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Beta-thalassemia (B-thalassemia) is an autosomal recessive inherited disease characterized by decreased
production of the (-globin chains of hemoglobin (Hb) A. The normal structure of HbA is two a- and two [3-globin
chains. Individuals with 3-thalassemia are either homozygous or double heterozygotes for mutations in the -globin

gene.

thalassemia clinical trial ineffective erythropoiesis iron metabolism gene therapy

| 1. Introduction

Beta-thalassemia (B-thalassemia) is an autosomal recessive inherited disease characterized by decreased
production of the B-globin chains of hemoglobin Individuals with B-thalassemia are either homozygous or double
heterozygotes for mutations in the B-globin gene. The severity of the disease depends on the type of mutation in
the B-globin gene and the extent of impairment of B-globin chain production. B-thalassemia can be classified as
transfusion-dependent thalassemia (TDT) and non-transfusion-dependent thalassemia (NTDT) according to the

severity of anemia and the need for transfusions.

These iron-containing insoluble bodies induce the generation of reactive oxygen species that are deleterious to the
cell membrane structures of erythroid cells. The oxidative stress leads to the premature apoptosis of the
erythroblasts, which is called ineffective erythropoiesis L2, The changes in membrane proteins of mature red
blood cells (RBC), especially the increased expression of phosphatidylserine, lead to hemolysis from the
macrophages of the reticuloendothelial system. Furthermore, the overactivation of transforming growth factor-3
(TGF-B), which acts as an inhibitor of the final stage of erythropoiesis, has an important role in the process of

ineffective erythropoiesis 2.

Ineffective erythropoiesis and peripheral hemolysis lead to severe anemia, tissue hypoxia, and a reactive
production of erythropoietin (EPO) with a consequent compensatory increase of the number of bone marrow
erythroblasts and extramedullary hematopoiesis with characteristic hepatosplenomegaly. The activated
erythroblasts release several proteins, such as erythroferrone (ERFE), which inhibit hepcidin, the master regulator
of iron homeostasis. The consequence of low hepcidin levels is the increased intestinal absorption of iron, which,
along with chronic hemolysis and RBC transfusions, leads to progressive tissue iron deposition. Excessive free iron

has a negative impact in erythropoiesis, creating a vicious cycle between ineffective erythropoiesis and increased
iron absorption AIBIEITIEIS]
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| 2. Curative Treatments

The Pesaro criteria are applicable to patients below the age of 16 and include three variables related to iron
toxicity: regularity of iron chelation, the presence of hepatomegaly, and the presence of liver fibrosis. Allo-HSCT in
thalassemic patients with high-risk criteria poses difficulties due to elevated rates of graft rejection and transplant-
related mortality 9. Adults with TDT will always be at high risk, but several new conditioning regimens are being
evaluated in clinical trials as an effort to improve the transplant outcomes (NCT01050855, NCT00920972,
NCT02435901). Favorable results have been reported using modified or reduced intensity conditioning (e.g.,

treosulfan/thiotepa/fludarabine) or even nonmyeloablative regimens.

The preferable source of stem cells is the bone marrow rather than peripheral blood, possibly due to lower risk of
development of chronic graft-versus-host disease. Peripheral blood stem cells have also been used in an effort to
decrease the possibility of graft rejection in high-risk thalassemic patients (NCT02105766). Optimally, fully matched
sibling donors are preferred, but matched unrelated donors might also be considered (NCT01049854), as well as
related cord blood transplants in patients with low-risk criteria. Unrelated umbilical cord blood cells and
haploidentical transplants should ideally be performed in clinical trial setting (NCT02126046, NCT00977691,
NCT00408447, NCT02504619).

Gene therapy by autologous transplantation of genetically manipulated hematopoietic stem cells is a very
promising curative option in B-thalassemia. Among them, lentivirus vectors have been used in thalassemic mouse
models and in erythroid stem cells from thalassemic patients. These studies have focused on [ or y-globin
addition; the increased expression of y-globin-activating transcription factors; the silencing of DNA- or RNA-binding
proteins that inhibit the expression of y-globin repressors, such as BCL11A; and the genome editing of B-globin
mutations or y-globin repressors (Figure 1). Currently, several ongoing clinical trials have demonstrated promising

results.

The selected CD34+ erythroid progenitor cells (bone marrow or peripheral cells) of the patient are genetically
modified either by the viral vector-based addition of a normal B or y gene or by gene editing with nucleases
(Crisp/Cas9 or ZFN), which repair the B globin mutation or delete genomic regions of the BCL11A gene in order to
reactivate fetal Hb (HbF) production. The genetically corrected CD34+ stem cells are prepared for autologous
transplantation after strict quality control procedures. The patient receives proper myeloablative chemotherapy and

then the stem cells are infused in the patient.

In gene addition, a retroviral or lentiviral vector that encloses the regulatory elements and the - or y-globin gene
area is inserted into previously collected autologous CD34+ erythroid progenitor cells ex vivo and then infused to
the patient who has received a myeloablative busulfan conditioning. Following engraftment, it is expected that 3-

globin or y-globin production will be restored, and the a/f3 imbalance will be reduced (Figure 1).
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Figure 1. Stepwise procedure of gene therapy by gene addition and by gene editing in B-thalassemia.

or y Genes
fistsl hernoglebin

The outcomes of two phase 1/2 clinical trials (HGB-204/NCT01745120 and HGB-205/NCT02151526) using the
LentiGlobin BB305 vector in 22 TDT patients (12—35 years of age) were published in 2018 [11l. Regarding the non—
[30/B0genotype, all but 1 of the 13 patients became transfusion independent after a median period of 2 years
(range, 15—-42 months) after the procedure. As expected, the results were different in patients with the most severe
genotype (B0/B0or two copies of the IVS1-110 mutation), where transfusion independence requires significantly
higher levels of Hb production. In these patients the median transfusion need per year was declined by two thirds,

and three patients became transfusion independent.

In order to address this problem, especially in B0/B0patients, the sponsor of the trial, bluebird bio, has significantly
improved the protocol with the addition of small molecules to the transduction process. This change has a positive
effect on the vector copy number in the ongoing phase 3 trials (HGB 207 and HGB-212). non-B0/B0 patients,
leading to transfusion independence with Hb levels > 9 Based on these positive outcomes and satisfactory safety
reports, the lentiglobin gene therapy (Zynteglo) received conditional EMA in June 2019 for TDT patients > 12 years
of age with a non-p0/B0genotype who are eligible for stem cell transplantation but do not have a matching related

donor.

The primary results of the HGB 212 phase 3 trial from 11 patients with either a BOor IVS-1-110 mutation at both
alleles of the HBB gene showed that three of four patients stopped transfusions for = 6 months with Hb levels of
10.5-13.6 g/dL at the last visit 12l After 2 years of follow-up in these four studies (HGB-204, HGB-205, HGB 207,
and HGB-212), a long-term follow-up study (LTF-303, NCT02633943) was initiated. The interim results of 32
patients have shown that 64% of the patients from the HGB-204/HGB-205 studies and 90% of the patients of the
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HGB 207/HGB-212 studies achieved durable and stable transfusion independency 13!, and HGB-212 showed that

children achieved transfusion independence with comparable rates and safety as in adults 24!,

Another lentiviral gene-insertion phase 1/2 trial (NCT02453477, SR-TIGET) was recently published 12, Nine
patients (three adults, six children) with BOor severe B+mutations received, with intrabone administration,
transduced GLOBE lentiviral vector CD34+ cells. Satisfactory hematopoietic engraftment was achieved in all the
patients, with no clonal dominance. Three children stopped transfusions, and the adults also exhibited a significant

decrease in transfusion requirements.

A different gene insertion approach has been developed at Boston Children’s Hospital. The target is the Bcllla
gene with the use of RNA interference technology. A short hairpin RNA sequence that represses the Bcllla gene is
transduced into CD34+ erythroid progenitor cells using a lentivirus. A relevant clinical trial has been started for

sickle cell disease patients 16,

The Bcllla gene located on chromosome 2 is a promising target for gene editing techniques. Both patients had
rapid hematopoietic engraftments with elevated HbF levels 2. The neutrophil and platelet engraftment occurred at
the end of the first month, and all patients stopped receiving transfusions after the second month. The first patient

enrolled in the study has remained without the need for transfusion for over 15 months.

| 3. “Disease-Modifying” (Non-Curative) Treatments

The TGF-B signaling is significant for the regulation of essential cellular pathways, especially in the bone and
hematopoietic tissue X8 and comprises four similar protein groups: activins, TGF-B, GDFs (growth and
differentiating factors), and BMP (bone morphogenetic proteins). The effect of these proteins on the erythroid
lineage can be either inductive (TGF-B, BMP4) Their receptors are serine/threonine kinases that stimulate
intracellular paths by recruiting the Sma and Mad related proteins (Smad). TIF1ly stimulates the expression of the

key erythroid transcription factor GATA-1 and promotes the differentiation of erythroid lineage 2!

Therefore, the Smad2/3 signaling has appeared as a significant regulatory mechanism of erythropoiesis with a
balancing activity according to the implicated pathway. It seems that this orchestrated signaling is necessary for the
regular differentiation and cessation of erythropoiesis. The overactivation or dysregulation of Smad2/3-Smad4
signaling has been implicated in illnesses with anemia caused by ineffective erythropoiesis, such as
myelodysplastic syndromes or B-thalassemia [El. Therefore, inhibitors of the TGF-B family that sequester the
Smad2/3-Smad4 signaling could promote the end phase of erythropoiesis with a beneficial result in these

diseases.

Altered receptors of activin (activin receptor-1l trap ligands) have been derived from the colligation of the
extracellular part of the activin receptor (ActRIIA or ActRIIB) with the Fc part of IgG immunoglobulin. (sotatercept) is
an Fc-1gG fusion trap that derives from the combination of the extracellular fragment of ActRIIA with the Fc part of

human IgG. ACE-536 (luspatercept) is a fusion of an altered extracellular domain of ActRIIB with the Fc region of
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human IgG1, while RAP-536 involves mouse 1gG2a 29 RAP-536 fusion proteins have been used in mouse models
with thalassemia, with beneficial effects on the reduction of ineffective erythropoiesis, splenomegaly, and iron

overload. the promotion of erythroid differentiation [21122][231[24]

The use of luspatercept in adult thalassemia subjects has been initially evaluated in a phase 2 trial
(NCT01749540). In this study, the subcutaneous use of luspatercept improved Hb levels and reduced transfusion
requirements 25, The most common grade 1 to 2 adverse events were headache, bone pain, and myalgia (23,
Comparable results were obtained with sotatercept; however the drug was not selected for further phase 3 studies,
mainly because, distinct to luspatercept, it is a less specific activin receptor-Il ligand trap, may be less efficacious in

treating anemia and have more off-target effects (26,

The trial was designed to define the efficacy and safety of luspatercept in TDT adults 24, who were randomized to
obtain subcutaneously either luspatercept at an initial dose of 1.0 mg/kg with a gradual increase up to 1.25 mg/kg
or a placebo every 3 weeks for = 48 weeks. The primary endpoint was a = 33% reduction in transfusions, with a
reduction of = 2 RBC units during weeks 13 to 24. The secondary endpoints comprised a = 33% reduction in
transfusion load and at least 2 RBC units at weeks 37 to 48, and a = 50% reduction in transfusions and at least 2
RBC units at weeks 13 to 24. The primary endpoint was significantly achieved in the luspatercept group: 21.4% vs.

4.5% achieved a reduction of at least 33% in the transfusions during weeks 13 to 24 [Z],

While response rates were lower in patients with the most severe disease (30/B0), clinically significant declines in
transfusion load were observed across genotypes. A = 33% decrease in the transfusions at weeks 37-48 was
accomplished by 19% of the luspatercept group compared to 3.6% of the placebo group. Regarding the additional
target of achieving a = 33% decrease in transfusions throughout any successive 12 weeks of the trial, 70.5% of the
luspatercept group reached this level compared to 29% of the placebo group, while for any 24-week period, the
difference was 41.1% and 2.7%, respectively. Among patients who achieved a decline of at least 33% during any
12 weeks, 80.4% had at least two episodes of response, and 51.3% had at least four episodes of response.

In order to study the safety and pharmacokinetics in TDT children, a phase 2 clinical trial (NCT04143724) has been
planned but is not yet recruiting patients. A major concern in children is the potential toxicity of luspatercept in the
developing hematopoietic system and other vital organs. Furthermore, interfering with the BMP pathway may

compromise growth in an immature skeletal system.

Luspatercept could also have a place in the treatment of NTDT patients. The BEYOND trial is a phase 2 study to
define the effectiveness and safety of luspatercept in adults with NTDT (NCT03342404) [28. The primary objective
is the increase of mean Hb without any transfusions over a 12-week period, from week 13 to 24, compared to the

initial phase.

In summary, the subcutaneous use of luspatercept every 3 weeks demonstrated significant reductions in RBC

transfusion burden in TDT adult patients and was granted FDA (Food and Drug Administration) and EMA
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(European Medicines Agency) approval for TDT patients. It seems that luspatercept will have a significant place in

the real-life management of TDT patients.

Pyruvate kinase (PK) is the enzyme that plays a significant role in the last stage of glycolysis in the RBC, the
conversion of phosphoenolpyruvate to pyruvate in order to generate ATP. In patients with PK deficiency, an
autosomal recessive disease, the energy-depleted erythrocytes are prone to hemolysis. Additionally, the ATP-
deficiency in the erythroblasts leads to ineffective erythropoiesis. Patients with PK deficiency have symptoms and

signs due to ineffective erythropoiesis and chronic hemolysis (22 and the clinical picture resembles NTDT.

The results showed a significant decrease of reactive oxygen species levels and an improvement of ineffective
erythropoiesis. Moreover, a reduction of liver iron deposition and an increase of hepcidin levels were observed B9,
The interim results from a phase 2 trial (NCT03692052) of mitapivat in 13 adults with NTDT (a- or B-thalassemia)
were presented at the 2020 ASH annual meeting. During the period of 4-12 weeks, the mean Hb increase from

baseline was 1.34 g/dL with concomitant amelioration of hemolysis indices.

The alteration of intracellular cyclic guanosine monophosphate (cGMP) is a novel therapeutic objective for sickle
cell disease and thalassemia. The cGMP-dependent pathway is significant for the production of HbF and has
multiple roles in vascular biology. As phosphodiesterase (PDE) 9 selectively degrades cGMP in erythropoietic cells,

the use of inhibitors of PDE9 can result in increased cGMP levels and the reactivation of HbF [31132],

IMR-687 is a novel agent that has been developed for the inhibition of PDE 9. The oral use of IMR-687 in sickle cell
disease patients has been recently completed (NCT03401112) and has shown to stimulate HbF production and to
improve Hb levels and hemolysis indices 23], A similar phase 2 study has been launched in order to evaluate the
safety and tolerability of IMR-687 given once daily for 36 weeks in TDT and NTDT adult thalassemic patients
(NCT04411082).

Hepcidin, a protein produced from the hepatocytes, is the key controller of iron metabolism. Hepcidin degrades
ferroportin, the main iron exporter in intestinal cells; macrophages of the reticuloendothelial system; and the
hepatocytes. In B-thalassemia, hepcidin production is inhibited through the action of ERFE, contributing to
increased intestinal iron absorption and tissue deposition 8. Restoration of hepcidin levels could improve iron
overload and ineffective erythropoiesis 341,

Hepcidin production is mainly regulated by matriptase-2 (MT-2), a transmembrane serine protease, which is
encoded by theTMPRSS6gene. MT-2 inhibits hepcidin activation by cleaving membrane hemojuvelin B2, In mouse
models with NTDT, the inhibition of TMPRSS6with silencing RNAs or antisense oligonucleotides caused a rise of
hepcidin and an amelioration of anemia and iron deposition [BEIE7ISEIEA  phase 2 clinical trials are already
recruiting NTDT patients in order to assess the efficacy, safety, and pharmacokinetics of the short interfering RNAs,
SLN124 (NCT04718844), and IONIS
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The use of minihepcidins, which act as hepcidin agonists, has been proven to improve ineffective erythropoiesis
and splenomegaly in a TDT mouse model “9. Recent initial results of a phase 2 trial (NCT04054921) on the
subcutaneous use of PTG-300, a hepcidin mimetic analog, have shown a reduction in serum iron parameters and
a 20% or greater reduction in transfusions, with mild adverse effects “1. Another approach is to restrict the
availability of iron, targeting both the iron overload and the ineffective erythropoiesis, with the use of ferroportin
inhibitors (VIT-2763). A phase 1 study in healthy volunteers has shown that the drug was well accepted with no

significant safety concerns along with a transient decrease in mean serum iron levels and transferrin saturation 42,

| 4. Conclusions—Key Points

In B-thalassemia, the globin chain inequality, ineffective erythropoiesis, and iron tissue deposition are the main
underlying pathophysiological mechanisms that lead to the complications of the disease. Recent research on these

mechanisms has revealed novel curative and “disease-modifying” therapeutic approaches.

Clinically meaningful progress in the techniques of allo-HSCT has been accomplished mainly in the area of the
conditioning regimen and donor selection. Gene manipulation studies have exhibited remarkable advances. The
need for a specialized center for the procedure as well as the high financial cost are barriers to the widespread
application of gene therapy. However, gene therapy has more a measurable and objective effect than luspatercept

and may lead to transfusion independence.

A very recent and highly sophisticated approach is the application of epigenetic and genomic editing methods that
target the silencing of y-globin repressors, such as BCL11A, or the correction of B-globin gene. Remarkable results

have been reported in preclinical studies, while the preliminary results from clinical trials are more than promising.

It is a pharmacological therapy that can be an additive to standard care with manageable side effects that allows
the patient to discontinue the drug when needed or in cases of poor response, whereas this in not realistic in gene
therapy. It can also be an alternative option in cases of young individuals above 18 years of age who do not have
the criteria for transplantation or the availability of a matching related donor. The use of luspatercept is also being
studied in NTDT patients, and clinical trials have been designed for children. Furthermore, the fact that
luspatercept reduces the need for transfusions will be beneficial in health care systems that have a shortage of

blood products, especially during this period of the SARS-CoV-2 pandemic.

The oral administration of mitapivat in a small number of patients has shown promising results in ongoing clinical
trials. An alternative way to improve anemia in thalassemic patients is to stimulate HbF production with the use of
phosphodiesterase 9 inhibitors, such as IMR-687. This agent has shown encouraging results in sickle cell disease
patients and is currently being tested in aduts with TDT and NTDT. A different therapeutic approach is to target the
dysregulation of iron homeostasis and indirectly improve erythropoiesis, by using hepcidin agonists (inhibitors of
TMPRSS6 and minihepcidins) or ferroportin inhibitors (VIT-2763).
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For individuals with NTDT, transfusions are given as needed in certain clinical settings. In TDT, the mainstream
treatment is chronic transfusions to alleviate anemia and suppress extramedullary hematopoiesis, with parallel
management of the excess free iron and the complications of the disease. Matched related transplantation is the
preferable approach, but other alternatives can be considered in terms of donor selection and conditioning
regimens. In the case of a non-suitable donor, gene therapy with B-gene addition is an option in certified transplant

centers.
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