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Abstract: Mucopolysaccharidosis type II (MPS II) is a lysosomal storage disorder based on a mutation
in the IDS gene that encodes iduronate 2-sulphatase. As a result, there is an accumulation of
glycosaminoglycans—heparan sulphate and dermatan sulphate—in almost all body tissues, which
leads to their dysfunction. Currently, the primary treatment is enzyme replacement therapy, which
improves the course of the disease by reducing somatic symptoms, including hepatomegaly and
splenomegaly. The enzyme, however, does not cross the blood–brain barrier, and no improvement in
the function of the central nervous system has been observed in patients with the severe form of the
disease. An alternative method of treatment that solves typical problems of enzyme replacement
therapy is gene therapy, i.e., delivery of the correct gene to target cells through an appropriate vector.
Much progress has been made in applying gene therapy for MPS II, from cellular models to human
clinical trials. In this article, we briefly present the history and basics of gene therapy and discuss the
current state of knowledge about the methods of this therapy in mucopolysaccharidosis type II.

Keywords: mucopolysaccharidosis II; Hunter syndrome; adeno-associated viruses; genetic therapy;
gene editing; review

1. Introduction
1.1. The Basics

Mucopolysaccharidosis type II (MPS II, OMIM #309900), also called Hunter syndrome,
is a rare monogenic disease belonging to the group of lysosomal storage disorders (LSDs).
The estimated incidence of MPS II is 0.3–0.7/100,000 births [1]. The condition occurs
more often in the countries of East Asia than in Europe [2]. It is inherited in an X-linked
recessive way as the only form among mucopolysaccharidoses. Almost exclusively males
are affected, but there have also been reports of affected females, mainly due to non-random
inactivation of the X chromosome [3–9]. Charles A. Hunter first described this entity in
1917 in two brothers [10].

MPS II is caused by a mutation in the IDS gene, located at Xq28 (OMIM *300823), which
encodes iduronate 2-sulphatase. This enzyme is responsible for catalysing the hydrolysis
of sulphate groups from dermatan sulphate (DS) and heparan sulphate (HS) molecules.
Enzyme deficiency or decreased activity results in the accumulation of glycosaminoglycans
(GAGs) in various tissues and organs, leading to dysfunction [11,12]. Dermatan sulphate
and heparan sulphate accumulated in cells disrupt cellular processes such as endocytosis,
ion balance, and cell movement. In addition, heparan sulphate promotes the accumulation
of GM2 and GM3 gangliosides in the brain, due to which microglial cells are stimulated,
and an inflammatory reaction occurs in the central nervous system (CNS) [13]. On the other
hand, studies on model organisms (Danio rerio, Mus musculus) indicate that a mutation
in the IDS gene may also affect the developmental process differently by influencing the
signalling pathway of the fibroblast growth factor (FGF) [14]. Another factor contributing
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to the development of inflammation is the presence of incompletely degraded GAGs, which
may structurally resemble lipopolysaccharide, an endotoxin of Gram-negative bacteria
that activates the Toll-like receptor 4 (TLR4). This process leads to the secretion of pro-
inflammatory cytokines and the activation of the STAT1/STAT3 protein pathway, increasing
the concentration of tumour necrosis factor α (TNF-α) and inflammation in the affected
tissues [15].

The animal models, mainly mouse models, of mucopolysaccharidosis type II signifi-
cantly contributed to understanding the pathophysiology and the application of therapy
in this disease, including gene therapy [13]. The first preclinical attempts of gene therapy
were carried out in the 1990s [16]. It was also when the first clinical trials began, which
resulted in the further development of Hunter syndrome treatment.

1.2. Clinical Features

Despite its heterogeneity, the disease is usually classified into two main forms: at-
tenuated (without central nervous system involvement) and severe (with central nervous
system involvement). Both conditions show signs of many organs’ dysfunction, such
as hepatosplenomegaly, coarse facial features, skeletal system abnormalities (dysostosis
multiplex), joint stiffness, short stature, carpal tunnel syndrome, heart valve disease, hy-
pertension and other cardiac abnormalities, communicating hydrocephalus and hearing
loss. In addition, patients with MPS II also suffer from frequent respiratory infections and
decreased exercise tolerance. The severe form of the disease, which accounts for about 60%
of cases, is characterized by the child’s normal development until about 2–4 years of age
when cognitive functions deteriorate and the process of acquiring new skills is inhibited.
Attention difficulties are also common in school-age patients with the severe form of Hunter
syndrome. An additional manifestation of CNS damage is frequent epileptic seizures. Pa-
tients with deletions, recombination, frameshift mutations, or splicing abnormalities are
more likely to develop a severe phenotype. In the case of missense mutations, some may
lead to a severe phenotype but most likely predisposed to the attenuated form. Due to the
heterogeneity, in many cases, it is difficult to determine the exact genotype/phenotype
correlation and predict the nature of development in a particular patient [13,17].

1.3. Diagnosis and Management

For the final diagnosis of the disease, biochemical and molecular tests are performed.
First, the level of glycosaminoglycans in a 24-h urine collection is determined and then the
activity of the iduronate 2-sulphatase enzyme, e.g., in peripheral blood lymphocytes, skin
fibroblasts or chorionic cells (as prenatal diagnosis) is assessed [11,13]. Sanger sequencing is
usually performed to detect mutations in the IDS, but the development of Next Generation
Sequencing (NGS) has paved the way to use gene panels to detect the mutation quickly
and exclude other lysosomal storage disorders [11,18,19].

Patients with mucopolysaccharidosis type II, as a disease with a heterogeneous clinical
picture, require multidisciplinary care. Historically, before the pathophysiology of the
disease was known, management was limited to symptomatic treatment and palliative
therapy. In studies conducted on fibroblasts collected from patients with mucopolysac-
charidosis type I (MPS I) and mucopolysaccharidosis type II, normal levels of GAGs
were observed. Researchers discovered the phenomenon, so-called cross-correction, i.e.,
enzyme secretion by some cells and its uptake by others via the mannose-6-phosphate re-
ceptor [20,21]. The discovery of this phenomenon contributed to the acceleration of studies
on therapeutic agents. Currently, the mainstay of treatment is enzyme replacement therapy
(ERT) using human recombinant iduronate 2-sulphatase administered intravenously [1].
Thanks to ERT, it is possible to reduce the concentration of GAGs in the urine, reduce the
size of the liver and spleen, and improve physical tolerance and stabilize the bone and
cardiac abnormalities.
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Unfortunately, the enzyme itself cannot cross the blood–brain barrier (BBB). Attempts
are made to administer the enzyme intrathecally or intraventricularly. These studies were
successfully performed in the MPS II mouse model. Higuchi et al. [22] showed a reduced
concentration of GAGs in the brain tissue of mice and other organs, such as the heart, lungs,
kidneys, testes, and liver. In addition, they demonstrated an improvement in short-term
memory and learning skills, and in brain autopsy, a reduction in cell vacuolization and the
expression of the lysosomal marker protein LAMP2. Similar research results were obtained
by Sohn et al. [23]. They additionally showed a correlation between the concentration
of HS in the cerebrospinal fluid (CSF) and the GAGs levels in the brain. At a later stage,
clinical trials were carried out in MPS II patients with the administration of the enzyme via
the intrathecal or intraventricular route, along with the standard intravenous drug admin-
istration [24]. In a study conducted by Muenzer’s group [25], the enzyme administered
intrathecally in increasing doses made it possible to reduce the concentration of GAGs
in CSF by 80–90%. Another clinical trial was conducted by the group of Seo et al. [26] in
Japan (JMACCT CTR JMA-IIA00350) on a group of six patients with severe MPS II. They
were administered idursulfase beta into the brain’s lateral ventricle via a CSF reservoir
system implanted under the scalp. The drug was administered in escalating doses from 1
to 30 mg every four weeks from 0 to 24 weeks and then 30 mg to 100 weeks of the study. At
the same time, during the study, patients continued to receive the enzyme intravenously.
The authors assessed the developmental age based on the Kyoto Scale of Psychological
Development 2001 (KSPD). Patients receiving intraventricular idursulfase beta had sta-
bilized CNS function decline compared to patients receiving the enzyme intravenously
only. In addition, HS level in CSF at week 100 was significantly reduced compared to
the baseline. Anti-idursulfase antibodies were not detected in cerebrospinal fluid during
the trial. Apart from a few side effects (pyrexia, vomiting, and upper respiratory tract
infection), the therapy was generally well tolerated. Thanks to this study, intraventricularly
administered idursulfase beta was approved in Japan as Hunterase® [26]. The results of
these studies are promising, but the procedure is more invasive than intravenous injection
and still requires repeated administration of the enzyme.

Another way to bypass the difficulties associated with the blood–brain barrier is to
create a system that allows the drug to pass through the barrier. For this purpose, two
solutions are tried: receptor-mediated transcytosis and the use of carriers [24,27]. The
first option uses a natural process by which proteins enter the central nervous system.
The enzyme is conjugated with an antibody against a specific receptor and can defeat
the BBB by transcytosis via epithelial cells. Clinical trials have been conducted using
iduronate 2-sulphatase combined with an anti-human transferrin receptor antibody (J-
Brain Cargo®, JR-141, JCR Pharmaceuticals) [28] and an anti-insulin receptor antibody
(AGT-182, ArmaGen Technologies). The first outcomes of studies with JR-141 showed a
positive result in reducing the concentration of HS and DS in the cerebrospinal fluid, urine,
and plasma. The positive results of clinical trials conducted in Japan with pabinafusp
alfa (JR-141) [29] enabled the approval of Izcargo®, a system based on J-Brain Cargo®

containing 10 mL of pabinafusp alfa administered intravenously. It is the first agent on the
market that allowed the enzyme to cross the blood–brain barrier [30]. The results of using
AGT-182 have not been published yet [24]. A clinical trial is currently underway using an
enzyme conjugated to an antibody binding site to the transferrin receptor (DNL-310, Denali
Therapeutics). There are 16 patients with Hunter syndrome between the ages of 2 and 18
in the study, and recruitment is still open (ClinicalTrials.gov Identifier: NCT04251026) [31].
Another possibility to overcome the BBB is using a carrier that will deliver the enzyme to
the cell through the surface heparan sulphate receptor. Such a system using a recombinant
enzyme and a guanidinylated neomycin molecule, which has a high affinity for heparan
sulphate proteoglycans, has so far been used in a mouse model of mucopolysaccharidosis
type I (MPS I). Still, no trials have been carried out on MPS II models [32]. An additional
limitation of ERT is the enzyme immunogenicity, against which antibodies in the IgG class
are produced, even in about 50% of treated patients [11,33].
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Another method of causal treatment is hematopoietic stem cell transplantation (HSCT).
Peripheral blood monocytes can cross the blood–brain barrier and settle in the central
nervous system as microglial cells [34]. This property, combined with a single transplant
procedure, is a strong argument for the use of HSCT. However, complications associated
with immunosuppressive therapy and graft versus host disease (GvHD) necessitate careful
consideration of this method.

An alternative to the above therapeutic methods is the constantly developing gene
therapy. Mucopolysaccharidosis type II is a monogenic disease with relatively well-known
pathomechanisms, making it a good candidate as a target for gene therapy. In addition, it
allows avoiding the characteristic difficulties of ERT and HSCT. A comparison of the three
main treatments in MPS II is shown in Table 1. A more detailed discussion of the current
possibilities of gene therapy in MPS II is provided in the next part of the review.

Table 1. Comparison of enzyme replacement therapy, gene therapy, and hematopoietic stem cell transplantation.

Features Gene Therapy Enzyme Replacement
Therapy (ERT)

Hematopoietic Stem Cell
Transplantation (HSCT)

The essence of the method Delivery of the correct gene to
cells by vector

Administration of the correct
enzyme into the organism

Transplantation of donor cells
with the correct gene

Number of
therapeutic interventions Single Multiple Single

The main advantages of
the method

Stable gene expression, single
application with a

long-standing effect,
improvement in the central
nervous system (CNS) and

other organs

Relatively safe route of
administration (intravenous),

the only Food and Drug
Administration

(FDA)-approved method
so far

The ability to deliver the
enzyme to the brain via

monocytes, a
single application

The main disadvantages of
the method

The risk of developing an
immune response against the

vector and elements of the
transgene, the risk of

mutagenesis in the case of
viral vectors

The need for multiple
administration of the enzyme,
the inability of the enzyme to
cross the blood–brain barrier,

the risk of developing
neutralizing antibodies

against the enzyme

Conditioning before HSCT,
immunosuppression, the risk

of graft vs. host disease
(GvHD), limited gene

expression in the central
nervous system

2. Gene Therapy
2.1. The Basics

The term “gene therapy” includes the use of nucleic acids to treat human disease.
Gene therapy is generally divided into in vivo therapy, with the direct administration
of the vector to deliver the correct gene to the cells, and ex vivo therapy, in which cells
are collected from the patient’s body, applied with the vector and re-administered to the
patient. Vectors are classified as viral (e.g., retroviruses, lentiviruses, adeno-associated
viruses) and non-viral (e.g., Sleeping Beauty transposon system, nanoemulsions) [35,36].
Gene therapy was first used in the early 1990s in severe combined immunodeficiency
due to adenosine deaminase deficiency [37]. The first available agent on the market was
Gendicine®, an adenovirus with a human gene encoding p53 protein, introduced in 2004
in China, used in squamous cell carcinoma of the head and neck [38,39]. The first gene
therapeutics approved in Europe was alipogene tiparvovec (Glybera®), introduced in
2012. It is an adeno-associated virus (AAV) vector expressing the human lipoprotein
lipase gene used in familial lipoprotein lipase deficiency [40,41]. Currently, numerous
clinical trials are conducted in many diseases, and several other drugs are available on
the market, including voretigene neparvovec (Luxturna®) in congenital retinal dystrophy,
onasemnogen abeparvovec (Zolgensma®) in spinal muscular atrophy or Strimvelis® in
severe combined immunodeficiency caused by adenosine deaminase deficiency [42].
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2.2. First Attempts Gene Therapy with Retroviruses

The first attempts to create gene therapy for Hunter syndrome were made in the
1990s using retroviral vectors. Initially, good results were obtained in preclinical trials
using lymphocytes and hematopoietic stem cells CD34+ [16,43]. Braun et al. [16] used a
Moloney murine leukaemia virus-derived retroviral vector containing an IDS complemen-
tary DNA (cDNA) under the transcriptional control of a long terminal repeat sequence or
cytomegalovirus early promoter. The vector was applied to peripheral blood lymphocytes
collected from affected persons. The authors assessed the normal activity of iduronate
2-sulphatase and observed the phenomenon of cross-correction between cells. A similar
study using a modified virus was carried out by Hong et al. [43] using human hematopoi-
etic cells as target cells. The IDS was highly expressed in cells. As a result, a clinical
trial was opened but was discontinued due to insufficient gene expression and side ef-
fects [44,45]. The limitation of retroviruses is their integration into the host genome, the risk
of mutagenesis and immunogenicity. However, research using other viral vectors on model
organisms was continued and showed promising results [46–48]. Further clinical trials
are conducted using various forms of gene therapy, including genome editing systems
such as zinc finger nucleases (ZFNs) or Clustered Regularly Interspaced Short Palindromic
Repeat/Cas9 (CRISPR/Cas9) [48].

2.3. Gene Therapy with Lentiviruses

One of the types of gene therapy is the ex vivo method of collecting cells from the
patient to be treated. Usually, for this purpose, laboratories use hematopoietic stem cells
or so-called induced pluripotent stem cells (iPSCs) obtained from already differentiated
somatic cells, e.g., fibroblasts. iPSCs can later differentiate into many cell types, e.g., neu-
rons, myocytes, hepatocytes, etc. [48,49]. After the cells are harvested, the appropriate
genetic modification is made to produce and secrete the correct enzyme. For this purpose,
lentiviruses (derived from retroviruses) are usually used, which provide stable gene ex-
pression and deliver the missing gene to non-dividing cells, e.g., neurons [50,51]. After the
vector has been inserted, the cells are administered to the patient (autologous transplanta-
tion) [48]. This form of therapy was successfully applied in the MPS II mouse model by
Wakabayashi et al. [52]. The administration of hematopoietic stem cells with the lentiviral
vector containing the IDS to mice led to an increase in the activity of iduronate 2-sulphatase
and a decrease in the accumulation of glycosaminoglycans in the central nervous system
and other organs. In addition, the authors demonstrated a reduction in the accumulation
of secondary substances related to autophagy, the p62 protein, and protein and ubiquitin
conglomerates in the cells. Neither was there any deterioration in neuronal function [52].
As discussed above, lentiviral vectors have the advantages that make them frequently
used in gene therapy. However, there is one major limitation. They integrate into the cell’s
genome in a random, non-targeted manner, which is associated with the potential risk of
mutagenesis and neoplastic transformation. There are currently two clinical trials with this
method in mucopolysaccharidosis type I and mucopolysaccharidosis type IIIA (MPS IIIA),
but no clinical trials have been undertaken in Hunter syndrome [53,54].

2.4. Gene Therapy with Adeno-Associated Viruses

Another way to deliver the correct gene to cells is in vivo gene therapy with adeno-
associated viruses (AAVs). They are small viruses (25 nm) belonging to the Parvoviridae family.
They contain a 4.7 kbp genome as a single-stranded DNA molecule [55]. These viruses cannot
replicate on their own and need assistance from another virus, such as an adenovirus or a
herpes virus [56]. Human infection with AAVs occurs naturally. The first contact with the wild
type of this virus appears around 1–3 years of age. Thus far, it has not been shown that they
cause pathology in humans [57,58]. Unlike retroviruses and lentiviruses, they do not integrate
with nuclear DNA but function in the form of extra-chromosomal material—episomes. This
property reduces the potential risk of mutagenesis. They provide stable expression of the
transgene in both dividing and non-dividing cells [11,48,59–61]. The limitation of the AAVs
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is immunogenicity and the risk of generating neutralizing antibodies. Still, of all currently
available viral vectors, these appear to be the most advantageous and are most widely used
in preclinical studies and clinical trials.

One of the first studies on using of AAVs in lysosomal storage disorders, including mu-
copolysaccharidoses, was carried out at the end of the 20th century by research groups led
by Sands [62] and Davidson [63,64]. They conducted studies on mouse models, obtaining
improvements in somatic symptoms and central nervous system function [65].

Cardone et al. conducted the first study using AAVs in an animal model (mouse)
of mucopolysaccharidosis type II [66]. The authors used AAV type 2/8 with an inserted
cDNA for the human IDS gene, under the transcriptional control of the liver-specific
promoter of the TBG gene. Adult mice were injected intravenously with 1.0 × 1011 virus
particles. The mice were evaluated for seven months. The authors showed that iduronate
2-sulphatase activity was restored in plasma and tissues (including the central nervous
system), and the levels of GAGs in urine were normalized. Skeletal abnormalities also
improved. A similar study on a mouse model was carried out by Jung et al. [47], who
used the same vector—AAV type 2/8. In this study, the authors introduced IDS cDNA
into the pAAV2-EF-eGFP-WPRE-polyA plasmid as a substitution for the eGFP element.
As a result, they created pAAV2-EF-hIDS-WPRE-polyA plasmid, which, in addition to
the coding sequence for iduronate 2-sulphatase, contains the human elongation factor 1-a
promoter (EF), woodchuck hepatitis virus posttranscriptional element (WPRE) and a signal
sequence of bovine growth hormone poly(A) chain. As in the study mentioned above,
the viruses were administered intravenously at a dose of 1.0 × 1011 virus particles. The
activity of iduronate 2-sulphatase and the concentration of GAGs were assessed 6 and 24
weeks after applying AAVs. Significantly increased activity of the enzyme and decreased
concentration of GAGs in the liver, brain, kidneys and spleen have been demonstrated.
Additionally, the authors observed a reduction in cell vacuolization in the histopathological
examination of the brain [47].

Another type of adeno-associated virus, AAV type 9, was used in subsequent preclini-
cal studies [67,68]. Motas et al. [69] focused on assessing the improvement in the central
nervous system functions. They used AAV9 with the coding sequence of the IDS, under
the control of the ubiquitous CAG promoter. In this case, a mouse model was also used,
but the viruses were administered directly into the cerebrospinal fluid by injection into
the cisterna magna at a dose of 5.0 × 1010 vector particles. Four months after the virus
administration, the authors assessed the effects of the therapy. Iduronate 2-sulphatase
activity in the central nervous system was determined to be 40% of that in wild-type mice.
In addition, they showed that most vectors are located in neurons and not in microglia or
astrocytes. The concentration of GAGs and the gene expression profile in the brain was
normalized. In addition, the vectors permeated the blood and led to the improvement of
somatic symptoms and the accumulation of GAGs in peripheral organs such as the liver,
lungs and heart. The authors observed an improvement in motor and cognitive functions
and increased overall survival compared to untreated individuals [69].

Promising results from preclinical studies have opened the way to first clinical trials
using AAVs to improve central nervous system function in patients with Hunter syndrome.
Two multicentre (United States, Brazil) phase I/II clinical trials are currently underway
on RGX-121 (Regenxbio Inc.), containing a recombinant AAV9 vector with a cassette
expressing the human iduronate 2-sulphatase gene (AAV9.CB7.hIDS) [70–73].

The first study (ClinicalTrials.gov Identifier: NCT03566043) included patients with
the severe form of MPS II, with central nervous system involvement, from 4 months to
5 years of age. In the course of the study, a three-time single administration of RGX-121
to the cisterna magna or the lateral ventricle is planned in increasing doses, 1.3 × 1010

genome copies (GC)/g brain mass, 6.5 × 1010 GC/g brain mass, and 2.0 × 1011 GC/g brain
mass, respectively [70]. The patients are assessed in this study for safety, tolerance and
efficacy for 104 weeks after administration. Markers of the disease in serum, urine and
cerebrospinal fluid are tested, and the development of the CNS (Bayley Scales of Infant
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and Toddler Development, BSID; Vineland Adaptive Behavior Scales, VABS) are assessed.
Imaging diagnostics are also performed. The six patients who take RGX-121 in this study
tolerate it well, and no severe drug-related adverse events were observed (as of September
2020) [73].

The second study (ClinicalTrials.gov Identifier: NCT04571970) targeted patients with
severe Hunter syndrome aged 5 to 17. In this study, the vector administration route is
also intracisternal or intracerebroventricular injection, but only once at a dose of 6.5 × 1010

GC/g brain mass. Similarly to the study mentioned earlier, the complete safety and efficacy
evaluation will take 104 weeks from the agent’s application [71]. Both of these trials are
still actively recruiting participants.

Adeno-associated viruses are currently the most optimal choice for delivering the
correct gene to affected cells among the viral vectors available. Their ability to provide
stable gene expression, deliver it to both dividing and non-dividing cells, and a low risk of
mutagenesis make their use in clinical trials likely to increase. The apparent limitation of
all viral vectors administered into the body is the risk of developing an immune response
against them. However, the above-mentioned benefits of using AAVs outweigh their
immunogenicity, which is not major anyway.

2.5. Non-Viral Vectors

One way to overcome the limitations of viral vectors in gene therapy is using other
vectors that are not based on viral particles. Non-viral vectors include nanoemulsions,
the transposon system with the Sleeping Beauty transposase or the electro gene transfer
method [35,74]. They are not genotoxic but have limited efficiency in delivering the gene
to cells and maintaining its expression.

In research on MPS II using non-viral vectors, preclinical trials have been carried out
using only gene electrotransfer, i.e., a method of delivering exogenous molecules into cells
through electrical pulses [75,76]. Friso et al. administered 50 µg of plasmid DNA containing
cDNA for the IDS in 50 µL solution into quadriceps of mice. Hyaluronidase was injected
into the muscle before administration of the plasmid itself to increase the effectiveness.
The muscle was electrically stimulated with a current of 75 mA. The procedure proved to
be very effective in protein production in the muscle, unfortunately without the proper
activity of iduronate 2-sulphatase in the blood. Additionally, the authors observed a strong
immune response against the recombinant protein [76]. Thus far, no other research group
have performed studies with non-viral vectors in MPS II. It seems that their use may be
limited due to the low level of expression and difficulties in delivering them to target
tissues, especially the central nervous system. For this mucopolysaccharidosis, the use of
viral vectors has so far been more optimal.

2.6. Genome Editing Methods

Another promising way to obtain the correct gene into cells is genome editing methods
that have been intensively developed in the last decade [77]. Genome editing platforms
applicable to therapeutic trials include zinc finger nucleases, transcription activator-like
effector nucleases (TALENs), and the CRISPR/Cas9 system, and based on it: CRISPR/Cas9-
based editors and CRISPR/Cas9-prime editing. Thus far, only ZFNs and CRISPR/Cas9
have been used in preclinical studies on mucopolysaccharidoses. The essence of these
methods is to make breaks in double-strand DNA in a specific site in the genome and then
repair the damage by two mechanisms: nonhomologous end joining (NHEJ) or homolo-
gous recombination (HR). The first mechanism is characterized by frequent insertions or
deletions and is mainly used for reading frame correction. The second mechanism requires
the template with the intended sequence and homologous sequences to the target site.
Thanks to this, it is possible to correct even a single base without errors (single nucleotide
variant, SNV) [48]. Zinc finger nucleases contain a domain that binds specifically to a
particular DNA sequence and a nuclease domain derived from the restriction enzyme
FokI [78]. In the CRISPR/Cas9 system, Cas9 nuclease binds to a target site through a short
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RNA sequence called guide RNA (gRNA). Additionally, in order to proper assembly, a
short sequence called protospacer adjacent motif (PAM) is needed [79]. The most frequently
used Cas9 nucleases in this technique come from the bacteria Staphylococcus aureus and
Streptococcus pyogenes [80].

Laoharawee et al. conducted a preclinical study in a mouse MPS II model. They used
zinc finger nucleases (ZFNs) to insert the human IDS gene in place of the first intron of
the albumin gene locus in mouse hepatocytes. They applied AAV type 2/8 administered
intravenously in increasing doses, 2.5 × 1011 vector genomes (vg), 5.0 × 1011 vg, and
1.5 × 1012 vg, respectively. The authors demonstrated normal activity of iduronate 2-
sulphatase in blood and other tissues, as well as normalization of GAGs concentration
in urine and organs. Additionally, they found that the applied therapy prevented the
deterioration of neurocognitive functions in the examined mice [81].

Thanks to the positive results of research on model organisms, the first multicentre
phase I/II clinical trial was launched in patients with MPS II (ClinicalTrials.gov Identifier:
NCT03041324) using in vivo gene therapy based on genome editing [82]. This study uses
SB-913 (Sangamo Therapeutics), which contains a zinc finger nuclease system, the correct
IDS gene, and the AAV type 2/6 vector. The target site for IDS is the albumin locus in
hepatocytes. The drug is administered intravenously in increasing doses. The study
includes nine patients aged five years and older, divided into three cohorts depending
on the dose. Currently, the recruitment for the trial is closed [83]. Sixteen weeks after the
administration, in the middle dose group, a decrease in the concentration of GAGs in urine
was observed, but no activity of the enzyme in the blood was found [84].

Genome editing methods are gaining significant interest due to their precision in
reaching the target site in the genome. It seems that they will gain an advantage over
other forms of gene therapy as they do not randomly integrate the correct gene but directly
repair the defective sequence in its locus and provide long-stand gene expression. Genome
editing systems, like their vectors, AAVs, are exogenous particles, and immune response
may be developed against them. However, the benefits of using these precision genetic
modification tools outweigh the potential limitations. A summary of the methods of gene
therapy in mucopolysaccharidosis type II is presented in Table 2.

Table 2. Comparison of current methods of gene therapy in mucopolysaccharidosis type II.

Features Adeno-Associated Viruses Lentiviruses Retroviruses Genome Editing Non-Viral Vectors

The main
advantages

Possibility of delivering the
gene to non-dividing cells,

present in the cell in the
form of an episome, low
immunogenicity, stable

gene expression

Possibility of
delivering the

gene to
non-dividing
cells, stable

gene expression

Stable gene
expression

Ability to precise
correction of

gene
abnormalities

No risk of
mutagenesis, lower
costs of the method

The main
limitations

Immunogenicity, minor risk
of mutagenesis

Random
integration with
the genome, risk
of mutagenesis,

immunogenicity

Random
integration with
the genome, risk
of mutagenesis,

immunogenicity

High costs of the
method,

immunogenicity

Difficulty in
delivering the gene

to the target cell,
low gene

expression,
immunogenicity

Use in clinical
trials in

patients with
mucopolysac-

charidosis
type II

Yes, currently, active
trials [70,71] No Yes, trials

closed [45]
Yes, currently,

active trials [83] No
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3. Challenges and Perspective

Gene therapy for mucopolysaccharidosis type II has made tremendous progress since
the first studies on cell lines in the 1990s. However, there are still a few limitations that
researchers dealing with this topic must face. First, many animal models differ from the
in vivo conditions in the human body. The beneficial effects of the applied therapies in the
mouse model, especially on the central nervous system, may not necessarily be reproduced
in human studies due to the therapeutic threshold, which differs between species.

Another limitation is the risk of generating an immune response that mainly affects
viruses but also elements of genome editing systems. AAVs seem to be the most optimal
viral vector so far. However, neutralizing antibodies have been reported, and they lead
the way to reduce the effectiveness of the entire therapy [85]. Additionally, cells that have
already received the transgene can be eliminated by lymphocytes CD8+. Therefore, it is
worth considering the use of immunosuppression in order to increase the effectiveness of
subsequent gene therapy attempts [48,55]. A solution to this problem could be non-viral
vectors, but so far, they have not been widely used in model organisms in MPS II, so further
studies are needed to assess their efficacy and safety.

The use of retroviral and lentiviral vectors is likely to be abandoned in the near future
due to their random integration into the genome and the risk of mutagenesis. AAVs seem
to be the most optimal vectors. Combined with the precise genome editing method, they
are currently the best form of gene therapy and the only one so far used in human clinical
trials. It is possible that in the next few years, new clinical studies will be opened, and this
process would be significantly accelerated by the positive results of phase I/II trials with
RGX-121 and SB-913.

It is also worth mentioning additional therapy that may play a role in improving
organ functions and quality of life in patients with Hunter syndrome soon. The process
of autophagy, which is disturbed in lysosomal storage disorders, may become a potential
therapeutic target. Maeda et al. [86] analysed the morphology of central nervous system
cells in the MPS II mouse model. They showed an increased number of autophagy vesicles
in an electron microscope and an increased concentration of the autophagy impairment
markers—p62 protein and subunit c of mitochondrial ATP synthetase (SCMAS). The
authors administered chloroquine orally at a dose of 10 mg/day for 25 weeks to improve
the function of neurons. After this period, the vacuolization in neurons was significantly
reduced compared to untreated individuals. Chloroquine can inhibit autophagy. Its use in
MPS II patients may slow down neurodegenerative processes in the CNS. Researchers also
tried to use verapamil and rapamycin (drugs that promote autophagy), but the study had
to be discontinued due to serious adverse effects in mice [86].

4. Conclusions

Mucopolysaccharidosis type II, as a monogenic disease with relatively well-known
pathophysiology, is an optimal example of the possibility of applying gene therapy. Over
the past two decades, this technology has been advanced enough to open up clinical trials
using the most promising methods—genome editing and adeno-associated viral vectors.
Thus far, it has not been possible to come up with an ideal therapeutic agent. Additionally,
gene therapy has some limitations: the immunogenicity of vectors and transgenic elements
and the relatively high cost of developing this technology. However, comparing gene
therapy to the current standard of treatment for Hunter syndrome—enzyme replacement
therapy is essential. A single administration of a vector that will deliver the IDS gene
to target cells and maintain a high expression level far exceeds the need for repeated
intravenous administration of the enzyme. ERT applied intravenously is a heavy burden
on the healthcare system and partially improves somatic symptoms without improving
central nervous system function.

In conclusion, the further development of molecular engineering techniques and the
ongoing clinical trials in humans will likely contribute to the broader use of gene therapy
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in mucopolysaccharidosis type II. Additionally, this will lead to faster achievement of
therapeutic goals and improvement of patients’ quality of life.
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MPS II Mucopolysaccharidosis type II
MPS IIIA Mucopolysaccharidosis type IIIA
NGS Next Generation Sequencing
NHEJ Nonhomologous end joining
PAM Protospacer adjacent motif
SCMAS Subunit c of mitochondrial ATP synthetase
SNV Single nucleotide variant
TALENs Transcription activator-like effector nucleases
TLR4 Toll-like receptor 4
TNF-α Tumour necrosis factor α
Vg vector genomes
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