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Gene therapy in
β-hemoglobinopathies
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With clinical trials providing proof-of-principle for long-term
efficacy and no observable toxicity, gene therapy has immense
potential as a curative therapy in improving the quality of life of
patients suffering from β-globin associated hemoglobinopathies
in the near future; however, some challenges exist in further
development. Anticipated high cost of such a therapy could pose
reimbursement hurdles.

Current therapies such
as lifelong transfusion,
hydroxyurea, and
hematopoietic stem
cell transplantation
(HSCT) significantly
improve quality of life,
but come with inherent
drawbacks. Side effects
such as iron overload,
hemochromatosisinduced organ dysfunction
(cardiomyopathy, liver
disease, and endocrine
dysfunction etc.),
alloantibodies, infections,
and graft versus host
disease (GVHD) can further
complicate the disease
state

β-globin associated hemoglobinopathies are
the most common, life-threatening, monogenic
inherited conditions affecting ~400,000 births
each year. They occur due to a lack of or
malfunction of the hemoglobin (Hb) protein
caused by mutations of the β-globin (HBB) gene.
Hemoglobin levels of 1-7 g/dL (severe anemia)
can render patients chronically dependent on
blood transfusions to survive. Sickle cell disease
(SCD) and β-thalassemia, the most common
hemoglobinopathies, are associated with a
reduced quality of life, significant morbidity,
repeated hospitalizations, high cost of healthcare,
and premature deaths in the developed countries,
whereas in low-income countries, most of the
affected children die in early childhood.
In β-thalassemia major, the most severe form
of this inherited disorder, an absence of or a
profound reduction in β-globin chains, triggers
the precipitation of unpaired α-globin chains in
erythroid cell precursors, resulting in decreased
production of red blood cells (RBCs). Peripheral
RBC lifespan is shortened resulting in anemia,
expansion of erythroid cell precursors, and multiorgan damage from extramedullary hematopoiesis
such as hepatosplenomegaly, growth retardation,
and osteoporosis. Death usually occurs in the
first year of life if not treated by regular blood
transfusions and iron chelation.
Sickle cell disease (SCD), a single aminoacid substitution (valine for glutamic acid) in
the β-globin gene causes polymerization of
hemoglobin and sickling of RBCs within the blood
vessels. The sickled RBCs are less deformable and
more adherent, resulting in obstruction to blood
flow and reduced oxygen supply to the tissues.
The end result is hemolytic anemia, painful
vaso-occlusive crises, acute chest syndrome, and
irreversible organ damage such as stroke, altered
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cognition, kidney damage, and retinopathy. The
mainstay of treatment is pain management,
hydration, and hydroxyurea.
As there are several unmet needs within the
existing treatment regimen, we are still at the
crossroads, searching for the elusive cure:
•

Existing therapies (blood transfusions,
chelation, and HSCT) are high-risk procedures
that can result in severe complications
including death. Most patients on existing
therapies:
 are not eligible for curative HSCT
 have a significantly reduced quality of life
and irreversible organ damage
 need ongoing medical care and
intermittent hospitalizations

A curative option, allogeneic HSCT from matched
sibling donors (MSD), offers a disease-free survival
in ~85-90% of the patients, but has limited
application due to lack of suitable donors. Only
a minority of β-thalassemia and SCD patients are
eligible for an HSCT. The potential complications of
HSCT include mortality of 5-10%, poor tolerability
of myeloablation in adult patients, and GVHD.
While less risky, ~50% of SCD patients receive
prophylactic hydroxyurea, although sub-optimal
doses are used to minimize side effects.
In underdeveloped countries, most patients with
severe β-hemoglobinopathy such as SCD die
during infancy or within a few years after birth,
while similarly affected children in developed
countries live for several decades. However,
even under specialized care, only 50-65% of
β-thalassemia major patients survive beyond the
fourth decade of life.

2

Is gene therapy a viable alternative as a potential cure?
Gene therapy is a therapeutic class of biological
compounds containing genetic material that
replaces or modifies the genes responsible for
disease entities. It represents a viable treatment
option that may potentially cure patients with
severe β-hemoglobinopathies by delivering a
functional therapeutic globin gene to take over the
functions of a malfunctioning HBB gene thereby
restoring hemoglobin protein function in SCD
and β-thalassemia patients. In SCD, the aim is to
prevent sickle hemoglobin (HbS) polymerization; in
β-thalassemia, replacement of deficient β-globin
reduces the globin chain imbalance and the
symptoms arising thereof.
Of the many available viral vectors (Adenovirus,
Adeno-associated virus, Herpes simplex virus,
Retrovirus, Lentivirus, and Vaccinia virus) needed
to introduce the genetic material into the infected
cells, Lentiviruses have some inherent advantages
including the ability to:
•

Deliver a significant amount of payload by a
more efficient method

•

Integrate into the genome of non-dividing cells,
terminally differentiated cells, and quiescent
cells such as HSCs

•

Improve the likelihood of high levels of β-globin
expression

Genetic diseases caused by a single mutation,
such as SCD, are ideal candidates for gene
therapy. Sickle-cell disease results when both
copies of the hemoglobin gene are faulty, and
fixing just one of the genes is enough to provide
significant improvement. Reprogramming just
a small fraction of the stem cells can provide a
continual source of healthy red blood cells to
create enough perfectly formed red blood cells
and eliminate disease symptoms. Patients show
major improvements when just 10–20% of the
donor cells get successfully engrafted and start
generating new, healthy RBCs. Encouraging results
from the first successful gene therapy for a patient
with hemoglobin E-β-thalassemia in a French
trial have opened up gene therapy as a potential
definitive treatment option for patients with
β-hemoglobinopathies.
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Expression of increased levels of fetal hemoglobin
(HbF) significantly improves the symptoms of both
SCD and β-thalassemia, and this has allowed new
gene therapy approaches to increase endogenous
γ-globin production without the need to add the
globin genes.
Recent novel discoveries have demonstrated the
potential for editing the genome by specifically
replacing a nucleotide with another in a living
organism. Gene editing technology has witnessed
rapid advancements starting with Zinc-finger
nucleases (ZFNs), followed by transcription
activator like effector nucleases (TALENs). These
engineered endonucleases are programmable,
sequence-specific DNA binding entities capable of
genetic modifications via precise double stranded
DNA breaks (DSBs) that result in nonhomologous
end joining (NHEJ) or homology-directed repair
(HDR) at predetermined locations.
The latest in a series of gene editing technologies
is CRISPR (clustered regularly interspaced short
palindromic repeats) and the Cas9 (CRISPRassociated 9) nuclease. While the ZFNs and TALENs
use protein guides to initiate DSBs, the CRISPR/
Cas9 utilizes a highly precise RNA guide to deliver
site-specific DSBs. The CRISPR attaches itself to the
target gene and Cas9 cuts the two strands of the
DNA helix. The ease of use and extremely precise
nature of the CRISPR/Cas9 “molecular scissors”
technology has been dubbed as a biotechnology
breakthrough and has resulted in an intense
activity in the leading gene editing labs across
the globe to develop breakthrough therapies for
genetic diseases.
The potential of CRISPR/Cas9 is so immense
that the three major researchers of CRISPR/
Cas technology are locked in an intense patent
battle ever since the patent was awarded to a
researcher at MIT/Harvard. These researchers have
established start-up gene editing companies –
Editas Medicine, Intellia Therapeutics, and CRISPR
Therapeutics which have entered into collaborative
agreements with pharma companies Juno
Therapeutics, Novartis, and Bayer, respectively
– to discover, develop, and commercialize new
breakthrough therapeutics. Since the patent was
awarded prior to 2013, when new US patent
law came into effect, the dispute will be settled
by the US Patent Office with the help of a dated
“interference proceeding” mechanism.
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In the early developmental phase, gene therapy
received a lot of criticism due to technical
issues such as inefficiency of viral vectors and
production of globin sequences. Based on
impressive successes in the last decade including
the introduction of lentiviral vectors and the βA-T87Q
gene which allows accurate quantification of the
amount of vector-derived β-globin produced or
present in circulating RBCs, clinical gene therapy
for hemoglobinopathies is gaining acceptance from

researchers, clinicians, and the pharmaceutical
industry alike. Currently, there are 13 assets and
17 programs of gene therapy under development
for β-globin associated hemoglobinopathies. In
the coming years, gene therapy, especially gene
editing, is likely to become more precise with
rapid advancements in gene-editing tools. HbF
induction by NHEJ repair could be the future
of gene-editing based treatment options for
β-hemoglobinopathies.

Current status of development
Clinical trials of gene therapy
for β-hemoglobinopathies
are underway in France and
the US. Gene therapy drug
product BB305 (Lentiglobin)
developed by Bluebird Bio
is the first therapy to be
utilized in clinical trials for
β-thalassemia (Phase III) and
severe SCD (Phase I/II)

The Northstar Study (HGB-204; Phase I/II) is
evaluating LentiGlobin BB305 drug product
for the treatment of transfusion-dependent
β-thalassemia. Of 13 patients, 9 patients were
followed for ≥6 months; 5 patients with non-β0/
β0 genotypes have achieved sustained transfusion
independence ranging from 7 to 16 months. Four
patients with the β0/β0 genotypes have shown
reduction in transfusion volume ranging from 33%
to 100%.
HGB-205, a Phase I/II study, is evaluating
LentiGlobin BB305 drug product for the treatment
of transfusion-dependent β-thalassemia (4
patients) and severe sickle cell disease (1 patient).
Of the 4 β-thalassemia patients, 2 patients have
been transfusion independent for ≥20 months
and the single SCD patient remains transfusion
independent and free of disease complications for
9 months.
HGB-206, a Phase I study, is evaluating LentiGlobin
BB305 drug product for SCD. Of the 3 patients
infused with the drug product, in one patient
with follow up ≥6 months, the proportion of
anti-sickling hemoglobin accounted for 16% of
all hemoglobin production. In another patient,
followed for ≥3 months, the proportion of antisickling hemoglobin accounted for 17% of all
hemoglobin production.
Bluebird Bio has initiated a global, multi-center
study (HGB-207; Phase III) for transfusion
dependent non-β0/β0 thalassemia adult and
adolescent patients. Another trial (HGB-208), yet
to be opened, will enroll transfusion dependent
non-β0/β0 thalassemia pediatric patients only.
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FDA’s breakthrough drug title for LentiGlobin
BB305 as a new treatment for β-thalassemia major
and transfusion independence strengthened the
position of Bluebird Bio. Recent reports regarding
the need of transfusion in a BB305 treated β0/ β0
genotype β -thalassemia major patient brought
the share price spiraling down, underscoring
the risks involved in treating patients with gene
therapy despite significant advances in the gene
therapy technology.
European Medicines Agency (EMA) has granted
access to its Priority Medicines (PRIME) scheme
for LentiGlobin BB305 drug product for the
treatment of patients with transfusion-dependent
β-thalassemia.
The primary endpoints of gene therapy clinical
trials are safety, tolerability, and success of
engraftment with autologous CD34+ HSCs
transduced with the vectors encoding the human
βA-T87Q globin gene in subjects with β-thalassemia
and severe SCD. Secondary endpoints include
therapeutic globin (HbA-T87Q) expression, VCN
levels in peripheral blood, and RBC transfusion
requirements post-transplant.
The advantage of gene addition over gene
repair is that regardless of the genotype, a
single drug product can be used in all patients of
β-thalassemia major and SCD.
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Significantly attractive market potential for pharmaceutical
companies venturing in gene therapy space
•

•

β-thalassemia major prevalence is estimated
to be ~1700-1800 in US, Germany and France
and ~70-75% of these patients continue to
remain transfusion dependent. Worldwide,
β-thalassemia affects 40,000 newborn children
annually.

with SCD each year. In the sub-Saharan Africa,
~300,000 affected infants are born every year.
•

In the US ~100,000 people have SCD, more
than 30,000 patients have homozygous HbS
disease, and ~2,000 infants are identified

The undiscounted lifetime cost of treating
a β-thalassemia major patient in UK is
~$980,000. For an average patient with SCD
reaching age 45, total undiscounted healthcare
cost in the US is ~$950,000, of which ~80% is
associated with inpatient care.

Challenges and opportunities in gene therapy space

• Chemotherapy conditioning is still needed
• Curative therapy may yield independence
from regular transfusions
• CD34+ cells must be harvested or mobilized and stable engraftment of 10-60%
achieved to obtain clinical benefit
• Ability to address high unmet need due to
lack of effective and safe therapies
• Gene therapy is in early stages of development; physicians are skeptical about the
actual potential of this mode of treatment
• Gene therapy may provide a potential
cure in SCD and β-thalassemia patients
• Advances in HSCT could tilt the balance in favor of stem cell transplantation
• Duration for which gene therapy will remain efficacious cannot be predicted
• Insertional oncogenesis may set in
• Constant improvements in gene editing
tools (Zinc finger nucleases ZFNs, TALENs
• Insertion of a gene in a wrong location in the chromosome could result in harmful
and finally the CRISPR/Cas systems) have
mutations
allowed very precise manipulation of
• Inserted gene could be introduced into patient’s germ cells and passed along to
genes
the next generation
•
Gene therapy lacks immunological
• Overexpression of inserted genetic material
complications
of HSCT
• Transduction efficiency of human HSCs is low, resulting in low engraftment of
corrected HSCs
• Vectors may be unable to establish physiological levels of globin gene expression
• Modified genes may be subjected to silencing due to chromosomal position effect

Ethical

Regulatory/Commercial

Clinical

Opportunities

Scientific

Challenges

• Stringent regulatory laws for approval of gene therapies based on several trial
failures
• Although the regulatory framework for gene therapy is in place in the EU, there is
uncertainty in the US due to a lack of precedence
• Based on precedence set in the EU by a benchmark product Glybera, the pricing
of gene therapy for hemoglobinopathies is anticipated to be very high. This
could lead to payor restrictions, extensive documentation, and strict oversight by
government and private insurers alike
• The high cost of gene therapy would make it inaccessible to parts of the world
where the highest disease burden exists
• Removal of some unappreciated gene function could reduce the fitness of human
species to survive
• Germ-line modifications could affect evolution of human species to a greater
degree and in a shorter time frame and pose risk to all future generations to
come
• Implications of creating humans with a desired or superior intelligence,
endurance, longevity, and physical traits cannot be comprehended yet and could
have manifold ramifications
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• Active funding by government and private
bodies for gene therapy research
• Discovery of new gene therapies is
fostering mergers and acquisitions among
pharmaceutical and biotech companies,
thereby accelerating research
• Fast-track approval and orphan drug
status can speed up the development
process
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Gene therapy pipeline in β-globin associated hemoglobinopathies
Sickle cell anemia
Asset

Phase

Mechanism of Action

Company

LentiGlobin BB305

Phase I/II

Gene therapy

Bluebird Bio

Lentiviral γ-globin gene therapy

Phase I/II

Gene therapy

Cincinnati Children’s
Hospital Medical Center

βAS3-FB vector transduced BM CD34+ cells

Phase I

Gene therapy

UCLA

CRISPR-Cas9 gene therapy

Preclinical

Gene therapy

Editas

Ex vivo gene therapy

Preclinical

Gene therapy

CRISPR Therapeutics;
Vertex

E-CEL UVEC

Preclinical

Gene therapy

Angiocrine Bioscience,
Biogen Idec

ZFN-gene editing of β-globin

Preclinical

Gene editing

Sangamo BioSciences, Inc.

DNA oligonucleotides for sickle cell anemia

Preclinical

Gene editing

OrphageniX

β-thalassemia
Asset

Phase

Mechanism of Action

Company

LentiGlobin BB305

Phase III

Gene therapy

Bluebird Bio

Autologous hematopoietic stem cells genetically
modified with GLOBE lentiviral vector encoding for
the human β-globin gene

Phase I/II

Gene therapy

Fondazione Telethon and
IRCCS San Raffaele

Thalagen

Phase I

Gene therapy

Errant Gene Therapeutics

GSK-2696277

Phase I

Gene therapy

GlaxoSmithKline

CRISPR-Cas9 gene therapy

Preclinical

Gene therapy

Editas

Ex vivo gene therapy

Preclinical

Gene therapy

CRISPR Therapeutics;
Vertex

ZFN-gene editing of β-globin

Preclinical

Gene editing

Sangamo BioSciences Inc,
Biogen Idec

TargtEpo

Preclinical

Gene therapy technology
delivering erythropoietin
(EPO) using its Biopump
technology

Medgenics

piggybac-HBB

Preclinical

Gene editing

Poseida Therapeutics
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Regulatory framework

US

EU

First Interaction

• First interaction is a pre–Investigational New
Drug (IND) meeting with the FDA

• First interaction is a pre-submission meeting with national authorities and/or a
scientific advice meeting with the European Medicines Agency (EMA)

Clinical Trials Directive

• Clinical trials regulated under Directive 21 CFR
Part 312 and filing of an IND application is
required

• Clinical trials regulated under Directive 2001/20/EC in the EU. To simplify the
cumbersome GMO submissions for gene therapy products, from 2016 onwards, a new
regulation is in effect to streamline the process and centralize the submissions via a
new electronic portal system to one reference member state

Initial Submission

• INDs follow the common technical dossier
(CTD) format of the international conference
harmonization (ICH); Investigational
Medicinal Product Dossier (IMPD) headings
are also consistent with the CTD organization

• Filing a clinical trial application (CTA) with national authorities and/or a scientific
advice meeting with the European Medicines Agency (EMA)
• Requirements for clinical follow up of patients treated with a medicinal product
containing genetically modified cells are laid down in the EMA Guideline on followup of patients administered with gene therapy medicinal products (EMEA/CHMP/
GTWP/60436/2007)

Manufacturing and Quality Protocols
• Investigational Medicinal Product Dossiers

• Requirements for clinical follow-up of patients treated with a medicinal product

(IMPDs) and INDs must contain information

containing genetically modified cells are laid down in the EMA Guideline on follow-

on manufacturing and quality, nonclinical

up of patients administered with gene therapy medicinal products (EMEA/CHMP/

studies conducted, and the planned clinical

GTWP/60436/2007)

trial, including a protocol and Investigator’s
Brochure

• Applying for an EMA nonclinical and quality/manufacturing certification procedure
may be considered (for small and medium-size enterprises)

Special Approvals
• Fast-track designation or breakthrough

• Seeking the recently created priority medicines (PRIME) designation, leveraging the

therapy designation can be leveraged to

flexibility of the risk-based approach and the advanced therapy medicinal product

accelerate the development of gene therapy

(ATMP) Regulation No. 1394/2007/EC, for the quality development are additional

products in the US

approaches to be considered

Market Authorization
• To obtain marketing authorization, a
biological license application (BLA) must be
submitted to the FDA in the US in accordance
with 21 CRF Part 601

• A marketing authorization application (MAA) must be submitted to the EMA in
accordance with Directive 2001/83/EC and the advanced therapy medicinal product
(ATMP) regulation 1394/2007/EC
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Conclusion:
The recent gene therapy
deal between Sanofi’s
Genzyme unit and Third
Rock Ventures’ Voyager
Therapeutics highlights
the immense potential of
revenue generation for a
successful gene therapy in
indications where satisfactory
treatments don’t exist and
quality of life is poor

•

With clinical trials providing proof-of-principle
for long-term efficacy and no observable
toxicity in the near future, gene therapy has
immense potential as a curative therapy
in improving the quality of life of patients
suffering from β-hemoglobinopathies. Gene
therapies for β-hemoglobinopathies also
present some real challenges in further
development and reimbursement.
 In view of the immense cost of developing
the infrastructure and finally delivering
such therapies, pooling of resources and
risk sharing within the pharmaceutical
industry seems to be a rational step along
with an integrated approach of regulatory,
manufacturing, and clinical trial design
components.

•

The pricing of gene therapy for β-thalassemia
and sickle cell disease could determine its
future:
 Glybera, the first AAV vector-based gene
therapy product to be approved by the
European Medicines Agency for treatment
of LPL (lipoprotein lipase) deficiency,
has been priced at $1.4 million, leading
to reimbursement hurdles in Europe.
UniQure has abandoned its plans to seek
FDA approval due to small patient numbers
and a lengthy approval process for gene
therapies.
 A GSK gene therapy, Strimvelis, for SCID
is being priced at $665,000. In a unique
approach to test funding models for these
expensive therapies, GSK will provide the
one-time treatment with a money-back
guarantee and the treatment can be paid in
installments over a period of years.
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