C57BL/6 WT neonatal mice. Neonatal (P5) C57BL/6 WT mice were treated retro-orbitally 

with AAV8 pAB_EGFP vector containing mouse albumin homology arms and EGFP transgene at 3.0E+13vg/kg 

with and without Fludarabine (n=3). A) Western blot was done with proteins extracted from liver homogenates 

using EGFP-specific antibody and HSP70 as a housekeeping protein. B) Quantification of the western blot where 

bars represent the mean of relative GFP expression of the animals in the group. C) A qPCR was done to amplify 

the cDNA between the EGFP transgene and the exon 12 in the endogenous albumin locus. The bars represent the 

fused mALB+ GFP expression obtained after normalization with mGAPDH. Mean±SD, One-way ANOVA 

(p*<0.05, **<0.001, ***<0.0001). 
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Moreover, liver cryosections were prepared and counter-stained with DAPI (nuclear dye) as mentioned 

in the Materials and Methods section. Figure 43 shows the liver sections as seen under a fluorescent 

microscope where the green signal indicates EGFP expression and the nucleus is stained in blue. After 

quantifying the sections for EGFP-positive cells, it was concluded the highest dose of fludarabine 

increased the percentage of EGFP-positive cells by 2.5x, although non-significant statistically. 

These analyses are inclined towards the use of the conditions mentioned in Group 4 with the highest 

dose of fludarabine to achieve optimum results in neonatal animals. 

 

 

4.6  A comparative study with Enzyme replacement therapy in 

Fabry KO mice 

Enzyme replacement therapy is the standard treatment used for Fabry patients currently. It was 

necessary to compare the strategies developed in this study with the available treatment. For this, an 

experiment was designed using Replagal or Agalsidase alpha which is the enzyme replacement drug 

from Takeda pharmaceutical. Replagal (1 mg/kg) was given to 3-month-old (P90) Fabry KO male (n=5) 

mice via tail vein injections every week for two months, making a total of eight infusions. All the 

Figure 43. EGFP expression in the liver section of C57BL/6 WT neonatal mice treated with a 

nuclease-free approach to gene targeting. Liver sections from animals treated with AAV8 pAB_EGFP 

with and without the drug were counter-stained with DAPI. The green signal indicated the GFP expression 

whereas the nuclease is stained in blue (DAPI). The quantification of the GFP positive cells is plotted as a bar 

graph representing the mean percentage positive cells of the treated animals in the group. Mean±SD, One-way 

ANOVA (p*<0.05, **<0.001, ***<0.0001). 
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animals were sacrificed at P150 harvesting the liver, kidney, and heart. Blood was collected 24 hours 

post-injection for plasma extraction at intermediate time points during the experiment (Figure 44A). 

Enzyme activity analysis was done using the blood plasma and the tissues harvested. Figure 44B shows 

GLA activity in plasma, where the activity of Fabry knock-out mice treated with ERT levels resembles 

Figure 44. ERT treatment in Fabry KO mice. A) Hemizygous Fabry KO male mice (n=5) at P90 were 

treated with Replagal (1mg/kg) every week via tail vein injection for 2 months. Age-matched untreated 

hemizygous and wild-type animals were treated as control. All the animals were sacrificed at 5 months of age 

harvesting the liver, kidneys and heart. Blood was collected at intermediate time points. B) GLA enzyme assay 

was done in plasma isolated from the blood collected. The trendlines with the dots show the mean of activity at 

different time points in nmoles/ml/hr. C) GLA enzyme activity was done in tissues. The bars represent the mean 

activity of all the animals in the different treated and untreated groups in the liver, kidney, and heart 

(nmoles/mg/ml) C) Lyso-Gb3 was measured using LCMS analysis in the tissues. The bars represent the mean 

percentage of substrate in the liver, kidney, and heart of treated and control animals. The substrate accumulation 

in the untreated hemizygous males at P150 was considered 100%. Mean±SD, Two-way ANOVA (p*<0.05, 

**<0.001, ***<0.0001). 
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that of untreated wild-type enzyme activity levels. Whereas figure 44C shows GLA activity in tissues, 

reaching supraphysiological levels of 777 nmoles/mg/hr in the liver, 77 nmoles/mg/hr in kidneys, and 

27 nmoles/mg/hr in the heart which is 100x (liver), 8x (kidney) and 6x (heart) higher than untreated 

wild-type animals. The elevated level in the tissues is evidence of the efficiency of the enzyme 

replacement therapy, however, it was necessary to assess substrate reduction in these tissues. Figure 

44D shows the percentage of lyso-Gb3 in the different organs, a reduction of 76% in the liver, 67% in 

the kidneys, and 56% in the heart was observed in hemizygous animals treated with ERT. These results 

indicate the effective release of GLA enzyme from the liver and uptake in the different organs with 

Replagal. 

  

4.7 Determination of translatability of gene targeting therapy 

The data obtained in juvenile as well as neonatal Fabry KO animals showed promising results with the 

integrative approach using vectors containing mouse albumin homology arms. The next step forward is 

to construct the integrative vectors suitable for human transduction for translational purposes and test 

them in vitro and in vivo in humanized mice, these are immunocompromised animals that have had their 

liver cells replaced with human hepatocytes. 

4.7.1 Construction of human ALB homology arms containing donor vector 

The first step in the construction of human albumin homology arms containing integrative vectors is to 

study the human ALB gene. It has been reported in literature sourced from the ‘1000 Genomes project’ 

that in the human population there are several haplotypes of albumin genes considering single 

nucleotide polymorphism at different positions. Focusing on the hALB locus and the region of interest 

there are 7 variants of the human albumin gene, considering the six SNP positions (Table 6). Amongst 

Table 13. Haplotypes of human albumin locus. According to the 1000 genomes project, there are several variants 

or haplotypes considering the single nucleotide polymorphisms (SNPs). Haplotype 1 and haplotype 2 are predominantly 

available in the human population with a frequency of 50.14% and 44.69% respectively. 
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these variants, haplotype 1 (Hap1) and haplotype 2 (Hap2) can be found predominantly in the human 

population having a frequency of 50.14% and 44.69% respectively.  

Taking into consideration this information, two different albumin homology arm constructs were 

created with the SNPs at the positions mentioned in Table 6 corresponding to haplotype 1 and haplotype 

2. The right homology arm (1401 base pair) starts at the stop codon in exon 14 and ends with the locus 

whereas the left arm corresponds to 1302 bases upstream of the latter. A 2A peptide and EGFP transgene 

sequences were added upstream to the stop codon in the exon 14, flanked by the two homology arms.  

These two sequences, containing the human albumin homology arms (Hap1 or Hap2), the 2A peptide 

sequence, and the EGFP transgene, were cloned into an AAV ITR containing pAB 288 plasmid 

replacing the original mouse albumin regions to form pAB hALB Hap1_EGFP and pAB hALB 

Hap2_EGFP. AAV viral stocks were made by packaging these plasmids with a plasmid containing the 

serotype AAV LK03. AAVLK03_pAB_hALB_Hap1_EGFP and 

AAVLK03_pAB_hALB_Hap2_EGFP were purified and tittered.  

Alongside, in order to assemble a SaCas9 and human albumin-specific sgRNA containing plasmid, a 

PAM site (TTGAAT) downstream of the albumin stop codon was identified using the CHOPCHOP 

tool (https://chopchop.cbu.uib.no/). This PAM site was then modified to avoid self-cleavage by 

changing the guanine to adenosine and the terminal thymine to cytosine (TTAAAC). The preceding 21 

bases to the PAM site were identified as the guide RNA (5’ AGCATCTCAGGTAACTATATT 3’). 

This guide RNA was cloned into an AAV ITR and saCas9 containing plasmid (px602_hsgRNA). Later 

this plasmid was packaged with AAV LK03 serotype and viral stocks were prepared. 

The cleavage efficiency of the CRISPR/Cas9 vector was tested in vivo in HuH7 liver-derived human 

cells, using TIDE (Tracking of Indels by Decomposition) analysis. HuH7 cells were transfected with 

the pX602_hsgRNA plasmid. The transfected and mock untreated cells were collected post-

transfection. Genomic DNA isolated from these cells was used to amplify the albumin region around 

the CRISPR target site using a PCR followed by sequencing. The raw data were analyzed using the 

TIDE web tool (https://tide.nki.nl/). Figure 45A shows the expected break site and the areas of 

alignment and decomposition. Figure 45B shows the percentage of Indels generated using the guide 

RNA targeting the human albumin locus with a total efficiency of 34.1%. 

 

 

 

 

 

https://chopchop.cbu.uib.no/
https://tide.nki.nl/
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4.7.2 In vitro testing of human ALB homology donor vector 

The human donor vectors AAVLK03_pAB_hALB_Hap1_EGFP (AAV_Hap1_Donor) and 

AAVLK03_pAB_hALB_Hap2_EGFP (AAV_Hap2_Donor) were tested in vitro in HuH7 cells. HuH7 

cells were plated in a 96-well cell culture plate and transduced with AAV LK03 donor vectors at 

500,000 MOI. To confirm the effect of Cas9 on homologous recombination, the donor vectors were 

coupled with AAV LK03_px602_hsgRNA. This Cas9 and guide RNA-containing vector was 

transduced at 100,000 MOI in a mix containing donor vector (1:5). The experiment was performed to 

test the donor vector in the nuclease-free approach to gene editing with the use of Fludarabine. The drug 

Figure 45. TIDE analysis. A TIDE (Tracking of Indels by Decomposition) analysis was done for 

guide RNA designed to target the human Albumin locus. A) The quality control chart shows the 

expected break site as a dotted blue line. The wild-type control signals can be observed in black 

whereas the region of decomposition is evident in green signals. B) The bar graphs represent the 

spectrum of expected Indels and their frequencies and efficiency.  
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was dosed at 100 µM 16 hours before transduction of the donor vectors. Untreated cells were considered 

mock control. After 72 hours of infection, cells were collected with trypsin, washed with PBS, and 

plated into a 24-well plate for another 72 hours. Post 72 hours the same procedure was repeated, and 

the cells were transferred into a 12-well plate, followed by transfer to a 6-well plate, and finally into a 

100 cm2 dish (Figure 46). This was done to allow the cells to duplicate and expand so as to maximize 

EGFP expression at the end of the experiment. After a total incubation of 12 days cells were harvested 

and DNA and RNA were extracted using protocols mentioned in the Methods and Materials section. 

Cells were also imaged under a fluorescent microscope to see evidence of green fluorescent proteins. 

 

The RNA extracted from the cells was used to run a quantitative PCR reaction with primers amplifying 

the region between the EGFP sequence and exon 12 of the endogenous albumin, which is located 

outside of the homology region present in the donor vector (Figure 47A). The quantification of the 

amplification cycles normalized with the human GAPDH gene is represented in the bar graph, showing 

an increase in the fused hALB+EGFP expression when the AAVLK03 donor vectors were coupled with 

the drug and the Cas9-containing AAV vector. In the case of Hap1 Donor vector treatment the drug 

increased the expression by 3.3x and Cas9 by 2.2x, whereas in the cells treated with Hap2 Donor vector, 

the drug and Cas9 elevated the expression level by 2.4x and 2.8x respectively. It is also important to 

Figure 46. Experimental design for testing human albumin donor vectors in vitro in HuH7. HuH7 

cells plated in a 96-well plate were infected with either AAV LK03_donor Hap1_EGFP or AAV LK03_donor 

Hap2_EGFP at 500,000 MOI. The treatment was coupled with either fludarabine or AAV LK03_pX602_sgRNA 

(100,000 MOI). 72 hours post infections the cells were trypsinized and plated in a 24-well plate to expand for 72 

hours. Followed by transfer into a 12-well plate and then to a 6-well plate each incubation lasting at least 72 hours. 

Finally, the cells were expanded in a 10cm2. Mock untreated cells were used as control. After the termination of 

the experiment, the cells were imaged under a fluorescent microscope and collected to extract RNA and DNA. 
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note the difference between the expression levels in the case of treatment with AAV LK03_Donor Hap1 

and AAV LK03_Donor Hap2. Hap2 Donor treated cells have 6x higher expression than Hap1 Donor 

vector treated cells, similarly, Hap2 Donor+drug and Hap2 Donor+Cas9 have 4x and 7x elevated 

expression levels compared to their Haplotype 1 counterparts.  Haplotype 2 seems to be more amenable 

to homologous recombination. This is due to the fact that the HuH7 cells used for the analysis are 

positive for haplotype 2 (see next section). Figure 47B shows the cells as seen in a fluorescent 

microscope. The bright green in the cells indicates the expression of green fluorescent proteins (EGFP). 

These results confirm the importance of haplotype specificity in events of homologous recombination. 

Figure 47. Tests to check homologous recombination in HuH7 cells infected with 

human albumin arms containing donor vectors. HuH7 cells were infected with either AAV 

LK03_donor Hap1_EGFP or AAV LK03_donor Hap2_EGFP at 500,000 MOI coupled with either 

fludarabine or AAV LK03_pX602_sgRNA (100,000 MOI) were harvested. A) RNA isolated from 

the cells was converted into cDNA and used to run a quantitative PCR to amplify the region between 

GFP and endogenous human albumin exon 12. Human GAPDH was used as a housekeeping gene to 

normalize the observed expression. B) The panel shows the cells as seen in a fluorescent microscope. 

The bright green in the cells indicates the expression of green fluorescent proteins. 
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4.7.3 SNP genotyping of the human albumin gene 

As mentioned earlier, the region of interest for the donor vector containing albumin homology arms can 

be classified into seven haplotypes based on single nucleotide polymorphisms (SNPs) in six positions. 

Also, in order to understand the increase in expression of fused hALB+EGFP due to higher homologous 

recombination in the case of cells treated with AAV LK03_Hap2 Donor, it was necessary to check the 

genotype of the cells used. TaqMan predesigned SNP genotyping assay from Thermofisher Scientific 

was used to genotype the SNP ID rs962004, using fluorophores for Haplotype 1 (FAM/ 

TTGTTGAGCTT) and Haplotype 2 (VIC/ TTGTTGAGCTC). Genomic DNA was isolated from 

untreated HuH7 and four different human blood samples to increase confidence in the genotyping assay. 

Water was used as the negative control. According to the results shown in Figure 48, three out of four 

blood samples were heterozygous to the SNP whereas one was homozygous for Haplotype 1. HuH7 

cells were also homozygous for Haplotype 2. This genotyping confirmed the importance of haplotype 

with the donor DNA in the events of homologous recombination.  

Figure 48. SNP genotyping of the human albumin gene. 

Optimization of single nucleotide polymorphism in human albumin gene 

using HuH7 cells and human blood samples. 
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For translational purposes, AAV viral stocks for vectors containing the human albumin arms have been 

prepared and efficiency has been evaluated in HuH7 cells. Further, these constructs will be tested in 

primary cultures of human hepatocytes and in chimeric mice containing humanized liver to validate the 

applicability of the AAV-based gene-targeting strategy for use in the clinics.
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5.1 Liver-directed gene-based therapies using AAV vectors 

 

AAV-based liver-directed episomal gene therapy is an active area of research and has proved to be an 

emerging tool for the treatment of many monogenic disorders. Recently in 2022, new therapies for 

Haemophilia A and B were approved using AAV5, Roctavian (BioMarin) for adults with severe 

hemophilia A (Blair 2022), and Hemgenix (UniQure) for Haemophilia B (Sachin Navale et al. 2022). 

Before that, Luxturna was approved by Spark Therapeutic for rare inherited retinal dystrophy in 2017 

and Zolgensma for Spinal Muscular Dystrophy was approved in 2019 by Novartis. The first gene 

therapy product Glybera approved for hereditary lipoprotein lipase deficiency dates back to 2012.  

However, AAV-based liver-directed episomal gene therapy presents important limitations in neonatal 

and pediatric settings. The vector DNA is mainly present in the form of extrachromosomal episomes 

(Hiroyuki et al. 2001), and therefore, even though episomal gene therapy is seeing success in adults, 

serious concerns are present for the treatment in the pediatric setting. In fact, AAV episomes are lost in 

the growing livers of pediatric patients due to hepatocyte duplication, resulting in the loss of therapeutic 

efficacy (Cunningham et al. 2013). Loss of viral DNA and therapeutic efficacy may also occur in adult 

patients, associated with liver damage, in addition to a minor loss associated with the naturally low rate 

of hepatocyte duplication in a healthy liver. Regrettably, vector re-administration is not possible due to 

the presence of anti-AAV neutralizing antibodies raised after the first vector administration. Therefore, 

vector dilution and loss in both pediatric and adult settings remain a major challenge of AAV-based 

episomal gene therapy.  

To address this issue, several strategies are being studied, one of them consists in the permanent 

modification of the genome, so the therapeutic transgene is transmitted to daughter cells upon 

duplication. The integrative approach used in this study is based on the delivery of a promoterless 

sequence containing a transgene cDNA flanked by albumin homology arms which undergoes 

spontaneous integration into the albumin locus. This genome targeting strategy is a promising approach 

for gene transfer in pediatric settings. This strategy has been successful in preclinical settings with a 

severe mouse model of Crigler-Najjar (CN) syndrome rescuing lethality (Porro et al. 2017), 

methylmalonic acidaemia (MMA) mouse model (Chandler et al. 2021) and also in treating hemophilia 

B mice (A Barzel et al. 2015).  

In order to confirm the differences between episomal and integrative approaches, C57BL/6 WT mice 

were treated at different time points with an episomal AAV8 vector (ranging from neonatal to juvenile) 

containing an EGFP transgene and a liver-specific promoter (AAV8-pGG2-AAT-EGFP; episomal 

treatment) or with AAV8 donor vectors containing the eGFP transgene flanked by mouse albumin 

homology arms (AAV8-pAB288-ALB-EGFP) coupled with a Cas9 and guide RNA containing AAV 
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vector to test the integrative gene targeting strategy. Coupling the donor vector with the CRISPR/Cas9 

system to increase the rate of homologous recombination was previously tested and yielded the 

complete correction of the phenotype in CN neonatal mice consequent to an increase in transgene 

recombination rate (De Caneva, Porro, Bortolussi, Sola, Lisjak, Barzel, Giacca, Mark A Kay, et al. 

2019). The results of the experiment confirmed the principle behind gene therapy and the age of 

treatment. The liver of neonatal mice undergoes rapid hepatocyte duplication which led to AAV 

episome loss and an almost complete loss of EGFP expression after 2 months of treatment, whereas, 

genome editing with Cas9 was able to integrate EGFP in the hepatocytic genome which passed to the 

daughter cells in the animals treated between the postnatal days of P1 and P10 when the liver growth is 

at its peak, and reached maximum transgene expression which was observed at 2 months of age. On the 

contrary, when juvenile animals were treated with episomal gene therapy, the expression was more 

stable and prominent at 2 months of age, whereas there was a significant reduction in EGFP expression 

in juvenile animals treated with integrative AAV donor vector compared to the treatment done in 

neonatal ages. These results explicitly verify the importance of liver growth and hepatocyte duplication 

in gene transfer.  

Therefore, gene therapy can be applied to adults but serious concerns regarding the loss of efficacy of 

the transgene are present for its application in children due to vector loss over time, which eventually 

creates the need for re-administration. Different approaches are being tested to allow AAV re-

administration a reality, ranging from immunomodulation to plasmapheresis and the use of antibody-

cleaving proteases to target the issue of pre-existing neutralizing antibodies against AAVs (Meliani et 

al. 2018) (Earley et al. 2023) (Chu and Ng 2021) (Bertin et al. 2020) (Elmore et al. 2020), but these 

methods are still in a pre-clinical phase and need further experimentation. The targeted modification of 

the genome is a promising approach giving pediatric patients the opportunity to receive a permanent 

cure. 

 

5.2 Fabry knock-out mouse model  

 

Fabry knock-out mice B6;129-Glatm1Kul/J, were brought to the ICGEB animal facility from Jackson 

laboratory (Cat no#003535). Also known as α-Gal A KO (α-Gal A-), this model was developed by Dr 

Ashok B Kulkarni, by replacing a 1kb region from the exon 3 and intron 3 region with a neomycin 

resistance cassette (Oshima T et. al, 1997). These mice have a complete deficiency of Alpha-

Galactosidase A enzyme due to which they develop the Fabry disease.  

The GLA protein and lyso-Gb3 levels were used as disease markers to characterize FD mice. GLA 

proteins were tested by measuring the enzymatic activity in plasma and tissues (nmoles/ml/hr or 

nmoles/mg/hr). The GLA enzyme activity of a 5-month-old hemizygous mice was assessed in the liver 
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(0.22 nmoles/mg/hr), kidney (0.23 nmoles/mg/hr), heart (0.085 nmoles/mg/hr), and plasma (0.51 

nmoles/ml/hr) confirming the lack of GLA enzyme activity. Wild-type animals (5-month-old) on the 

other hand had 5.1 nmoles/mg/hr in the liver, 4.58 nmoles/mg/hr in the kidneys, and 0.45 nmoles/mg/hr 

in the heart. Plasma enzyme activity reached up to 2.05 nmoles/ml/hr.  

When the lyso-Gb3 levels were measured in these animals, hemizygous males accumulated 

142.30ng/ml of substrate in the plasma whereas age-matched wild-type male mice had a nearly 

negligible substrate accumulation (0.49ng/ml). This difference in the lyso-Gb3 levels of the diseased 

and healthy mice proved to be a useful tool in the assessment of the treatments in Fabry KO mice in 

this study (Ohshima, Gary J. Murray, et al. 1997). Considering these observations made during the 

characterization of the FD mouse model, it was decided that regardless of the age of treatment, the 

experiments should be designed to last at least up to 5 months of age in order to observe significant 

changes and effects on the phenotype due to the progressive accumulation of substrate in the tissues 

and fluids which can be compared to late-onset FD in patients as discussed in a study by Dinesh Bangari 

et. al. (Bangari et al. 2015).  

Despite the mild phenotype and no physical evidence of the disease, this model proved to be useful and 

effective in replicating Fabry disease conditions and evaluating the efficacy of the treatments using the 

disease markers. This Fabry KO model has been extensively used for research with Fabry disease and 

proved valuable in preclinical data generation (Zhu et al. 2019) (Biferi et al. 2021).   

  

5.3 Liver-directed gene therapy is a promising tool for genetic disorders 

 

Gene therapy using AAV vectors has been successfully applied in genetic disorders like hemophilia, 

retinal dystrophy, and Spinal Muscular Dystrophy (SMD) targeting the adult population as mentioned 

earlier (Blair 2022) (Sachin Navale et al. 2022). The accelerated research in lysosomal storage disorders 

is also fuelling gene therapy interests and its global market in general. In a report published in 2021 in 

Biopharma Dive, according to Cowen investment bank, around 23% of the gene therapies in the pipeline 

globally comprised lysosomal storage disorders (https://www.biopharmadive.com/news/gene-therapy-

lysosomal-storage-disorders-fabry/594991/).  

 

Talking about Fabry disease, AAV-based interventions by Sangamo therapeutics (ST-920; 

NCT05039866) (Ganesh et al. n.d.), and Freeline therapeutics (FLT190; NCT04455230) (Jeyakumar et 

al. 2023) proved potential in phase 1 and phase 2 and are now being observed for their long-term follow-

up results. Fabry disease is a lysosomal storage disorder giving rise to systemic clinical manifestation 

due to the lack of alpha-galactosidase A enzyme, destined to degrade Gb3 and lyso-Gb3 molecules in 

the lysosomes (Germain 2010). Enzyme replacement therapy with Fabrazyme and Replagal is the 

https://www.biopharmadive.com/news/gene-therapy-lysosomal-storage-disorders-fabry/594991/
https://www.biopharmadive.com/news/gene-therapy-lysosomal-storage-disorders-fabry/594991/
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standard method of care, however according to a recent study the average annual cost for ERT per 

patient/year was €199,452 (Fabrazyme) and €200,503 (Replagal), accompanied by depreciation in the 

quality of life of the patients (Katsigianni and Petrou 2022) (Rombach et al. 2013). Gene therapy with 

AAV is the promise of a hopeful future for LSDs as it is expected the long-term duration of a one-time 

treatment.  

 

Constant developments in the field of gene therapy aimed at understanding and increasing therapeutic 

efficiency and safety. One aspect of achieving the desired competence is by designing novel AAV 

serotypes that have enhanced tissue-specific or species-specific transduction efficiencies. AAV8 is a 

naturally occurring AAV serotype known for its transduction abilities in pre-clinical studies (Collaud 

et al. 2019) (Wang et al. 2012) (Jeyakumar et al. 2023) and has a definite advantage over other natural 

serotypes due to its liver-tropism and rapid capsid uncoating capabilities (Gao et al. 2002) (Gonçalves 

2005b) (Thomas et al. 2004). Alternatively, AAV-DJ is a hybrid vector made by DNA shuffling of eight 

different AAV serotypes which resulted in better transduction abilities in the mouse liver tissues (Dirk 

et al. 2008). Another synthetic vector AAV-LK03 was developed by shuffling five AAV serotypes and 

has proved efficient in specie-specific transduction in human hepatocytes (Lisowski et al. 2014). 

Other than opting for the favorable AAV serotype, designing the optimum construct aids in the 

efficiency of the therapy. A typical AAV vector genome comprises ITR overhangs, a transgene, and a 

mammalian promoter (Naso et al. 2017). The promoter facilitates and manages the expression of the 

transgene as well as the site of expression. For example, in the case of systemic expression ubiquitous 

promoters like human elongation factor 1α-subunit (EF1α), cytomegalovirus (CMV), chicken β-actin 

(CBA), and ubiquitin C (UBC) can be used to promote expression in all cell types (Naso et al. 2017) 

(Powell, Rivera-Soto, and Gray 2015). However, in cases of liver-targeted gene therapy, the α1-

antitrypsin (hAAT) (Cunningham et al. 2008) and the thyroxine-binding globulin (TBG) (Yan, Yan, 

and Ou 2012) promoters have been thoroughly tested for expression restricted to the liver with minimum 

or null expression in other tissues.  

Optimizing the transgene is another way to achieve an enhanced and optimum expression. Codon-

optimization is done by altering the codons in the transgene sequence using the biasing strategy and 

manipulating cryptic splice sites, CpG islands, and using optimal open reading frames. In this study, 

transcript 201 of the human Alpha Galactosidase A (hGLA) gene was used to perform gene-based 

therapies in Fabry knock-out mice. Prior to the treatments, the hGLA WT cDNA was codon-optimized 

to generate four different variants of the gene hGLA_CO01, hGLA_CO02, hGLA_CO03, and 

hGLA_CO04. These variants were tested in vitro in HuH7 cells and in vivo in C57BL/6 WT mice to 

evaluate the efficiency of the cellular as well as the secretory GLA enzyme activity and protein 

production. The enzyme activity of hGLA_CO02 was 4.5x and 3.4x higher in growth medium and 

blood plasma respectively whereas, 2x in HuH7 cells and liver homogenates when compared to 
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wildtype hGLA cDNA. Even in terms of protein production, this construct performed better. The codon-

optimized construct (hGLA_CO02) with the optimal performance was selected for all the experiments 

alongside hGLA_WT.  

Liver-directed gene transfer is an ambitious strategy to target genetic disorders like lysosomal storage 

diseases in adults. A potent therapy can be achieved by optimizing the AAV serotype selection to 

achieve high transduction efficiency and designing the optimal vector genome to obtain a long-term 

high expression of the therapeutic transgene.  

 

5.4  AAV-based episomal gene therapy for late-onset Fabry disease 

 

There are a number of gene therapy studies ongoing for Fabry disease. However, in an attempt for a 

more effective strategy, this study was designed to convert the liver into a factory that produces GLA 

enzyme which can be up taken by other organs from the blood stream. An episomal AAV8 vector was 

used containing hAAT strong liver-specific promoter (Cunningham et al. 2008), a human 

apolipoprotein E enhancer (ApoE) (Ronzitti et al., 2016), and HBB2 intronic sequence for enhanced 

expression, flanked by AAV ITRs required for AAV generation (De Sabbata et al. 2021). The vector 

contained the human GLA WT, or codon-optimized cDNA previously (AAV8 pSMD2_hGLA WT/ 

AAV8 pSMD2_hGLA CO02) packaged in AAV8.  

Ideally, a more effective strategy means efficient transgene expression with the minimum dose possible. 

Therefore, a dose-escalation study was conducted with the two episomal vectors using four intermediate 

doses with 3E+13vg/kg being the highest dose, and 3E+11vg/kg being the lowest. Fabry KO juvenile 

mice (P30) were chosen for the study considering the results obtained in the previous experiment that 

determined a stable expression of episomal EGFP vectors at P30. Treating juvenile mice at the age of 

1 month was a balanced compromise considering late-onset Fabry disease which is characterized by a 

residual 3-30% GLA activity in humans and symptoms evident after the second decade of life (Michaud 

et al. 2020), and the stable AAV episomal transgene expression. The enzyme assay showed an evident 

dose-dependent increase in the plasma GLA enzyme activity levels with the increase in the dose of the 

AAV vectors, however, all the doses reached supraphysiological levels of activity when compared to 

untreated healthy wild-type animals or untreated knock-out animals. The experiment was followed up 

to 5 months of age with significantly stable GLA expression.  

Since it was vital to see if the enzyme was able to degrade the substrate accumulation in the plasma, 

lyso-Gb3 amounts were measured. Animals treated at 3E+13vg/kg and 1E+13vg/kg were able to reduce 

substrate accumulation by 99-100%. Treatment with 3E+12vg/kg reached 96-99% reduction. Even with 

the lowest dose of 3E+11vg/kg, hGLA_WT removed 58% and hGLA_CO02 proved its advanced 
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abilities by clearing out 91% lyso-Gb3 in blood plasma. This validates the efficiency of the treatment 

in Fabry KO mice. The reduction in the substrate can be noticed with the first time point evaluated and 

lasts until the termination of the experiment.  

Due to its secretory as well as cellular nature, it was expected from the GLA observed in the bloodstream 

to reach and be up taken by the organs. Therefore, GLA enzyme activity and lyso-Gb3 accumulation 

were measured in the liver, the kidneys, and the heart. Due to the severity of the clinical manifestation 

observed in the kidney and heart, FD is also classified as the renal FD variant and the cardiac FD variant 

(Michaud et al. 2020). The GLA enzyme assay and the measure of the accumulated lyso-Gb3 substrate 

were in line with the dose-dependent effect seen in the blood plasma in the tissues.  

An experiment conducted by Sangamo therapeutics in Fabry mice showed <70% reduction of lyso-Gb3 

in the kidneys and <80% in the liver and plasma when treated with an AAV2/6 vector containing a 

codon-optimized GLA cDNA at 2E+12 vg/kg and only 40% clearance in the plasma and tissues with a 

dose of 2.5E+11 vg/kg (Yasuda et al. 2020). This drug developed by the pharmaceutical company has 

been granted the fast-track designation by the US FDA in May 2023 for their phase 3 trials in Fabry 

patients. When comparing this existing therapy with the results obtained in this study, a proof of the 

advanced performance is established. Even with the lowest dose of 3E+11vg/kg AAV8 pSMD2 

hGLA_CO02 episomal vector reduced 95% substrate in the liver, 87% in the kidneys, and 85% in the 

heart. This data is indicative of the potential of the vector design and the codon-optimized construct. 

However, it is interesting to note that the plasma GLA levels in mice treated at the highest dose of 

AAV8 pSMD2_hGLA CO02 vectors experienced a drop in the activity level during the first-month 

post treatment which later stabilized until the termination of the experiment. As a hypothesis, this 

reduction can be explained by the elimination of GLA proteins-containing cells by the induction of 

immune response spawned due to the endoplasmic reticulum (ER) stress. This ER stress could be 

generated due to the production of very high levels of GLA proteins, hence, compromising the 

efficiency of the hGLA_CO02-transduced hepatocytes, when compared with hGLA_WT-transduced 

ones, at the highest dose of 3E+13vg/kg. When the gene expression of inflammation markers was 

measured, a statistically insignificant, increase in TNFα, NFκβ, and IL6 and a significant upregulation 

of CD86 was observed. GRP78 which is an ER stress marker was also measured which is responsible 

for the stability of survival pathways like ER signaling molecules and caspases and is reduced under 

stress conditions to unblock these protective pathways (Miao Wang et. al., 2009). The expression of 

this marker was found to be significantly reduced, which was indicative of increased ER stress in these 

animals. The supraphysiological production of GLA proteins may create this stress, therefore, lowering 

the dose of the vector should be considered, being more evident in hGLA_CO02-transduced cells due 

to the increased translatability of this cDNA and consequent higher GLA production levels.  
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The expression of the GLA gene by gene transfer through AAV-based gene therapy was able to 

ameliorate the phenotype of the disease in juvenile mice. The expression also lasted for 4-months until 

the termination of the experiment, however, concerns like unregulated expression (Nathwani et al. 

2011) (Russell & Kay 1999), random integration (Hendrie, Hirata, et al. 2003), and even increased 

oncogenic (Garrick, Fiering et al. 1998) risks persist. Moreover, it is unclear whether or not there will 

be a loss of efficacy in the long term due to AAV episome dilution and loss. This is a situation that lists 

as a major drawback of AAV-based episomal gene therapy. In the case of adults with fully developed 

livers, though the majority of the hepatocytes are in the quiescent state, <1-2% of hepatocytes are always 

duplicating at any given time although the turnover takes place over 200 to 300 days (Duncan, Dorrell, 

and Grompe 2009) (Kattenhorn et al. 2016). Hepatocyte regeneration in response to toxic injury is also 

an evident phenomenon also confirmed by partial hepatectomy (Taub 2004). Hepatocytic diseases can 

occur in case of hepatitis infections, cirrhosis, non-alcoholic fatty liver disease (NAFLD) drug overdose, 

poisoning, obesity, and also following a lifestyle involving alcohol consumption (Van Haele, Snoeck, 

and Roskams 2019). Therefore, after undergoing gene therapy, there is a constant risk of episomal 

vector loss and dilution in case a repair response is triggered in the liver and hepatocyte duplicate. Re-

administration of the AAV vector will prove in vain due to the activation of humoral immunity and 

hence the generation of neutralizing antibodies against the AAV vectors after the first administration 

(Calcedo and Wilson 2016) (Nathwani et al. 2007) (Wang et al. 2012). This is where genome editing 

comes in with a solution to permanently modify the hepatocytes for long-term expression (Barzel et al. 

2015) Chen et al. 2019) (De Caneva et al. 2019) (De Giorgi et al. 2021) (Sharma et al. 2015) (Yang et 

al. 2016).  

 

5.5  A gene targeting approach for Fabry disease 

 

Genome editing is an alternative approach to permanently modify the genome to obtain a one-shot 

therapy while overcoming most of the concerns and limitations faced by AAV-based episomal gene 

therapy. Generally, two strategies can be used when correcting a monogenic genetic disorder, firstly a 

specific mutation causing the disease phenotype can be corrected by insertion or deletions, secondly, a 

therapeutic transgene can be integrated into a safe harbor locus in the genome. In both cases, the 

modified cells will transfer their corrected genome to the daughter cells. 

Giulian Pavani and Mario Amendola in 2021, described the integration locus based on the functional 

characteristics. Transgenes can also be integrated into the coding sequence of endogenous genes to 

silence it to ameliorate the phenotype. Alternatively, the safe genomic harbors are regions that allow 

integration and robust expression of the transgene and their promoters without affecting the cell’s 

physiology (Sadelain, Papapetrou, and Bushman 2012) like the AAVS1 locus used to treat Fanconi 
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anemia (Diez et al. 2017) and chronic granulomatous disease patients (De Ravin et al. 2016). CCR5 

locus was used ex vivo to correct LSDs mouse models like MPS I (Gomez-Ospina et al. 2019) and 

Gaucher’s disease (Scharenberg et al. 2020) and the Rosa26 locus was used to successfully target mouse 

liver to knock in human alpha-1-antitrypsin gene (Stephens et al. 2018) and the factor 9 gene (Stephens 

et al. 2019).  

Gene targeting can also be exploited by integrating a promoterless functional transgene into a safe 

harbor and utilizing the endogenous gene promoter like in the case of X-SCID, where a functional copy 

of the gene IL2RG was integrated downstream its endogenous promoter ex vivo to restore expression 

(Genovese et al. 2014) (Schiroli et al. 2017). Due to the constraint of limited integration frequency high 

vector doses are needed to suffice the protein requirement to reach healthy thresholds.  Therefore, 

endogenous genes with very strong promoters have also been used as safe genomic harbors for 

overexpression of the therapeutic transgenes. Rajiv Sharma et. al. first used the albumin locus as a safe 

genomic harbor due to its strong endogenous promoter by targeting the first intronic sequence of the 

albumin gene with a promoterless transgene bearing a splice acceptor. AAV vectors were coupled with 

ZFNs to achieve in vivo liver-directed targeting of human factor 8 and 9 and lysosomal enzymes α-

Galactosidase A (Fabry disease), Acid β-Glucosidase (Gaucher disease), α-L-Iduronidase (Hurler 

syndrome) and Iduronate-2-sulfatase (Hunter syndrome) (Sharma et al. 2015). Although an elegant 

solution, this method observed a reduction the serum albumin levels. Barzel and his group applied a 

different strategy in hemophilia B mice by targeting the albumin locus downstream of its coding 

sequence without disrupting the open reading frame and achieved 5-20% Factor 9 levels with <1% 

integration events without the use of endonucleases (A Barzel et al. 2015). This strategy was applied to 

Haemophilia A mice using CRISPR/Cas9 system (Chen et al. 2019), to MPS II by ZFN-mediated 

genome targeting (Laoharawee et al. 2018), and a mouse model of Crigler-Najjar syndrome (Porro et 

al. 2017) (De Caneva, et al. 2019) 

In this study, the approach was tested in Fabry KO mice with and without CRISPR/Cas9 system. Even 

with ~1% homologous recombination in hepatocytes, AAV-mediated donor vectors (3E+13 vg/kg) with 

albumin homology arms and human GLA transgene were able to reduce lyso-Gb3 accumulation in the 

blood plasma and tissues in juvenile mice (P30). However, this is an ideal strategy to exploit the 

advantage of a growing liver. Neonatal Fabry KO mice (P5) were treated in a dose-dependent manner 

with the same donor vector at 3E+13 vg/kg and 3E+14 vg/kg coupled with CRISPR/Cas9. As expected, 

the higher dose increased the percentage of homologous recombination of the donor vector into the 

albumin locus by a factor of 10x accompanied with 100% clearance of lyso-Gb3 accumulation in 

plasma. The biodistribution and uptake of the secreted GLA enzyme in tissues were also appreciable 

with a 90-100% reduction in animals treated with 3E+13vg/kg and a complete amelioration of the 

phenotype with the higher dose. The results obtained with the treatment in neonatal animals proved the 

efficacy of the promoterless approach when coupled with a nuclease with a stable GLA enzyme activity 



  Discussion 

 122 
 

and substrate reduction throughout the course of the treatment. Hence, proving that integrative vectors 

are a promising tool to overcome the challenge to treat the pediatric population with hepatocyte 

duplication and episomal vector loss. 

 

5.6  Nuclease-free gene targeting in Fabry mice 

 

Although CRISPR/Cas9 was used in the neonatal and juvenile Fabry KO animals and resulted in 

efficient disease phenotype amelioration, the drawbacks that come along with the use of nucleases like 

the potential off-target effect and the activation of oncogenes cannot be ignored. Alternatively, HR-

enhancing drugs have been tested in cultured cells, but recent publications have studied the effect in 

somatic mammalian tissues. Fludarabine which is an FDA-approved drug known to increase HR was 

tested with an AAV donor vector containing hFIX transgene flanked by albumin homology arms 

targeting the liver and obtained a 2.7 to 4.6-fold higher human Factor 9 levels in the plasma of mice 

treated with fludarabine. When the AAV donor vector containing EGFP was coupled with Cas9 as well 

as fludarabine, the efficiency of the treatment increased from 1.8% to 5.7% with the drug (Tsuji et al. 

2020).   

In this study, 1-month-old Fabry KO animals were treated with an AAV8 donor vector with hGLA 

flanked by albumin homology arms coupled with a Fludarabine pre-treatment. There was no significant 

difference in the percentage of homologous recombination when measured with ddPCR however when 

the blood plasma was assessed, fludarabine treatment elevated enzyme activity by 1.4-5.5x 

accompanied by 1.3-2.2x higher substrate clearance, reducing it by ~80% when compared to only-donor 

vector treated samples. The effect of fludarabine treatment was also evident in the tissues. In the liver, 

the donor vector+ Drug was able to clear 95% of the substrate which is higher than when the animals 

are treated with the donor vector only (85-90% reduction). Similar effects were observed in the kidneys 

and heart where the lyso-Gb3 accumulation was reduced by 85-90% in Donor vector+ drug-treated 

animals which were always 10% more efficient than the animals treated with only the donor vector. 

Although, both the donor vectors hGLA_WT and hGLA_CO02 were used in this study, no significant 

differences in the results were found to conclude the supremacy of either one as in the case of episomal 

gene therapy or in the neonatal gene targeting where the hGLA_CO02 codon-optimized variant proved 

better than hGLA_WT. 

Before testing the genome editing strategy with the drug in Fabry KO neonatal mice, a dose study was 

conducted with a donor vector containing EGFP transgene in C57BL/6 WT neonatal mice (P5) to 

determine a safe fludarabine concentration. By measuring the fused mRNA using primers in the EGFP 

region and the endogenous albumin outside the homology arm region, it was observed that when 
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animals were dosed with 190 mg/kg fludarabine twice per day for two consecutive days similar to the 

protocol used in the previous study (Tsuji et al. 2022), the expression increased by 75x compared to 

fused mRNA expression of only donor vector treated animals (baseline control). With the objective to 

optimize the treatment by reducing the dose of the drug or by reducing the number of booster doses, 

animals were treated with 95 mg/kg fludarabine twice per day for two consecutive days (reduced dose 

of the drug) or 190 mg/kg once a day for two consecutive days (reduced number of booster shots), the 

fused mRNA expression was 35x and 56x respectively. Since with the reduced dose or number of 

boosters the efficacy of the treatment is compromised, it was concluded that 190 mg/kg fludarabine 

given twice per day for two consecutive days will yield the best results. This treatment will be replicated 

in Fabry KO neonatal animals in the future.  

  

5.7  Enzyme replacement therapy in Fabry KO mice: a comparative    

      study 

 

Enzyme replacement therapy is the only treatment available for patients suffering from Fabry disease. 

Replagal or Agalsidase alpha which is an Enzyme replacement therapy drug from Takeda 

pharmaceutical. It was granted European marketing authorization in 2001 and is being used in adults 

with Fabry disease across, the UK, Canada, Europe, and many more countries. Fabry patients are treated 

with the recommended dose of 0.2 mg/kg every other week (Keating 2012). According to a study 

published in 2011, a reduction in plasma lyso-Gb3 was observed in ERT-treated patients after 3 months 

of treatment which was stable for at least a year. ERT has proved to increase quality of life and reduce 

substrate however it was not able to completely clear the accumulation (van Breemen et al. 2011). When 

developing a new therapy, it is necessary to assess the efficiency with the available treatments. 

Therefore, many studies with Fabry disease have previously used these recombinant enzymes in vivo 

in mouse models to find new insights about the mechanism of ERT or to compare new therapies. In a 

study by Quinta et. al. in Fabry mice, a dose of 1.5 or 0.2 mg/kg was used in eight weekly 

administrations (Quinta et al. 2014), in another study focusing on the effect of ERT and Natural killer 

T cells, 1.5mg/kg Replagal was induced (Macedo et al. 2012). In an AAV gene therapy study by Jin-

Ok Choi et al. using AAV2/8 in Fabry KO, the treatment was compared with ERT by treating animals 

at 1 mg/kg tail vein infusions once a week for six consecutive weeks (Choi et al. 2010). In order to 

study mRNA therapy and substrate therapy for Fabry disease, ERT at 1 mg/kg has been used as a 

comparative control (Marshall et al. 2010) (DeRosa et al. 2019). Following this optimized protocol, 

Replagal which was a kind gift from Dr Andrea Dardis was used as ERT control. In this study, 3 months 

old Fabry KO animals were treated with 1 mg/kg Replagal every week for two months. This treatment 

resulted in an increase in enzyme activity in plasma reaching GLA activity levels of untreated wild-
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type animals. It was interesting to note the supraphysiological increase of GLA activity in the liver, 

kidneys, and heart. This elevation in activity led to 76% reduction in substrate accumulation in the liver, 

67% in the kidneys, and 56% in the heart. Comparing these values with the substrate reduction obtained 

with episomal and integrative gene therapies is evidence of the efficacy of the gene-based therapies, 

since with one dose of AAV vector almost complete clearance of lyso-Gb3 can be achieved in all the 

tissues which sustained till 5 months of age. Long-term studied will allow a better evaluation of the 

effect of these liver-directed gene-based therapies. For now, it is safe to state that, comparing with 

available ERT this study is a more effective and cost-effective strategy. 

 

5.8  Genome targeting approach for human albumin locus 

 

The results obtained from the treatment with an AAV8 donor vector containing the transgene flanked 

by mouse albumin homology arms provided promising data. The next obvious step was to test the 

construct in human settings like human cell lines (HuH7). 

Before proceeding with the construction and assembly of the human albumin homology arms, genetic 

polymorphism in the human albumin locus was taken into consideration. The importance of isogenic 

DNA in gene targeting has been previously demonstrated by H te Riele et. al. (te Riele, Maandag, and 

Berns 1992) With the help of the 1000 genome project, it was concluded that 95% of the 1000 genome 

samples belonged to two major groups of single nucleotide polymorphism or haplotypes at the region 

of interest in the ALB gene (http://www.1000genomes.org) (A. Barzel et al. 2015). Haplotype 1 (Hap1) 

and haplotype 2 (Hap2) constitute 50.14% and 44.69% of the human population respectively. The two 

donor vectors were assembled with eGFP transgene flanked by the albumin homology arms with SNPs 

corresponding to haplotype 1 or haplotype 2. This construct was packaged with the AAV LK03 serotype 

which transduces the human cells being species-specific (Lisowski et al. 2014). The importance of 

haplotype specificity was demonstrated by transducing HuH7 cells with AAV 

LK03_pAB_hALB_Hap1 or AAV LK03_pAB_hALB_Hap2 vectors. A noticeable 82% increase in 

target site integrated fusion mRNA expression was obtained with the Hap2 donor vector compared to 

the Hap1 donor vector. Upon genotyping the HuH7 for specific SNP, it was observed that the cells were 

haplotype 2 positive, which explains the observed effect of the variants during homologous 

recombination.  

This experiment proved the efficacy of the constructs in vitro. However, in order to increase the HR 

rate, the constructs were coupled with either another AAV LK03 vector containing Cas9 and human 

albumin-specific guide RNA or Fludarabine while infecting HuH7 cells. Due to the haplotype 

specificity, the Hap2 donor vector was more efficient than the Hap1 donor vector. The Cas9 was able 

http://www.1000genomes.org/
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to increase the efficiency of the treatment by 65% whereas the nuclease-free approach with fludarabine 

enhanced the therapy by 57% when compared to the effect of the vector alone. 

Although the drug was not able to reach Cas9 levels, the nuclease-free approach significantly improved 

the efficacy of the treatment and can definitely be considered a safer alternative to CRISPR/Cas9 

system. 
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In this study, we developed potential therapeutic treatments targeting late-onset and early-onset Fabry 

disease irrespective of the disease-causing mutation using AAV-based episomal gene therapy and 

integrative genome editing tools, respectively. In both approaches, we converted the liver into a GLA 

depot which abundantly expresses hGLA protein without the need for vector re-administration 

circumventing the existing cost of standard ERT or chaperone treatments for FD.  

We provided a proof-of-concept and developed an efficient episomal liver-specific gene therapy AAV 

vector which when applied to juvenile Fabry KO mice was able to completely revert the diseased 

phenotype. This treatment has clinical potential for the treatment of late-onset FD and can be applied 

to juvenile/adult patients with different monogenic disorders.  

To address early-onset FD, another platform using integrative genome editing was developed targeting 

the albumin locus in the liver using CRISPR/Cas9. This system was efficient in neonatal Fabry KO 

mice and has prospective applications in the treatment of neonatal/pediatric patients. A nuclease-free 

approach using fludarabine is being tested that can eventually be used in clinics as a safer genome 

editing treatment. The translational capabilities of the integrative strategy are being tested in human 

primary hepatocytes and humanized mice. Further studies are required to generate long-term pre-

clinical data and fully assess the safety and implications of these strategies in the long period, in juvenile 

and neonatal FD mice.  
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