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B-hemoglobinopathies are the most common genetic disorders worldwide and are caused by mutations affecting
the production or the structure of adult hemoglobin. Patients affected by these diseases suffer from anemia,
impaired oxygen delivery to tissues, and multi-organ damage. In the absence of a compatible donor for allogeneic
bone marrow transplantation, the lifelong therapeutic options are symptomatic care, red blood cell transfusions and
pharmacological treatments. The last decades of research established lentiviral-mediated gene therapy as an
efficacious therapeutic strategy. However, this approach is highly expensive and associated with a variable
outcome depending on the effectiveness of the viral vector and the quality of the cell product. In the last years,
genome editing emerged as a valuable tool for the development of curative strategies for -hemoglobinopathies.
Moreover, due to the wide range of its applications, genome editing has been extensively used to study regulatory
mechanisms underlying globin gene regulation allowing the identification of novel genetic and pharmacological

targets.

genome editing B-hemoglobinopathies

| 1. Introduction

Hemoglobinopathies are the most frequent monogenic diseases worldwide, with approximately 400,000 affected
births each year L. The most common hemoglobinopathies are B-thalassemia and sickle cell disease (SCD).
Patient affected by B-thalassemia show low or absent production of adult B-globin chains; this leads to a-/3-globin
chain imbalance, apoptosis of erythroid cells, hemolysis and iron overload. In SCD, a single point mutation causes
the B7CU~Val sypstitution that leads to the production of a mutant B-globin chain (BS). Once incorporated in the
hemoglobin tetramer (HbS), the valine in position 7 confers to the Hb the propensity to polymerize. HbS
polymerization causes red blood cell (RBC) sickling, hemolysis, iron overload, vaso-occlusive crises and multi-

organ damage.

Palliative treatment consisting of lifetime blood transfusion combined with iron chelation, although costly, is
commonly used to suppress anemia and reduce iron toxicity in B-thalassemia patients. SCD patients with a severe
clinical phenotype are usually treated with RBC exchange transfusion and iron chelation. In developed countries,
this standard treatment for B-hemoglobinopathies improves patients’ quality of life. However, these diseases can
still result in fatal outcomes. In African countries, where SCD is endemic, the majority of children born with SCD do
not reach adulthood . Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative option, but its
success depends on the availability of a compatible human leukocyte antigen (HLA)-matched donor. Studies in

large cohorts of B-thalassemia and SCD patients receiving identical sibling transplants showed 83% and 91% of
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disease-free survival, respectively, with better clinical outcomes in younger patients 23], However, the chances of
finding an HLA-matched sibling or related donor are limited (4. Recently, it has been shown that unrelated HLA-
matched transplantation is possible for B-thalassemia patients lacking of an HLA-matched sibling donor, when
stringent criteria of HLA class | and Il compatibility between the donor and the recipient are met. Despite the limited
number of reported cases, results in B-thalassemia patients are encouraging, thus this approach represents a

promising therapeutic option 8],

Gene therapy nowadays represents an important curative option for 3-hemoglobinopathies. The transplantation of
genetically modified, autologous HSCs avoids the immunological risks such as graft rejection and graft-versus-host
disease associated with allogeneic HSCT and use of immunosuppressive drugs to prevent these complications. In
the last decades, several research groups engineered lentiviral vectors (LV) to successfully transfer a functional 3-
globin chain in HSC-derived erythroid cells [BIEIL0 These paramount studies paved the way for several gene
therapy clinical trials including more than 100 patients treated with LV-transduced bone marrow (BM)- or mobilized
peripheral blood (mPB)-derived HSCs [11[12][13][14]15][16][17][18][19]20[21]22] The majority of these patients showed a
reduced transfusion requirement after gene therapy and this treatment can be considered reasonably safe.
However, some patients, especially those with a more severe clinical phenotype, are still transfusion-dependent,
because the optimal therapeutic Hb levels have not been achieved and/or because of the low gene transfer in
HSCs. Current progresses and challenges of LV-mediated gene therapy approaches for 3-hemoglobinopathies are
reviewed elsewhere 23], Briefly, the major limitations are: (i) the lack of an optimal protocol to reproducibly obtain a
successful gene transfer in HSCs; (ii) the inability of LVs to sustain high B-globin expression at low vector copy
numbers; (iii) the poor engraftment of transduced HSCs into the patient BM environment, which is still poorly
studied and negatively affected by disease progression; (iv) the potential genotoxic risk associated with the semi-

random integration of LVs [24],

In the last decade, the numerous discoveries in the field of genome editing have led to the development of novel
and powerful strategies for the treatment of 3-hemoglobinopathies. In particular, the efficiency of genome editing
was greatly enhanced by the development of designer nucleases to generate DNA double strand breaks (DSBs) in
a specific region of interest. Different nuclease-based editing strategies aimed either to correct the disease-causing

mutations or to induce therapeutic levels of fetal Hb (HbF) have been proposed.

The success of these strategies depends on the efficacy of the nucleases to target the DNA, the activity of the
approach-specific cellular machinery repairing the DSB in HSCs and the capability of edited cells to stably engraft
and provide high levels of therapeutic Hb. However, nucleases can trigger DSB-induced cytotoxicity and the
formation of chromosomal rearrangements. The recent introduction of nuclease-free technologies has provided
suitable solutions to overcome these issues and is likely shortening the way for the clinical translation of editing

strategies for the treatment of 3-hemoglobinopathies.

| 2. Genome Editing for B-Hemoglobinopathies
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Genome editing technologies provided a fertile soil for the development of novel therapeutic strategies for -
hemoglobinopathies. The last years have witnessed the development of an increasing number of technologies,
experimental models and genetic targets for genome editing-based therapies. The study of cellular mechanisms
allowing gene correction and regulatory mechanisms underlying Hb switching opened the way for the preclinical
and clinical application of novel gene therapy approaches, which could become in the future a widespread

therapeutic option for the high number of patients affected by -hemoglobinopathies.

However, while many therapeutic targets have been identified and, for some strategies, early clinical data are very
encouraging 22128271 ' the genome editing technologies still face some challenges. A first risk is the off-target
effects on DNA and on both DNA and RNA in the case of BEs. The transient expression of genome editing tools
and the use of more precise enzymes can substantially reduce off-target effects 2823 However, even minimal off-
target activity needs to be closely monitored in both pre-clinical and clinical studies, as gene therapy approaches

are based on the injection of a large number of HSPCs.

Similarly, HSPC viability, proliferation, engraftment and genome integrity must be carefully evaluated especially
when using nuclease-based strategies that can affect cellular fithess and functionality [36], and generate large
genomic rearrangements BYBLUE2 However, amelioration of culture conditions and delivery methods (e.g., usage
of ssODN instead of AAV6 as donor template), and the use of highly specific editing tools can substantially reduce
cytotoxicity 23 and the formation of genomic rearrangements, such as translocations between on- and off-target

regions.

The novel BE and PE tools virtually abolish the risk of DSB-induced cytotoxicity and large rearrangements.
However, while HSPC electroporation with nucleases has been established in many labs and is already employed

in clinical trials, delivery of the large BE and PE enzymes is still challenging in primary cells.

Finally, pre-existing immunity against Cas9 or de novo immune responses to Cas9 should be taken in
consideration; however, the transient expression of the CRISPR/Cas9-based tools likely minimizes the risk of

elimination of genetically modified HSPCs by the immune system.

Despite these challenges, genome editing approaches hold promise for curing patients affected [3-
hemoglobinopathies. Nowadays, LV-mediated gene therapy strategies for B-hemoglobinopathies represent an
established curative option. However, it is important to note that LVs are extremely expensive to manufacture
(>300,000 euros per patient [24)). Most of the genome-editing approaches require the delivery of RNA/protein
reagents that are likely less expensive thus, it is reasonable to suppose that they will replace LV-based gene

therapy strategies in the coming years.
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