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Abstract. In the last ten years, a consistent number of clinical studies have evaluated different gene 

approaches for the treatment of patients with sickle cell disease (SCD) and transfusion-dependent 

-thalassemia (TDT). Initial studies of gene therapy for hemoglobinopathies involved the use of 

lentiviral vectors to add functional copies of the gene encoding -globin in defective CD34 cells; 

more recently, gene editing techniques have been used involving either CRISPR-Cas9, 

transcription activation-like effector protein nuclease, zinc finger nuclease, and base editing to 

either induce fetal hemoglobin production at therapeutic levels or to genetically repair the 

underlying molecular defect causing the disease. 

Here, we review recent gene editing studies that have started the development of a new era in the 

treatment of hemoglobinopathies and, in general, monoallelic hereditary diseases. 
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Introduction. Hemoglobin (Hb) is a fundamental 

functional protein of red blood cells (RBCs), formed by 

a tetramer 22 bound to the heme group; this protein 

plays an essential role as an O2 transporter. Hb synthesis 

is finely controlled and physiologically tuned through 

modulation of the transcriptional activity of - and -

globin genes, organized in gene clusters located at the 

level of chromosomes 16 and 11, respectively. The 

transcriptional activity of these genes is controlled 

through complex molecular mechanisms mediated by the 

interaction of transcription factors with various genetic 

regulatory elements represented by locus control region 

(LCR), promoters, and enhancers.  

The -like gene cluster contains embryonic () fetal 

(1 and 2) and adult ( and ) globin genes, spatially 

ordered in their ontogenic time of expression during 

embryonic, fetal, and adult life. Particularly, the 

silencing of  fetal globin genes is dependent upon 

reduced stimulation by transcriptional activators and a 

repressive effect mediated by repressor transcriptional 

complexes, including transcription factors such as 

BCL11A and LRF.  

Mutations in the adult -globin gene cause -

thalassemia (-thal) and sickle cell disease (SCD), two 

autosomal recessive diseases of red blood cells with 

worldwide diffusion. In -thalassemia, more than 400 

mutations in the -globin gene cluster, including point 

mutations, minor deletions or insertions, or gross 

deletions in either the b-globin gene or in its flanking, 

non-coding regions, have been reported. These result in 

reduced production of -globin and markedly decreased 

HbA synthesis, with an excess of free -chains that are 

unstable, precipitate, and induce oxidative damage and 
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premature death of erythroid cells. 

SCD is caused by a point mutation of the—globin 

gene, which determines the production of an abnormal 

hemoglobin (HbS) in which the glutamic acid at position 

6 is replaced by a Valine residue. This changes a 

negatively charged side chain into a hydrophobic one, 

allowing the polymerization of deoxygenated HbS. This 

alters RBC architecture and flexibility to the sickle cell 

shape. 

In recent years, several trials have been developed to 

investigate the safety and efficacy of gene therapy 

approaches for the treatment of patients with transfusion-

dependent -thal and SCD. Basically, there are two 

different approaches to gene therapy for 

hemoglobinopathies based on the genetic engineering of 

autologous hematopoietic stem cells (HSCs): (i) gene 

addition strategies based on lentiviral vectors to add 

functional copies of the gene encoding -globin in 

defective HSCs; (ii) gene editing strategies based on the 

use of CRISPR-Cas9, transcription activator-like 

effector protein nuclease and zinc finger nuclease 

techniques either to directly repair the underlying genetic 

cause of disease or to induce fetal hemoglobin 

production by gene disruption. 

Initial studies were based on gene addition strategies 

and have largely supported the safety and clear efficacy 

of this gene therapy approach. Particularly, these studies 

have shown a good risk/benefit ratio, with no insertional 

mutagenesis and major adverse events related to 

myeloablative conditioning or to the underlying 

pathology.2 These studies also showed that the inclusion 

in the lentiviral vectors of a surrogate version of the 

globin LCR limits the expression of the -globin 

transgene generated from a vector copy number (VCN) 

per cell compatible with a safe profile.2 In fact, in -thal 

patients, to improve clinical outcome, it was required to 

optimize the engineering of HSCs through increasing 

VCN and transduction efficiency.3 Gene editing 

strategies do not have this type of limitation. 

Several recent trials have explored the safety profile 

and the effectiveness of gene editing strategies in -

thalassemia and SCD patients. 

 

BCL11A, the Main Regulator of HbF Synthesis, is a 

Key Target of Gene Editing for the Treatment of 

Hemoglobinopathies. HbF (22) synthesis level is 

genetically controlled and modifies the severity of 

hemoglobinopathies, such as -thal and SCD. BCL11A 

gene encodes a zinc-finger protein predominantly 

expressed in brain and hematopoietic tissue. BCL11A 

functions mainly as a transcriptional repressor that is 

crucial in brain, hematopoietic system development, as 

well as fetal-to-adult hemoglobin switching. The 

expression of this gene is regulated by transcription 

factors, microRNAs, and genetic variations. Particularly, 

the transcription factor BCL11A is a major regulator of 

HbF synthesis during development. BCL11A acts as a 

transcriptional repressor of -globin gene expression 

through the occupation of -globin genes to inhibit their 

expression in adult erythroblasts.4 Particularly, a zinc 

finger cluster present in the BCL11A protein interacts 

with a specific DNA sequence present in the promoters 

of 1 and 2 globin genes, repressing their transcriptional 

activity.4 

BCL11A expression is transcriptionally controlled 

during development. In fetal erythroid cells, BCL11A 

expression is inhibited by the repressor HIC2, whose 

expression is high in fetal cells but low in adult erythroid 

cells.5 In turn, HIC2 expression is controlled by some 

microRNAs pertaining to the let-7 miRNA family, which 

act as repressors of HIC2 expression.6 

The expression of BCL11A in erythroid cells is 

controlled by an erythroid-specific enhancer located at 

position +58 in intron 2 of the BCL11A gene.7 The +58 

BCL11A intronic enhancer contains a binding site for 

GATA1, which is required to sustain erythroid-specific 

BCL11A expression. Disruption of this enhancer 

abolishes the expression of BCL11A, specifically in 

erythroid cells but not in other tissues, and does not 

impair the engraftment capability of HSCs.8 Disruption 

of the BCL11A erythroid enhancer reactivates fetal 

hemoglobin synthesis in erythroid cells, including those 

of -thal patients.9 

 

Gene Editing Therapy Studies Based on CRISPR/Cas 

9 Technology. Gene editing techniques are based on the 

utilization of nucleases to generate DNA double-strand 

breaks into specific regions of the genome. The most 

used nucleases in clinical gene therapy are zinc finger 

nucleases (ZFN) and clustered regularly-interspaced 

short palindromic repeats and caspase (CRISPR 

associated) nucleases (CRISPR/Cas). 

The CRISPR-Cas9 is a two-component system that 

allows for targeted repairs, insertions, or deletions in 

specific genomic regions. The CRISPR/Cas 9 system is 

composed of a Cas9 that is driven on a specific DNA 

target by a single-guide RNA (defined as guide RNA, 

gRNA). The gRNA is composed of a scaffold sequence 

necessary for Cas-binding and a user-defined 20-

nucleotide spacer that defines the specific genomic target 

structure to be modified. The gRNA is flanked by a DNA 

motif known as the photospacer adjacent motif (PAM) 

that is inserted in the non-target strand of the genomic 

DNA downstream of the target sequence: the Cas9 

recognizes this interaction and cleaves the DNA. The cell 

attempts to repair double-stand breaks by using two 

different repair mechanisms: non-homologous end 

joining repair (NHEJ) and homology-directed repair 

(HDR). In the NHEJ process, the homologous and non-

homologous broken ends of DNA created by Cas9 are 

joined. NHEJ is particularly active in G0 and G1 phases 

of the cell cycle and creates insertions or deletions at the  
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Figure 1. Schematic representation of the transcription factor binding sites in the erythroid enhancer region located in intron 2 of the BCL11A 

gene. The binding of the GATA1 transcription factor increases the BCL11A expression, resulting in a decreased expression of -globin gene. 

Disruption of the erythroid-specific enhancer of BCL11A by gene editing determines an increased expression of -globin and HbF production. 

This approach is an effective therapeutic strategy for the treatment of -thal and SCD patients. 

 

cut site caused by the generation of frameshift mutations. 

In hemoglobinopathies, a specific DNA site located 

at +58nt of the erythroid enhancer of the BCL11A gene 

is the most promising target site for gene editing (Figure 

1).10 Deletion or mutation of this region using 

CRISPR/Cas9 induces an increase in expression of HbF-

positive cells, particularly through editing of primary 

human hematopoietic progenitors and mouse 

transgenesis, the BCL11A erythroid enhancer was 

validated as a suitable target for fetal hemoglobin 

reinduction.10 

A pilot clinical study provided the first initial 

evidence in favor of the safety and efficacy of CRISPR-

Cas9 gene editing for -thal and SCD in one °/° 

transfusion-dependent -thal patient and one °/S 

transfusion-dependent and symptomatic patient.11 These 

patients represented the first patients enrolled in the 

CLIMB THAL-111 and CLIMB SCD-122 studies, 

respectively.11 This study was preceded by a preclinical 

evaluation of the efficiency of CRISPR-Cas9 gene 

editing in CD34+ cells obtained from normal subjects, 

showing a high efficiency (about 80% of the alleles at the 

BCL11A locus were modified, with no evidence of off-

target editing); importantly, gene-edited CD34+ cells 

induced in vitro to erythroid differentiation produced 

30% HbF, compared to 10% in unmodified cells.11 After 

myeloablation, two patients (one -thal and one SCD) 

received autologous CD34+ cells edited with CRISPR-

Cas9 targeting BCL11A erythroid enhancer; in both 

patients, HbF and total Hb levels increased rapidly after 

reinfusion of autologous CD34+-edited cells and with a 

follow-up of more than one year both patients had high 

levels of allelic editing in the bone marrow and blood, 

with a pan-cellular distribution of HbF at the level of 

RBCs; both the thalassemic patients become transfusion-

independent, and in the patient with SCD no vaso-

occlusive episodes were observed.11 

Recently, the results of the CLIMB THAL-111 phase 

III trial were published; 52 patients with transfusion-

dependent -thal received treatment with autologous 

CD34+ cells, gene-edited with CRISPR-Cas9 at the level 

of BCL11A erythroid enhancer (with the commercial 

name of Exaglamglogene, Exa-Cel); 35 of these patients 

were evaluable for development of transfusion 

independence with a sufficient follow-up.12 91% of the 

treated patients became transfusion independent, with a 

mean total Hb level of 13.1 g/dL and mean HbF level of 

11.9 g/dL, distributed in 94% of RBCs.12 Allelic editing 

at the BCL11A locus was detectable at one month after 

Exa-Cel infusion, and at 6 months, a mean of 78% of 

CD34+ bone marrow cells were genetically edited, and 

this percentage remained stable on time.12 The safety 

profile of Exa-cel was consistent with that related to 

busulfan conditioning.12  

The results reported for Exa-Cel in -thal patients 

were confirmed by a similar gene-editing system based 

on CRISPR-Cas9-mediated disruption of the BCL11A 

erythroid enhancer; particularly, Fu et al initially showed 

http://www.mjhid.org/
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in two -thal patients the safety and the efficacy of gene 

editing approach based on the disruption of the GATA1-

binding site at the +58 BCL11A erythroid enhancer.13 In 

a more recent report, autologous, gene-edited CD34+ 

cells with disruption of the BCL11A erythroid enhancer 

(BRL-101) were reinfused in 10 -thal patients (5 °/°), 

resulting in a sustained increase of total Hb and HbF 

levels, with 98-99% F-cells and achieving transfusion 

independence in all patients.14 Adverse events are those 

associated with myeloablation and aHSCT.14 

The results of the phase III CLIMB SCD-121 study 

were recently reported in a group of 44 transfusion-

dependent and symptomatic SCD patients treated with 

Exa-Cel; 30 of these patients were evaluable for the 

occurrence of vaso-occlusive crises for at least 12 

consecutive months.15 97% of treated patients were free 

from hospitalizations for severe vaso-occlusive crises for 

at least 12 consecutive months.15 However, the analysis 

of the whole population of 44 SCD patients who received 

Exa-Cel infusion showed 6 events of severe vaso-

occlusive crises occurring in patients whose increase of 

total Hb and HbF levels were similar to those observed 

in patients without severe vaso-occlusive events.15 Total 

Hb levels increased from <9 g/dL to 12.5 g/dL 6 months 

after Exa-cel infusion, with 44.5 of HbF (present in 

>95% RBCs). All patients were transfusion-independent 

after treatment; the percentage of edited BCL11A alleles 

was 53.5% at one month and at least 70% from month 2 

through the end of follow-up.15 All the 30 patients 

included in the primary efficacy populations showed a 

significant reduction of hemolysis.15 As for -thal 

patients, adverse events were those expected for 

myeloablative busulfan conditioning and aHSCT.15 

Other studies have explored a different approach 

based on CRISPR-Cas9 technology to create an HPFH 

(hereditary persistence of fetal hemoglobin) genotype 

inHSCs.16 HPFH is a benign condition characterized by 

the maintenance of HbF synthesis in postnatal life. 

Particularly, CRISPR-Cas9-mediated genome editing of 

human blood progenitors was used to mutate 1 13-nt 

sequence that is present in the promoters of the 1 

(HBG1) and 2 (HBG2) globin genes, recapitulating a 

naturally occurring HPFH-associated mutation (Figure 

2).17 

The HBG1 and HBG2 promoter elements are 

physiologically bound by the transcriptional repressor 

BCL11A, and their disruption by CRISPR-Cas9 single 

guide ribonucleoprotein complex in normal or SCD 

CD34+ cells determine the production of an erythroid 

progeny with a high HbF potential; no off-target 

mutations were detected in engineered CD34+ cells 

(Figure 2).18 These observations have supported the 

safety, feasibility and efficacy of CRISPR-Cas9 gene 

editing of HBG1 and HBG2 promoters to induce robust 

levels of HbF synthesis, suitable for treating 

hemoglobinopathies.18 These studies have provided the 

preclinical support for a clinical trial involving gene 

editing of HBG1 and HBG2 promoters using CRISPR-

Cas 9 technology. To this end, Sharma et al. have first 

defined the gRNA targeting HBG1 and HBG2 promoters 

providing the optimal HbF induction in CD34+ cells 

obtained from healthy donors and patients with SCD; 

thus, the gRNA 68 was selected for clinical development. 

In this study, cells gene-edited with gRNA 

 
 

Figure 2. Control of -globin gene expression mediated by BCL11A. Top panel: nucleotide sequence of the gene promoter of HBG1 and HBG2 

genes; in these promoters are present to BCL11A TGACCA binding sites (a distal -118 to -113 and a proximal -91 to -86). Middle panel: the 

distal site actively binds BCL11A in adult erythroid cells and represses -globin gene expression. Bottom panel: disruption of the distal 

BCL11A binding site by gene editing derepress -globin expression and can be therapeutically exploited in -thal and SCD patients. 
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68 were defined as OTQ923. Three patients with SCD 

received autologous OTQ923 after myeloablative 

conditioning, with a follow-up of 6 to 18 months; in 

patient 1 (S/S), before OTQ infusion, total Hb level was 

10g/dL, with 0.4% of HbF and 4% of F cells and 12-18 

months after infusion, total Hb ranged from 10.3 to 11.9 

g/dL, with 25% to 26.8% HbF and 78% to 88% of F cells; 

in patient 2 (S/S), before OTQ923 infusion, total Hb 

level was 7.6 g/dL with 4.2% HbF and 20.4% F cells and 

6-12 months after infusion, total Hb ranged from 10.1 to 

11.5 g/dL, with 23% to 25% HbF and 80% to 87% F 

cells; in patient 3 (S/S), before OTQ923 infusion, total 

Hb level was 8.3 g/dL, with 1.4% HbF and 6.2% F cells 

and 4-6 months after treatment, total Hb level maintained 

at 10.5 g/dL, with 19% to 23% of HbF and 70% to 85% 

of F cells.19 The three patients had several adverse events, 

all considered to be related to either myeloablative 

busulfan conditioning or to the underlying SCD. 

Particularly, after undergoing OTQ923 infusion, all three 

enrolled patients had at least one-related event (vaso-

occlusive event).19 Although all three participants had at 

least one episode of vaso-occlusive crisis after infusion, 

the frequency of these episodes was very limited and 

seemingly compatible with the induction levels of HbF 

obtained with this treatment; in fact, despite 

improvement of hematologic levels, all three participants 

had still ongoing mild hemolysis, suggesting that their 

levels of HbF were not sufficient to inhibit HbS 

polymerization completely.19 

Another study based on the gene editing of the HBG1 

and HBG2 promoters utilized CRISPR-Cas12 

technology. The CRISPR-Cas12a is a programmable 

single gRNA endonuclease system. Some notable 

differences exist between Cas-12 and Cas-9: Cas 12a 

possesses a single nuclease domain and intrinsic RNA 

processing activity, allowing multigene editing of RNA 

transcripts and results in staggered DNA ends, 

promoting HDR repair instead of NHEJ.20 The CRISPR-

Cas12a system was used to obtain efficient editing of the 

distal CCAAT-box region of the HBG1 and HBG2 

promoters, resulting in a high rate of editing (80-90%) of 

these sites in CD34+ cells, with a high rate of HbF 

synthesis (about 40%) in the erythroid progeny generated 

by gene-edited progenitors.21 Gene-edited HSCs 

efficiently repopulate multilineage hematopoiesis. 

Furthermore, no off-target editing was observed.21 Two-

phase I/II clinical trials, RUBY and EdiThal, evaluated 

the safety and the efficacy of EDIT-301, autologous 

CD34+ cells edited at the level of HBG1 and HBG2 gene 

promoters by CRISPR-Cas12a technology, in SCD and 

-thal patients, respectively; the results of the first 2 and 

7 patients enrolled in the RUBY and EdiThal studies, 

respectively, were recently reported.22 Successful 

engraftment was observed in all patients; in SCD patients, 

a rapid and sustained normalization of Hb as early as 4 

months after infusion (from 10.5 g/dL at baseline to 14.2 

g/dL after EDIT-301 infusion), an increase of HbF levels 

(at 4 months, 6.8 g/dL) and percentage of F cells, 

resolution of vascular occlusive events and an 

improvement or normalization of markers of hemolysis; 

in the two -thal patients, early improvements were 

observed after EDIT-301 infusion and development of 

transfusion-independence.22 

 

Post-Transcriptional Genetic Silencing of BCL11A. It 

is important to note that in addition to gene editing 

studies, another approach of gene therapy targeting 

BCL11A was based on the use of a lentiviral vector 

encoding a short hairpin RNA targeting BCL11A mRNA 

embedded in a microRNA, allowing erythroid-specific 

knockdown of BCL11A.23 This study enrolled six SCD 

patients who received an infusion of autologous CD34+ 

cells with the BCH-BB694 lentiviral vector post-

transcriptionally silencing BCL11A; all these patients 

had engraftment and achieved robust and stable HbF 

synthesis (ranging from 20% to 41%) with a wide 

cellular distribution (F cells ranging from 59% to 93%) 

and HbF per F cells ranging from 9 to 18.6 pg per cell.23 

Clinical manifestations of SCD were reduced or absent 

during the follow-up period.23 These six patients were 

explored by whole-genome sequencing at the level of 

HSCs pre-gene therapy and post-gene therapy to 

evaluate the somatic mutation profile and clonal 

landscape of genetically-modified HSCs.24 No clonal 

expansions were identified among gene-modified or 

unmodified cells; however, an increased frequency of 

potential driver mutations associated with clonal 

hematopoiesis or with myeloid neoplasms (DNMT3A 

and EZH2-mutated clones) was observed in both 

genetically modified and unmodified cells, thus 

suggesting a positive selection of mutant clones during 

gene therapy.24 This observation supports an enhanced 

fitness of some HSCs harboring pre-existing driver 

mutations.24 

In line with these observations, Lee et al. in their 

evaluation of the impact of CRSIP/HDR editing versus 

lentiviral transduction on long-term engraftment and 

clonal dynamics of HSPCs in Rhesus Macacus, observed 

that the long-term clonality of hematopoiesis generated 

by CRISPR/HDR-edited cells was oligoclonal in 

contrast to highly polyclonal hematopoiesis generated by 

lentiviral-transduced HSCs.25 

 

Gene Editing Using Zinc-Finger Nucleases (ZNF). 

ZNFs are chimeric nucleases made of zinc finger protein 

motifs, each able to recognize a short DNA sequence, put 

together to increase their DNA recognition ability; these 

DNA-binding modules are linked to a non-specific DNA 

cleavage domain of the Fok I endonuclease. Cleavage 

activity is induced when two ZNFs recognize their target 

sequence, forming a catalytically active heterodimer 

complex. 

http://www.mjhid.org/
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Smith and coworkers have reported the development 

of a ZNF-mediated gene editing system for disruption of 

the GATA-binding region of the intronic erythroid-

specific BCL11A enhancer in human HSCs.26 Based on 

these observations, Sangamo Therapeutics launched the 

PRECIZN-1 phase I/II clinical trial involving the study 

of the safety and efficacy of autologous HSCs gene-

edited at the level of the erythroid-specific BCL11A 

enhancer using ZNFs (BIVVoo3).27,28 A consistent 

increase in therapeutic levels of HbF was observed in 

three out of four patients receiving the therapy (from 

12% to 41%, with levels >10 pg/RBC); three patients had 

no recurrence of severe vaso-occlusive crises after 

infusion.27,28 In one of the four treated patients, high HbF 

levels were not maintained in the time, and recurrence of 

vaso-occlusive crises was observed.27,28 

 

Base Editing. In recent years, significant progress has 

been made in the development of gene-editing 

techniques based on Base Editors (BEs), which can 

convert specific base pairs into desired sequences 

without creating DNA strand breaks and without 

depending on HDR-mediated correction based on a 

donor DNA template. Base editing offers various 

opportunities for treating SCD through gene editing: (i) 

correction of the mutation present in the -globin gene;29 

(ii) increasing HbF levels by editing transcriptional 

repressors (BCL11A) or binding regions of 

transcriptional repressors (HBG1 and HBG2 gene 

promoters); (iii) increasing HbF levels by creating 

binding sites for transcriptional activators (GATA1, 

KLF1 and TAL1).30 

Two clinical trials based on base editing have been 

launched by Beam Therapeutics, both involving SCD 

patients. BEAM-101 is the clinical product represented 

by autologous HSCs base-edited by targeting HBG1 and 

HBG2 promoters to activate HbF synthesis, evaluated in 

the context of the BEACON phase I/II study; preclinical 

studies have shown a high efficiency of base editing of 

HBG1 and HBG2 promoters using the procedure 

developed by Beam Therapeutics, with a high efficiency 

of chimerism after transplantation in immunodeficient 

animals and >65 of HbF synthesis in erythroid cells 

progeny; the first patients enrolled in this study were 

treated and the Beam Therapeutics developed a closed 

and automated process for manufacturing BEAM-101. A 

second study, BEAM-102, is based on a preclinical study 

based on the use of an engineered adenine base editor 

achieving efficient base editing in CD34 S/S cells, 

leading to >70% of biallelic conversion on S to Makassar 

allele and 20% monoallelic conversion of S to Makassar 

allele in vitro erythroid differentiated progeny derived 

from ex vivo edited CD34+ cells (the Makassar variant is 

naturally occurring in individuals in Southeast Asia with 

normal hematological parameters) and is yet to be 

launched.31 

It is important to note that base editing cannot be used 

to create a transversion mutation necessary to correct the 

SCD mutation 20A>T (Glu6VAL). However, Adenine 

Base Editor cannot be applied to replace the A.T. with a 

G.C., thus generating the benign anti-sickling Hb-

Makassar variant. 

A base editing strategy was developed for the 

correction of the most prevalent -thal mutations (IVS1-

110[G>A]) using the SpRY-ABE8e base editor; RNA 

delivery of the base editing system was safe and led to 

about 80% of gene correction in HSCs of patients with 

-thal without causing dangerous double-strand DNA 

breaks.32 In gene-edited HPC-derived erythroid cells, 

this strategy was able to restore -globin production and 

dyserythropoiesis observed in -thal.32 An alternative 

approach of base editing of ISV -thal consisted of the 

use of ABEs with relaxed PAM requirements, with the 

specific aim of correcting the ISV-110 splice defect in 

patient-derived CD34+ cells by altering an upstream 

sequence element critical for aberrant splicing.33 

A recent study reported the efficient base editing of 

HBG1 and HBG2 promoters using transformer base 

editor (tBE), a cytosine base editor with no detectable 

off-target mutations; disruption with tBE of the six 

motifs present in HBG1 and HBG2 promoters resulted in 

the highest -globin expression, higher than that 

observed using Cas9 nuclease or conventional B.E.s.34 In 

experimental models, durable therapeutic editing by tBE 

persisted in HSCs, supporting its potential for the 

treatment of hemoglobinopathies.34 

 

Prime Editing. Prime editing is a gene editing 

technology of recent development, conceived to bypass 

the limitations of other gene editing technologies. This 

system is based on some constituents and, particularly, 

on a PE2 component, a Maloney leukemia virus reverse 

transcriptase fused to the C terminus of Cas9 nuclease, 

to generate a single strand break (SSB) three bases 

upstream of the PAM site in this system, the gRNA is 

called pegRNA, and is made by the classical gRNA 

directing all the editing machinery to the specific target 

DNA and an edit-containing RNA template extension, 

containing the information that will replace the target 

DNA. The mechanism of prime editing involves an 

initial formation of SSB by the PE2 component, allowing 

the resultant 3' flap of the nicked DNA strand to form a 

sequence-specific interaction with the primer binding 

site on the peg RNA.35 In a preclinical study, Everette 

and coworkers showed that prime editing could correct 

the HbS allele to wild-type HbA at frequencies of 15-

41% in HSPCs derived from SCD patients; prime-edited 

HSPCs displayed high engraftment capacities and 

maintained HbA expression and lineage maturation as 

well as HSPCs from healthy donors; minimal off-

targeting editing was observed at 100 potential sites.36 In 

a second study, prime editing in vivo was developed in a 
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mouse model of SCD (CD46/Townes mice): a single-

editor expressing viral vector into mobilized 

CD46/Townes mice resulted in a mean value of 43% of 

HbS replacement by HbA, with a marked improvement 

of the SCD phenotype.37 

 

Conclusions. The treatment landscape for 

hemoglobinopathies gained a novel addition when the 

FDA and EMA approved the CRISPR-CAS9 gene 

editing therapy (Exa-cel) for the treatment of patients 

with SCD and transfusion-dependent -thal. This was 

the first gene editing therapy to receive regulatory 

approval and opened the way to a new era in the 

treatment of monoallelic genetic diseases. 

However, despite the very favorable results obtained 

in these studies and the exciting implications for patients 

with SCD and thal, the exorbitant cost of Exa-cel, 

estimated to be in the order of $2.2 million per patient, is 

expected to greatly limit access to this revolutionary 

therapy. Furthermore, the healthcare structures suitable 

for administering autologous gene therapy are limited. 

We need to follow patients longer to evaluate the 

long-term efficacy and safety of gene editing-based 

therapies. Future studies must assess the possible 

consequences of off-target editing and the effects of the 

gene editing procedure on clonal hematopoiesis and on 

the expansion of hematopoietic cells bearing mutations 

potentially associated with myeloid malignancies. 
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