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ABSTRACT

Sickle cell disease (SCD) is a monogenic dis-
order that affects millions worldwide. Allogeneic
hematopoietic stem cell transplantation is the only
available cure. Here, we demonstrate the use of
CRISPR/Cas9 and a short single-stranded oligonu-
cleotide template to correct the sickle mutation in the
�-globin gene in hematopoietic stem and progenitor
cells (HSPCs) from peripheral blood or bone marrow
of patients with SCD, with 24.5 ± 7.6% efficiency with-
out selection. Erythrocytes derived from gene-edited
cells showed a marked reduction of sickle cells, with
the level of normal hemoglobin (HbA) increased to
25.3 ± 13.9%. Gene-corrected SCD HSPCs retained
the ability to engraft when transplanted into non-
obese diabetic (NOD)-SCID-gamma (NSG) mice with
detectable levels of gene correction 16–19 weeks
post-transplantation. We show that, by using a high-
fidelity SpyCas9 that maintained the same level of
on-target gene modification, the off-target effects in-
cluding chromosomal rearrangements were signifi-
cantly reduced. Taken together, our results demon-
strate efficient gene correction of the sickle mutation
in both peripheral blood and bone marrow-derived
SCD HSPCs, a significant reduction in sickling of red
blood cells, engraftment of gene-edited SCD HSPCs
in vivo and the importance of reducing off-target ef-
fects; all are essential for moving genome editing
based SCD treatment into clinical practice.

INTRODUCTION

Sickle cell disease (SCD) is a devastating chronic illness
marked by severe pain, end organ damage and early mortal-
ity (1,2). SCD is caused by a point mutation in the �-globin
gene (HBB). A single nucleotide substitution converts glu-
tamic acid to a valine that leads to the production of sickle
hemoglobin (HbS). HbS polymerizes under hypoxic condi-
tions that impair the function of red blood cells (RBC) and
markedly shortens their lifespan due to hemolysis (3). SCD
affects ∼100 000 Americans and millions more worldwide
(4,5); however, the average lifespan of individuals with SCD
has not improved over the last few decades since treatment
options for SCD remain very limited (6). Pharmacologi-
cal therapy with hydroxyurea may modulate disease sever-
ity through induction of fetal hemoglobin (HbF) and re-
duction of HbS polymerization, but does not cure patients
with SCD (7). Chronic transfusion therapy may be diffi-
cult to sustain due to high rates of alloimmunization and
iron overload (8,9). The only curative therapy for SCD is a
hematopoietic stem cell transplant (HSCT), typically from
a matched related donor, which is available to only ∼15%
of SCD patients (10,11). Morbidity and mortality from
HSCT increases significantly when using matched unrelated
donors (12) or haploidentical donors (13). A prospective
study of unrelated donor HSCT in SCD concluded that,
without modifications to existing regimens, this therapy is
not safe for widespread adoption (14). Results from a re-
cent lentiviral-vector based clinical trial of one patient with
SCD using autologous hematopoietic stem/progenitor cells
(HSPCs) showed the promise of gene therapy for SCD (15).

There are several possible genome editing based strate-
gies to ameliorate SCD: (i) correction of the causative
A-T point mutation in HBB via the homology-directed
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repair (HDR) pathway (16–18), (ii) induction of fetal
hemoglobin (HbF) via gene disruption by non-homologous
end-joining (NHEJ) (19,20) and (iii) gene addition of an
�-globin, � -globin or anti-sickling �-globin cassette (21).
Correction of the sickle cell disease mutation in human
HSPCs has been demonstrated with zinc finger nuclease
(16). Using Streptococcus pyogenes (Spy) Clustered Reg-
ularly Interspaced Short Palindromic Repeats (CRISPR)
and CRISPR-associated protein 9 (Cas9) (22,23), DeWitt et
al. demonstrated HBB gene editing in CD34+ HSPCs from
patients with SCD (SCD HSPCs) by delivery of ribonucle-
oprotein (RNP) complex of CRISPR guide RNA (gRNA)
and Cas9 protein together with a single-stranded oligonu-
cleotide (ssODN) template (24), achieving up to 25% of
alleles corrected with a high RNP dose (200 pmol) (17).
Injection of gene-edited HSPCs from healthy persons into
immunodeficient NOD-SCID-gamma (NSG) mice showed
engraftment at a level much higher than that using mRNA
of zinc finger nuclease (ZFN) and ssODN templates for
HBB gene editing (16), with a significant decrease in the
percent of HDR modified cells following transplantation.
Dever et al. showed an average of 50% HBB gene cor-
rection rate in HSPCs from patients with SCD when de-
livering gRNA/Cas9 RNPs together with rAAV6 vector
packaging a donor template consisting of a GFP expres-
sion cassette flanked by homology arms for HBB. With an
HBB cDNA template packaged in rAAV6, an average of
11% HDR-mediated gene correction rate was achieved in
SCD HSPCs (18). Engraftment of gene-edited HSPCs from
healthy donors was demonstrated using immunodeficient
NSG mice (18). The studies by DeWitt et al. (17) and De-
ver et al. (18) employed the gRNA R-02 (or the truncated
version of R-02), we previously described, which has a high
on-target activity (25). In both studies, the R-02 gRNA was
found to induce high levels of off-target cutting in human
HSPCs (17,18); however, in these studies genome-wide un-
biased off-target analysis was not performed.

In this study we systematically optimized the gRNA and
ssODN template designs, quantified the gene editing rates
in human CD34+ HSPCs from normal individuals and from
the peripheral blood (PB) and bone marrow (BM) of pa-
tients with SCD, and performed a genome-wide unbiased
analysis of off-target effects. In contrast to engraftment
studies using gene-edited CD34+ HSPCs from ‘healthy per-
sons’ (17,18), we performed two engraftment studies us-
ing gene-edited CD34+ HSPCs derived, respectively, from
unmobilized peripheral blood and bone marrow of ‘pa-
tients with SCD’, aiming to provide more clinically relevant
evidence on the feasibility of using CRISPR/Cas9 based
gene-editing to treat SCD. We found that gene-edited SCD
HSPCs were able to engraft in the bone marrow of NSG
mice and the corrected alleles were stable for up to 16–19
weeks post-transplantation. Compared with previous stud-
ies, our results provide important new insights into the op-
portunities and challenges of using gene-editing based ap-
proaches to treat SCD, including the upregulation of fetal
hemoglobin in gene-edited cells (especially those with HBB
cutting only), gene conversion by the �-globin gene (HBD),
differences in engraftment of gene-edited CD34+ HSPCs
from different sources (PB and BM) and different SCD pa-
tients, the risk of chromosomal rearrangements revealed by

extensive off-target analysis, and the ability to significantly
reduce off-target effects by using an HiFiCas9 protein (26);
these findings may facilitate the translation of genome edit-
ing based SCD treatment into clinical practice.

MATERIALS AND METHODS

Cells and cell culture media

K562 (ATCC), U2OS (ATCC) and CD34+ cells were cul-
tured at 37◦C and 5% CO2. K562 cells were cultured in
RPMI1640 (ATCC, Cat No. 30–2001) supplemented with
10% FBS and L-glutamine. Frozen CD34+ cells from mo-
bilized peripheral blood of normal individuals were pur-
chased from AllCells. Peripheral blood CD34+ cells were
acquired from SCD patients undergoing therapeutic red
cell exchange at the Cancer & Hematology Centers, Texas
Children’s Hospital (Houston, TX), under the approved
IRB protocol H-33997. CD34+ HSPCs were purified from
the peripheral blood as previously described (27). Briefly,
the mononuclear fraction was separated from the periph-
eral blood of patients with SCD by Ficoll-Hypaque (GE
Healthcare) density centrifugation. CD34+ cells were ex-
tracted from the mononuclear fraction by immunomag-
netic separation using the CD34 Microbeads Kit (Mil-
tenyi Biotech, CD34 MicroBead Kit UltraPure, human),
according to the manufacturers’ instructions. Then, the hu-
man erythroid progenitor cells were cultured and differ-
entiated into erythroblasts using an ex vivo primary ery-
throid culture system with two phases. In expansion phase,
cells were cultured in GMP SCGM (CellGenix) supple-
mented with 300 ng/ml SCF (Peprotech), 100 ng/ml TPO
(Peprotech), 300 ng/ml Flt3 ligand (Peprotech) and 60
ng/ml IL3 (Peprotech). In differentiation phase, cells were
cultured in SFEM II (StemSpan) supplemented with 20
ng/ml SCF, 10 ng/ml IL3, 3 U/ml EPO (Peprotech), 10−5

M 2-mercaptoethanol, 10−6 M dexamethasone, and 0.3
mg/ml human holo-transferrin (Sigma Aldrich). Harvested
CD34+ cells were cultured in expansion phase for 2–3 days
before electroporation. Forty-eight hours after the electro-
poration, 104 cells were transferred to 1 ml differentiation
media in 24-well plates. Fresh differentiation medium was
added every 2 days and cells were cultured at a density un-
der 106 live cells/ml for 21–27 days before analysis. The cell
count and viability were measured using Trypan Blue dye,
0.4% solution (Bio-Rad) and T20 Automated Cell Counter
(Bio-Rad).

Plasmid construction

The SpyCas9 expressing plasmid pX330-U6-Chimeric BB-
CBh-hSpCas9 (22) (Addgene plasmid #42230) was a gift
from Feng Zhang. The pX330 vector was digested using
BbsI, and a pair of annealed oligos was cloned into the vec-
tor before the gRNA scaffold.

RNP and ssODN delivery using electroporation

A total of 2 × 105 K562 cells (program FF-120, solu-
tion SF), U2OS cells (program CM-137, solution SE) and
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CD34+ cells (program CA-137, solution P3) were electro-
porated on a Lonza Nucleofector 4-D according to manu-
facturer’s instructions. In K562 cells, 1 �g of pX330 plas-
mid and 0–5 �M (0–100 pmol) ssODN template (Ultra-
mer® DNA Oligonucleotides from Integrated DNA Tech-
nologies) were transfected. In U2OS, 1 �g of pX330 plasmid
and 100 pmol of dsODN were transfected for GUIDE-seq
analysis. In CD34+ cells, 5 �g (30.5 pmol) of Cas9 protein
(Feldan Therapeutics or Integrated DNA Technologies),
2.5 �g (73 pmol) of chemically synthesized gRNAs (TriLink
BioTechnologies) and 0–5 �Mof ssODN were transfected.
For mock-treated CD34+ cells, electroporation of the same
amount of cells was performed using the same P3 buffer and
CA-137 program as the treated cells, but without RNP or
ssODN.

CD34+ cell colony formation assay

Forty-eight hours after electroporation, cells were diluted
to 5 × 103 cells/0.3 ml in IMDM + 2% FBS. Once diluted,
the cell sample was added to 2.7 ml tubes of Methylcellulose
Medium for Human Cells (with Cytokines) (STEMCELL
Technologies) and cultured according to the manufacturer’s
protocol. The culture dishes were incubated for 14–16 days
before being assayed. The proliferation and differentiation
potential of these cells were measured by the observation
of the numbers and types of colonies grown in culture us-
ing a microscope. Zygosity of burst-forming unit erythroid
(BFU-E) colonies was assessed by droplet digital PCR as-
say (Supplementary Figure S1).

T7 Endonuclease I (T7E1) assay

The HBB locus was amplified from genomic DNA (Ac-
cuprime Taq HiFi) using PCR primers to amplify a 669 bp
region containing the target site (Supplementary Table S1).
About 200 ng of purified PCR products were annealed and
digested with T7 Endonuclease I (New England Biolabs)
according to the manufacture’s instruction. The digestion
products were run on a 2% polyacrylamide gel with 1× Gel-
Green Nucleic Acid Gel Stain (Biotium). The fragmented
PCR products were analyzed by ImageJ and the percent
of nuclease-specific cleavage products was calculated using
the formula: % Indel frequency = 100 × (1 – (1 – fraction
cleaved)1/2) (28).

Droplet digital PCR (ddPCR)

As the identification of optimal genome editing condi-
tions requires a rapid and cost-effective method to ac-
curately measure gene-editing frequencies mediated by
CRISPR/Cas9 systems, we developed a probe-based
ddPCR assay that can simultaneously quantify the levels of
HDR, NHEJ and unmodified alleles at the endogenous lo-
cus (Supplementary Figure S1). For the allele quantification
assay, probe-based reaction mixes were prepared with 15 ng
genomic DNA template, 1× ddPCR Supermix for Probes
(Bio-Rad), 900 nM target primers, 250 nM target probes
(Eurofins Genomics) and 10 U HindIII-HF restriction en-
zyme in each 20 �l reaction mix. For colony genotyping,
BFU-E colonies were resuspended in 10 �l of QuickExtract

DNA extraction solution (Epicentre) and 1 �l of colony
lysate was used. For the chromosomal rearrangement as-
say, reactions were prepared with 50 ng genomic DNA tem-
plate, 1× QX200 ddPCR Evagreen Supermix (Bio-Rad),
100 nM target primers, 10 U HindIII-HF restriction en-
zyme (New England Biolabs) in each 20 �l reaction mix.
To quantify all types of editing outcomes, three PCR reac-
tions were run simultaneously. The inversion and deletion
PCR assays were carried out using a pair of primers span-
ning the un-rearranged on-target site, the expected junction
point on inverted allele or the deleted allele. The reference
PCR from non-target chromosome estimates the expected
copy number of chromosome 11 in the reaction. PCR was
performed according to the manufacturer’s cycling proto-
col with optimized annealing temperature. The primer and
probe sequences for ddPCR assays are provided in Supple-
mentary Table S1.

Hemoglobin native PAGE

Hemoglobin variants were separated by native PAGE as
follows: CD34+ HSPCs were differentiated for 14–21 days
prior to protein extraction. Cells were resuspended in
1× Halt Protease and Phosphatase Inhibitor Cocktails
(Thermo Scientific) in water and lysed using freeze/thaw
method. The hemolysates were mixed in 1:2 ratio with Na-
tive PAGE Sample Buffer (Bio-Rad). The samples were
run on a 4–20% Mini-PROTEAN® TGX™ Precast Pro-
tein Gels (Bio-Rad) in 1× Tris/Glycine running buffer (Bio-
Rad) until the AFSC Hemo Control (Helena Laboratories)
reaches the bottom of the gel. Proteins were transferred to a
PVDF membrane using the Trans-Blot Turbo Transfer Sys-
tem (Bio-Rad). The membrane was blocked at RT for 30
min in 5% non-fat dry milk (NFDM) in 1× TBS-T, incu-
bated with primary antibodies for hemoglobin alpha sub-
unit (Abcam, EPR3608) at 4◦C overnight, then incubated
with Goat Anti-Rabbit IgG H&L secondary antibody (Ab-
cam, ab6721) at RT for 1 h. Blots were visualized using Su-
perSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Scientific) and imaged on ChemiDoc MP imaging
system (Bio-Rad).

HPLC (high-pressure liquid chromatography)

Hemoglobin variants were identified by HPLC (29,30). Pri-
mary erythroid cells were lysed in HPLC grade water, and
then centrifuged at 20 000 g for 20 min at 4◦C to remove cell
debris. The absorbance of total hemoglobin variants was
detected at 415 nm using a 100 × 4.6mm PolyCAT A™ col-
umn (PolyLC Inc, # 104CT0315) fitted to a Waters HPLC
system. The areas under the peaks were used to quantify
the hemoglobin fractions. The total area under the HbS and
HbF peaks was used for ratio comparisons (29,31).

RP-HPLC (reverse-phase high performance liquid chro-
matography)

RP-HPLC assays were performed on an Agilent 1260 Infin-
ity II HPLC system with Diode Array Detector (32,33). The
chromatographic column is Aeris™ 3.6 �m WIDEPORE
XB-C18 200 Å, LC Column 250 × 4.6 mm behind a secu-
rityGuard™ ULTRA cartridge (Phenomenex). Solvent A:
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0.1% trifluoroacetic acid in HPLC grade water at pH 2.9.
Solvent B: acetonitrile. The linear gradient developed from
41% of solvent B to 47% of solvent B to separate and ana-
lyze the various globin chains.

In vitro sickling assay

On day 21 of culture, SCD CD34+ HSPCs were incubated
in a 2% oxygen environment for 4 h. Cellular morphology
imaging was performed using an Olympus ZX71 micro-
scope at 40× magnification within 10 min of exposure to
atmospheric oxygen (34–36). Sickled cells were counted and
scored by manual examination by a board certified hematol-
ogist blinded to sample identity. Eight individual fields were
scored per sample, and percentage sickled cells recorded.

Off-target identification

Bioinformatic prediction of potential off-target sites for R-
66 and R-66 SCD gRNAs was carried out using the web-
based tool CRISPR Search with Mismatches, Insertions
and/or Deletions (COSMID) (37) with up to three mis-
matches or with up to two mismatches and an insertion or
deletion allowed in the 19 PAM proximal bases. The Homo
sapiens genome assembly GRCh38/hg38 genome build was
used as a reference. Genome-wide, unbiased identification
of DSBs enabled by sequencing (GUIDE-Seq) (38) was
used for experimental identification of potential off-target
sites. Briefly, a plasmid-expressing Cas9 and R-66 or R-66
SCD gRNA along with a dsDNA tag was nucleofected into
U2OS cells as previously described (38). Genomic DNA
was extracted 3 days after electroporation, sheared using a
Covaris M220 focused ultrasonicator to an average size of
500 bp. The DNA was prepared and sequenced on an Il-
lumina MiSeq and the resulting sequencing data analyzed
using the standard pipeline (38) with a reduced gap penalty.

Quantification of on-target and off-target activity by deep se-
quencing

DNA flanking the gRNA on- and off-target sites was am-
plified using locus-specific primers (Supplementary Table
S2) followed by a second PCR to introduce Illumina se-
quencing adaptors and sample barcodes. Each sample was
normalized to 50 nM and the pooled library was quan-
tified using KAPA QC: Library Quantification Kit (KA-
PABIOSYSTEMS) and sequenced on the Illumina MiSeq.
Sequencing libraries were also prepared using RNase-H de-
pendent primers to facilitate PCR multiplexing (Integrated
DNA Technologies). About 50 ng of genomic DNA was
used for multiplex PCR using rhAmpSeq HotStart Master
Mix (Integrated DNA Technologies) and a primer pool for
all R66SCD off-target sites. The blocked-cleavage primers
were designed and provided by Integrated DNA Technolo-
gies, and the genome-specific sequences are presented in
Supplementary Table S3. An initial enrichment amplifica-
tion of 10 cycles was carried out. The PCR products were
purified using SPRI beads and barcoded using unique P5
and P7 indexing primers for each amplified pool in a sec-
ond PCR reaction using rhAmpSeq HotStart Master Mix
for 18 cycles. The library preparation and sample loading

were performed according to standard Illumina MiSeq li-
brary prep. CRISPR-Cas9 genome editing outcomes from
deep sequencing data were analyzed using a custom pipeline
(38), CRISPResso (39) and a MATLAB script.

Transplantation of peripheral blood SCD CD34+ HSPCs in
NSG mice

Six- to eight-week-old immunodeficient non-obese dia-
betic (NOD)-severe combined immunodeficiency (SCID)
Il2rg−/− (gamma) mice (NSG mice) (Jackson labora-
tory, Bar Harbor, ME 442, USA) were sub-lethally irra-
diated with 200 cGy 12–24 h before transplantation to
clear the mouse bone marrow niche. Unmobilized periph-
eral CD34+ cells were isolated from patients undergoing
red cell exchange therapy and frozen in cryo-preservation
medium consisting of 5% DMSO in combination with
10% ES Cell FBS (ES009B, Life Technologies) in IMDM.
Cells were thawed and cultured in expansion media for 2
days before electroporation. Two days post-delivery of WT
Cas9/gRNA RNP and ssODN for HBB gene editing (less
than a 96 h total culture period), gene edited or mock elec-
troporated SCD CD34+ HSPCs were counted and 5 × 105

viable cells were spun down and then resuspended in 30
�l PBS for intrafemoral transplantation. For intrafemoral
transplantation, a 27-gauge needle was used to create an in-
jection site through the patella and then a 29-gauge nee-
dle was used to transplant the resuspended cells through
the patella and into the right mouse femur. Mice were ran-
domly assigned to each experimental group and analyzed in
a blinded fashion. The experimental protocol was approved
by Stanford University’s Administrative Panel on Labora-
tory Animal Care.

Transplantation of BM SCD CD34+ HSPCs in NSG mice

The frozen bone marrow cells from SCD patients were
thawed shortly before CD34+ HSPC isolation. Cells were
cultured for 3 days prior to electroporation to deliver HiFi
Cas9/gRNA RNP and ssODN template for HBB gene cor-
rection. Two days post-electroporation, cells were cryop-
reserved. These cells were then thawed and injected intra-
venously into NSG mice within 24 h of thawing. A total of
5 × 105 viable cells were injected per mouse. Due to low
post-thaw recovery of Donor1 RNP and ssODN sample, 3
× 105 viable cells were injected per mouse. The mice were
euthanized at week 16 after transplantation, and the BM
was harvested to determine the engraftment potential.

Human cell engraftment analysis

About 16–19 weeks after transplantation, mice were eutha-
nized and mouse bone marrow was harvested (2× femur, 2×
tibia, sternum, 2× pelvis and spine) and then crushed using
a mortar and pestle in 5 ml RPMI supplemented with 10%
fetal bovine serum, 100 mg/ml streptomycin, 100 unit/ml
penicillin, 2 mM L-glutamine, 4 U/ml heparin and 20 U/ml
DNase. Cells were filtered through a 45 �m mesh, incu-
bated at 37◦C for 10 min, and then subjected to a Ficoll
gradient centrifugation for 25 min at 2000rpm (with full
acceleration and no break). After centrifugation, mononu-
clear cells were collected from the Ficoll layer (max 5 ml),
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were washed with 45 ml FACS buffer (1× PBS supple-
mented with 2% FBS and 2 mM EDTA), spun down at
300 × g and then resuspended in the human engraftment
staining cocktail that consisted of the following antibodies:
monoclonal anti-human HLA-ABC APC-Cy7 (W6/32, Bi-
oLegend), anti-human CD45 V450 (HI30 BD Biosciences),
anti-mouse CD45.1 PE-Cy7 (A20, eBioScience, San Diego,
CA, USA), anti-human CD19 APC (HIB19, BD511 Bio-
sciences), CD33 PE (WM53, BD Biosciences), as well as
anti-mouse mTer119 PE-Cy5 (TER-119, BD Biosciences)
to facilitate the exclusion of mouse RBCs from the anal-
ysis. Cells were stained for 30 min at 4◦C on ice and pro-
tected from light. Stained cells were then washed and re-
suspended in FACS buffer supplemented with propidium
iodide to detect dead cells. Cells were analyzed on a BD
FACS Sort II Aria where human engraftment was defined
as HLA-ABC+/CD45+ cells. Human cells were then sorted
into PBS, spun down, resuspended in QuickExtract DNA
extraction solution (Epicentre) and gDNA was harvested
following the manufacturer’s recommendations. HBB alle-
les were then quantified for NHEJ, HDR or WT by deep
sequencing as described above.

Statistics

SPSS Statistics (SPSS) was used for all the calculations.
Data were analyzed using Student’s t-tests or one-way
ANOVA and post hoc multiple comparison tests. The dif-
ference with P < 0.05 was considered statistically significant
(* denotes P < 0.05; # denotes P < 0.01). Figures were pre-
pared using GraphPad Prism (GraphPad Software).

RESULTS

Optimization of gRNA designs targeting HBB

We designed Spy CRISPR gRNAs targeting the first exon
of HBB with varying proximity to the SCD mutation site
and used the web-based search tool COSMID (37) to se-
lect 7 gRNAs with low numbers of potential off-target sites
(Figure 1A). The off-target cleavage at the region within
the HBD locus (with high homology to the gRNA target
sequences) was analyzed by the T7E1 assay (Figure 1B).
K562 cells, an erythroid leukemia cell line, were used for
gRNA and gene-correction DNA template screening and
optimization since it is a widely used model for studying
gene transfer into human hematopoietic cells (40). Plasmids
expressing SpyCas9 and individual gRNAs were delivered
into K562 cells, which gave small insertion/deletion (indel)
rates of 29–72% at HBB, with 3 gRNAs having high levels
of off-target cutting (9–33%) at HBD (Figure 1B). In partic-
ular, the R-64 gRNA, which has a 1 bp mismatch to HBD,
had comparable activities at both HBB and HBD. The R-66
gRNA had 57% on-target indel rate without any observable
off-target cutting at HBD. Compared with the R-02 gRNA
that induces HBB cutting 18 bp away from the SCD muta-
tion site, R-66 generates a DSB 1 bp away from the sickle
mutation (Figure 1A). It has been reported that the HDR
rate decreases as the distance between targeted insertion site
and the cut-site increases (41–43). R-66 gRNA thus may fa-
cilitate an increased level of gene correction using a short
ssODN template (41,44). Therefore, although R-02 gRNA

(and its truncated version) was used in previous studies of
HBB genome editing in human HSPCs (17,18), and the R-
60 gRNA had a higher (72%) level of on-target activity,
R-66 was chosen as the gRNA for use in subsequent stud-
ies. While R-66 gRNA targets the wild-type (WT) allele of
HBB, R-66 SCD gRNA was designed to specifically recog-
nize the sickle mutant allele of HBB (Figure 1A).

Optimization of ssODNs to enhance HDR rate

To optimize the ssODN template design for enhanced HDR
rates, we introduced the sickle mutation into WT HBB in
K562 cells using short (120–121 nucleotide) ssODNs con-
taining the A-T mutation (Supplementary Table S4). The
targeted integration of the ssODNs was tested in K562
cells together with plasmid encoding SpyCas9 and R-66
gRNA. We designed ssODN templates corresponding to
the gRNA target strand (t) or to the non-target strand (nt)
(Figure 2A) to investigate the effect of strand preference on
HDR rates. We first tested the SCDunt0 ssODN, a non-
target strand template with the A-T mutation (Figure 2A)
in K562 cells. The SCDunt0 ssODN is asymmetrically po-
sitioned, with the homology arms 33 nucleotide proximal
and 87 nucleotide distal to the Cas9 cutting site (Figure
2A). Deep-sequencing results of the HBB locus were ana-
lyzed by CRISPResso to determine the outcomes of genome
editing (39). The SCDunt0 ssODN induced an HDR rate
of 9.3%, with a re-cutting rate of 8.3% of the integrated
ssODN template (Figure 2B). Re-cutting of the target se-
quence was measured as mixed HDR-NHEJ alleles that
show additional indels at the cut site, consistent with se-
quential cleavage and NHEJ repair of HDR-edited alleles
(39). We hypothesized that introducing mismatches in the
ssODN donor template within the sequence correspond-
ing to the gRNA-specific PAM-proximal region can pre-
vent re-cutting of the HDR-edited alleles, owing to the
reduced affinity between gRNA and target sequence. To
reduce the target sequence homology after ssODN inser-
tion, we designed eight 121-nucleotide non-target strand
ssODNs (SCDcnt1 to SCDcnt8) that are centered with re-
spect to the cutting site, have different numbers and loca-
tions of silent mismatches (MM) within the gRNA target re-
gion thus are not complementary to the gRNA (Figure 2A).
As expected, ssODN templates with multiple mismatches
prevented the re-cutting of HDR-modified alleles (Figure
2B and Supplementary Figure S2). However, with the num-
ber of mismatches >2 in the ssODN template or putting
the mismatches further away from the cutting site resulted
in reduced HDR rates (Supplementary Figure S3a,b). We
found that, of the 8 ssODN templates tested (SCDcnt1 to
SCDcnt8), SCDcnt5, a non-target strand ssODN centered
with respect to the cutting site and containing two consecu-
tive mismatches (sickle mutation and silent mutation) next
to the cutting site, gave the highest HDR rate (23.6%) (Fig-
ure 2B).

In a parallel experiment to optimize the ssODN tem-
plates, we tested three pairs of templates, all with three mis-
matches based on the SCDcnt6 ssODN. Each pair had one
target strand template and one non-target strand template,
and was either symmetrically or asymmetrically positioned
with respect to the cut site (24) (Figure 2A). We found that
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Figure 1. Design of gRNAs targeting the HBB locus close to the SCD mutation site. (A) The target sites of Spy CRISPR gRNA designs near the first
exon of HBB with varying proximity to the SCD mutation site (lowercase, red). The blue capital letters represent homologous sequences, blue and black
lowercase letter ‘g’ indicates the addition of nucleotide G to the 5′ end of the 19 base pair guiding sequence, and the black letters indicate mismatches
between HBB and the highly homologous HBD gene. For each target site, the PAM sequence is underlined. R-66 gRNA targets the WT HBB sequence
and R-66 SCD gRNA targets the HBB sequence with SCD mutation. (B) Activity of gRNAs at HBB and HBD was measured by the T7E1 assay. Note
that R-02, R-60 and R-66 gRNAs had high on-target indel rates and no observable HBD off-target cutting; n = 2 biological replicates.

Figure 2. Optimization of ssODN DNA template designs for gene correction. To test the gene correction approach using K562 cells, we introduced the
sickle mutation into wild-type (WT) HBB gene using short ssODNs containing the A-T mutation. (A) Schematic of ssODN template designs near the
SCD locus (with the black or red box showing the location of sickle mutation in SCD). Initially 11 ssODN templates (shown in blue) complementary to
the non-target strand and 3 ssODN templates (shown in orange) complementary to the target strand were designed, which contain the sickle mutation
(red box) and different numbers and locations of silent mismatches (yellow box). The vertical black line (position zero) indicates the Cas9 cut site and the
numbers on the x-axis indicate the number of nucleotide from the cut site. These ssODNs were tested in K562 cells together with plasmid encoding SpyCas9
and R-66 gRNA. The R-66 gRNA sequence is shown in blue (with the WT base T in black indicating the SCD mutation site), and the PAM sequence
is shown in orange and underlined. (B) The eight ssODN templates (SCDcnt1-SCDcnt8) with varying number of mismatches prevented the re-cutting of
HDR-modified alleles. Re-cutting of the target sequence was measured as mixed HDR-NHEJ alleles that show additional indels at the cut site, consistent
with sequential cleavages initially repaired by HDR and subsequently by NHEJ. Note that SCDcnt5 ssODN centered with respect to the cutting site and
containing two consecutive mismatches next to the cut site was the best in terms of having a high HDR rate and low retargeting rate. Editing outcomes
were measured by NGS. Data shown is representative of n = 2 biological replicates. (C) Six different ssODN template designs based on SCDcnt6 were
tested, and SCDct6, a target strand ssODN symmetric with respect to the R-66 cut site, gave the best performance. The frequency of HDR was measured
by NGS. Data shown are representative of n = 2 biological replicates. Combining with the results in panels (B) and (C), the best sickling ssODN template
is SCDct5. (D and E) To identify the optimal ssODN concentration, K562 cells were electroporated with 0 to 5 �M (1–100 pmol) of SCDct5 ssODN along
with (D) the plasmid encoding Cas9 and R-66 gRNA, or (E) the corresponding gRNA/Cas9 RNP. The allele frequencies of gene correction (HDR), Cas9
cutting but no ssODN integration (NHEJ) and no cutting (WT) events were quantified by ddPCR (Supplementary Figure S1). Note that 0.5 �M (10 pmol)
and 5 �M (100 pmol) ssODN gave the highest level of HDR with plasmid and RNP delivery, respectively.
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SCDct6, a target strand ssODN symmetric with respect to
the R-66 target site, gave the highest HDR rate (28.3%)
(Figure 2C). Therefore, combining the results of two studies
on template design, we concluded that, SCDct5, the target
strand ssODN symmetric with respect to the R-66 gRNA
target site with two mismatches is optimal. The optimal
design of ssODN template is likely dependent on the se-
quence to be replaced and the direction of transcription rel-
ative to the PAM orientation (45). In all subsequent stud-
ies, we used the SCDct5 and SCDct5-wt respectively for
inducing or correcting the sickle mutation in HBB. Since
K562 is triploid for the HBB locus and has a silent C/C/T
SNP (rs713040) located 11 bases upstream of the SCD mu-
tation site (Supplementary Figure S3c), we tested ssODN
templates containing either a C or T at this location but
did not observe any difference in the HDR rate in K562
and normal CD34+ cells (data not shown). Therefore, we
decided to incorporate a C at this position in the ssODN
sequence for subsequent experiments, since in the African
population rs713040 is 78.2% C/C, 20.3% C/T and 1.5%
T/T (34) (Supplementary Table S4). As predicted, all pa-
tients with SCD in this study had a C/C genotype at this
location.

In order to determine the optimal amount of ssODN
templates for gene correction, K562 cells were electropo-
rated with 0–5 �M (0–100 pmol) of SCDct5 ssODN tem-
plates, along with the optimized amount of plasmid en-
coding Cas9 and R-66 gRNA, or the corresponding RNP.
Cells were harvested 72 h post-electroporation. The allele
frequencies of HDR, NHEJ and no-cutting (WT) events
were quantified by the probe-based ddPCR assay (Supple-
mentary Figure S1). With the plasmid encoding Cas9/R-66,
0.5 �M (10 pmol) of ssODN donor template induced the
highest HDR rate (Figure 2D). With the Cas9/R-66 RNP,
5 �M (100 pmol) of ssODN template induced the highest
level of HDR (Figure 2E), which was used in all subsequent
experiments in CD34+ HSPCs. Dose–response studies in
normal CD34+ HSPCs revealed that, although high doses
of ssODN template may increase HDR rates, it could also
cause short-term toxicity (Supplementary Figure S4a,b).

Targeted HBB gene modification in normal CD34+ HSPCs

We next quantified the genome editing efficiency in CD34+

cells derived from peripheral blood of normal individuals
using commercially available SpyCas9 proteins complexed
with chemically synthesized R-66 gRNAs. Normal CD34+

HSPCs were thawed and cultured in expansion media for
2 days before electroporation. CD34+ HSPCs were elec-
troporated with 100 pmol of SCDct5 ssODN templates,
along with 5 �g (30.5 pmol) of SpyCas9 protein and 2.5 �g
(73.4 pmol) of R-66 gRNA. At 72 h post-electroporation,
the cells were harvested and analyzed for editing frequency
via ddPCR. Single gRNA that contains 2′-O-methyl 3′-
phosphorothioate at the three terminal positions at both the
5′ and 3′ ends (TriLink BioTechnologies) enhanced HDR
efficiency in CD34+ cells compared to the unmodified cr-
RNA:tracrRNA duplex gRNA (46) (Supplementary Fig-
ure S4c,d). The HDR rate in CD34+ HSPCs was 22%, with
high viability (∼90%) post-electroporation with optimized
conditions (Supplementary Figure S4c,d). Only a low level

of toxicity was observed when RNP and ssODN were co-
delivered using electroporation, and delivering RNP did not
affect cell viability compared to controls; toxicity was evi-
dent only with the delivery of ssODN alone (Supplementary
Figure S4e).

Normal CD34+ HSPCs were assayed as both single cell
clones and in bulk culture with and without (as control) de-
livery of the optimized genome editing reagents. The editing
frequencies at the genomic level persisted over a 4-week pe-
riod in differentiation culture (Figure 3A), and colony form-
ing unit (CFU) assay confirmed that the CD34+ HSPCs
treated with gRNA/Cas9 RNP and ssODN template re-
tained differentiation potential (data not shown). To an-
alyze how editing frequencies in the bulk HSPC popula-
tion translate to the zygosity in individual HSPCs, geno-
type of the single-cell derived burst-forming unit-erythroid
(BFU-E) colonies was assessed by colony ddPCR assay.
The allele frequency in the starting culture was 28% HDR,
31% WT and 41% NHEJ. Colony genotyping of gene-edited
cells revealed that 35% of the colonies showed ssODN tem-
plate mediated HDR, with 12% of colonies homozygous for
HDR alleles and 23% heterozygous with a single HDR al-
lele (Figure 3B and Supplementary Figure S5a,b) that were
different from the expected frequencies of 8% homozygous
HDR and 40% heterozygous HDR predicted by multi-allele
Hardy–Weinberg equation (p2 + 2pq + q2 + 2pr + 2qr + r2 =
1) (Supplementary Table S5) (47). This deviation from the
Hardy–Weinberg equilibrium is most likely due to the un-
equal distribution of HDR and NHEJ alleles in the cell pop-
ulation. Interestingly, we did not observe any colonies with
a WT/HDR heterozygous genotype indicating that correc-
tion of one allele in the presence of a second unmodified al-
lele is rare. The HDR allele frequencies in BFU-E colonies
(23%) were comparable to that predicted based on the edit-
ing frequencies in the bulk starting culture (28%), demon-
strating erythroid differentiation potential of gene corrected
HSPCs (Supplementary Figure S5b). CD34+ HSPCs were
differentiated for 14–21 days prior to protein extraction.
HPLC and native PAGE analysis of erythroid cells con-
firmed the production of HbS as a result of HBB gene edit-
ing in normal CD34+ cells after delivery of gRNA/Cas9
RNP and ssODN template containing the sickle mutation
(Figure 3C and D; Supplementary Figure S5c). The band
observed at the HbS migration position in cells treated with
RNP only is hemoglobin Leiden (�2�6/7-Glu) resulting from
an in-frame 3 bp deletion, which is the predominant type
of indel induced by the R-66 gRNA in CD34+ HSPCs (36)
(Supplementary Figure S5c–e). These results demonstrate
that site-specific modification of the HBB gene in CD34+

HSPCs can be realized with a high HDR rate.

HBB gene correction in SCD patients’ unmobilized periph-
eral blood-derived CD34+ HSPCs

To determine the efficacy of HBB gene correction in CD34+

HSPCs derived from patients with SCD (with HBB geno-
type SS), CD34+ HSPCs were purified from patients’ un-
mobilized peripheral blood samples using a microbead kit.
The R-66 SCD gRNA that targets the HBB sequence with
SCD mutation was used instead of R-66 gRNA (which
targets the WT HBB sequence) (Figure 1A). Co-delivery
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Figure 3. HBB gene correction in normal CD34+ HSPCs. To quantify HBB editing, both untreated CD34+ cells as control and CD34+ HSPCs treated
with R-66 RNP and SCDct5 ssODN were assayed as single cell clones and in bulk culture. Normal CD34+ HSPCs were thawed and cultured in expansion
media for 2 days before electroporation. Three days post-electroporation cells were transferred to differentiation phase. (A) In two-phase liquid culture,
HBB editing frequencies were quantified by ddPCR to confirm persistence of editing in CD34+ cells in the heterozygous population over a 4-week period
(4 days in expansion phase followed by differentiation phase). Only small fluctuation in gene editing rates was observed. The frequencies of HDR, WT and
mutagenic NHEJ alleles were measured by ddPCR. Mean with SE error bars from n = 2 biological replicates. (B) The gRNA/Cas9 RNP and ssODN-treated
CD34+ HSPCs that gave gene editing rates of 28% HDR, 31% WT and 41% NHEJ in bulk were used for the colony formation assays (CFU) followed by
genotype characterization. The distribution of five genotypes in edited cells was determined by colony ddPCR performed on 43 BFU-E colonies, revealing
that 35% of the colonies had HDR-mediated gene correction, with 12% of colonies homozygous and 23% heterozygous for gene-corrected alleles. (C)
HPLC traces showing hemoglobin production after 21 days differentiation of normal CD34+ HSPCs edited with R-66 RNP and SCDct5 sickle ssODN as
compared with mock-treated cells and cells treated with R-66 RNP only. (D) Quantitation of HbS, HbA, HbF and HbA2 protein levels based on HPLC,
indicating induced HbS in cells differentiated from gene-edited normal HSPCs. Note the increase in HbF and HbA2 levels in cells from HSPCs treated
with RNP only, and HSPCs treated with both RNP and ssODN.

of gRNA/Cas9 RNP and SCDct5-wt ssODN into SCD
CD34+ HSPCs from five different patients resulted in 24.5
± 7.6% allele-specific gene correction (Figure 4A) with-
out changing cell growth rate or viability compared with
mock-treated and untreated cells (Supplementary Figure
S6). The HBB gene had 41.9 ± 6.4% NHEJ-induced indels
in SCD HSPCs treated with gRNA/Cas9 RNP and ssODN,
and SCD HSPCs treated with RNP without ssODN that
had 81 ± 12% NHEJ-induced indels (Supplementary Fig-
ure S7a). To determine the genotype of gene-edited cells,
colony ddPCR was performed on 83 colonies from the start-
ing culture that had 37.18% HDR (Figure 4A), indicating
that 43% of colonies (24% HDR/HDR, 19% HDR/SCD)
have at least one allele gene corrected due to ssODN tem-
plate integration (Supplementary Figure S7b,c). Further,
CRISPR/Cas9 cutting of HBB in SCD HSPCs induced
DNA repair using the homologous sequences from HBD
as an endogenous template (>90% sequence homology with

HBB). The HBD footprints left in the repaired HBB locus
was used to map the conversion track showing the decreas-
ing conversion rate with increasing distance to the Cas9 cut
site (Figure 4B and Supplementary Figure S7d,e). Because
HBD does not carry the sickle mutation, the gene conver-
sion between the HBB sequences in the vicinity of the tar-
get locus and the homologous region in HBD resulted in
1.6 ± 0.6% additional T to A gene correction mediated by
HBD conversion in cells with RNP-treated cells and 1.3 ±
0.4% in RNP- and ssODN-treated cells (Figure 4B and Sup-
plementary Figure S7d,e). The gene correction mediated by
HBD conversion (GtG to GaG) can be distinguished from
ssODN-mediated HDR that introduces additional silent
MM (GtG to Gaa). The majority of HBD conversion events
(76 ± 13%) result in repair of the sickle mutation only and
these are expected to be therapeutic events. However, we
also observed low frequency alleles (0.3 ± 0.2%) with par-
tial gene-conversion that generates a chimeric HBB–HBD
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Figure 4. HBB gene correction in SCD patient-derived CD34+ HSPCs. To determine the efficacy of HBB gene correction in CD34+ HSPCs derived from
SCD patients, CD34+ HSPCs were purified from patients’ unmobilized peripheral blood samples. The R-66 SCD gRNA that targets the HBB sequence
containing the SCD mutation was used, along with the anti-sickling SCDct5-wt ssODN template for gene correction. (A) The results of HBB gene correction
in CD34+ HSPCs from five SCD patients using gRNA/Cas9 RNP and SCDct5-wt ssODN. The frequencies of HDR, WT and NHEJ alleles were measured
by ddPCR. Each data point shown corresponds to editing in cells from a particular SCD patient. (B) CRISPR/Cas9 cutting of HBB induced DNA repair
using the homologous sequence from the HBD gene as an endogenous template, resulting in T-A SCD mutation correction (Supplementary Figure S7).
Each data point shown corresponds to the average editing in cells from six SCD patients. (C) HPLC trace showing hemoglobin production after 21 days of
differentiation of SCD HSPCs edited with R-66 SCD RNP and SCDct5-wt anti-sickling ssODN, as compared with mock-treated cells and cells treated with
R-66 SCD RNP only. (D) Quantification of HbS, HbA, HbF and HbA2 protein levels measured by HPLC, indicating a significant reduction in HbS and an
increased level of HbA in cells differentiated from gene edited SCD HSPCs with RNP and ssODN. Note the low level of HbA (5.3 ± 1%) in mock-treated
cells because CD34+ cells were acquired from the peripheral blood of SCD patients undergoing therapeutic red cell exchange. SCD HSPCs treated with
RNP only showed an increased level of HbA (9.9 ± 3%) compared to mock-treated cells as a result of the sickle mutation correction via HBD conversion.
Data obtained using CD34+ HSPCs from five different SCD patients. (E) Quantitation of globin chain ratios using Reverse phase (RP)-HPLC. Globin
chain ratios are shown for SCD HSPCs treated with mock conditions, RNP-only, and with RNP and ssODN. Note that SCD HSPCs treated with RNP
and ssODN did not alter the overall balance of �-globin-like chains to �-globin chains compared to mock-treated cells (n = 3, no statistical significance,
unpaired t-test). The sickle �-globin (�S) and WT �-globin (�A) are not distinguishable by RP-HPLC. The representative RP-HPLC plot and relevant
peak quantification are shown in Supplementary Figure S8d,e. Data shown are representative of n = 3 biological replicates from one SCD donor. (F) After
21 days of differentiation of gene-edited SCD HSPCs, the amount of sickle cells was quantified and their percentage determined, indicating a dramatic
decrease in the amount of sickle cells as a result of gene editing.

gene with up to three missense mutations (codon 9, 12 and
22) with minimal differences in amino acid chemistry (Fig-
ure 4B and Supplementary Figure S7e).

To test if SCD phenotype can be reversed by gene edit-
ing at HBB, we induced erythroid differentiation of the
gene-edited SCD CD34+ HSPCs, examined the red blood
cell (RBC) progeny and quantified the normal HbA pro-
tein levels by HPLC. Compared with mock-treated cells,
SCD CD34+ HSPCs treated with RNP and ssODN in-
duced a high level (25.3 ± 13.9%) of HbA protein expres-
sion (Figure 4C–E). We found that SCD CD34+ HSPCs
from transfusion-dependent patients’ peripheral blood ex-
pressed low HbA protein level (5.3 ± 1% in mock), and SCD
HSPCs cells treated with RNP only showed an increased
level of HbA (9.9 ± 3%) compared to mock-treated cells as
a result of the sickle mutation correction via HBD conver-

sion and removal of HbS (Figure 4C–E). We also observed
a very strong correlation (R2 = 0.9374) between HBB in-
del rates and the change in HbF percentage compared to
mock-treated cells (Supplementary Figure S8a). The per-
centage of HbF positive cells (F-cells) and F-cell mean fluo-
rescent intensity (MFI) increased in cells from RNP-treated
SCD HSPCs (Supplementary Figure S8b–c). In particular,
the ratio of � -globin to �-globin level in cells from SCD
HSPCs treated with both gRNA/Cas9 RNP and ssODN in-
creased by 1.8-fold, and that from SCD HSPCs treated with
RNP only increased by 2.8-fold compared to mock-treated
cells (Figure 4E), suggesting that HBB disruption could
lead to increased production of � -globin chains (G� and
A� ). Increase in � -globin chains restored the overall bal-
ance of �-like globin to �-globin chains (Figure 4E), which
may help maintain the total hemoglobin level in cells from
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SCD HSPCs treated with RNP and ssODN. The represen-
tative RP-HPLC plot and relevant peak quantification are
shown in Supplementary Figure S8d,e. Further, we found
that targeting the HBB intron region did not change HbF
level, suggesting that the increase in HbF percentage is due
to the loss of HBB expression (Supplementary Figure S9).
However, the consequences of inducing indels near the HBB
sickle mutation in SCD CD34+ HSPCs merit further inves-
tigation.

Under deoxygenated conditions, the hemoglobin of pa-
tients with SCD (HbS, �2�S

2) forms rigid polymers (48).
Addition of HbF to the growing HbS polymer termi-
nates the chain; therefore, either replacing HbS with HbA
through gene correction or increasing HbF concentrations
in the cell can prevent sickling (49). HbF concentrations
of 20% or higher have been shown to significantly re-
duce clinical complications of SCD and prevent sickling
in vitro (50). To determine the anti-sickling effect of HBB
gene correction and HbF induction on RBCs, SCD HSPCs
were differentiated in a serum-free two-phase culture sys-
tem for 4 weeks. At day 28, sickled RBCs were counted
and their percentage determined. These cultured cells repre-
sent orthochromoblasts, not mature RBCs (51). Orthochro-
moblasts are larger, reducing the intracellular hemoglobin
concentration compared to mature RBCs, and are not enu-
cleated; they therefore do not sickle to the same extent as
a circulating RBC. We found that, compared with mock-
treated cells, the average amount of sickled RBCs resulting
from gene-edited SCD HSPCs decreased from 7.3% to 0.1%
in SCD HSPCs cells treated with both RNP and ssODN,
and those treated with RNP only (Figure 4F). This demon-
strates that removal of sickle alleles by Cas9 cutting (81 ±
12% indel rate) is sufficient to prevent RBCs from sickling as
a result of delivering RNP only to SCD HSPCs cells. How-
ever, the presence of the ssODN donor is essential for cor-
recting the sickle alleles to a functional sequence and restore
normal adult hemoglobin expression (Figure 4D–E).

Evaluation of off-target effects in gene-edited CD34+

HSPCs from patients with SCD

Although CRISPR/Cas9 systems can have highly efficient
gene editing at the intended target site, off-target cutting
may occur due to the tolerance for base mismatches, small
insertions and deletions between DNA sequences in the
genome and the intended 20-nt gRNA target sequence
(23,25,52,53). The off-target cutting activity of Cas9 nu-
clease can cause disruption of normal gene function via
NHEJ-mediated indels, as well as genome instability via
large chromosomal rearrangements (54), which is of seri-
ous concern in therapeutic applications of genome editing.
We used a web-based in silico off-target search tool COS-
MID (37) to identify potential off-target sites for the R-66
SCD gRNA and the top-ranked off-target sites were labeled
as OT1–OT57 (Supplementary Table S2). For the R-66
SCD gRNA, we further used a genome-wide, unbiased off-
target search tool GUIDE-Seq (Genome-wide Unbiased
Identification of DSBs Enabled by Sequencing) (38) to iden-
tify its off-target sites in U2OS cells (Figure 5A and Sup-
plementary Table S6). All the GUIDE-Seq identified off-
target sites, including GS 02 (OT18), GS 03 (OT1), GS 04

(OT12), GS 05 (OT10) and GS 06 (OT9), were among
those predicted by COSMID (Supplementary Tables S2 and
S6). After delivering the RNP of R-66 SCD gRNA with WT
Cas9 into peripheral blood SCD CD34+ HSPCs, the off-
target activity at the 57 COSMID predicted sites (including
the 5 GUIDE-Seq identified sites) was quantified at Day 2
and 12 post-electroporation using rhAmpSeq™ (Integrated
DNA Technologies), a multiplex RNase H-dependent PCR
(rhPCR) approach consisting of pooled blocked-cleavage
primers (45,55) (Supplementary Table S3), which allowed
for multiple sites to be assessed simultaneously with high
sensitivity. The use of blocked-cleavage primers requires
that the primers correctly hybridize to the target sequence
prior to amplification to reduce primer dimerization and in-
crease specificity in multipexed PCR reactions (26). Of the
57 COSMID-identified potential off-target sites, we found
that seven sites (OT18, OT1, OT12, OT2, OT34, OT3, OT9)
were true off-target sites with detectable activity (indel rates
≥ 0.1%) (Figure 5B and Supplementary Table S7). In par-
ticular, the off-target site OT18, which has three single-
base mismatches compared to the target sequence of R-66
SCD gRNA, had substantial off-target activity (36.7% in-
del rate at Day 2). The genome-wide unbiased search using
GUIDE-Seq in U2OS cells identified the top 3 active off-
target sites, OT18, OT1 and OT12, as well as OT9 that had
very low activity (Figure 5B). However, GUIDE-Seq was
not able to identify OT2, OT3 and OT34, which had low but
measurable cutting activity (Figure 5B and Supplementary
Table S6). We found that when both gRNA/Cas9 RNP and
ssODN were delivered into peripheral blood CD34+ HSPCs
from patients with SCD, we could achieve ∼30% HDR rate
at the on-target site; however, the off-target activities at the
COSMID-predicted sites are different from that with RNP
only (Figure 5C and D; Supplementary Table S7), consis-
tent with what previously reported (56). For example, the
predicted off-target site OT27 had detectable activity only
in the presence of the ssODN donor (Figure 5B and C). We
also found that when the off-target activities of gRNA/WT
Cas9 RNP at the 57 COSMID predicted sites were quanti-
fied using single-plex PCR amplification followed by NGS
at Day 5 post-electroporation, both the active sites and their
indel rates changed slightly (Supplementary Figure S10).
This is most likely due to experimental variations (differ-
ent stimulation time before extracting DNA and different
patient cells).

It has been shown that two concurrent DNA double
strand breaks (DSBs) produced by CRISPR/Cas9 can in-
troduce large chromosomal rearrangements (54). Given
that HBB is located on the p (short) arm of ch.11 and the
highly active off-target site OT18 is located on the q (long)
arm of ch.11, we assessed the 54 MB pericentric deletion
or inversion between the R-66 SCD gRNA target site in
HBB and OT18 in gRNA/Cas9 RNP-treated SCD HSPCs.
Using primer pairs spanning the expected junction point
on deleted or inverted chromosomes (Supplementary Table
S1), we detected chromosomal rearrangement by end-point
PCR, which was confirmed by sequencing of PCR clones
(Supplementary Figure S11a–c). We next used a ddPCR as-
say to quantify deletion and inversion events at Day 2, 7 and
12 after WT Cas9 RNP delivery, and found that chromoso-
mal inversion was maintained at 3.3%, while large chromo-
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Figure 5. Off-target analysis for R-66 SCD gRNA and reduction of off-target effect by high-fidelity Cas9. We used a web-based in silico off-target site
search tool (COSMID) and unbiased experimental off-target search method (GUIDE-Seq) to identify off-target sites for the R-66 SCD gRNA. (A) The 5
off-target sites of R-66 SCD gRNA identified using GUIDE-Seq in U2OS cells. (B) The WT SpyCas9 and a high fidelity SpyCas9 (HiFi Cas9), respectively,
complexed with R-66 SCD gRNA as RNP were delivered into peripheral blood SCD CD34+ HSPCs. The cleavage activities at the on-target site and 57
COSMID predicted sites were analyzed by targeted deep sequencing. The dot-plot shows indel frequencies at the on-target site (HBB) and the 7 off-target
sites with measurable cleavage activity. WT and HiFi Cas9 showed comparable on-target editing rates. However, the use of HiFi Cas9 significantly reduced
off-target activity, with the average activity at four sites (OT1, OT3, OT12 and OT34) below 0.1%. Near 0.1% background indel frequencies were found in
mock-treated samples at OT26, OT31 and OT45, which have Poly-C (4 Cs) stretches at the expected cut site. Insertions and deletions occur at elevated rates
in homopolymeric regions and this type of sequencing errors prevents accurate indel quantitation as they are indistinguishable from CRISPR-induced
deletion or insertion. (C and D) The WT SpyCas9 and a HiFi Cas9, respectively, complexed with R-66 SCD gRNA as RNP were delivered into peripheral
blood SCD CD34+ HSPCs together with ssODN template. (C) The indel frequencies at 5 off-target sites with measurable activity, quantified by targeted
deep sequencing. The use of HiFi Cas9 significantly reduced off-target activity in the presence of ssODN. (D) WT and HiFi Cas9 showed comparable
on-target HDR and NHEJ editing rates when both RNP and ssODN are delivered into SCD CD34+ HSPCs. (E and F) The frequencies of chromosomal
deletion (E) and inversion (F) events at Day 2, 7 and 12 after RNP delivery were measured by ddPCR. Note that the use of HiFi Cas9 significantly
reduced both chromosomal deletion and inversion. During the 12 days post-electroporation, chromosomal inversion maintained at 3.3% (E) while large
chromosomal deletion decreased from 1.8% to 0.2% (F). In (B, E and F), data shown are representative of n = 3 biological replicates from one SCD patient.
In (C and D), data shown are representative of 1 biological replicate from two SCD patients.

somal deletion decreased from 1.8% to 0.2% in treated sam-
ples (Figure 5E–F; Supplementary Figure S11d,e). This was
most likely due to the loss of the entire chromosome during
cell division, resulting in a reduction in the copy number of
chromosome 11 in RNP-treated cells over time.

High fidelity Cas9 increased editing specificity in CD34+

HSPCs from patients with SCD

Off-target effects and large chromosomal rearrangements
such as the 54 MB pericentric deletion and inversion we
identified in this study raise safety concerns for clinical
translation. In order to improve safety and specificity, we
tested a recently described high-fidelity Cas9 variant (HiFi
Cas9) (26), which was complexed with R-66 SCD gRNA as
RNP and delivered into peripheral blood CD34+ HSPCs
from patients with SCD. The off-target activities at the 57
COSMID predicted sites Day 2 and 12 post-electroporation
were quantified using the rhAmpSeq™ assay (Supplemen-
tary Table S3). The chromosomal rearrangement between

the on-target site and OT18 was quantified at Day 2, 7 and
12 post-electroporation using a ddPCR assay. We found
that the use of HiFi Cas9 gave a similar level of on-target
editing in terms of HDR and NHEJ rates compared with
WT Cas9 (Figure 5D), but significantly reduced the indel
rates at most of the off-target sites, with a maximum off-
target indel rate of 0.23% (Figure 5B and C; Supplementary
Table S7). We further found that the use of HiFi Cas9 sig-
nificantly reduced the intra-chromosomal rearrangement
events, while maintaining the same level of on-target gene
editing (Figure 5D and F), demonstrating our ability to
achieve high-efficiency gene correction with increased speci-
ficity in SCD CD34+ HSPCs.

Engraftment of WT Cas9-edited SCD patient peripheral
blood CD34+ HSPCs in NSG mice

To determine if gene-corrected SCD HSPCs retain the abil-
ity to engraft, we performed the first engraftment study us-
ing the CD34+ HSPCs derived from the unmobilized pe-
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ripheral blood of patients with SCD by injecting the cells
intrafemorally into NSG mice. Peripheral CD34+ cells were
isolated from patients undergoing red cell exchange therapy
and frozen for storage until sufficient cells were collected for
transplant studies. After thawing, cells were cultured for 2
days and electroporated with R-66 SCD gRNA/WTCas9
RNP and SCDct5-wt ssODN. After 2 days post-delivery
of genome-editing reagents, 500 000 viable cells were in-
trafemorally transplanted into NSG mice. These mice were
euthanized at Week 19 after transplantation and the bone
marrow was harvested to determine the engraftment poten-
tial. Post-engraftment data were derived from n = 3 trans-
planted mice for mock electroporated cells and RNP- and
ssODN-treated cells. The level of engraftment was mea-
sured as the fraction of human HLA+/CD45+ cells in the
total CD45+ compartment (Figure 6A and Supplementary
Figure S12). We found that the engraftment levels of gene-
edited SCD HSPCs were similar to those of control cells
(mock electroporated SCD CD34+ HSPCs), with an av-
erage of 30.2 ± 24.1% of cells double positive for HLA
and hCD45 (Figure 6B). Almost all human cells were posi-
tive for CD33 demonstrating near-exclusive myeloid lineage
(Supplementary Figures S13 and S14). This myeloid bias
may reflect the biologic properties of un-mobilized CD34+

cells in the peripheral blood of sickle cell patients and does
not necessarily reflect the biologic properties of CD34+ cells
after mobilization, or of CD34+ harvested from bone mar-
row.

Human cells were isolated from mouse bone marrow and
DNA was extracted for gene-editing analysis. Editing rates
pre-transplantation (at Day 2 post-electroporation) were
10% HDR and 33.3% NHEJ (Figure 6C) as determined
by high-throughput sequencing. The rate of HDR at Week
19 was unchanged compared to the pre-transplantation
level; however, the rate of NHEJ increased from 33.3% to
48% at Week 19 (Figure 6C). A similar increase in the
NHEJ rate was observed in the gene-edited SCD periph-
eral blood CD34+ HSPCs expanded in vitro at Day 9 post-
electroporation (55.17% NHEJ, 13.46% HDR, 31.37% WT)
(Supplementary Table S8), indicating that CRISPR/Cas9-
and ssODN-mediated editing was not complete at the time
of transplantation (Day 2 post-electroporation). Off-target
analysis of the engrafted cells revealed off-target activity at
4 loci (OT18, OT12, OT27 and OT2) (Figure 6D) out of six
active OT sites identified in the in vitro studies in RNP- and
ssODN-treated cells (OT18, OT12, OT1, OT2, OT48 and
OT27) (Supplementary Figure S10). The indel diversity in
gene-edited cells at Week 19 in all three transplanted mice
showed a similar pattern as compared to pre-engraftment
levels at Day 2 post-electroporation and in vitro expanded
cells at Day 9 post-electroporation (Supplementary Figure
S15), as demonstrated by the relative fractions of different
indels indicated by the color code. Although an increase in
indel rates due to NHEJ was observed at week 19 compared
to Day 2 post-electroporation, this increased level of NHEJ
was also observed at Day 9 post-electroporation, suggest-
ing that editing events had not completed at Day 2 post-
delivery, and/or unrepaired DSBs were still present at Day
2 (57). The lack of increase in HDR may result from re-
duced stability of ssODN template since it is well known

that unmodified single-stranded DNA can be degraded in-
tracellularly (58).

Engraftment of HiFi-Cas9 edited SCD patient bone marrow
CD34+ HSPCs in NSG mice

To evaluate the impact of the source of CD34+ cells on
myeloid bias after engraftment, we performed the second
engraftment study using the CD34+ HSPCs derived from
the bone marrow of patients with SCD by injecting the cells
intravenously into NSG mice. Prior to engraftment experi-
ments, we first validated that CRISPR/Cas9 can correct the
sickle mutation in bone marrow derived SCD CD34+ cells.
These cells were cultured for 3 days prior to electroporation
since we had observed an increase in editing efficiency at
this time point versus 2 days after freeze/thawing of SCD
HSPCs (data not shown). Using R-66 SCD gRNA com-
plexed with HiFi Cas9 (RNP), we achieved 71% on-target
NHEJ rate with a low level of off-target cutting at Day 7
post electroporation (0.27% activity at OT2, 0.12% activ-
ity at OT9) (Supplementary Figure S16a and Supplemen-
tary Table S7). Further, no intra-chromosomal rearrange-
ments were detected (Supplementary Figure S16b). Gene
edited CD34+ cells were single-cell sorted from two patients
with SCD (donors) into methocellulose plates to monitor
colony formation. While there was a reduction in the to-
tal number of colonies formed, we did not observe a dif-
ference in the distribution of colony types between mock
and treated cells (Supplementary Figure S17). To deter-
mine if gene-corrected SCD bone marrow HSPCs retain
the ability to engraft, CD34+ cells isolated from the bone
marrow of two SCD donors were treated with R-66 SCD
gRNA/HiFiCas9 RNP and ssODN template and frozen
for 48 h after treatment (Supplementary Figure S18a). For
bone marrow-derived SCD CD34+ cells, cell viability was
reduced by 10–25% due to freezing/thawing and by 10–35%
due to electroporation (Supplementary Figure S18b,c). Due
to low post-thaw recovery of SCD Donor 1 sample treated
with RNP and ssODN (Supplementary Figure S18d), 3
× 105 viable cells were injected per mouse. In all other
cases, after thawing, 5 × 105 viable cells were injected in-
travenously into each NSG mouse. Mice were euthanized
at Week 16 after transplantation and the bone marrow har-
vested to determine the engraftment potential. The level
of engraftment was measured as the fraction of human
HLA+/CD45+ cells in the total CD45+ compartment (Sup-
plementary Figures S19–S22). Post-engraftment data were
derived from n = 4 transplanted mice for SCD Donor 2
cells treated with RNP only and SCD Donor 2 cells treated
with RNP and ssODN, n = 3 for SCD Donor 1 cells treated
with RNP and ssODN and n = 2 for untreated cells. Only a
small percentage of infused cells from the SCD Donor 1 en-
grafted (0.1 ± 0.1% for CD34+ cells treated with RNP, 1.6 ±
1.1% for CD34+ cells treated with RNP and ssODN) (Fig-
ure 7A). In mice injected with SCD Donor 2 CD34+ cells
treated with RNP and ssODN, an average of 7.5 ± 6.2% of
cells were double positive for HLA and hCD45, compared
to 16.8 ± 13.2% with unedited CD34+ cells, indicating a
good level of engraftment of gene-edited SCD HSPCs (Fig-
ure 7A). With the same injection condition (SCD Donor
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Figure 6. Engraftment of patient-derived peripheral blood CD34+ HSPCs into NSG mice. To determine if gene-edited SCD peripheral blood HSPCs
retain the ability to engraft, CD34+ cells isolated from the peripheral blood of a SCD patient were treated with R-66 SCD gRNA/WT Cas9 RNP and
ssODN template, and injected intrafemorally into NSG mice. Bone marrow was harvested from euthanized mice at Week 19 after transplantation to
analyze the engraftment rates. (A) Schematic of flow cytometry analysis of bone marrow harvested from transplanted mice at week 19. Total CD45+ cell
population was selected and the presence of human cells confirmed by staining for both HLA and human CD45. Cell lineage was tested by staining for
CD33 and CD19. (B) Engraftment rates of both control (mock electroporated) cells and cells treated with RNP and ssODN in the circulating blood/bone
marrow at week 19. There was no significant difference in the level of engraftment in gene-edited cells when compared to control cells. (C) On-target editing
rates in bulk transplanted cells at the time of engraftment (Day 2 in vitro), Day 9 in vitro and at Week 19 post transplantation. The rates of HDR and NHEJ
were assessed using high-throughput sequencing. Week 19 data were derived from three mice transplanted with cells treated with RNP and ssODN. (D)
Off-target cutting rates in bulk transplanted cells at the time of engraftment, at Day 9 in vitro, and at week 19 post-transplantation. Week 19 data were
derived from three mice. Four genomic loci had detectable levels of off-target cutting at Week 19.

2 cells with both RNP and ssODN), a higher fraction of
human cells were positive for CD19 (84 ± 15%) (Figure
7B), demonstrating a lymphoid lineage bias that has been
reported for NSG mouse models of human engraftment
(59). This is in contrast to the myeloid lineage bias observed
in our first engraftment study using SCD peripheral blood
CD34+ HSPCs.

The on-target editing rates (HDR and NHEJ) of edited
CD34+ cells from each batch of electroporation were
quantified before freezing (pre-engraftment) using high-
throughput sequencing. Similar quantification was per-
formed post-transplantation using DNA samples extracted
from mouse bone marrow (including mouse cells and en-
grafted human cells) with human HBB specific primers for
PCR and NGS. We found that the average HDR rate was
reduced from 29.8 ± 3.9% for pre-engraftment samples to
8.8 ± 14% at Week 16 post-transplantation in SCD Donor
2 CD34+ cells treated with RNP and ssODN (Figure 7C

and D). In addition to HDR-induced gene-correction, we
also observed correction of the sickle mutation by gene
conversion with HBD. The average rate of gene conver-
sion was 2.4 ± 0.2% in pre-engraftment samples, and be-
came 1.8 ± 2% at Week 16 post-transplantation (Supple-
mentary Figure S18e,f,h), but the gene conversion rate in-
creased respectively to 4.65% in mouse 14 that was injected
with SCD Donor 2 cells treated with RNP and ssODN,
and to 6.97% in mouse 15 that was injected with SCD
Donor2 cells treated with RNP only (Supplementary Fig-
ures S18g and S23). The average rate of NHEJ also dropped
from 42.8 ± 1.9% in SCD CD34+ cells pre-engraftment to
24.5 ± 13.8% in human cells 16 weeks post-transplantation,
suggesting that in general gene-edited cells display reduced
engraftment potential compared to unedited cells (Figure
7C and D). The highly variable editing rate (Figure 7D)
and indel diversity (Supplementary Figure S23) in gene-
edited cells from the two SCD donors at Week 16 post-
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Figure 7. Engraftment of HiFi Cas9 gene-edited patient bone marrow CD34+ HSPCs in NSG mice. To determine if gene-edited SCD bone marrow
HSPCs retain the ability to engraft, CD34+ cells isolated from the bone marrow of two SCD patients were treated with R-66 SCD gRNA/Hifi Cas9 RNP
and ssODN template, and injected intravenously into NSG mice. Bone marrow was harvested from euthanized mice at Week 16 after transplantation to
analyze the engraftment rates. (A) The engraftment levels for samples from mice injected with six different edited CD34+ cells showing varying levels of
engraftment. The level of engraftment was measured as the fraction of human HLA+/ CD45+ cells in the total CD45+ compartment. (B) Cell lineage was
tested by staining for CD33 and CD19. A higher fraction of human cells were positive for CD19, demonstrating a lymphoid lineage bias. (C) The rates of
HDR and NHEJ in transplanted SCD CD34+ cells right before transplantation. (D) The rates of HDR and NHEJ in bulk transplanted cells at Week 16
post-transplantation. Note that the result from SCD Donor 1 cells treated with RNP only is not included due to very low engraftment rate and low human
DNA copy number in the sample. For (C) and (D), on-target editing rates were assessed using high-throughput sequencing. (E) Off-target cutting rates at
the time of transplantation, 2 days after electroporation, or before freezing edited cells. The graph shows indel frequencies at the three off-target sites with
detectable cleavage activity. (F) Off-target cutting rates 16 weeks post-transplantation. The measured indel rates had a large variation among the samples.
However, the overall average off-target cutting rates are quite low (most < 0.1%), demonstrating the high specificity of HiFi Cas9 editing. For (C) and (E),
pre-engraftment data were derived from n = 2 biological replicates for Donor1 RNP, n = 3 for Donor2 RNP and Donor1 RNP+ssODN, and n = 4 for
Donor2 RNP+ssODN and Donor2 ssODN. For (D) and (F), post-engraftment data were derived from n = 4 transplanted mice for SCD Donor 2 cells
treated with RNP only and SCD Donor 2 cells treated with RNP and ssODN, n = 3 for SCD Donor 1 cells treated with RNP and ssODN and n = 2 for
untreated cells.
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transplantation may reflect the condition of the two patients
with SCD whose bone marrow CD34+ cells were used in
the second engraftment study, as well as the total number
of CD34+ cells engrafted. Further, we found that the indel
rates (NHEJ) at the predicted off-target sites have a large
variation (Figure 7E) in different DNA samples extracted
from mouse bone marrow 16 weeks post-engraftment (Sup-
plementary Table S9). Compared with the indel rates pre-
engraftment, at certain sites (such as OT7, OT22, OT30,
OT43), the average indel rates are higher at 16 weeks post-
engraftment, while at some other sites (such as OT2, OT9
and OT53), the trend is the opposite. However, the overall
average off-target cutting rates at Week 16 post-engraftment
are quite low (<0.1%), demonstrating the high specificity of
HiFi Cas9 based genome editing (Figure 7F).

DISCUSSION

Compared with conventional gene therapy via lentiviral
vector-mediated addition of anti-sickling �-globin gene
into HSPCs of patients with SCD (14), the CRISPR/Cas9-
based genome editing strategy adopted here has the poten-
tial to be safer and more efficient in treating SCD. This
is likely due to the precision of CRISPR/Cas9 in correct-
ing the sickling mutation, removal of the sickle allele via
NHEJ and the avoidance of using a viral vector for deliv-
ery. The recent report of gene therapy in a patient with SCD
using lentiviral transduction reported 2066 unique integra-
tion sites, of which the long-term effects are unknown (14).
In demonstrating the potential of CRISPR/Cas9 based
genome editing, DeWitt et al. (17) and Dever et al. (18)
showed that a high level of HBB gene-correction in SCD
CD34+ HSPCs can be achieved in vitro. However, the en-
graftment studies by DeWitt et al. (17) and Dever et al.
(18) were carried out using CD34+ HSPCs from normal
individuals, not from patients with SCD, and a genome-
wide unbiased off-target analysis was not performed for the
CRISPR/Cas9 systems used.

In this study, we demonstrated that our non-viral,
selection-free gene-correction approach using optimized R-
66 SCD gRNA and SCD5ct-wt ssODN template could
achieve a high level (up to 37% in peripheral blood CD34+

cells and 33% in bone marrow CD34+ cells) of HBB gene
correction in SCD-patient derived CD34+ HSPCs, and
gene-edited SCD HSPCs could differentiate into erythroid
cells that produced a high level of normal hemoglobin HbA
in vitro (up to 47% HbA), resulting in a significant reduction
of the amount of sickled red blood cells from differentiated
SCD HSPCs even under extreme hypoxic conditions. We
found that the increase in � -globin chains restored the over-
all balance of �-like globin to �-globin chains. We further
demonstrated that gene-edited CD34+ HSPCs derived from
the bone marrow of patients with SCD were able to engraft
in NSG mice and the corrected alleles were stable for up to
16 weeks post-transplantation. These results clearly show
the promise of CRISPR/Cas9 based genome editing for
curing sickle cell disease. When we used CD34+ cells from
the unmobilized peripheral blood of patients with SCD, we

observed a high level of myeloid bias. It is possible that the
CD34+ cells, we isolated from peripheral blood of patients
with SCD, were mostly myeloid progenitors, with only a
small amount of true hematopoietic stem cells (HSCs).

When delivering only gRNA/Cas9 RNP (i.e. without
ssODN) into SCD CD34+ HSPCs, we found that cutting
at the HBB locus in the exonic region near the sickle mu-
tation induced a large increase of HbF percentage among
all hemoglobin proteins expressed. An increase in HbF
percentage was also observed in SCD HSPCs when both
gRNA/Cas9 RNP and ssODN template were delivered
(Figure 4D). It is possible that the increase in HbF percent-
age is due to Cas9 cutting induced biallelic �-thalassemia
mutation, or due to the increase in hemoglobin formation
between �-globin and � -globin since �-globin chains are
unavailable. However, while intriguing, it is unclear if Cas9
HBB-cutting induced increase in HbF percentage would
have a long-lasting effect at a therapeutically relevant level
(assumed to be 20% HbF or higher), and if the resulting
benefits to SCD patients would outpace the potential harm
of HBB disruption, including the possibility of inducing �-
thalassemia major or minor. The molecular mechanism un-
derlying this type of HbF induction warrants further inves-
tigation.

For therapeutic genome editing, potential off-target ef-
fects need to be carefully analyzed, and significant chal-
lenges exist in both accurately predicting potential off-
target sites and in performing genome-wide unbiased
searches (60). Further, currently deep sequencing has a de-
tection limit of 0.1% thus cannot capture low frequency in-
dels (61), and gross chromosomal rearrangements due to
concurrent on- and off-target DSBs or two off-target DSBs
cannot be comprehensively identified or quantified by most
existing methods. For R-66 SCD gRNA tested in this study,
the use of in silico prediction tool COSMID has identified
57 potential off-target sites in the human genome, of which
7 were confirmed experimentally as true off-target sites in
peripheral blood SCD HSPCs, including one (OT18) that
caused chromosomal rearrangements. To date this is the
deepest analysis of CRISPR/Cas9 induced off-target effect
in SCD HSPCs. We found that the use of a recently de-
scribed high-fidelity Cas9 variant (26) significantly reduced
the off-target editing to background noise levels and pre-
vented large intra-chromosomal rearrangements in CD34+

cells from patients with SCD without compromising the on-
target editing rates. Further, with this HiFi Cas9, we ob-
served only minimal levels of off-target effects at 16 weeks
post-transplantation in NSG mice. This further demon-
strates the potential of this high-fidelity Cas9 variant for
clinical translation of CRISPR/Cas9 based genome editing.
However, it is reasonable to assume that even with HiFi-
Cas9, CRISPR/Cas9 based gene-editing will have some de-
gree of off-target effects. As the CRISPR/Cas9 technology
moves toward clinical applications, there is a critical need
for more sensitive off-target analysis methods as well as ap-
proaches to reduce off-target effects for safer genome edit-
ing. These efforts should take into account large deletions
induced by DSBs at the on-target site (62), and large chro-
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mosomal rearrangements such as inversions and transloca-
tions.

Our results demonstrated that gene-corrected CD34+

HSPCs from bone marrow of patients with SCD were able
to engraft in NSG mice. However, there was a reduction of
the percentage of gene-corrected alleles at 16 weeks post-
transplantation, which may reflect a reduced engraftment
capacity of edited cells. It is unclear if this is due to gene
editing alone or a combination of the stress of gene editing
and freeze/thaw of the transplanted cells. The difference be-
tween the engraftment behaviors of CD34+ cells harvested
from the bone marrow of two patients with SCD may re-
flect their individual SCD pathology, including differences
in age, gender, disease severity and treatment exposure.
However, overall, CRISPR gRNA/Cas9 RNP and ssODN
template treatment of bone marrow CD34+ cells from pa-
tients with SCD was well tolerated. When we used periph-
eral blood derived CD34+ cells from patients with SCD for
engraftment, the level of gene-corrected alleles in the en-
grafted population was similar to the pre-transplantation
levels, indicating the survival of gene-corrected CD34+ cells
over the period of 19 weeks post-transplantation. We be-
lieve that the non-mobilized peripheral blood SCD CD34+

cells used in our first engraftment study have a lower num-
ber of true HSCs compared to plerixafor mobilized or bone
marrow harvested CD34+ cells, resulting in a myeloid bias
(63,64). In contrast, a clear lymphoid bias was evident with
engraftment of bone marrow SCD CD34+ cells treated with
RNP and ssODN.

In general, delivery of gRNA/Cas9 and ssODN into
SCD CD34+ cells may result in six cell subpopulations
in terms of HBB allele modification: (i) HDR/HDR, (ii)
HDR/NHEJ, (iii) HDR/WT, (iv) WT/WT, (v) WT/NHEJ,
(vi) NHEJ/NHEJ (here HDR = correction of sickle muta-
tion, WT = sickle mutation, NHEJ = induced mutagene-
sis). Although CD34+ cells that had Cas9 cutting of HBB
but no HDR-mediated correction of sickle mutation may
offer some potential benefit, the possibility of inducing �-
thalassemia major or minor phenotype in a sub-population
of cells needs to be carefully studied, and the potential con-
sequences of reduction in the level of functional �-globin
in a patient with SCD need to be determined. Since the
lifespan of a sickle RBC is ∼20 days but that of a nor-
mal RBC or even sickle cell trait RBC (which contains 40%
HbS) is ∼120 days in circulation (65), prolonged survival
of the RBCs containing a lower percentage of HbS may
compensate for the reduction of functional �-globin due to
HBB disruption, resulting in no change in total hemoglobin
level in the body. Further, the extent of on-target mutagen-
esis need to be systematically studied, in light of the recent
finding that on-target DNA double-strand breaks could in-
duce large deletions and complex genomic rearrangements,
which may have pathogenic consequences (62). To mini-
mize the risk of inducing �-thalassemia (major or minor)
in patients with SCD by ontarget Cas9 cutting, the opti-
mal dose and half-life of the gRNA/Cas9 RNP need to be
further investigated, aiming to reduce on-target mutations
(NHEJ indels) without compromising the rate of HDR.
It is possible that, with further optimization, selection us-
ing chemical/biological methods such as cell-cycle synchro-
nization (66), NHEJ inhibition (67,68) or cell surface recep-

tor (18) will not be necessary in order to achieve a positive
clinical outcome.
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