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p-Thalassemia (BT) is one of the most common genetic diseases worldwide and is caused
by mutations affecting p-globin production. The only curative treatment is allogenic
hematopoietic stem/progenitor cells (HSPCs) transplantation, an approach limited by
compatible donor availability and immunological complications. Therefore, trans-
plantation of autologous, genetically-modified HSPCs is an attractive therapeutic option.

® Adenine base editors
efficiently correct the
IVS1-110 (G>A)
p-thalassemia—causing

tation. . -
mutation However, current gene therapy strategies based on the use of lentiviral vectors are not

equally effective in all patients and CRISPR/Cas9 nuclease-based strategies raise safety
concerns. Thus, base editing strategies aiming to correct the genetic defect in patients’
HSPCs could provide safe and effective treatment. Here, we developed a strategy to
correct one of the most prevalent BT mutations (IVS1-110 [G>A]) using the SpRY-ABE8e
_/ base editor. RNA delivery of the base editing system was safe and led to ~80% of gene

correction in the HSPCs of patients with BT without causing dangerous double-strand
DNA breaks. In HSPC-derived erythroid populations, this strategy was able to restore f-globin production and cor-
rect inefficient erythropoiesis typically observed in BT both in vitro and in vivo. In conclusion, this proof-of-concept

® Base editing efficiently
corrects the
p-thalassemic
phenotype in vitro and
in vivo.

study paves the way for the development of a safe and effective autologous gene therapy approach for BT.

Introduction

B-Thalassemia (BT) is a highly prevalent' recessive disorder
caused by mutations in the B-globin gene (HBB) locus that
reduce (B*) or eliminate (ﬁo) B-globin production. Depending on
the genotype, the clinical phenotype can vary from mild to
transfusion-dependent anemia.

IVS1-110 (G>A) is one of the most common mutations in the
Middle East and Mediterranean area.”* This mutation leads to
the formation of a splice acceptor site in the first HBB intron
causing partial intron retention and generation of a premature
termination codon in 90% of the B-globin transcripts.”® Owing
to the low levels of correctly spliced messenger RNAs (mRNAs),
and the inhibition of their translation caused by the aberrant
transcripts, this mutation leads to a strong p-globin down-
regulation.é Thus, IVS1-110 is a severe B* mutation, and
homozygous patients or compound heterozygotes harboring

this mutation and a f° mutation have a clinical phenotype
similar to patients with p%/p°.’

Transplantation of autologous, genetically-modified hemato-
poietic stem/progenitor cells (HSPCs) was investigated as a
treatment option for patients with BT.”"" Although a lentivirus-
mediated gene addition therapy was approved for transfusion-
dependent BT, this treatment was shown to be more efficacious
in patients harboring a non-p%/p° genotype.’®

Editing approaches use nucleases, such as CRISPR/Cas? that
induce DNA double-strand breaks (DSBs) via a guide RNA (gRNA)
complementary to the genomic target. The DSB can be repaired
via homologous-directed repair (HDR) by providing a donor
template containing the wild-type sequence, thus allowing gene
correction. However, HDR is poorly efficient in hematopoietic
stem cells (HSCs).'? Nuclease-based strategies are based on the
disruption of the splice site generated by the IVS1-110 mutation
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through indel formation after nonhomologous end-joining—
mediated DSB repair and are effective in restoring correct
hemoglobin (Hb) expression.wﬂ4 However, only a fraction of
indels abolish the aberrant splice site.'” Furthermore, DSBs can
induce cell toxicity'® and genomic rearrangements.'®

Base editing allows precise DNA repair without generating
DSBs. Adenine base editors (ABE) contain a Cas9 nickase and a
deaminase, allowing A>G conversions.!” Here, we exploited
ABEs to correct the IVS1-110 mutation in patients’ HSPCs and
the pathological phenotype of HSPC-derived erythroid cells.

Methods

Base editor-expressing plasmids

Plasmids used in this study include NG-ABE8e (138491,
Addgene, Watertown, MA), ABE8e (138489; Addgene), and
PCMV-T7-ABEmax(7.10)-SpRY-P2A-EGFP (RTW5025) (140003;
Addgene). The SpRY-ABE8e plasmid was created by replacing
the Cas9 sequence of the ABE8e plasmid with the SpRY-P2A-
EGFP from the pCMV-T7-ABEmax(7.10)-SpRY-P2A-EGFP
(RTW5025) plasmid.

gRNA design

We manually designed gRNAs targeting the IVS1-110 (G>A)
mutation (supplemental Table 1; available on Blood website).
To evaluate the impact of bystander edits, we adapted the
gRNAT sequence to target the WT HBB gene (QRNA1_healthy
donor [HD]). We used chemically modified synthetic gRNAs
harboring 2'-O-methyl analogs and 3'-phosphorothioate non-
hydrolyzable linkages at the first three 5" and 3’ nucleotides
(Synthego, Redwood City, CA).

mRNA in vitro transcription

NG-ABE8e, ABE8e, or SpRY-ABE8e plasmids were digested
overnight with Sapl (Thermo Fisher, Waltham, MA). The line-
arized plasmids were purified (28106; Qiagen, Venlo,
Netherlands) and eluted in DNase/RNase-free water. The
in vitro transcription protocol (AM1334; Thermo Fisher) was
modified as follows. The GTP nucleotide solution was used at a
final concentration of 3 mM and the antireverse cap analog
N7-methyl-3"-0-methyl-guanosine-5'-triphosphate-5'-guanosine
(N-7003; Trilink, San Diego, CA) was added at a final concen-
tration of 12 mM. The incubation time was reduced to 30
minutes and followed by polyadenylation (AM1350; Thermo
Fisher). mRNA was precipitated using LiCl.

Cell purification and culture

We obtained human peripheral blood non-mobilized CD34*
HSPCs from patients with BT (for in vitro experiments). HD
CD34" HSPCs samples were obtained from the bone marrow of
healthy donors (for in vitro Granulocyte Colony Stimulating
Factor [GCSF] experiments) or after GCSF mobilization (for
in vivo experiments). Written informed consent was obtained
from all patients. All experiments were performed in accor-
dance with the Declaration of Helsinki. The study was approved
by the regional investigational review board (reference, DC
2014-2272; CPP lle-de-France |l “Hopital Necker-Enfants mal-
ades”). HSPCs were purified using the CD34 MicroBead Kit
(Miltenyi Biotec, Bergisch Gladbach, Germany).
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Plerixafor/GCSF-mobilized peripheral blood CD34" cells (used
for in vivo experiments) were selected from a patient with BT on
signed informed consent approved by the Ethical Committee of
the San Raffaele Hospital (Milan, Italy). After the mobilization
and cell collection with the Spectra Cobe or Spectra Optia
apheresis system (Terumo BCT, Lakewood, CO), CD34" cells
were purified using immunomagnetic beads (CliniMACS, Mil-
tenyi Biotec) by MolMed SpA (Milan, Italy)."’

Forty-eight hours before electroporation, CD34" cells were
thawed and cultured at a concentration of 5 x 10° cells/mL in a
“HSPC medium” containing StemSpan (STEMCELL Technol-
ogies, Vancouver, Canada) supplemented with penicillin/
streptomycin (Thermo Fisher), StemRegenin1 (STEMCELL
Technologies), and the following recombinant human cyto-
kines (PeproTech, Cranbury, NJ): human stem cell factor, Fms-
like tyrosine kinase receptor 3 ligand, thrombopoietin, and
interleukin-3 (IL-3). Four days before electroporation, the
CD34™ fraction was thawed and cultured at a concentration of
5 x 10° cells/mL in a “T cell medium” containing RPMI 1640 +
GlutaMAX (Thermo Fisher) supplemented with FBS (Thermo
Fisher), penicillin/streptomycin (Thermo Fisher), and recom-
binant human IL-2 (PeproTech). Five hours after thawing, cells
were transferred to a “T cell activation medium” containing
RPMI 1640 + GlutaMAX (Thermo Fisher), which was supple-
mented with CD28 monoclonal antibody (Clone CD28.2;
eBioscience, San Diego, CA) in plates coated with CD3
monoclonal antibody (Clone OKT3; eBioscience).

RNA electroporation

For in vitro experiments, 1 x 10° T cells or 1 x 10% to 5 x 10°
HSPCs per condition were electroporated with 3.0 pg of the
ABE-encoding mRNA and 3.2 pg of the synthetic gRNA using
the P3 primary cell 4D-Nucleofector X Kit S (Lonza, Basel,
Switzerland) and the EO-115 or CA-137 program (Nucleofector
4D), respectively. For T cells, when ABE was not fused to GFP
(ABE8e, NG-ABES8e), 0.25 pg of GFP-encoding mRNA (L-7201,
Trilink) was added to the electroporation mix. For in vivo
experiments, 2.3 x 10® to 7.5 x 10® HSPCs per condition were
electroporated with 15.0 pg of the ABE-encoding mRNA and
16.0 pg of the synthetic gRNA using the P3 primary cell 4D-
Nucleofector X Kit L (Lonza) and the CA-137 program (Nucleo-
fector 4D). Cells electroporated only with Tris-EDTA (TE) buffer or
with ABE-encoding mRNA served as negative controls.

Colony-forming cell (CFC) assay

For in vitro and in vivo experiments, CD34" HSPCs and human
bone marrow CD45™ cells were plated at a concentration of 500
cells per mL (according to pre-nucleofection counting) or 200
000 cells per mL, respectively, in a methylcellulose-based
medium (GFH4435; STEMCELL Technologies) under condi-
tions supporting erythroid and granulo-monocytic differentia-
tion. BFU-E and CFU-GM colonies were counted after 14 days.
Single colonies were collected to evaluate base editing effi-
ciency and indels.

HSPC differentiation

Electroporated BT and HD CD34" HSPCs were differentiated
into mature red blood cells (RBCs) using a three-phase erythroid
differentiation protocol, as previously described.®"?
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Evaluation of editing efficiency

Genomic DNA was extracted from control and edited cells using
PURE LINK Genomic DNA Mini kit (Thermo Fisher) or Quick-
DNA/RNA Miniprep (ZD7001; Zymo Research, Irvine, CA)
following the manufacturer’s instructions. To evaluate base
editing efficiency at gRNA target sites, we performed a nested
polymerase chain reaction (PCR) using previously published
primers,"? followed by Sanger sequencing and EditR analysis.”
Tracking of indels by decomposition (TIDE) analysis was per-
formed to evaluate the percentage of indels in edited samples.”’

On- and off-target regions were also PCR-amplified and sub-
jected to next-generation sequencing (NGS). Off-targets were in
silico predicted using COSMID.?? We selected the top10 pre-
dicted off-targets and assessed editing at day 9 or 13 of differ-
entiation. On-target and off-target sites were PCR-amplified
using the Phusion High-Fidelity —polymerase (M0530;
NEB, lpswich, MA) and primers containing specific DNA
stretches (MR3 for forward primers and MR4 for reverse primers;
supplemental Table 3) located 5’ to the sequence recognizing
the off-target. For the on-target site, a nested PCR was applied as
described above. Amplicons were purified using Ampure XP
beads (A63881; Beckman Coulter, Brea, CA). lllumina-
compatible barcoded DNA amplicon libraries were prepared
by a second PCR step using the Phusion High-Fidelity polymer-
ase (M0530; NEB) and primers containing Unique Dual Index
barcodes and annealing to MR3 and MR4 sequences. Libraries
were pooled, purified using the High Pure PCR product purifi-
cation kit (11732676001; Sigma-Aldrich, Saint Louis, MO), and
sequenced using lllumina NovaSeq 6000 system (paired-end
sequencing; 2x100-bp) to obtain a minimum of 100 000 reads
per amplicon. Targeted NGS data were analyzed using
CRISPRess02.7

RT-PCR and RT-qPCR

RNA was extracted from cells at day 13 of differentiation (74004;
Qiagen; or ZD7001; Zymo Research) and retrotranscribed
(18080051; Thermo Fisher). RT-PCR analysis of p-globin mRNAs
was performed using previously described primers spanning the
exon 1 to 2 junction.'® RT-qPCR was performed using previously
described primers for the detection of correctly spliced p-globin
mRNA'® and the following primers amplifying a-globin tran-
scripts:  a-globin-F  5-CGGTCAACTTCAAGCTCCTAA-3' and
a-globin-R 5'- ACAGAAGCCAGGAACTTGTC-3'. For the detec-
tion of the effect of bystander edits on HBB expression, the
following primers were used for RT-gPCR: p-globin-F
5'-GCAAGGTGAACGTGGATGAAGT-3" and p-globin-R 5'-TAA-
CAGCATCAGGAGTGGACAGA-3'.

Flow cytometry analysis

Flow cytometry analysis of erythroid surface markers on HSPC-
derived erythroid cells was performed using anti-CD36
(561535; BD Horizon, Franklin Lakes, NJ), anti-CD71 (555536;
BD Pharmingen), and anti-GPA (563666; BD Pharmingen) anti-
bodies. Flow cytometry analysis of enucleated or viable cells
was performed using DRAQ5 (65-0880-96; Thermo Fisher) and
7AAD (559925; BD Pharmingen) dyes, respectively. Apoptosis
was evaluated using PE Annexin V Apoptosis Detection Kit | (BD
Biosciences). Flow cytometry analysis of reactive oxygen spe-
cies (ROS) was performed using H,DCFDA (D399; 65-0880-96).
Flow cytometry analyses were performed using Gallios
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(Beckman coulter) or Novocyte (Agilent, Santa Clara, CA) flow
cytometer. Data were analyzed using the FlowJo (BD Bio-
sciences) software.

RP-HPLC and CE-HPLC

High-performance liquid chromatography (HPLC) analysis was
performed in HSPC-derived erythroid cells at day 16 of differ-
entiation as previously described in the study by Locatelli et al.””

Quantitative phase image microscopy of RBCs

180 000 in vitro differentiated RBCs (at day 19 or 20) were
resuspended in CellStab (005650; BioRad, Hercules, CA) and
placed in an 8-well m-Slide (80826; Ibidi, Grafelfing, Germany).
We used the SID4 HR GE camera (Phasics, St Aubin, France)
with an inverted microscope (Eclispe Ti-E; Nikon, Tokyo, Japan)
to obtain quantitative phase images of label-free RBCs. The
BIO-Data R&D software (version 2.7.1.46) was used to perform a
segmentation procedure and isolate each RBC. We analyzed
only enucleated RBCs, discarding cells with a surface density
(dry mass/surface) >0.500 pg/pm?.

HSPC xenotransplantation in NBSGW mice
NOD.Cg-Kit""*"Tyr *Prkdc*li2rg™ ™!/ThomJ (NBSGW) mice
were housed in a pathogen-free facility. Control or edited
mobilized healthy donor or p-thalassemic CD34" cells (2.6 x 10°
cells per mouse) were transplanted into non-irradiated NBSGW
male and female mice of 6 to 9 weeks of age via retro-orbital
sinus injection. NBSGW male and female mice were condi-
tioned with busulfan (Sigma-Aldrich) injected intraperitoneally
(15 mg/kg body weight) 24 hours before transplantation. Sixteen
weeks after transplantation, NBSGW primary recipients were
euthanized. Cells were harvested from bone marrow, thymus,
spleen, and blood, and 10° cells from each organ were stained
with antibodies against the following murine and human surface
markers: murine CD45 (1/50 mCD45-VioBlue; Miltenyi Biotec),
human CD45 (1/50 hCD45-APCvio770; Miltenyi Biotec), human
CD3 (1/50 CD3-APC; Miltenyi Biotec), human CD14 (1/50 CD14-
PECy7; BD Biosciences), human CD15 (1/50 CD15-PE; Miltenyi
Biotec), human CD11b (1/100 CD11b-APC; Miltenyi Biotec),
human CD19 (1/100 CD19-BV510; BD Biosciences), human
CD235a (1/50 CD235a-PE; BD Biosciences), human CD71 (1/10
CD71-APC; BD Biosciences), CD36 (1/50 CD36-FITC; BD Bio-
sciences), and CD34 (1/100 CD34-PE-Vio770; Miltenyi Biotec);
and analyzed by flow cytometry using the Novocyte analyzer
(Agilent) and the FlowJo software (BD Biosciences). Human bone
marrow CD45" cells were sorted by immunomagnetic selection
with CD45 MicroBeads (Miltenyi Biotec). All experiments and
procedures were performed in compliance with the French
Ministry of Agriculture’s regulations on animal experiments and
were approved by the regional Animal Care and Use Committee
(APAFIS#2019061312202425_v4). Mice were housed in a tem-
perature- (20°C-22°C) and humidity (40%-50%)-controlled envi-
ronment with 12:12 hour light-dark cycle and fed ad libitum a
standard diet.

Bone marrow cell sorting

Bone marrow (BM) cells were subjected to immunostaining
with biotinylated antibodies that recognized the following
surface markers: CD3 (dilution 1/25, clone HIT3a; BD), CD19
(dilution 1/25, clone HIB19; BD), B220 (dilution 1/50, clone
RA3-6B2; BD), Ter119 (dilution 1/50, clone TER-119; BD),
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Figure 1. A base editing strategy to efficiently correct the IVS1-110 (G>A) mutation. (A) gRNAs 1 to 6 were manually designed to place the IVS1-110 (G>A) mutation in
positions 3 to 8 of the protospacer. The mutation is highlighted with a grey box. (B) Overview of the cell collection for testing the ability of gRNA/BE combinations to correct
the IVS1-110 (G>A) mutation. (C) Frequency of corrected alleles (normalized to the frequency of GFP* cells) and indels as assessed by Sanger sequencing in T cells elec-
troporated with different combinations of synthetic gRNAs and ABE mRNAs. Data are expressed as mean =+ standard error of the mean (SEM) (n = 3, 2 donors). (D)
Representative percent composition of Sanger sequencing traces measured to be significantly different from noise (in red), as assessed by EditR following Sanger sequencing
in T cells electroporated with gRNA1/SpRY-ABES8e (cor) or with TE buffer (TE). The target base position is outlined with a red box and the observed bystander edits with black
boxes. Single nucleotide polymorphisms rs777028217 (G>A) and rs1480884739 (T>C) mapped to positions 6 and 8 are not associated with a clinical phenotype. PBMC,

peripheral blood mononuclear cells; cor, corrected.

and mCD117 (clone 2B8; BD). BM cells were washed and
incubated with 20 pL of Anti-Biotin beads (Miltenyi Biotec).
After washing, the cells were magnetically purified using an
LS column (Miltenyi Biotec) according to the manufacturer’s
instructions. Cells from the negative fraction were immuno-
stained with the following antibodies: CD235a-PE (dilution
1/5000, BD) and hCD45-BV510 (dilution 1/100, BD). The
hCD45'°%/~/CD235aMe" cells were sorted using the MA900
cell sorter (Sony Biotechnology, San Jose, CA) and sub-
jected to flow cytometry and reverse phase high perfor-
mance liquid chromatography (RP-HPLC) analysis.

Macrophage depletion and human RBC sorting

Fifteen weeks after HSPC infusion, mice were injected intraperi-
toneally with 10 pl/g clodronate liposomes (5 mg/mL, Liposoma,
Amsterdam, Netherlands). Four days after treatment, 10 uL of
whole blood were stained with antibodies recognizing
the following murine and human surface markers: murine
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CD45 (1/50 mCDA45-VioBlue; Miltenyi Biotec), human CD45
(1750 hCD45-APCvio770; Miltenyi Biotec), CD235a (1/5000,
CD235a-PE; BD), and Ter119 (1/50, Ter119-FITC; BD). After 2
washings, human RBCs were sorted using an MA900 cell
sorter (Sony Biotechnology). After gating on the mCD457/
hCD45"°""~ population, a minimum of 50 000 human RBCs
(CD235a"9"/Ter1197) were sorted and lysed for RP-HPLC analysis.

Results

We designed 6 gRNAs (Figure 1A; supplemental Table 1)
compatible with ABE8e and NG-ABE8e** (recognizing NGG and
NG PAM, respectively), and SpRY-ABE8e”® generated by
combining the highly processive deaminase from ABE8e”* with
the SPRY PAM-less—Cas9 nickase.”® We screened gRNA/base
editor (BE) combinations in T cells obtained from patients with BT
homozygous for the IVS1-110 mutation (BTO and BT1, Figure 1B).
9gRNA1/SpRY-ABE8e was the most efficient combination that
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Figure 2. ABE-mediated correction of the IVS1-110 (G>A) mutation in BT HSPCs restores normal Hb production in their erythroid progeny. (A) The frequency of
corrected alleles (BE) and indels as assessed by Sanger sequencing in BTHSPCs. Data are expressed as mean + SEM (3 donors). The frequency of corrected alleles in the cells
obtained from the compound heterozygous patient (BT2) was corrected considering only the alleles harboring the IVS1-110 (G>A) mutation. The dotted line represents the
maximum background noise of indels calculated by TIDE. (B) RT-gPCR using primers detecting exclusively correctly spliced p-globin mRNAs in erythroid cells derived from BT
HSPCs (cor). B-globin expression was normalized to a-globin. Data are expressed as mean = SEM. The dotted lines indicate the maximum and minimum values observed in HD
cells. (C) RT-PCR using primers amplifying a region spanning the HBB exon 1-exon 2 junctions. cDNA was obtained from erythroid cells derived from BT HSPCs (cor). (D)
Expression of p-, Sy-, “y- and - globin chains measured by RP-HPLC in BT and HD RBCs. f-like-globin expression was normalized to a-globin. The a-/non—a-globin ratio is
reported on top of the graph. RBCs were obtained from BT HSPCs (cor). Data are expressed as mean + SEM. (E) Analysis of HbA, HbF, and HbA; by CE-HPLC in BT and HD
RBCs. We calculated the percentage of each Hb type over the total Hb tetramers. RBCs were obtained from corrected BT HSPCs (cor). (B-C) As controls, we used erythroid cells
derived from BT or HD HSPCs electroporated only with SpRY-ABE8e mRNA (BE) (3 patients with BT and 2 HDs). (D-E) As controls, we pooled data obtained in RBCs derived from
BT or HD HSPCs electroporated with TE or with SpRY-ABE8e mRNA only (3 patients with BT and 2 HDs). Data are expressed as mean + SEM. cor, corrected; ctr, control.

was able to correct the mutation in ~90% of the HBB mutant
alleles, as evaluated by Sanger sequencing (Figure 1C). Two
bystander edits were observed at positions é and 8, including a
C>G conversion occurring at a relatively low frequency
(Figure 1D), as previously reported at other loci with ABEs.?7?8
Importantly, these changes have likely no consequences on
HBB expression as they occur in an intronic region, and single
nucleotide polymorphisms described at these positions
(rs777028217 and rs1480884739) are not associated with any
clinical manifestations.?”*" Although bystander activity could be
reduced by using precise ABE8e variants,**** their usage could
also reduce the on-target correction efficiency. Thus, to confirm
that these bystander edits have no impact on HBB expression,
we generated these base conversions in HD HSPCs achieving
frequencies similar to those detected in the BT samples
(supplemental Figure 1A). We observed no decrease in HBB
expression, neither at the mRNA level nor at the protein level in
HSPC-derived erythroid cells with normal a-/non-a globin ratio
and hemoglobin A expression (supplemental Figure 1B-D).
Furthermore, the differentiation was not affected, as demon-
strated by the normal expression of erythroid markers (GPA,
CD71, and CD36) and enucleation rate along the differentiation
(supplemental Figure 1E-F). Finally, the generation of the
bystander edits did not induce apoptosis, confirming any impact
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of these base conversions on HBB expression and erythroid
differentiation (supplemental Figure 1G).

9gRNA1 and SpRY-ABE8e mRNA were electroporated in HSPCs
from 2 homozygous patients (BTO and BT1) and 1 compound
heterozygous patient harboring the IVS1-110 and a f° mutation,
respectively (codon 8/9 (+G); BT2) (Figure 1B; supplemental
Figure 2A). Gene correction was high and similar between the
3 donors with little indel generation as evaluated by Sanger
sequencing and NGS (Figure 2A; supplemental Figure 2B-D).
The high percentage of bystander edit at position 8 in the
heterozygous donor indicates that the gRNA also targets the
allele containing the p° mutation, likely because the mismatch is
located at the 5" end of the gRNA, where it is more easily
tolerated®* (supplemental Figure 2B). NGS analysis confirmed a
good product purity with most of the events being A>G con-
versions, and lower editing of cytosines leading mainly to C>G
and more rarely to C>T conversions (supplemental Figure 2E).

To evaluate the safety profile of our strategy, we performed
NGS of the top-10 in silico predicted off-targets (supplemental
Table 2). Base editing was observed only at 1 site that was
mapped to a region devoid of known genes and did not impact
cell viability and differentiation (supplemental Figure 2C). The
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Figure 3. Efficient reversion of the IVS1-110 (G>A) mutation in BT HSPCs corrects ineffective erythropoiesis. (A-C) Frequency of CD36" (A), CD71* (B), and GPA™ (C)
cells at days 13, 16, and 20 of erythroid differentiation, as measured by flow cytometry analysis. Control BT or HD cells were either electroporated with TE buffer (TE), or only
with SpRY-ABE8e mRNA (BE). Data are expressed as mean + SEM (3 patients with BT and 3 HDs). *P < .05; **P < .01 (paired t test; BT-BE vs BT-cor). (D) Mean Fluorescence
Intensity (MFI) in ROS-containing cells (DCFDA®) for control and edited (cor) BT samples. For the control, we pooled data obtained in RBCs derived from BT HSPCs elec-
troporated with TE or with SpRY-ABE8e mRNA only (3 patients with BT). *P < .05 (paired t test). (E) Flow cytometry histograms showing the frequency of apoptotic cells (annexin
V* cells) in the 7AAD™ cell population in unstained (Uns), BT and HD samples at day 13 of erythroid differentiation (3 patients with BT and 3 HDs). (F) Frequency of enucleated
cells at days 13, 16, and 20 of erythroid differentiation, as measured by flow cytometry analysis of cells stained with the DRAQS nuclear dye (3 patients with BT and 3 HDs). Data
for HD samples are expressed as mean = SEM. (G) Cell size of enucleated cells at days 13, 16, and 20 of erythroid differentiation, as measured by flow cytometry analysis of the
median FSC-A intensity (3 patients with BT and 3 HDs). Data for HD samples are expressed as mean + SEM. *P < .05; **P < .01 (paired t test; BT-BE vs BT-cor). (H) Single RBC
parameters (perimeter, surface, optical volume, dry mass, and surface density) evaluated by quantitative phase image microscopy in RBCs obtained from BT HSPCs (cor). As
controls, we used RBCs derived from BT or HD HSPCs electroporated only with SpRY-ABE8e mRNA (BE). Data are expressed as mean + SEM (3 patients with BT and 2 HDs).
***xP < 0001 (Ordinary one-way ANOVA). cor, corrected; ctr, control; D, day.
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Figure 3 (continued)

off-target activity could be potentially mitigated using high-
fidelity base editors or modulating DNA exposure time to the
editing machinery. No indels were detected at off-target sites,
thus minimizing the possibility of DSB-induced genomic rear-
rangements (eg, translocations).

We observed a similar number of progenitors before and after
the treatment with no difference in the proportion of erythroid
(BFU-E) and granulo-monocytic (CFU-GM) colonies, demon-
strating the safety of our strategy (supplemental Figures 2A and
3A). Importantly, all the progenitors were edited with low to
absent indels (supplemental Figure 3B).

Electroporated BT and control HD HSPCs were differentiated to
the erythroid lineage (supplemental Figure 2A). Reverse tran-
scription PCR (RT-PCR) showed restoration of the correct
B-globin splicing and a substantial decrease of aberrant tran-
scripts characterized by lower mobility owing to partial intron
retention (Figure 2B-C). Wild-type—p-globin mRNA levels were
similar to those observed in HD cells for homozygous donors
while representing ~50% of the HD B-globin transcripts for the
compound heterozygote donor (Figure 2B). In untreated BT
RBCs, HPLC showed elevated a-/non—a-globin ratios and low
p-globin expression poorly compensated by fetal y (y*+y%)-
globins (Figure 2D; supplemental Figure 4). After treatment,
RBCs exhibited higher levels of B-globin chain and hemoglobin
A (Figure 2D-E; supplemental Figure 4). In edited cells from
homozygous patients, the a-/non-a-globin ratio was compara-
ble to the values measured in HD cells and substantially
ameliorated in the erythroid cells from the compound hetero-
zygote patient (Figure 2D).

BASE EDITING FOR B-THALASSEMIA

In BT, the imbalance between a- and B-globin production leads
to the precipitation of a-globins causing apoptosis of erythroid
precursors and ineffective erythropoiesis.®® Flow cytometry
analysis of CD36 and CD71, known early erythroid markers,
showed a proper downregulation in treated samples, demon-
strating that the typically delayed erythroid differentiation of BT
cells was efficiently corrected (Figure 3A-C). The production of
ROS observed in BT control erythroid cells was significantly
decreased in treated samples (Figure 3D). Importantly, flow
cytometry showed the rescue of edited BT erythroid precursors
from apoptosis (Figure 3E).

In the treated samples, we observed an increased enucleation
rate along the differentiation, reaching levels similar to those
observed in HD at the end of the differentiation (Figure 3F).
Flow cytometry showed that the size of enucleated cells (typi-
cally reduced in BT cell cultures, namely microcytosis) was
increased in the treated samples (Figure 3G). Finally, we used
phase microscopy to evaluate several physical parameters in a
quantitative manner (Figure 3H; supplemental Figure 5A-E). BT
RBCs were characterized by a reduced perimeter, surface, and
volume owing to the microcytosis and decreased dry mass and
surface density owing to the low Hb content. These parameters
were normalized or substantially improved in treated RBCs.

To evaluate the ability of SpRY-ABE8e to correct HBB in repo-
pulating HSCs, we transplanted human BT HSPCs homozygous
for the IVS1-110 mutation after electroporation with SpRY-
ABE8e mRNA and gRNAT1 into immunodeficient NBSGW
mice (Figure 4A). HD HSPCs and unedited BT HSPCs served as
controls. Sixteen weeks after transplantation, no differences
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Figure 4. Correction of the IVS1-110 (G>A) mutation in repopulating HSCs. (A) Overview of the experimental protocol of HSPC xenotransplantation. BT HSPCs were
subjected to RNA-mediated base editing and xenotransplanted into NBSGW immunodeficient mice. HD and BT HSPCs electroporated with TE buffer or only with SpRY-
ABE8e mRNA were injected as controls. Peripheral blood analysis was performed at weeks 9 and 16. Mice were euthanized 16 weeks after engraftment, after Clo-Lip
injection, and their hematopoietic tissues and organs were collected and analyzed. (B) Engraftment of human cells in NBSGW mice transplanted with HD or BT control
(HD-ctr; BT-ctr) or corrected (BT-cor) HSPCs 16 weeks post-transplantation (HD-ctr, n = 4; BT-ctr, n = 4; BT-cor, n = 5). Engraftment is represented as the percentage of human
CD45" cells in the total murine and human CD45" cell population in peripheral blood, bone marrow, spleen, and thymus. Each data point represents an individual mouse. The
mouse with the lowest chimerism is indicated with the symbol @. Data are expressed as mean + SEM. (C) Frequency of human T (CD3) and B (CD19) lymphoid, myeloid (CD14,
CD15, and CD11b), erythroid (GPA, CD36, CD71), and HSPC (CD34) cells in BM 16 weeks after the transplantation (HD-ctr, n = 4; BT-ctr, n = 4; BT-cor, n = 5). Each data point
represents an individual mouse. Data are expressed as mean + SEM. (D) Human hematopoietic progenitor content in BM human CD45 cells derived from mice transplanted
with control and edited HSPCs (HD-ctr, n = 4; BT-ctr, n = 4; BT-cor, n = 5). We plotted the percentage of human CD45" cells giving rise to BFU-E and CFU-GM. Data are
expressed as mean + SEM. (E) Base editing efficiency, calculated by the EditR software, in input, peripheral blood-, bone marrow- and spleen-derived HD, and BT human
samples subjected to Sanger sequencing. Data are expressed as mean + SEM (BT-cor, n = 5). The frequency of base editing in the input was calculated in cells cultured in the
HSPC medium (a), in liquid erythroid cultures (v), BFU-E (ll) and CFU-GM (¢p) colonies. Each data point represents an individual mouse. Data are expressed as mean + SEM.
ctr, control. BFU-E, burst forming units-erythroid; CFU-GM, colony forming units-erythroid.

were observed between edited and control HSPCs in terms of
engraftment and differentiation potential, as measured by the
frequency of human CD45" cells in the hematopoietic tissues
and the expression of lineage-specific markers (Figure 4B-C).
Human CD45" bone marrow cells were isolated and subjected
to a CFC assay. Control and edited BT samples showed a similar
number of erythroid and granulo-monocytic colonies, demon-
strating no impact of base editing on the clonogenic potential
of engrafted human cells (Figure 4D). Importantly, 16 weeks
after transplantation, on-target base editing efficiency was
similar in input HSPCs (70.5% + 2.6) and bone marrow (73.4% +
1.9), blood (75.6% = 8.0) and spleen (75.4% = 0.7), demon-
strating  successful engraftment of base-edited HSCs
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(Figure 4E). Surprisingly, though editing at bystander 2 position
(A>G) was similar in input HSPCs and in the progeny of repo-
pulating HSCs, we observed an increase in the frequency of
bystander edit 1 (C>G) after engraftment (supplemental
Figure 6). These data suggest that C>G conversions resulting
from ABE editing might be favored in HSCs vs HSPCs, a pop-
ulation containing mostly progenitor cells.

To assess the correction of the BT phenotype in the erythroid
progeny of HSCs, we sorted human GPA™ erythroid cells from
the bone marrow (72.0% = 0.9; Figure 4E). Interestingly, ROS
levels and enucleation rate were normalized in erythroid cells
derived from edited HSPCs (Figure 5A-B). Moreover, HPLC
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Figure 5. Correction of the IVS1-110 (G>A) mutation in xenotransplanted BT HSPCs rescues the ineffective erythropoiesis in vivo. (A) Frequency of ROS-containing
(DCFDA") human GPA™ erythroid cells derived from the bone marrow of mice transplanted with HD or BT control (HD-ctr; BT-ctr) or corrected (BT-cor) HSPCs 16 weeks after
the transplantation (HD-ctr, n = 3; BT-ctr, n = 4; BT-cor, n = 4). **P < .01 (unpaired t test; BT-ctr vs BT-cor). We plotted the fold change relative to BT-ctr samples. (B) Frequency
of enucleated cells as measured by the flow cytometry analysis of cells stained with the DRAQS5 nuclear dye in human GPA™ erythroid populations from the bone marrow of
mice transplanted with HD or BT control (HD-ctr; BT-ctr) or corrected (BT-cor) HSPCs 16 weeks after the transplantation (HD-ctr, n = 3; BT-ctr, n = 4; BT-cor, n = 4). *P < .05
(unpaired t test; BT-ctr vs BT-cor). (C) Representative RP-HPLC chromatograms from sorted human GPA™ bone marrow erythroid cells 16 weeks posttransplantation. (D)
a/non—a ratio calculated based on RP-HPLC data from sorted human GPA™ bone marrow erythroid cells obtained from mice transplanted with HD or BT control (HD-ctr;
BT-ctr) or corrected (BT-cor) HSPCs 16 weeks after the transplantation (HD-ctr, n = 4; BT-ctr, n = 4; BT-cor, n=5). The dotted lines indicate minimum and maximum values
observed in HD-ctr samples. *P < .05 (unpaired t test; BT-ctr vs BT-cor). (E) Frequency of human RBCs in total peripheral blood 4 days after Clo-Lip injection in mice
transplanted with HD or BT control (HD-ctr; BT-ctr) or corrected (BT-cor) HSPCs 16 weeks after the transplantation (HD-ctr, n = 4; BT-ctr, n = 4; BT-cor, n = 5). (F) Representative
RP-HPLC chromatograms from sorted human circulating RBCs 16 weeks after the transplantation (BT-ctr, n = 4 pooled samples; BT-cor, n = 1 representative graph; HD-ctr,

n = 1 representative graph). cor, corrected; ctr, control.

analysis showed the expression of WT f-globin in treated sam-
ples and restoration of the a-/non—a-globin ratio (Figure 5C-D).

Before euthanization, the mice were subjected to clodronate
liposomes (Clo-Lip) treatment to evaluate the egression of
mature human RBCs (hRBCs) from the bone marrow to the
blood.?*?*’ Interestingly, we observed an increased frequency
of hRBCs in mice engrafted with corrected BT cells as compared
with the levels observed in the control group of mice engrafted
with unedited BT cells (Figure 5E). HPLC showed the correction
of the BT phenotype in circulating hRBCs obtained from the
treated group, with a high expression of p-globin and a globin
expression profile overlapping with that observed in the HD
control group (Figure 5F).

Discussion

Our results demonstrate that ABEs can efficiently correct the
IVS1-110 mutation in patients’ HSPCs without causing DSBs and
restore a normal to nearly normal Hb expression profile in HSPC-
derived RBCs, thus correcting the BT cell phenotype in vitro and
in vivo. Targeting only the p*"1'%>? jliele in the compound
heterozygote largely corrects ineffective erythropoiesis but is less

BASE EDITING FOR B-THALASSEMIA

effective in ameliorating the a-/non—a-globin ratio than correct-
ing both mutations in homozygous patients’ cells. However, the
observed a-/non-a-globin ratios might be close to those
observed in erythroid cells from asymptomatic heterozygous
carriers of BT mutations. If necessary, to fully correct the BT
phenotype, we envision that the strategy proposed in this study
could be combined with an approach either correcting the sec-
ond mutation or reducing a-globin expression.*®

Other strategies were proposed to specifically target the highly
prevalent IVS1-110 mutation.®'*'* Short hairpin RNA-mediated
targeting of the aberrant mRNA increases p-globin chain pro-
duction probably by alleviating translational inhibition. However,
our strategy not only reduces the abnormally spliced transcripts
but also increases the levels of correctly spliced mRNAs.
Compared with nuclease-based strategies disrupting the
abnormal splice acceptor site, our approach is more predictable
and accurate as all the events lead to the correction of the splicing
defect. Furthermore, compared with nuclease-based strategies,
base editing should limit DSB-caused toxicity such as the activa-
tion of p53-mediated-DNA damage response'® and large
genomic rearrangements (ie, large deletions, translocations, and
chromothripsis). However, base editing retains a lack of precision
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because of bystander editing, which can cause unwanted events
(particularly when targeting coding sequences), although, specific
to our study, these mutations had no impact on the target gene
expression. Prime editing, a new CRISPR/Cas?- based technol-
ogy,” could theoretically allow the development of more precise
gene correction strategies. However, its efficiency in primary
hematopoietic cells is still limited (A. Miccio, unpublished results),
and further improvements are required to use this tool for devel-
oping gene therapy approaches for hematopoietic disorders.

Other gene therapy strategies for BT aim at inducing fetal Hb
(HoF).*° These strategies have the advantage of being
mutation-independent and can be potentially applied to all
patients with BT, although it is still debated if high HbF levels
are developmentally or physiologically harmful .*" Furthermore,
for prevalent mutations such as IVS1-110, development of a
mutation-specific correction strategy could allow the produc-
tion of higher levels of therapeutic hemoglobin, as HBB pro-
moter activity and HBB gene expression are favored in adult
cells.*? Finally, our mutation-specific approach counteracts the
partially dominant causative effect of aberrant HBB mRNAs that
is likely still present after HbF induction or expression of a
therapeutic globin in lentiviral vector-based approaches.®

Overall, our study provides in vitro and in vivo proof of efficacy of
a base editing approach to treat patients with prevalent and
severe BT mutations. The clinical development of our approach
will require the establishment of a large-scale electroporation
protocol with clinical-grade reagents and toxicology studies to
demonstrate the safety of the base-edited drug product.
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