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A New Era in the Therapeutic Journey –  
Gene Therapy as the Beacon for Rare Diseases

Introduction

Rare diseases (RDs) impact an estimated 300 million people worldwide.1 There are approximately 7,000  
different RDs, of which 4,100 are monogenic.2 Monogenic diseases arise from a single gene mutation,  
Figure 1, shows rare diseases association per chromosome. Historically, rare diseases treatment has focused 
on treating or minimizing symptoms via regular doses of small molecular drugs or other therapeutics. 
However, revival of gene therapy and recent advancements in the field have provided opportunities to  
correct the genetic abnormalities that lead to disease. 

There has been a significant rise in gene therapy-based clinical trials since the late 1990s with an increase  
to several thousand as of early 2020. As a novel therapeutic modality, in this article we discuss the  
strategies and opportunities gene therapy presents for RDs.
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Rare Disease Identification: Understanding the 
Pathogenic Gene

The journey begins with elucidation of the genetic markers of the 
disease, which is accomplished via studying an individual’s whole 
genome and genetic aberrations at the gene level. This is achieved 
through next-generation sequencing (NGS) techniques, which 
enable entire genome sequencing and/or employ bioinformatics 
driven gene panels to detect changes. 

Alternately, genotyping array technology is utilized to identify a 
select set of variants (e.g., single nucleotide polymorphisms - SNPs) 
at the genomic DNA level. The SNPs are what potentially lead to 
RD manifestation. Volumes of genomic-level sequence data are 
analyzed, annotated, and managed resulting in gene family 
clustering and eventually patient stratification at the population 
level. This is how disease to gene association studies are conducted. 
Furthermore, artificial intelligence (AI) and machine learning 
have facilitated the integration of data on rare disease patient 
demographics which help identify the disease causing pathogenic 
genes, enabling quicker diagnosis  and therapeutic development 
(Brasil et al. 2019).4 With greater understanding of the genetics 
underlying RDs, precise diagnostics, and gene therapy approaches  
have recently fostered attention, and are a critical part of the 
roadmap to address the challenges associated with RDs.

A Gene Therapy Roadmap

The advancement of gene therapy is providing unique opportunities 
to treat RDs. The approach involves the delivery of the corrected 
gene into the patient in vivo, or into a cell ex vivo, which eventually 
will be used to treat the disease state. There are primarily four 
methods of gene delivery: naked DNA or RNA that is injected 
directly; physical delivery through pressure, injection, or electroporation, 
by which the DNA or RNA enters the cells through electrical 
stimulation; chemical vehicles such as lipids or polymers which 
form a sphere that delivers the genes into a cell; and viral vectors, 
which are the most common and well-studied delivery vehicles. 

The basic principle of vector-based gene delivery involves 
understanding the pathogenic gene (described above), synthesizing 
a DNA or RNA to correct the mutation, and creating a vehicle, 
such as a viral vector [Adenovirus, Adeno-associated virus (AAV), 
Retroviruses, or other viruses] to deliver the transgene to the faulty 
cells or tissue (Figure 2). Once this methodology has been developed 
successfully for one disease, the gene can be replaced with a different 
gene to target a similar condition. Other factors, not discussed here, 
that require evaluation are the stability of the inserted or edited 
gene as well as the immune response to the vectors.

A gene therapy approach is selected based on the type of disease 
and molecular manifestations. Inherited disorders have gained the 
most attention for receiving these molecular therapies. For example, 
a number of inherited hematological, ophthalmological, and meta-
bolic diseases are on the roadmap for molecular intervention and 
subsequent clinical trials (Table 1).

Figure 1. Association of rare diseases with human chromosome number.3

Figure 2. Illustration of various viral vectors used to transport the corrected gene 
into the cell. One viral vector is selected as the delivery vehicle.

Company Product Indication Clinical Stage

PTC Therapeutics GT-AADC AADC Defi ciency Phase 1/2

Orchard 
Therapeutics

OTL-101 ADA Defi ciency 
(ADA-SCID)

Phase 1/2

Amicus 
Therapeutics

AT-GTX-502 Batten disease 
(CLN3)

Phase 1/2

Amicus 
Therapeutics

AT-GTX-501 Batten disease 
(CLN6)

Phase 1/2

IVERIC bio IC-200 BEST1-related 
retinal diseases

IND/CTA 
Submission

bluebird bio Lenti-D product Cerebral adreno-
leukodystrophy 
(CALD)

Phase 3

Sarepta NT-3 Charcot-Marie-
Tooth neuropathy 
type 1A

Phase 1

Biogen BIIB111 Choroideremia Phase 3

Genethon GNT002 Chronic granulo-
matous disease

Phase 1/2

Genethon GNT0003 Crigler-Najjar 
syndrome

Phase 1/2

Rocket Pharma RP-A501 Danon disease Phase 1

Table 1. Current Gene Therapies Pipeline as Curated from the Alliance of 
Regenerative Medicine.5
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Company Product Indication Clinical Stage

Audentes  
Therapeutics

AT702 Duchenne  
muscular  
dystrophy (DMD)

Phase 1/2

Genethon GNT0004 Duchenne  
muscular  
dystrophy (DMD)

IND/CTA  
Submission

4D Molecular Tx 4D-310 Fabry disease IND/CTA  
Submission

Sangamo ST-920 Fabry disease Phase 1/2

Rocket Pharma RP-L102Â Fanconi anemia Phase 2

PTC Therapeutics PTC-FA Friedreich ataxia IND/CTA  
Submission

AVROBIO AVR-RD-02 Gaucher disease Phase 1/2

Ultragenyx DTX401 Glycogen storage 
disease type Ia 
(GSDIa)

Phase 1/2

Axovant AXO-AAV-GM1Â GM1  
gangliosidosis

Phase 1

Lysogene LYS-GM101 GM1  
gangliosidosis

IND/CTA  
Submission

BioMarin Valoctocogene 
roxaparvovec

Hemophilia A Phase 3

uniQure AMT-061 Hemophilia B Pivotal

REGENXBIO RGX-501 Homozygous famil-
ial hypercholester-
olemia (HoFH)

Phase 1/2

Voyager VY-HTT01 Huntington's 
disease

IND/CTA  
Submission

uniQure AMT-130 Huntington's 
disease

Phase 1/2

Rocket Pharma RP-L401 Infantile Malignant 
Osteopetrosis 
(IMO)

Phase 1

REGENXBIO RGX-181 Late-infantile  
Batten disease 
(CLN2 disease)

IND/CTA  
Submission

Editas Medicine EDIT-101 Leber congenital 
amaurosis type 10 
(LCA10)

Phase 1/2

GenSight  
Biologics

GS010 Leber Hereditary 
Optic Neuropathy 
(LHON)

Phase 3

Rocket Pharma RP-L201 Leukocyte adhesion 
deficiency type I 
(LAD-I)

Phase 1/2

Orchard  
Therapeutics

OTL-200 Metachromatic 
leukodystrophy 
(MLD)

Phase 2

LogicBio  
Therapeutics

LB-001 Methylmalonic 
Acidemia (MMA)

IND/CTA 
Submission

REGENXBIO RGX-121 Mucopolysacchari-
dosis (MPS) II

Phase 1/2

Lysogene LYS-SAF302 Mucopolysacchari-

dosis (MPS) IIIA

Phase 2/3

Orchard  
Therapeutics

OTL-201 Mucopolysacchari-
dosis (MPS) IIIA

IND/CTA  
Submission

Company Product Indication Clinical Stage

Abeona ABO-101 Mucopolysacchari-
dosis (MPS) IIIB

Phase 1/2

Audentes  
Therapeutics

AT466 Myotonic  
dystrophy (MD1)

IND/CTA  
Submission

Krystal Biotech KB104 Netherton  
syndrome

IND/CTA  
Submission

Prevail 
Therapeutics

PR001 Neuronopathic 
Gaucher disease

Phase 1/2

Ocugen OCU400 NR2E3 mutation-
associated retinal 
degenerative 
disease

IND/CTA  
Submission

Ultragenyx DTX301 Ornithine  
Transcarbamylase 
(OTC) Deficiency

Phase 1/2

BioMarin BMN 307 Phenylketonuria 
(PKU)

Phase 1/2

Homology HMI-102 Phenylketonuria 
(PKU)

Phase 1/2

Rocket Pharma RP-L301 Polycystic kidney 
disease

Phase 1

Audentes Thera-
peutics

AT845 Pompe disease IND/CTA  
Submission

Abeona EB-101 Recessive dystro-
phicepidermolysis 
bullosa (RDEB)

Phase 3

GenSight Biologics GS030 Retinitis  
Pigmentosa (RP)

Phase 1/2

AveXis / Novartis AVXS-201 Rett syndrome 
(MECP2)

IND/CTA  
Submission

IVERIC bio IC-100 Rhodopsin-medi-
ated autosomal 
dominant retinitis 
pigmentosa  
(RHO-adRP)

IND/CTA  
Submission

CRISPR Tx CTX002 Sickle cell disease 
(SCD)

Phase 1/2A

bluebird bio LentiGlobin 
product

Sickle cell disease 
(SCD)

Phase 1

AveXis / Novartis Zolgensma Spinal muscular 
atrophy

Phase 3

bluebird bio Zynteglo Transfusion depen-
dent beta-thalas-
semia (non-Î²0/Î²0 
genotype)

Phase 3

CRISPR Tx CTX001 Transfusion-
dependent beta 
thalassemia

Phase 1/2

Krystal Biotech KB105 Transglutaminase-1 
(TGM1) deficient 
autosomal reces-
sive congenital 
ichthyosis (ARCI)

Phase 1/2

Intellia NTLA-2001 Transthyretin 
amyloidosis

IND/CTA  
Submission

Genethon GNT001 Wiskott-Aldrich 
Syndrome

Phase 1/2

Table 1. Continued ... Table 1. Continued ...
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On the Horizon for Gene Editing: Base Editing

Current gene editing techniques rely on enzymes called nucleases 
to cut the double stranded DNA. Of these, the most notable 
is CRISPR-Cas9 – the discovery of which led Jennifer Doudna 
and Emmanuelle Charpentier to receive the 2020 Nobel Prize 
in Chemistry. Other gene editing techniques such as Zinc Finger 
Nucleases and TALENS (Transcription activator-like effector nuclease) 
act in a similar way to Cas9; both DNA strands are cut/cleaved, 
which activates the DNA damage response system and initiates a 
process of repairing and joining the end cuts, commonly referred 
to as non-homologous end joining. While these nucleases are an 
extremely powerful tool for gene editing, the innate DNA repair 
process can potentially result in uncontrolled insertions, deletions, 
and even rearrangements that can cause off-target effects. 

A potential solution to these gene-editing challenges is base editing 
(see Table 2 for comparison), which involves modifying specific 
bases within the genome, converting one target base to another. 
Base editing relies on an effector (such as a nickase or deaminase) 
and a target site within the genome. The effector drives gene editing 
by modifying or replacing the nick within the DNA with a synthetic 
template. This pin-point base editing offers a clear advantage as 
a treatment strategy for monogenic RDs, where a single base can 
change the gene from being pathogenic to normal, without the 
risk of potential off-target effect.

Company Product Indication Clinical Stage

Orchard  
Therapeutics

OTL-103 Wiskott-Aldrich 
Syndrome

Phase 2

Audentes  
Therapeutics

AT132 X-linked myotu-
bular myopathy 
(XLMTM)

Phase 1/2

Biogen BIIB112 X-linked Retinitis 
Pigmentosa (RP)

Phase 2/3

Table 1. Continued ... Summary

Discoveries at the molecular and genetic level over the past couple 
of decades have opened the door to novel therapeutic strategies 
that address the unmet needs in various disease areas. Subsequent  
innovations in technology have led to next-generation therapies, 
such as genetic medicines, becoming a reality. The availability of 
multiple vehicles to either deliver a corrected gene to the aber-
rant site or edit at the genome level has opened up opportunities 
to address genetic disorders, as well as other challenging diseases 
such as cancer. 

To address the challenges of RDs, global and country-level efforts 
(e.g., EURORDIS) have resulted in the mobilization of funding and 
programs to further the progress on inherited disorders. Increasing 
awareness and education on the benefits of genetic medicines will 
encourage increased patient participation in clinical trials and a 
concerted effort between clinicians and treatment recipients. What 
is apparent from the COVID-19 challenge, where the collaborative 
efforts across therapeutic industry, technology providers, regulatory, 
and non-profit organizations were admirable, is that the pandemic 
has set an example for similar partnerships in the future to leverage 
opportunities for rare diseases.
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Pin-point™  
Base Editing

Nuclease Engineering 
(eg. CRISPR)

Gene knockout ✓ ✓

Single-gene targeting
✓ 

(reduced impact on 
genome integrity)

✓

Multi-gene targeting ✓ ?

Site-specific DNA transition ✓ x

Table 2.  Example comparing a base editing platform with traditional DNA engineering.6


