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Genome editing is potentially a curative technique available to
all individuals withb-hemoglobinopathies, including sickle cell
disease (SCD). Fetal hemoglobin (HbF) inhibits sickle hemo-
globin (HbS) polymerization, and it is well described that natu-
rally occurring hereditary persistence of HbF (HPFH) alleviates
disease symptoms; therefore, reawakening of developmentally
silenced HbF in adult red blood cells (RBCs) has long been of
interest as a therapeutic strategy. Recent advances in genome
editing platforms, particularly with the use of CRISPR-Cas9,
have paved the way for efficient HbF induction through the cre-
ation of artificial HPFH mutations, editing of transcriptional
HbF silencers, and modulating epigenetic intermediates that
govern HbF expression. Clinical trials investigating BCL11A
enhancer editing in patients with b-hemoglobinopathies have
demonstrated promising results, although follow-up is short
and the number of patients treated to date is low. While prac-
tical, economic, and clinical challenges of genome editing are
well recognized by the scientific community, potential solu-
tions to overcome these hurdles are in development. Here, we
review the recent progress and obstacles yet to be overcome
for the most effective and feasible HbF reactivation practice us-
ing CRISPR-Cas9 genome editing as a curative strategy for pa-
tients with SCD.
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INTRODUCTION
Sickle cell disease (SCD) is a collection of disorders characterized by
the inheritance of a single base substitution (replacement of hydro-
philic glutamic acid by hydrophobic valine) in the first exon of the
b-globin gene (HBB). Whether inherited in a homozygous manner
or with another mutation in HBB, the sickle hemoglobin (a2bs2,
HbS) substitution significantly alters the function of hemoglobin, re-
sulting in polymerization and aggregation upon deoxygenation. This
distortion results in decreased red blood cell (RBC) survival and the
downstream clinical manifestations of the disorder, including chronic
anemia, pain events, stroke, multiorgan damage and failure, and pre-
mature mortality.1

In the setting of deoxygenation, the intracellular hemoglobin concen-
tration and the presence of fetal hemoglobin (a2g2, HbF) have pro-
found impacts on the rate of polymerization of HbS. The delay period
before fibers appear is known as the “delay time” and is inversely
dependent to the 30th power of the deoxy-HbS concentration.2
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This phenomenon is consistent with what is observed clinically: (1)
newborns are protected from SCD complications in the first 6 months
of life when HbF levels are naturally elevated,3 and (2) patients who
co-inherit large deletions, small insertions/deletions (INDELs), or
point mutations within the HBB gene cluster resulting in persistently
elevated HbF (hereditary persistence of HbF [HPFH]) are relatively
asymptomatic.4–6 Of note, patients with b-thalassemia, characterized
by diminished or absent b-globin protein due to mutations in the
b-globin gene, inheriting HPFH mutations also dramatically amelio-
rate their clinical symptoms, as g-globin can compensate reduced
b-globin levels and decrease globin chain imbalance and toxic-free
intracellular a-globin.7

Hydroxyurea (HU), a US Food and Drug Administration (FDA)-
approved drug for SCD patients, induces HbF and is the most widely
used disease-modifying therapy, although other HbF-inducing phar-
macologic agents are being investigated.8 Despite being the mainstay
in therapy for SCD for nearly 30 years, the mechanism for HbF induc-
tion is not fully understood and its use does not fully eliminate the con-
sequences of the disease, particularly given a variable response.9,10

Unlike HbS/HPFH where there is pancellular distribution of HbF
among RBCs, there is heterocellular distribution with the use of HU,
as well as person-to-person variation in the distribution of HbF, and
therefore continued disease manifestations despite well-established
clinical improvements.10–14 HPFH variants can be present as heterozy-
gotes or homozygotes and can be distributed in a pancellular or heter-
ocellular manner. Pancellular HPFH is caused either by large deletions
in the HBB cluster (deletional HPFH) or point mutation and small de-
letions in the g-globin gene promoter (non-deletional HPFH). Even
when pancellularly distributed, the concentration ofHbF among F cells
is not always uniform. When heterocellularly distributed, increases in
HbF are usually more modest and some RBCs may have no detectable
HbF; this may be the result of epigenetic influences or potentially the
mere insensitivity of HbF measurement below the level of detection.
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The optimal strategy to ensure elimination of clinical complications
would thus involve a pharmacologic agent or gene therapy method
that creates a pancellular distribution of elevated HbFmimicking dele-
tional or non-deletional pancellular HbS/HPFH.

Current investigations of genetic modification of autologous hemato-
poietic stem cells (HSCs) are focused on two broad strategies: (1)
expression of normal adult hemoglobin (HbA) or an HbA variant
either by addition of an anti-sickling variant or direct correction of
the causative point mutation by clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9),
or (2) HbF induction through gene addition, editing of HbF regulato-
ry elements, or knockdown of HbF repressors to increase HbF expres-
sion.15–17 Classical CRISPR-Cas9 editing relies on double-strand
breaks (DSBs) followed by a subsequent cellular repair of chromo-
somal breaks either through non-homologous end joining (NHEJ)
or homology-directed repair (HDR). NHEJ is an error-prone process
where broken DNA ends are ligated with no regard for homology,
whereas HDR is a precise repair mechanism given that a donor tem-
plate is provided where desired mutations/corrections can be intro-
duced/corrected. Clinical trials for gene editing in SCD are focused
first on editing to induce HbF expression rather than direct correction
of the sickle mutation, as the former does not require HDR, which is
difficult to achieve in HSCs. As of early 2021, there were three trials
investigating genetic strategies in SCD studying the safety and efficacy
of HbF induction (ClinicalTrials.gov: NCT03745287, NCT04443907,
and NCT03653247). Two trials are investigating the use of CRISPR-
Cas9-modified human HSCs (ClinicalTrials.gov: NCT03745287 and
NCT04443907), with preliminary data recently made available in
the first two participants from ClinicalTrials.gov: NCT03745287
showing HbF induction and clinical improvement.18,19 Here, we re-
view the current strategies of HbF derepression using CRISPR-Cas9
for a potential universal cure for patients with SCD.

GENERATION OF DE NOVO HPFH MUTATIONS
Numerous approaches have been tested to reactivate developmentally
silenced HbF in adult patient-derived hematopoietic stem and pro-
genitor cells (HSPCs). Pancellular HbF expression (20%–30%) in pa-
tients with SCD and b-thalassemia alleviates deleterious effects of the
severe disease phenotypes.20,21 Thus, genome editing tools, particu-
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larly CRISPR-Cas9, are highly effective and
widely available to achieve these therapeutic
HbF levels.

Various deletional HPFH mutations in the
b-globin locus (7.2- to 105-kb deletions) share
overlapping sequences; however, there is not a consistent elevation
of HbF in patients despite having the same mutations, suggesting
that different HbF silencing mechanisms and additional factors are
involved in the expression of globin genes. A comparison of deletional
mutations in patients with varying HbF levels revealed that a 3.5-kb
g-d intergenic region is crucial for HbF silencing.22 CRISPR-Cas9-
mediated deletion of a 13.6-kb region (similar to the naturally occur-
ring 12.9-kb HPFH-5 deletion) encompassing the d- and b-globin
genes and the d-g intergenic genomic region derepressed HbF expres-
sion in erythroblasts and ameliorated RBC sickling.23 This work
emphasized the importance of not only disrupting regulatory se-
quences but also chromosomal configuration given that the deletion
or inversion of the 13.6-kb area caused robust reactivation of HbF
synthesis greater than disruption of just the putative HbF silencer
alone due to epigenetic modifications and changes in chromatin con-
tacts within the b-globin locus.

Creating large deletional mutations ex vivo theoretically requires
simultaneous cleavage in at least two separate DNA regions and is
not as efficient as generating INDELs that theoretically require a sin-
gle DNA target. Substantial focus has therefore been directed toward
mimicking nondeletional HPFH mutations (point mutations) using
either catalytically active Cas9 to create DSBs or using base editing
strategies. Some of these current targets for high-level HbF expression
include generating mutations at the g-globin promoters at positions
of �200, �175, �158, and �115 that either disrupt HbF repressor
binding sequences6,24 or create de novo transcription activator bind-
ing sites. While creation of exact HPFH mutation through HDR
would allow predictable HbF expression, HDR is not as efficient as
NHEJ in long-term engrafting stem cells;25 therefore, INDEL gener-
ation to disrupt repressor DNA binding motifs in the targeted area
is a primary strategy to induce HbF.

The BCL11A binding site (�115) is a critical region in the HBG pro-
moter (Figure 1).26 CRISPR-Cas9-mediated editing of the binding re-
gion induced robust g-globin expression in both progenitor cells and
an immortalized human erythroid cell line (HUDEP-2).24,27 In addi-
tion to the BCL11A binding region, disruption of the ZBTB7A (also
known as LRF) binding site (�200 region, Figure 1) provided sub-
stantial g-globin reactivation in HUDEP-2 cells as well as in erythroid
ical Development Vol. 23 December 2021 277
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cells from SCD patient-derived HSPCs. Sickling of edited cell-derived
RBCs was inhibited, and modified healthy HSPCs persisted in immu-
nocompromised NSG mice over the long-term.6 In addition, target-
ing of the LRF binding site through INDEL creation induced HbF
expression in HUDEP-2 and erythroid cells from b039-thalassemia
patient-derived HSPCs; interestingly, F cell percentages were compa-
rable in both large deletion clones (4.9-kb deletion eliminating HGB2
gene due to the sequence homology of the target areas in HBG1 and
HBG2 promoters) and small INDEL clones.28 In addition to inter-
rupting repressor binding sites, the creation of de novo activator se-
quences in the promoters are correlated with g-globin reactivation
as well. Of those, generation of �113A>G HPFH mutation, an artifi-
cial GATA site, using CRISPR-Cas9 and a donor oligonucleotide
sequence containing the desired mutation induced substantial levels
of g-globin expression by recruiting GATA1 and outcompeting
BCL11A for binding, while a control �113A>C substitution did not
significantly alter the protein levels.29 Altogether these reports pro-
vide a viable option for patients with SCD by the creation of de
novo HFPH-like mutations to reactivate HbF in adult RBCs.

TARGETING HbF TRANSCRIPTION FACTORS
HbF expression is controlled by a series of epigenetic factors andDNA
binding activators/repressors in a tightly controlled and well-orches-
trated manner. Mutations in the HBG promoter provide either an
artificial activator binding site or disruption in the repressor binding
region as described above.Other than disrupting the repressor binding
site, direct knockout of HbF silencers is a theoretical therapeutic op-
tion to reactivate HbF in adult RBCs. Genome-wide association
studies (GWASs) exploring natural human mutations revealed that
polymorphisms in the BCL11A gene, intergenic region between the
genesHBS1L andMYBandb-globin locus are associatedwith elevated
HbF expression.30,31 Extensive genetic analyses along with human cell
line and mouse model investigations confirmed BCL11A as a master
HbF repressor.32–34 Although robust HbF induction is seen after
BCL11A silencing, BCL11A expression is also required for some
non-erythroid lineages, including B lymphocytes, HSCs, and den-
dritic, breast, and pancreatic cells, as well as cells within the central
nervous system.35 Moreover, BCL11A null mice are postnatally le-
thal,36 and haploinsufficiency in mice causes impaired cognition,
abnormal social behavior, and microcephaly.37 In humans, along
with elevated levels of HbF expression, an intellectual developmental
disorder (Dias-Logan syndrome) and developmental delay, including
weakmotor coordination skills, are reported in thosewithBCL11A de-
letions and haploinsufficiency.38,39

In 2013, a specific region in intron-2 of the BCL11A gene was reported
as an erythroid-specific enhancer, making it a more clinically relevant
and applicable target.40 Upon editing with a series of guide RNAs,
critical sequences were determined in the enhancer region that pro-
vided robust RBC-specific silencing of BCL11A expression and HbF
induction without affecting erythropoiesis.40–42 Furthermore, the
expression levels of BCL11A in other lineages, and HSC function
and engraftment potential in immunocompromised NSG mice were
not perturbed. To validate the clinical importance of the approach,
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we recently evaluated the BCL11A enhancer-edited HSPCs in a rhesus
macaque model where we demonstrated long-term persistence of the
edited cells (up to 80% edited cells in the bone marrow and peripheral
blood of rhesus macaques) and elevated HbF induction (4.3%–28.6%)
in peripheral blood RBCs without anemia or other apparent hemato-
logic toxicity.43 More interestingly, we observed a positive interaction
between biallelic gene editing and stress erythropoiesis with regard to
g-globin induction. While INDEL ratios in edited rhesus in stressed
conditions were stable, stress erythropoiesis amplified g-globin in-
duction effect of BCL11A enhancer editing, proposing that the HbF
inductive effect of BCL11Amight be controlled differentially in stable
and stressed conditions.43 This stress interaction is yet to be eluci-
dated, particularly what, if any, impact stress erythropoiesis has on
transcription factor expression/binding. As such, a recent report
demonstrated an unknown globin expression regulation mechanism
where transcription factor NF-Y and BCL11A compete at the HBG
promoter for control of globin transcription output. BCL11A binding
at the distal “TGACCA” motif constitutes a steric barrier to co-acti-
vator NF-Y binding to the proximal “CCAAT” motif (Figure 1).44

Thus, BCL11A-nucleosome remodeling and deacetylase (NuRD)
complex binding to the promoter blocks NF-Y-coactivator recruit-
ment, resulting in g-globin repression. High prevalence of the
NuRD complex in adult erythroid cells compared to co-activators
maintains the competitive advantage for HbF repression.45

Overall, more research is warranted to fully understand the regulatory
mechanism of globin expression to enhance the success rate in clinical
settings, as erythropoietic stress and chronic inflammation in patients
with SCD may overestimate the short-term effect of BCL11A
enhancer editing in clinical trials. Pre-clinical evaluation led to the
opening of clinical trials evaluating CRISPR-Cas9 editing to disrupt
the GATA1 binding site in the BCL11A enhancer to reactivate HbF
expression in adult RBCs of patients with transfusion-dependent
b-thalassemia (ClinicalTrials.gov: NCT03655678) and severe SCD
(ClinicalTrials.gov: NCT03745287). Short-term follow-up for the first
two patients infused with edited autologous HSPCs revealed pancel-
lular, elevated, and stable HbF expression providing transfusion inde-
pendence and elimination of vaso-occlusive episodes.18 Similarly,
although CRISPR-Cas9 editing was not utilized, another clinical trial
(ClinicalTrials.gov: NCT03282656) utilizing short hairpin RNA
(shRNA) targeting BCL11A mRNA embedded in a microRNA
(shmiR), which is expressed in an erythroid-specific fashion, for
SCD patients demonstrated similar results,46 indicating the impor-
tance and feasibility of BCL11A silencing for clinical success. Howev-
er, long-term follow-up data are required to demonstrate the safety
and efficacy of these approaches in terms of improved hematological
parameters without any significant genotoxicity or cytotoxicity.

NOVEL HbF REGULATOR EDITING
Comprehensive studies on globin expression regulation revealed
several master regulators, including TAL1, GATA1, SOX6, KLF1,
and MYB, that are required for multiprotein complex formation to
arrange appropriate chromosomal reorganization in globin switching
(Figure 2).47,48 Although significant HbF induction has been
ber 2021
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demonstrated either by direct gene editing49–51 or disruption of reg-
ulatory binding sites,24,29,52,53 none of these particular targets has
been given focus considering the myriad functions of these transcrip-
tion factors in erythropoiesis, including cell proliferation, differentia-
tion, and maturation. In a head-to-head comparison of KLF1,
BCL11A, and HBG1/2 promoter targeting in human CD34+ HSPCs,
there was comparable F cell and HbF induction; however, KLF1 edit-
ing resulted in several dysregulated genes involved in cell cycle,
apoptosis, and immune pathways.54 Another critical HbF regulator,
LRF, displays essential anti-apoptotic activity during terminal
erythroid differentiation.55 Therefore, unlike BCL11A as a potential
therapeutic target, none of these additional regulators has made its
way into large-animal models or clinical trials at this time.

One powerful approach to determine novel HbF regulators has been
using CRISPR libraries, particularly in HUDEP-2 cells. A domain-
focused single guide RNA (sgRNA) library approach has identified
an erythroid-specific kinase, heme-regulated inhibitor (HRI, also
known as EIF2AK1 phosphorylating eIF2a), regulating transcription
factor ATF4 that directly stimulates BCL11A expression.49,56 A recent
study not only corroborated the HbF induction potential of HRI
kinase depletion but also demonstrated synergistic activity when
combined with pharmacological inducers in healthy and SCD pa-
tient-derived HSPCs.57 When exploring therapeutic approaches tar-
geting HRI for SCD, one critical aspect that should be taken into
consideration is that HRI is essential for translational regulation of
a- and b-globins and the survival of erythroid progenitors, and it is
activated by a number of cytoplasmic stresses other than heme defi-
ciency, including oxidative stress and heat shock. The lack of HRI
adversely modifies the phenotype of two known human RBCs disor-
ders, erythropoietic protoporphyria (EPP) and b-thalassemia.58

Similar data in SCD are lacking; however, elevation of HbF with
reduction of stress erythropoiesis could mitigate symptoms as
described in other disorders and could be another potential approach
by using novel kinase pharmacological inducers.
Molecular Therapy: Methods & Clin
Two independent groups have identified the
transcription factor ZNF410 as uniquely regu-
lating the NuRD component CHD4 to suppress
g-globin transcription in erythroid cells using
CRISPR-Cas9 screening in HUDEP-2 cells.59,60

In these reports, as expected, genome-wide
screening identified NuRD complex subunits,
including CHD4, MTA2, GATAD2A, MBD2,
and HDAC2, as well as known HbF repressors
such as BCL11A and LRF as HbF regulators.
In mammalian cells, conventional transcription
factors control a large number of genes by bind-
ing to thousands of sites genome-wide. There-
fore, transcription factors have always been
considered “undruggable” targets due to potential undesired effects.
Interestingly, ZNF410 was reported to target only CHD4 in human
cells without affecting hematopoiesis, stem cell activity, or erythropoi-
esis.59,60 These observations suggest that this novel transcription fac-
tor could be tested as a potential treatment option for SCD through
genome editing or, potentially, small molecule inhibitors. Genome
editing tools to induce HbF for patients with SCD are highly efficient
with encouraging clinical trial data;18 however, this approach is
currently available to only a small portion of patients living in devel-
oped countries. Therefore, establishing the effectiveness of a HbF
inducing cost-effective drug repressing one of the main HbF repres-
sors such as ZNF410 is a more practical and suitable strategy to
address the global burden of disease.

TARGETING EPIGENETIC FACTORS
In addition to transcription factors, epigeneticmediators play a critical
role in HbF repression. Epigenetic factors coordinate with transcrip-
tion factors to repress HbF, although the exact molecular mechanism
is poorly understood. CpG-rich sequences in the HBG promoters are
recognized by themethyl-CpG binding domain (MBD)-2 protein that
recruits other members of the co-repressor NuRD complex to repress
HbF expression.61,62 Transcription factors including BCL11A, LRF,
andETO-2 recruit theNuRDcomplex to theHBGpromoters to silence
g-globin expression. The NuRD complex consists of six core proteins,
each of which has multiple paralog proteins, including HDAC1/2,
MTA1/2/3, RBBP4/7, P66a/b, MBD2/3, and CHD3/4, which display
dual enzymatic functionality with its deacetylation (HDAC1/2) and
chromatin remodeling units (CHD3/4).63

Using CRISPR-Cas9 comprehensive mutagenesis in HUDEP-2 cells,
it was shown that only five members of the NuRD complex (CHD4,
GATAD2A,HDAC2,MBD2, andMTA2) affect g-globin expression.64

Editing of these genes offers a potential approach to induce HbF for
the treatment of SCD. However, one major challenge in epigenetic ed-
iting is to apply editing in a cell-specific manner to reduce possible
ical Development Vol. 23 December 2021 279
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hematological side effects such as neutropenia, thrombocytopenia, or
thrombophilia that have been reported in clinical trials using pharma-
cological inhibitors targeting epigenetic-modifying enzymes.65 Inter-
estingly, mice with knockout of MBD2, which was proven to induce
significant g-globin expression in HUDEP-2 cells66 and b-YAC
transgenic mice,67 exhibited a mild phenotype and were viable and
fertile.68 However, to explore the full potential, large animal models
are required to confirm the safety and efficacy of MBD2 and other
epigenetic players as well as other NuRD complex members.

Another known epigenetic regulator, DNA methyltransferase 1
(DNMT1), cooperates with BCL11A and Myb to repress g-globin
expression by maintaining promoter CpG methylation.69,70 A recent
report demonstrated that a naturally occurring missense N-terminal
regulatory domain mutation in the DNMT1 gene (S878F) diminished
the association of DNMT1 with BCL11A, GATA1, and histone deace-
tylase 1/2 (HDAC1/2), and it reactivated g-globin in adult erythroid
cells.71 Similarly, euchromatic histone lysine methyltransferase
(EHMT)-1, EHMT-2, and lysine-specific demethylase 1 (LSD1/
KDM1A) inhibition was associated with robust HbF induction in hu-
man adult erythroid cells.72,73 RBCs from both primary HSPCs and
HUDEP-2 cells with CRISPR-Cas9-targeted depletion of the ETS2
repressor factor (ERF) displayed marked HbF induction, and edited
HSPCs demonstrated engraftment in immunocompromised mice.74

This observation was also confirmed by enrichment of DNMT3
through dead Cas9 (dCas9), leading to high HbF levels, implying
that DNMT3A-mediated hypermethylation of ERF elevates g-globin
expression. Although systemic targeting of epigenetic factors does not
seem feasible at the moment, understanding the regulatory mecha-
nisms would be helpful particularly when persistence of editing
HbF levels are not maintained over time in clinical approaches.

BASE EDITING TO INDUCE HbF
The safety of the CRISPR-Cas9 system, including DSBs and creating
potential off-target edits, remains a major concern. To date, no malig-
nant transformation or clonal expansion of CRISPR-Cas9-edited cells
has been reported in non-human primate models43,75,76 or in clinical
trials, although follow-up data are much shorter.18,77 Safety assess-
ment, however, should be conducted case by case, as specificity of
the editing is mainly dependent on the specificity of guide RNAs
used. Current clinical trials (ClinicalTrials.gov: NCT03653247,
NCT03432364, NCT03745287, and NCT03655678) are using
genome-editing tools to create DSBs in the erythroid-specific
BCL11A enhancer to induce HbF levels as a potential treatment op-
tion for SCD and b-thalassemia. Although no significant adverse
events have been reported to date from these clinical trials, it has
been well documented that DSBs can lead to large deletions, chromo-
somal rearrangements, and genetic instability, as well as p53 response
activation.78–80 As an alternative approach, CRISPR-Cas9 base edi-
tors can modify the genome without the need for DSBs.81

Two base editors, cytosine base editors (CBEs convert C:G to A:T base
pair) and adenine base editors (ABEs convert A:T to C:G base pair),
include catalytically dead Cas9 or a nickase Cas9 (nCas9) fused with a
280 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
DNA deaminase enzyme.82 Applicability of base editors to induce
HbF was demonstrated using an ABE7.10 evolved base editor
(ABE8e) to modify the BCL11A enhancer in HEK293T cells, leading
to significant editing levels (�54%) in the GATA1 binding site.83 To
confirm the HbF inducing effect of base editors, it was further demon-
strated that correction of the HBB�28A>G promoter mutation and/
or BCL11A enhancer disruption using A3A (N57Q)-BE3 base editor
reversed the pathological phenotypes of HSPCs derived from patients
with SCD and b-thalassemia.84 Robust editing ratios in SCD patient-
derived HSPCs (86%–91%) provided 27% –32% HbF, indicating the
promising potential of the method. The edited cells persisted in pri-
mary and secondary immunocompromised NBSGWmice. Although
C>T base-edited allele frequencies were comparable in the infusion
product and engrafted cells, a significant loss was noted in the
C>G/A edits, suggesting that HSCs compared to non-engrafting pro-
genitor cells favor C>T editing.

Similar approaches have been tested to create HPFH mutations to
induce HbF without creating DSBs. The feasibility of the idea was first
demonstrated in HEK293 using ABE7.10 by simultaneously convert-
ing�198 C to T in theHBG1 promoter and�198 T to C in theHBG2
promoter with 29%–30% editing efficiency.85 The same group opti-
mized cytidine (BE4) and adenine (ABE7.10) base editors by modi-
fying the nuclear localization signals (NLSs) and codon usage, as
well as ancestral reconstruction of the deaminase component. Multi-
ple regions in the g-globin promoters were targeted (�175T>C
creating the TAL1 binding site, �116A>G disrupting the BCL11A
binding site, and A>G�113 creating the GATA1 binding site) with
up to 52% editing efficiency.86 In an attempt to narrow the editing
window and avoid off-target edits in the activity window of the
base editor (bystander editing), a variant of the HUDEP-2 cell line
consisting of only one g-globin gene was edited at the position of
�117G>A by a base editor transferred by lentivirus (hyA3A-BE4) re-
sulting in substantially elevated g-globin expression.87 Directed evo-
lution of ABE7.10 revealed ABE8 with higher editing efficiency (up to
60%) at the �198 position and greater HbF induction (3.5-fold more
compared to mock-treated primary HSPCs).88 When applying a dual
adenine and cytosine base editor (A&C-BEmax) system to create C to
T and A to G conversions at the same target site in HUDEP-2 cells,
there was simultaneous �113A/�114C conversion (disrupting the
BCL11A binding site and creating the GATA1 binding site) providing
robust g-globin mRNA expression.89 Although the current approach
is to mimic naturally occurring HFPH mutations, a recent bioRxiv
report claimed more targets to be investigated and demonstrated
that screening of the HBG promoters using ABE and CBEs revealed
novel HbF regulatory sites of which HbF inducing activity was com-
parable to known mutations in yet-to-be peer-reviewed data.90

In some preclinical studies, INDEL frequency decreased at the early
post-transplantation,43,76,91 and low HbF induction and INDEL per-
centages were reported in some non-human primates despite having
high editing rates in the infusion products.43 To overcome possible
limited HbF expression after edited cell infusion, an in vivo transduc-
tion and selection system was designed in which a helper-dependent
ber 2021
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adenovirus vector (HDAd5/35++) expressing a base editor targeted
the BCL11A binding site (–113A>G) and co-expressed a P140K
mutant of the human O-6-methylguanine-DNA methyltransferase
(MGMT) gene. This co-expression of a mutant MGMT gene granted
drug resistance and selective expansion of gene-modified cells upon
selection with an MGMT inhibitor.92 After selection, they reported
21% g-globin expression in peripheral blood and 20% edited cells
in the bone marrow of b-YACmice without significant hematological
toxicity. As base editors do not result in DSBs (or minimal DSBs),
only 0.8% large deletion (4.9-kb intergenic deletion including the
wholeHBG2 gene) were detected as opposed to the use of catalytically
active Cas9 targeting leading to significant deletion levels.29,76,93 Simi-
larly, a base editor (hA3A-BE3) targeting �115C and �114C did not
result in intergenic region deletion in healthy donor- or b-thalassemia
patient-derived HSPCs.94 Although the consensus of this large dele-
tion is not yet fully understood, it has been demonstrated that loss
of 4.9-kb region was not deleterious to engrafting HSCs and did
not alter HbF levels.95 Recently, thousands of computationally pre-
dicted cis-regulatory elements (CREs) with base pair resolution in
the BCL11A, MYB-HBS1L, KLF1, and b-like globin gene loci were
investigated using adenine base editors that exposed previously un-
known genetic complexities of globin silencing, potentially paving
the way for new therapeutic modalities to treat SCD.96

CHALLENGES AND FUTURE PERSPECTIVE
Clinical trials investigating editing of the BCL11A enhancer to reacti-
vate HbF for patients with SCD and b-thalassemia (ClinicalTrials.gov:
NCT03655678 and NCT03745287)18 have preliminarily demon-
strated disease symptom alleviation; however, for lifelong benefit,
the persistence of elevated HbF expression is required. Data are insuf-
ficient to determine the long-term consequences of gene-edited stem
cells and the ability to reactivate HbF for long-term benefit. Although
the studies in mice indicated a significant reduction of the gene-edited
cells in primary and in secondary transplants (reviewed by Maganti
et al.91), non-human primate studies43,76 and clinical trial data demon-
strated persistence of edited cells (>1 year). Of note, persistence of
NHEJ repaired alleles and selective reduction of microhomology-
mediated end joining (MMEJ) repaired alleles have been demon-
strated in bothmice97 and rhesus macaques,43 indicating that progen-
itor cells favorMMEJ repair and quiescentHSCs, a rare subpopulation
within the HSPC product containing the long-term engrafting HSCs,
and preferentially use NHEJ repair. Therefore, as MMEJ repair is
mostly seen in progenitors, caution should be taken to maintain
long-term HbF induction when establishing MMEJ-based strategies
such as the creation of a 13-bp HPFH deletion.98

Understanding HbF switching and silencing mechanisms will bring
more targetable and druggable candidates to the table. Because
CRISPR-Cas systems need a recognition site (the protospacer adjacent
motif [PAM]), targetable sequences in the genome for specific Cas en-
zymes can be limited despite the discovery of various Cas9 and Cas12
orthologs that recognize various PAM sequences.99 Numerous engi-
neered or evolved Cas variants with greater PAM compatibilities
have been identified (reviewed in Anzalone et al.82). However, broader
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PAM recognition ability could potentially enhance off-target effects
that remain a realistic concern for CRISPR-Cas9 editing. Base editors
that avoid the creation of toxic DSBs (few or none) allowmore precise
editing and eliminate some genotoxicity from catalytically active Cas
enzymes;16 however, these tools are not without their drawbacks,
including low-rate DSBs, off-target editing, and bystander edits in
the editing window.82 More sequence-specific base editors with nar-
rower editing windows eliminating bystander edits would enhance
the safety of the practice. Available methods for off-target analysis
coupling genome-wide next-generation sequencing including cell-
based or in vitro assays can determine unintended edits at a detection
limit of 0.01%–1% allele frequency. In theory, oncogenic mutations
could arise at low frequencies that are outside the detection limits of
current analytic techniques, which might lead mutated cells to prolif-
erate in vivo and result in dysplastic or malignant transformation.
These unintended dangerous edits could be overlooked in mice with
short-termmonitoring of engraftment (<6months). Therefore, estab-
lishment ofmethodswithmore sensitive off-target analysis are needed
in the development of safer genome editing techniques.

In an autologous transplantation setting, the patient needs to be
conditioned using either radiation or chemotherapy such as busulfan
to favor edited cell engraftment. Current strategies employ myeloa-
blation of the marrow space, eliminating stem cells to make room
for the edited cells, but also eliminating beneficial bone marrow cells
and disrupting thematrix organization, which decreases the efficiency
of the engraftment and increases the risk for secondary malignancy.
In a clinical trial investigating adult b-globin gene transfer to SCD
patients’ HSPCs, myelodysplastic syndrome (MDS) developed in a
patient after gene therapy.100 Comprehensive genome integration
analysis demonstrated the absence of vector integration in the blasts
and vector-mediated oncogenesis as the cause of MDS. The authors
concluded that hematopoietic stress in SCD patients and condition-
ing with alkylating agents might have enhanced the genomic insta-
bility of the patient’s remaining HSCs that potentially resulted in
MDS.100,101 This trial was recently placed on a temporary suspension
due to a reported the suspected unexpected serious adverse reaction
(SUSAR) of AML.102 However, investigations again appear to exon-
erate vector-mediated dyserythropoiesis as a result of integration
into transcriptional or mechanistic changes that would likely
contribute to oncogenesis, and multiple factors are known to
contribute to increased risk for post-HCT malignancy, particularly
in patients with SCD.103 One possible strategy to avoid toxic condi-
tioning involves antibody (CD117104 and CD45105)-drug conjugates
with selective depletion of HSCs. Antibody conditioning has demon-
strated multilineage engraftment in mice, although safety and efficacy
need to be confirmed in larger animal models.

Current editing protocols in clinical trials for SCD rely on electropo-
ration routed delivery of ribonucleoprotein (RNP) assembling cata-
lytically active Cas9 and guide RNA due to its superior efficiency in
terms of editing and fast kinetics. However, electroporation toxicity
to HSCs due to the high-voltage shock required for cell permeabiliza-
tion might limit the approach for patients with SCD, particularly for
rapy: Methods & Clinical Development Vol. 23 December 2021 281
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poor HSCmobilizers, whose bone marrow environment is inflamma-
tory and where HSCs are less prevalent.106,107 Successful gene editing
approach currently relies on obtaining a high number of HSCs in or-
der to account for cell loss during the manufacturing process,
including potential damage from electroporation. Engraftment of edi-
ted cells is highly correlated with infused cell numbers;43 therefore,
less cytotoxic delivery methods are needed to enhance the success
rate and offer the approach for all.

While methods are improved to increase HbF expression and condi-
tioning is made safer, the largest hurdle for the adoption of this as a
universal curative approach remains the exorbitant economic cost
and the logistical demands required. Costs for gene therapy are sug-
gested to be as high as US $900,000–$2.1 million,108 severely limiting
real-world applicability. In the current market, most expenses for
gene therapy occur in the pre-transplant period given the complexity
of drug product collection, the requirement for good manufacturing
practice (GMP) facilities, and compliance with safety and regulatory
standards. If all facilities in the US focus on bone marrow transplan-
tation for SCD patients, just 5,000 transplantations can be performed
in a year even though it is not possible to manufacture 5,000 infusion
products,109 nor is it economically feasible in the current healthcare
system. Based on initial pricing experience with gene therapy in Eu-
rope, with an estimated upfront treatment price of more than US $1
million per patient, the cumulative budget impact is not sustainable.
According to health policy experts, “the cumulative budget impact at
that price could rise to $3 trillion, as much as is currently spent in a
year on all health care in the USA.”110

Future therapies that could skip issues surrounding cell collection,
expansion, editing, and reinfusion would involve direct infusion of
the editing constructs. To do sowould require improving the efficiency
of deliverable in vivo genome editing toolboxes with targeted delivery
and editing. Currently, in vivo editing is being used for limited dis-
eases, including mucopolysaccharidosis type I (ClinicalTrials.gov:
NCT02702115), hemophilia B (ClinicalTrials.gov: NCT02695160),
and congenital blindness (ClinicalTrials.gov: NCT03872479). For
SCD, in vivo editing resulted in 30%g-globin expression and complete
phenotypic correction using the HDAd5/35++ adenovirus vector sys-
tem, which drives both transposon-mediated g-globin addition andg-
globin reactivation by targeting the BCL11A binding site in the HBG
promoter in healthy CD46/b-YAC mice and an SCD mouse model
(CD46/Townes).111 Similarly, ABE editors targeting the BCL11A
binding site delivered via HDAd5/35++ vectors provided 21%
g-globin expression in b-YAC mice.92 Although the results are
encouraging and provide the proof of concept for substantial HbF in-
duction using in vivo editing, the immune response against adenovi-
ruses might hinder the translation of these approaches. Thus, safer
viral or non-viral delivery of editing components for SCD-derived
HSCs are not yet viable alternatives.

CONCLUSIONS
Creating pancellular, therapeutically elevated HbF expression that is
sustained over the lifetime of a patient is a key strategy for the cure
282 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
of SCD. Advances in genome editing have provided a tremendous un-
derstanding of transcriptional globin control, and targets of HbF
regulation have shown clinical promise. At this time, various candi-
dates investigated to induce HbF have provided variable levels of
HbF expression in ex vivo cell culture models, mice, and non-human
primate models, and it remains to be determined whether these
methods will provide stable, lifelong therapeutic HbF induction in
humans. The simplest, most efficient, and, importantly, cost-effective
editing strategy for therapeutic levels of HbF induction in adult RBCs
is yet to be defined but offers a potentially curative therapy for mil-
lions living with SCD.
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