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SUMMARY
Sickle cell disease (SCD) is caused by a 20A > Tmutation in the b-globin gene. Genome-editing technologies
have the potential to correct the SCD mutation in hematopoietic stem cells (HSCs), producing adult
hemoglobin while simultaneously eliminating sickle hemoglobin. Here, we developed high-efficiency viral
vector-free non-footprint gene correction in SCD CD34+ cells with electroporation to deliver SCD muta-
tion-targeting guide RNA, Cas9 endonuclease, and 100-mer single-strand donor DNA encoding intact
b-globin sequence, achieving therapeutic-level gene correction at DNA (�30%) and protein (�80%) levels.
Gene-edited SCD CD34+ cells contributed corrected cells 6 months post-xenograft mouse transplant
without off-target d-globin editing. We then developed a rhesus b-to-bs-globin gene conversion strategy
to model HSC-targeted genome editing for SCD and demonstrate the engraftment of gene-edited CD34+

cells 10–12 months post-transplant in rhesus macaques. In summary, gene-corrected CD34+ HSCs are en-
graftable in xenograft mice and non-human primates. These findings are helpful in designing HSC-targeted
gene correction trials.
INTRODUCTION

Sickle cell disease (SCD) is the most common single-gene disor-

der in the world. It is caused by a 20A > Tmutation in the b-globin

gene, resulting in the sickling of red blood cells (RBCs), hemolytic

anemia, pain crisis, organ damage, and early mortality.1 There

are few treatment options for patients with SCD. The first US

Food and Drug Administration (FDA)-approved medication is hy-

droxyurea and acts by fetal hemoglobin (HbF) induction, thereby

reducing RBC sickling; however, lifelong treatment is needed

and therapeutic effects vary among patients.2 A P-selectin anti-

body (crizanlizumab) treatment designed to reduce blood cell

adhesion was recently approved by the FDA, and L-glutamine

administration has been shown to reduce pain crises in patients

with SCD.3,4 Sibling hematopoietic stem cell (HSC) transplanta-

tion allows for a one-time cure for SCD, but histocompatible sib-

ling donors can be found in only �10% of patients.5,6 In current

gene therapy trials, SCD can be cured by therapeutic b-globin

gene addition into a patient’s autologous HSCs with lentiviral

transduction; however, this method relies upon random vector
This is an open access article under the CC BY-N
integration, leaving the SCD mutation intact and potentially

inducing insertional mutagenesis.7

State-of-the-art genomeediting technologies have the potential

to correct the SCD mutation without genome-wide integration of

vector sequence, producing adult hemoglobin (HbA) by homol-

ogy-directed repair (HDR) while simultaneously eliminating sickle

hemoglobin (HbS) by either the HDRconversion toHbA or incapa-

citating the HbS allele by non-homologous end joining (NHEJ)

small insertion or deletion (indel) formation.8,9 Engineered endo-

nucleases, including zinc finger nucleases (ZFNs) and CRISPR/

Cas9 (including guide RNA and Cas9 endonuclease), allow for

site-specific DNA breakage, enhancing HDR-based gene correc-

tion with donor DNA encoding an intact gene sequence.10 Prior

HSC gene correction research in SCD used mainly an adeno-

associated virus (AAV) vector encoding large-sized donor DNA

as well as occasionally electroporation-mediated delivery of

small-sized donor single-stranded DNA (ssDNA) including silent

mutations to escape from guide RNA targeting (Table 1), but

data regarding engraftment of gene-corrected HSCs was

limited.8,11–15 Here, we investigated CRISPR/Cas9-mediated
Cell Reports Medicine 2, 100247, April 20, 2021 1
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gene correction for patient-derived SCD CD34+ cells with non-

viral vector delivery using an approach that results in seamless

repair of the SCD mutation. This work was complemented by

using the converse approach to seamlessly introduce the SCD

mutation into non-human primate-derived CD34+ cells. We

demonstrated high-efficiency gene correction in patient-derived

SCD CD34+ cells and gene conversion to SCD in non-human pri-

mate CD34+ cells at both DNA and protein levels, resulting in

intact b-globin sequences without any editing footprint (no silent

mutation in the guide RNA target site). Gene-edited CD34+ cells

with HDR engrafted and remained detectable during follow-up

at 6 months post-transplant in xenograft mice and at

10–12 months post-transplant in non-human primates.

RESULTS

Therapeutic-level gene correction of the SCD mutation
in patient CD34+ cells with electroporation of editing
tools
To develop a clinically relevant bs-to-b-globin gene correction

strategy in SCD, we designed SCD mutation-targeting guide

RNA and donor ssDNA encoding a normal b-globin gene (Fig-

ure 1A), which were validated and optimized in a SCD B cell line

model we created (Figures S1A and S1B). The SCDmutation-tar-

geting guide RNA allowed more specific editing for the bs-globin

sequence, but less for the normal b-globin sequence, evaluated

by a lentiviral delivery system.16 For these early development

studies, we used b-globin donor DNA that also included synony-

mous base pair changes that introduced a new HindIII enzyme

site (6 bases). We detected �30% HDR-mediated HindIII site

insertion in thebs-globingeneasevaluatedbybothenzymediges-

tionof polymerasechain reaction (PCR) products (FigureS1C) and

targeted deep sequencing (Figure S1D). The use of normal

b-globin donor DNAwithout a HindIII site for seamless conversion

to the normal wild-type sequence resulted in a similar efficiency of

gene correction (HDR), compared to DNA containing the HindIII

site insertion. In addition, we detected similar HDR efficiencies in

healthy donor CD34+ cells for HDR-mediated HindIII site insertion

as well as reverse b-to-bs-globin gene conversion using a normal

b-globin gene-targeting guideRNA,which targets the samesite as

the SCDmutation in the normal b-globin gene, and donor DNA en-

coding the bs-globin sequence (Figures S1C and S1D).

We then electroporated patient-derived plerixafor-mobilized

SCD CD34+ cells to deliver SCD mutation-targeting guide RNA,

Cas9 mRNA or protein, and correct-sequence b-globin donor

100-mer ssDNA without any additional mutations (80, 120, or

200 mg/mL) (Figure 1B). Cell viability was reduced to 76%–87%

and 71%–81% 1 and 2 days after electroporation (p < 0.01,

except 80 mg/mL of donor DNA), compared to 90% and 94% in

a no-electroporation control, respectively (Figure 1C). Following

erythroid differentiation, high-efficiency genome editing at the

DNA level was observed in both Cas9 mRNA (29%–33% gene

correction and 50%–58% indels with donor DNA concentration

dependence) and Cas9 protein (37% correction and 44% indels)

(Figure 1D). Importantly, the gene-corrected DNA sequence

was completely identical to the intact b-globin gene. A total of

15%–23% biallelic and 17%–26% monoallelic gene corrections

were detected at the clonal level by colony assay (Figure 1E).



Figure 1. Efficient gene correction of the sickle cell disease (SCD) mutation in CD34+ cells in vitro

(A) Schematic design of guide RNA targeting the SCD mutation in b-globin gene and donor single-stranded DNA (ssDNA) encoding normal b-globin gene.

(B) A bs-to-b-globin gene correction model in SCD CD34+ cells by electroporation-mediated delivery of guide RNA, Cas9 endonuclease, and donor ssDNA,

followed by in vitro erythroid differentiation.

(C) CD34+ cell viability 1 and 2 days after electroporation, evaluated by trypan blue stain. *p < 0.05, **p < 0.01, evaluated by Dunnett’s test, compared with no

electroporation (n = 1–6). Standard error of the mean (SEM) shown as error bars.

(D) bs-to-b-globin gene correction (homology-directed repair [HDR]) and indels (small insertions and deletions), evaluated by targeted deep sequencing in

cultured edited cells 2–5 days post-electroporation. **p < 0.01, evaluated byDunnett’s test, comparedwith no electroporation (n = 1–6). SEM shown as error bars.

(E) Biallelic correction (HDR/HDR) and monoallelic correction (HDR/indel and HDR/sickle) in colony-forming units (CFUs), evaluated by quantitative polymerase

chain reaction (qPCR) single-nucleotide polymorphism (SNP) genotyping (n = 1).

(F–H) Normal b-globin protein production in SCD CD34+ cell-derived erythroid cells following gene correction, evaluated by hemoglobin electrophoresis (F), and

reversed-phase high-performance liquid chromatography (RP-HPLC) (G and H). **p < 0.01, evaluated by Dunnett’s test, compared with no electroporation (n = 1–6).

SEM shown as error bars.
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High-level normal b-globin protein production was observed by

hemoglobin electrophoresis (Figure 1F) and reversed-phase

high-performance liquid chromatography (RP-HPLC) (Figures

1G and 1H) usingCas9mRNA (82%–85%) aswell asCas9 protein

(81%), while bs-globin amounts were markedly reduced under

both conditions (15%–19%). Interestingly, a similar efficiency of

gene correction was observed before and after erythroid differen-

tiation (Figure S1E). These data demonstrate that this viral vector-

free non-footprint gene editing method allows for efficient gene

correction in SCD CD34+ cells, exceeding the therapeutic

threshold of 20% in SCD.17

We evaluated off-target effects on the highly homologous

d-globin gene, previously reported to be a major off-target site
in b-globin gene editing,18 and no increase in off-target events

(0.6%–1.3% indels) was observed, as compared to controls

(1.2% indels) (Figure S1F). Interestingly, the 9T > C polymor-

phism on the b-globin gene (11 bp upstream of SCD mutation)

was found in SCD CD34+ cells (Figure S1G), and C-to-T gene

conversion (13%–14%) occurred along with SCD gene correc-

tion (43%–54%) at 1 bp upstream of the DNA cleavage site,

suggesting that gene conversion more efficiently occurs at nu-

cleotides nearer to the DNA cleavage site.

To investigate whether indels in the b-globin gene can affect

globin expression, we also evaluated bs-globin gene editing

without donor ssDNA in SCD CD34+ cells (Figure S1H). In this

donor DNA-free editing, 64%–71% indels (p < 0.01) were
Cell Reports Medicine 2, 100247, April 20, 2021 3



Figure 2. Similar-level b-to-bs-globin gene conversion among subpopulations of CD34+ cells

(A) A b-to-bs-globin gene conversion model to evaluate HDR and indels among sorted subpopulations of edited CD34+ cells 2 days post-electroporation.

(B) HDR and indels among subpopulations (CD34+CD133+CD90+, CD34+CD133+CD90�, CD34+CD133�, and CD34�) of edited CD34+ cells. Not significant,

evaluated by Dunnett’s test, compared with bulk cells (n = 3). SEM shown as error bars.

(C) HDR and indels among cell cycles (G0/G1, S, and G2/M) in edited CD34+ cells. Not significant, evaluated by Dunnett’s test, compared with bulk cells (n = 3).

SEM shown as error bars.
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generated at the DNA level (Figure S1I), and mainly bs-globin

was detected at the protein level, with minimal g-globin and un-

detectable normal b-globin (Figures S1J and S1K). We also

observed no increase in g-globin protein production in gene-cor-

rected SCDCD34+ cells, compared to no electroporation control

(Figure S2A). These data demonstrate that minimal HbF expres-

sion is induced by indels in b-globin gene editing.

In addition, we evaluated genome editing among subpopula-

tions of CD34+ cells from 3 healthy donors under the same condi-

tions but using reagents that would achieve the converse effect of

b-to-bs-globin gene conversion (Figure 2A). We observed similar

editing efficiencies (HDR and indels) among more immature

(CD34+CD133+CD90+) and relatively differentiated populations

(CD34+CD133+CD90�, CD34+CD133�, and CD34�) (Figure 2B),

as well as among cells at different phases of the cell cycle (G0/

G1, S, andG2/M) (Figure 2C), suggesting that similar gene correc-

tion efficiencies are obtained in all CD34+ cell populations, poten-

tially including the likely long-term repopulating HSC population.

Engraftment of gene-edited cells with the SCDmutation
in xenograft mouse and rhesus transplantation models
To evaluate the engraftment of gene-corrected CD34+ cells,

gene-edited SCD CD34+ cells from 3 patient donors
4 Cell Reports Medicine 2, 100247, April 20, 2021
(4–53 105 cells per mouse) were transplanted into immunodefi-

cient NOD/B6/SCID/IL-2rg�/�/KitW41/W41 (NBSGW) mice (Fig-

ure 3A; Table S1). Efficient gene correction in vitrowas observed

in SCD CD34+ cells from all 3 donors at both DNA and protein

levels (Figures 3B, 3C, and S2B). During the first 24 weeks after

xenograft transplantation of gene-edited CD34+ cells, 8%–29%

human cell engraftment was observed (Figure 3D); 34%–59%

gene correction was detected at the early time point, but these

levels decreased to 10%–38% over a 24-week follow-up (Fig-

ure 3E). The indel ratios were relatively similar between 4 weeks

(28%–33%) and 24 weeks (13%–36%) post-transplant. We also

observed a negative correlation between human cell engraft-

ment and gene correction efficiency (p < 0.01), but not between

engraftment and indels (Figures S3A and S3B), suggesting that

gene correction in engrafting CD34+ cells is less efficient as

compared to indels or that undergoing HDR is detrimental to

engraftment. Off-target d-globin gene editing was not detectable

(<1%) 24 weeks post-transplant (Figure S3C). In addition, we

performed a second set of xenograft mouse transplantation

with gene-corrected SCD CD34+ cells, and 2%–7% gene

correction and 23%–52% indels (p < 0.05) were observed in

bone marrow cells 24 weeks post-transplant (Figures S3D

and S3E), similar to peripheral blood data in the first set of



Figure 3. Engraftment of gene-corrected SCD CD34+ cells in xenograft mice

(A) Xenograft mouse transplantation for SCD CD34+ cells from 3 donors following bs-to-b-globin gene correction.

(B) Gene correction (HDR) and indels in edited SCD CD34+ cells in vitro, evaluated by targeted deep sequencing (n = 1).

(C) Normal b-globin protein production in erythroid cells in vitro differentiated from edited SCD CD34+ cells, evaluated by RP-HPLC (n = 1).

(D) Engraftment of edited SCD CD34+ cells 4–24 weeks post-xenograft transplantation, evaluated by human CD45 expression in flow cytometry. *p < 0.05,

**p < 0.01, evaluated by Dunnett’s test, compared with no electroporation (n = 2–5). SEM shown as error bars.

(E) Gene correction (HDR) and indels in peripheral blood cells 4–24 weeks post-xenograft transplantation, evaluated by targeted deep sequencing. *p < 0.05,

**p < 0.01, evaluated by Dunnett’s test, compared with no electroporation (n = 1–5). SEM shown as error bars.
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transplantation (Figure 3E). We observed more efficient gene ed-

iting with Cas9 protein (HDR 2%–5%, indel 44%–52%) in xeno-

graft bone marrow cells, compared to Cas9 mRNA (HDR 2%–

7%, indel �23%); therefore, we used Cas9 protein for rhesus

transplantation rather than Cas9 mRNA.

Given that there is no SCD non-human primate model, we

decided to model SCD gene correction in rhesus macaques

using a reverse b-to-bs globin conversion model of our design

(Figure S4A). Mobilized rhesus CD34+ cells from 2 animals

were electroporated to deliver rhesus b-globin-targeting guide

RNA (the same target site as the SCD mutation-targeting

guide RNA), Cas9 protein, and donor ssDNA including the

SCD mutation (20A > T). We also added an adjuvant (i53

mRNA) to improve gene conversion (HDR) efficiencies.19,20

We observed high-efficiency genome editing without the adju-

vant (29% ± 0% gene conversion and 63% ± 1% indels), and

further enhanced genome editing with the adjuvant (56% ±

2% gene conversion and 37% ± 1% indels) (Figure S4B).
Erythroid differentiation of edited CD34+ cells resulted in the

production of bs-globin protein (�100%) and undetectable

production of normal b-globin in gene-edited cells, analyzed

by hemoglobin electrophoresis (Figure S4C) and RP-HPLC

(Figures S4D and S4E). High-level g-globin expression was

observed as a background of rhesus erythroid differentiation

(Figure S2C), perhaps reducing a sensitivity of b-globin

production.

We then evaluated the engraftment of gene-edited rhesus

CD34+ cells with b-to-bs-globin conversion (n = 2, 13U005

and 12U011) to model gene correction in humans. Mobilized

rhesus CD34+ cells (3.4 3 107 [5.9 3 106/kg] and 3.8 3 107

[6.8e 3 106/kg], respectively) were electroporated to deliver

editing tools and cryopreserved after electroporation (Fig-

ure 4A). Small aliquots of edited cells (before and after cryo-

preservation) were differentiated into erythroid cells in vitro,

resulting in 17%–26% gene conversion and 57%–72% indels

at the DNA level (Figure 4B) and 42%–100% of bs-globin
Cell Reports Medicine 2, 100247, April 20, 2021 5



Figure 4. Engraftment of gene-edited CD34+ cells with b-to-bs-globin conversion in rhesus macaques

(A) Rhesus transplantation of autologous CD34+ cells following b-to-bs-globin gene conversion in 2 animals (13U005 and 12U011).

(B) Gene conversion (HDR) and indels in edited rhesus CD34+ cells in in vitro culture, evaluated by targeted deep sequencing.

(C) bs-globin protein production in erythroid cells in vitro differentiated from edited rhesus CD34+ cells, evaluated by RP-HPLC.

(D) Gene correction (HDR) and indels in peripheral blood cells post-transplant, evaluated by targeted deep sequencing.

(E and F) bs-globin protein production in red blood cells post-transplant, evaluated by hemoglobin electrophoresis.
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production at the protein level (Figures 4C and S2D), with no

difference observed between aliquots taken before and after

cryopreservation. Lower amounts of bs-globin protein produc-

tion was observed in 2nd-mobilization CD34+ cells in 13U005,

likely due to slightly less efficient genome editing at the DNA

level. Following myeloablative total body irradiation (9.5 Gy),

the frozen edited CD34+ cells (2.2 3 107 [3.8e 3 1066/kg]

and 1.6 3 107 [2.9 3 106/kg], respectively) were injected

into autologous macaques.

We observed a robust recovery of blood counts in 13U005

(without transfusion), while peripheral blood recovery was de-

layed in 12U011, which was supported by whole-blood trans-

fusion at days 28 and 39 and platelet-rich plasma transfusion

at days 23, 30, and 33 (Figures S4F and S4G). In 13U005 and

12U011, 7%–11% and 1%–2% of b-globin gene conversion

were observed in both granulocytes and lymphocytes at the

early time point (3 weeks) post-transplant, respectively, and

the gene conversion ratios plateaued at �1% in both ani-
6 Cell Reports Medicine 2, 100247, April 20, 2021
mals 10–16 weeks post-transplant (Figure 4D). At the

early time point, 44%–54% and 45%–51% of indels were de-

tected, but these levels plateaued to 8%–10% and 7%–8%,

respectively. HbS production in RBCs was �17% and �8%

at the early time point in 13U005 and 12U011 (Figure 4E), pla-

teauing at �10% and �3% 10–12 months post-transplant,

respectively (Figure 4F). Interestingly, 10%–30% of HbF pro-

duction was observed at early time points post-transplant in

12U011, but was undetectable in 13U005, likely due to

stress hematopoiesis accompanying the delayed recovery

(Figure S2E). E7V amino acid replacement (resulting from

b-to-bs-globin conversion) and E7 deletion (resulting from in-

del-mediating GAG deletion in the SCD mutation site)

were detected in b-globin protein from both animals 5–

6 months post-transplant (Figures S4H and S4I). These data

demonstrate that gene-edited CD34+ cells with gene

conversion and indels are engraftable in xenograft mice to

6 months and in rhesus macaques to 10–12 months.
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DISCUSSION

We developed an efficient gene correction strategy for the SCD

mutation in the b-globin gene with electroporation-mediated de-

livery of editing tools into SCD CD34+ cells, achieving therapeu-

tic-level gene correction at the DNA level (�30%) and at the pro-

tein level (�80%) (Figure 1). This virus-free gene correction

method using SCD mutation-targeting guide RNA, Cas9

mRNA/protein, and donor ssDNA encoding the normal b-globin

sequence (without silent mutations in the guide RNA targeting

sites) results in seamless correction to the normal wild-type

b-globin sequence without any editing footprint. The gene-edi-

ted SCD CD34+ cells with correction to normal b-globin gene

sequence were engraftable for 6 months as measured in xeno-

grafts in immunodeficient mice (Figure 3), and engraftment of

gene-edited CD34+ cells with conversion from normal to bs-

globin gene sequence was observed for 10–12 months post-

transplant in a rhesus HSC gene correction model (Figure 4).

SCD is the most common single-gene disorder; therefore,

development of a curative strategy for SCD is a primary goal in

the field of gene therapy research.19,21 In the present gene ther-

apy approach, a therapeutic b-globin gene is added to CD34+

HSCs with a lentiviral vector, allowing for therapeutic-level

gene marking and phenotypic correction in SCD.7 However,

the lentiviral vector backbone is integrated throughout the HSC

genome, potentially inducing insertional mutagenesis. Unlike

lentiviral gene therapies, gene correction methods can repair

the SCDmutation without genome-wide vector integration. Initial

research into SCD gene correction used AAV6 vector delivery of

large-size donor DNA, which encoded a b-globin genewith silent

mutations (Table 1).8 This method allows the donor DNA to

escape from guide RNA targeting; however, the corrected

b-globin gene included these silent mutations as footprints of

genome editing, which should not change the resulting amino

acid sequence but may affect its transcriptional activity, since

codon optimization using silent mutations was demonstrated

to change gene expression levels,22,23 and various transcrip-

tional factor binding sites exist around the b-globin gene.24 In

addition, while recombinant AAV vectors generally persist

episomally, the random integration of AAV vector genomes

was reported in a canine gene therapy model.25 Recently, donor

ssDNA was used for b-globin gene editing (Table 1); however,

gene correction data in SCDCD34+ cells was limited, and almost

all donor DNAs included silent mutation(s) to escape from guide

RNA targeting. AAV-based delivery of large-sized donor DNA

permits the increase of gene correction in CD34+ cells in vitro,

compared to electroporation-mediated donor ssDNA delivery;

however, gene correction for engrafting cells in xenograft mice

has not yet achieved the therapeutic threshold (�20%) in SCD.

In this study, we designed SCD mutation-targeting guide RNA

that can specifically target the mutation in the bs-globin gene

and not the normal b-globin sequence, allowing us to use normal

wild-type b-globin sequence donor 100-mer ssDNA without

introducing silent mutations in the target site. We also used viral

vector-free electroporation-mediated delivery of editing tools,

allowing for gene correction in the SCD mutation without poten-

tial integration of vector backbone or the potential adverse

cellular responses that can occur with the AAV vector for delivery
of donor sequence. This viral vector-free non-footprint gene

correction method should result in transcriptional activity that

is indistinguishable from that of normal and an improved safety

profile that would be beneficial for clinical translation.

Previous phenotypic analysis in SCD patients suggests that

20% HbF (or potentially HbA) per RBC is a therapeutic threshold

to reduce clinical events,26 and in allogeneic HSC transplanta-

tion following reduced intensity conditioning, 20% donor cell

chimerism (mostly HbAS donor) can overcome the SCD pheno-

type.17 Based on this rationale, we expect that R20% b-globin

correction per cell at the protein level (allowed by both biallelic

and monoallelic correction) in R20% RBCs derived from gene-

corrected HSCs is needed to produce long-term therapeutic

effects. In this study, our viral vector-free non-footprint method

allowed for �30% of gene correction (�20% biallelic and

�20% monoallelic correction) at the DNA level and �80% of

normal b-globin production at the protein level in SCD CD34+

cells in vitro (Figure 1), which should be sufficient for initiating an-

imal experiments to evaluate the engraftment of gene-edited

CD34+ cells. Indels (�50%) in the b-globin gene lead to a frame-

shift mutation (except when indel base pairs are divisible by 3);

therefore, indels should strongly reduce RBC generation similar

to b-thalassemia. Based on this observation, �30% of gene

correction and �10% of remaining SCD mutation results in

�80% of normal b-globin protein production (Figure 1). Similarly,

b-to-bs-globin gene conversion ratios at the protein level (8%–

17%) in rhesus RBCs were higher than gene conversion ratios

at the DNA level (1%–11%) in granulocytes and lymphocytes,

likely due to indel (44%–54%)-mediated inadequate erythropoi-

esis (Figure 4). If high-level indels (near 100%) were obtained in

the b-globin gene, it may induce severe anemia such as b-thal-

assemia major; however, in the present transplanted macaques,

hemoglobin concentration and RBC counts were recovered to

the normal range (Figures S4F and S4G), probably due to insuf-

ficient indel levels for the thalassemia-major phenotype. Interest-

ingly, E7 deletion (indel-mediating GAG deletion) was detected

at both DNA (3%–4%) and protein levels in transplanted rhesus

macaques (Figures S4H and S4I), and the E7 deletion was previ-

ously described as Hb Leiden with similar oxygen affinity and

anti-sickling effects as normal HbA.27 The E7 deletion (GAG)

may be enhanced up to detectable levels by microhomology in

the rhesus b-globin gene (GAGGAG). Indels in the bs-globin

gene can reduce pathogenic HbS production, allowing one to

prevent the sickling of RBCs;28 thus, they should contribute posi-

tively to SCD gene correction therapy. This high-efficiency gene

editing method would allow for therapeutic-level gene correction

in SCD CD34+ cells assessed in vitro.

HDR-mediated gene correction is thought to be enhanced by

cell proliferation; however, cell proliferation may reduce the

engraftment of gene-edited CD34+ HSCs.29,30 To investigate

this hypothesis, we evaluated gene correction efficiencies in

subpopulations and cell cycles in edited CD34+ cells 2 days after

electroporation, since cell viability is generally reduced 1–2 days

post-electroporation. In addition, the CD34+CD133+CD90+ frac-

tion should contain engrafting cells at both day 2 (for electropo-

ration) and day 4 (for cell sorting), and the ratios of G0/G1, S, and

G2/M are similar between days 2 and 4 during CD34+ cell cul-

ture.31,32 HDR is thought to be regulated during the cell cycle;30
Cell Reports Medicine 2, 100247, April 20, 2021 7



Article
ll

OPEN ACCESS
however, similar editing ratios were observed among subpopu-

lations as well as cell cycles (Figure 2), and we also demon-

strated similar editing efficiencies before and after erythroid

differentiation in edited SCD CD34+ cells (Figure S1E). Similar

editing ratios among subpopulations were previously described

in healthy donor CD34+ cells with another target.33 These data

demonstrate that gene editing efficiency does not vary between

the subpopulations of CD34+ cells that we evaluated under the

present conditions. To further investigate this hypothesis, we

evaluated gene editing efficiency in repopulating blood cells

derived from gene-edited CD34+ HSCs in xenograft mouse

and non-human primate transplantation models. We observed

the engraftment of gene-corrected human CD34+ cells from 3

SCD patient donors up to 6 months post-transplant in xenograft

mice (Figure 3), and the converse b-to-bs-globin gene-converted

CD34+ cells exhibited engraftment 10–12 months after rhesus

transplantation (Figure 4), demonstrating that b-globin gene-

edited HDR+ cells engraft in both xenograft mice and rhesus ma-

caques. Multi-lineage engraftment of gene-modified CD34+ cells

was previously demonstrated in xenograft mice.34 We also

observed multi-lineage engraftment of gene-edited rhesus

CD34+ cells in the present study among granulocytes and lym-

phocytes evaluated by DNA analysis (Figure 4), as well as

RBCs evaluated by protein analysis (Figure 4). We did, however,

observe a reduction in editing ratios during the first 3 months

post-transplant, and editing levels plateaued over longer

follow-up. Those trends can be explained by the fact that blood

cells are still being reconstituted from hematopoietic progenitors

during the first 3 months post-transplant, followed by long-term

reconstitution derived from HSCs.35,36 This decrease in HDR+

cells is reminiscent of early studies by us and others examining

retroviral gene transfer. Despite high efficiencies predicted by

mouse models and various in vitro surrogate HSC assays, a

marked decrease in engraftment was noted in both rhesus and

human settings.37–39 Overall, these data demonstrate that

gene-edited HDR+ cells are engraftable, as evaluated by xeno-

graft mouse and rhesus HSC transplantation models. Long-

term analysis following transplantation is thus essential to eval-

uate gene editing at the HSC level.

Xenograft mouse transplantation models are used to evaluate

the blood reconstitution of human CD34+ cells; however, severe

immunodeficiency in recipient mice is required for human cell

engraftment.40 In our previous research evaluating lentiviral

gene marking in HSCs, the engraftment of gene-modified

CD34+ cells in xenograft mice appears to be overestimated

compared to more relevant non-human primate transplantation,

perhaps due to the unique immunological state that is required

for xenograft transplantation.21,41–45 Because results from xeno-

graft mouse transplantation are not necessarily predictive of

human cell engraftment, non-human primate models are mean-

ingful and desirable for translational research. Once we can

reliably achieve therapeutic levels of gene modification without

severe toxicity in rhesus macaques, we can move to clinical

translation. In this study, the engraftment of gene-edited HDR+

cells was detected in peripheral blood cells from transplanted

rhesus macaques at both DNA and protein levels; however,

HDR ratios (�1%) were not yet at the therapeutic threshold

(�20%) after gene-editing levels plateaued 3–4 months post-
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transplant (Figure 4). The adjuvant of i53 mRNA was used for

both small-scale rhesus CD34+ cell editing in in vitro culture (Fig-

ures S4A–S4E) and large-scale rhesus CD34+ cell editing for

transplantation (Figure 4). Gene conversion was less efficient in

the large-scale editing, compared to the small scale, however.

Further optimization of large-scale gene conversion in rhesus

CD34+ cells should improve editing efficiency up to similar levels

as the small scale, possibly allowing for long-term engraftment of

gene-edited CD34+ cells at the therapeutic level sufficient for

clinical translation.

In the analysis of bs-to-b-globin gene correction by targeted

deep sequencing, false positive in no electroporation controls

was detected up to 1%–5% in in vitro samples and >10% in

xenograft samples. In rhesus b-to-bs-globin gene conversion,

�0.1% HDR and �3% indels were detected in no electropora-

tion controls. The background levels in b-globin gene correction

are higher than the general error rates (�0.1% per nucleotide),

usually caused by PCR for preparing a DNA library and linear

amplification for the sequencing process.46 However, the

b-globin gene has strong homology to other b-globin series (ε-,

g1-, g2-, and d-globin genes) in the human genome as well as

all b-globin series in the mouse genome, and these similar

DNA sequences can induce skipping PCR,47 possibly resulting

in false positives of b-globin gene correction as well as false

negatives of b-to-bs-globin gene conversion. The false positive

editing in b-globin gene (�2%) was also reported by others.48

Therefore, a no-editing control should be important for targeted

deep sequencing in the b-globin gene to evaluate a background

level of gene editing rates.

HbF induction is an alternative genome editing strategy to

potentially cure SCD. Potential treatment modalities include ed-

iting the BCL11A erythroid-specific enhancer or the g-globin

promoter (BCL11A-binding site editing), or alternatively creating

a larger deletion in the d-globin gene as seen in the hereditary

persistence of fetal hemoglobin (HPFH).49–51 HbF induction

can result from DNA breakage (indels) within these regions;

thus, HDR is not needed for this strategy. Using the available

genome editing technologies, this indel-only editing for HbF in-

duction should be more efficient at the DNA level than HDR-

mediated SCD gene correction. However, indel-mediated HbF

induction could be less efficient at the protein level compared

to HDR-mediated normal HbA production in SCD, since indel-

mediated BCL11A interference cannot achieve 100% of HbF

induction, but correction of the b-globin gene produces normal

HbA only, with indels primarily leading to disrupted bs-globin

production. In addition, BCL11A erythroid-specific enhancer ed-

iting may reduce erythroid output, as evaluated in xenograft

mice.52 Indel ratios in BCL11A erythroid-specific enhancer

editing decreased significantly over long-term follow-up in

non-human primate transplantation models.53,54 The long-term

persistence of HbF induction should be considered in clinical

trials for BCL11A interference.

In summary, we developed a high-efficiency viral vector-free

non-footprint gene correction method in SCD CD34+ cells, re-

sulting in �30% gene correction at the DNA level and �80%

normal b-globin production at the protein level. Gene-edited

SCD CD34+ cells were engraftable 6 months post-xenograft

transplantation. We also developed a rhesus b-to-bs-globin
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conversion model with HSC-targeted genome editing, resulting

in the engraftment of gene-edited cells 10–12 months post-

transplant in rhesus macaques. Our b-to-bs-globin gene conver-

sion large-animal model demonstrates the persistence of HDR at

significant levels, yet below the therapeutic threshold. It should

allow us to comprehensively test strategies to improve the levels

to the therapeutic threshold, permitting us to proceed to clinical

application only after such levels are established. These findings

are helpful in designing future HSC-targeted gene correction

trials.
Limitations of study
While high levels of gene correction among human cells in vitro

and in xenografted mice are now feasible, results in the rhesus

HSC transplantation model demonstrated that the predictions

made by these in vitro and in vivo assays overestimate the levels

that are achievable in large animals and, likely, humans. These

results demonstrate the limitations of these assays. Further-

more, longer follow-up of engrafted gene-edited CD34+ cells

and evaluation of off-target effects are preferable in rhesus

HSC transplantation, following further optimization to improve

the engraftment of gene-edited rhesus CD34+ cells to the levels

needed for therapeutic benefit in humans.
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Antibodies

CD34 antibody BD Biosciences Clone 581; RRID: AB_10563908

CD90 antibody BD Biosciences Clone 5E10; RRID: AB_395970

CD133 antibody BD Biosciences Clone W6B3C1; RRID: AB_2744280

Human CD45 antibody BD Biosciences Clone HI30; RRID: AB_2033960

Biological samples

SCD CD34+ cells NHLBI, NIH This paper (Donor information was shown in Table S2.)

Healthy donor CD34+ cells NHLBI, NIH This paper (Donor information was shown in Table S2.)

Chemicals, peptides, and recombinant proteins

Cas9 protein MacroLab Facility University of California, Berkeley, CA, USA

Stem cell factor R&D Systems 255-SC

FMS-related tyrosine kinase 3 ligand R&D Systems 308-FK

Thrombopoietin R&D Systems 288-TP

Erythropoietin AMGEN EPOGEN �

Interleukin 3 R&D Systems 203-IL

Dexamethasone VETone 501012

Estradiol Pfizer DEPO�-ESTRADIOL

Bovine serum albumin Roche 10738328103

Busulfan PDL BioPharma BUSULFEX�

Experimental models: Cell lines

SCD B cell line This paper Not applicable

Experimental models: Organisms/strains

NBSGW mice The Jackson Laboratory 026622

Rhesus macaque NIH Animal Center Not applicable

Oligonucleotides

SCD mutation-targeting guide RNA Synthego Corporation 50-GUA ACG GCA GAC UUC UCC AC-30

Normal b-globin gene-targeting guide RNA Synthego Corporation 50-GUA ACG GCA GAC UUC UCC UC-30

Rhesus b-globin-targeting guide RNA Synthego Corporation 50-GUG ACG GCA UUC UUC UCC UC-30

Normal b-globin donor DNA Integrated DNA Technologies, Inc. 50-TTC ATC CAC GTT CAC CTT GCC CCA CAG

GGC AGT AAC GGC AGA CTT CTC CTC AGG

AGT CAG ATG CAC CAT GGT GTC TGT TTG

AGG TTG CTA GTG AAC ACA G-30

bs-globin donor DNA Integrated DNA Technologies, Inc. 50-TTC ATC CAC GTT CAC CTT GCC CCA CAG

GGC AGT AAC GGC AGA CTT CTC CAC AGG

AGT CAG ATG CAC CAT GGT GTC TGT TTG AGG

TTG CTA GTG AAC ACA G-30

Rhesus bs-globin donor DNA Integrated DNA Technologies, Inc. 50-TTC ATC CAC GTT CAC CTT GCC CCA CAG

GGT GGT GAC GGC ATT CTT CTC CAC AGG

AGT CAG ATG CAC CAT GGT GTC TGT TTG AGG

TTG CTC GTG AAC ACA G-30

Primers and probes This paper Table S3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

CRISPResso2 Pinello Lab, Massachusetts General

Hospital / Harvard Medical School,

Boston, MA, USA

https://crispresso.pinellolab.partners.org/

FlowJo v10 BD Biosciences https://www.flowjo.com/

JMP 14 SAS Institute Inc https://www.jmp.com/en_us/home.geo.html

Other

StemSpan SFEM media StemCell Technologies 09650

Iscove’s Modified Dulbecco’s Medium Corning 10-016-CV

KnockOut Serum Replacement Thermo Fisher Scientific 10828028

MaxCyte GT System MaxCyte, Inc. https://maxcyte.com/gtx/

Hemoglobin electrophoresis Helena Laboratories 4063

QuantStudio 6 Flex Real-Time PCR System Thermo Fisher Scientific 4485689

FACSAria II BD Biosciences 643180

FACSCanto BD Biosciences 338960
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Naoya

Uchida (uchidan@nhlbi.nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate or analyze datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human donors
Granulocyte-colony stimulating factor-mobilized CD34+ cells from healthy donors and plerixafor-mobilized CD34+ cells from SCD

patients were collected under studies (08-H-0156, 17-H-0124, and 03-H-0015) that were approved by the Institutional Review Board

of the National Heart, Lung, and Blood Institute (NHLBI) (Table S2).55,56 Specific information on the donor demographics (genotype,

age, and gender) are outlined in Table S2. CD34+ cells were cultured in serum free StemSpan SFEMmedia (StemCell Technologies,

Vancouver, BC, Canada) containing 100ng/ml each of stem cell factor (SCF, R&D Systems, Minneapolis, MN, USA), FMS-related

tyrosine kinase 3 ligand (FL, R&D Systems), and thrombopoietin (TPO, R&D Systems).

Non-human primates
Rhesus macaques were maintained, following the guidelines set out by the Public Health Service Policy on Humane Care and Use of

Laboratory Animals under a protocol (H-0136) approved by the Animal Care and Use Committee of the NHLBI (information on ge-

notype, age, and sex can be found in Table S2).35,36,57 Granulocyte colony-stimulating factor (Amgen, Thousand Oaks, CA, USA)

and plerixafor (Amgen)-mobilized rhesus CD34+ cells were pre-stimulated in StemSpan containing 100ng/ml each of SCF, FL,

and TPO for 2 days and electroporated to deliver editing tools.19 The gene-edited CD34+ cells were frozen several hours post-elec-

troporation, and the frozen CD34+ cells were thawed and injected into autologous macaques (13U005: 5.9 years, female, and

12U011: 7.0 years, female) following total body irradiation (2x4.75Gy).

Mice
NOD/B6/SCID/IL2rg�/�/KitW41/W41 mice (Jackson Laboratory, Bar Harbor, ME, USA) were maintained in a pathogen-free facility,

following an animal care and use protocol (H-0228) approved by the Animal Care and Use Committee of the NHLBI (information

on genotype, age, and sex can be found in Table S2). SCD CD34+ cells were pre-stimulated in StemSpam media containing the
Cell Reports Medicine 2, 100247, April 20, 2021 e2
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same cytokines (SCF, FL, and TPO) for 2 days and electroporated to deliver editing tools. The next day, gene-edited SCDCD34+ cells

were injected into 7-week-old male mice.42,58,59 These mice received sublethal busulfan conditioning (25mg/kg, Busulfex, PDL

BioPharma, Redwood City, CA, USA) 2 days before transplantation.

Cell line
Steady-state peripheral blood mononuclear cells (PBMCs) from SCD patients were collected under studies (08-H-0156, 17-H-0124,

and 03-H-0015) that were approved by the Institutional ReviewBoard of the NHLBI (Table S2). A SCDB cell line was established from

SCD PBMCs with Epstein-Barr virus, as previously described.33 The SCD B cell line was cultured in Roswell Park Memorial Institute

1640 (RPMI, Corning, Tewksbury, MA, USA) including 20% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA).

METHOD DETAILS

Electroporation of human CD34+ cells to deliver guide RNA, Cas9 endonuclease, and donor DNA
Granulocyte-colony stimulating factor-mobilized CD34+ cells from healthy donors, and plerixafor-mobilizedCD34+ cells and steady-

state PBMCs from SCD patients were collected under studies (08-H-0156, 17-H-0124, and 03-H-0015) that were approved by the

Institutional Review Board of the NHLBI.55,56 All individuals gave written informed consent for the sample donation and consent doc-

uments are maintained in the donor’s medical records. The consent document was approved by the Institutional Review Board prior

to study initiation and is reviewed and updated annually. A SCD B cell line was established from SCD PBMCs with Epstein-Barr

virus.33

SCD CD34+ cells were pre-stimulated for 2 days in serum free StemSpan SFEM media (StemCell Technologies, Vancouver, BC,

Canada) containing 100ng/ml each of SCF (R&D Systems), FL (R&D Systems), and TPO (R&D Systems). The CD34+ cells were

electroporated with a MaxCyte GT System (HSPC34-3 protocol, MaxCyte, Gaithersburg, MD, USA) to deliver 50 mg/ml modified

guide RNAor 200 mg/ml unmodified guide RNA, 200 mg/ml Cas9mRNAor 200 mg/ml Cas9 protein (MacroLab, University of California,

Berkeley, CA, USA), and 80-200 mg/ml donor ssDNA. SCD mutation-targeting guide RNA (50-GUA ACG GCA GAC UUC UCC AC-30)
and normal b-globin donor DNA (50-TTC ATCCACGTTCACCTTGCCCCACAGGGCAGT AACGGCAGACTT CTCCTCAGGAGT

CAG ATG CAC CAT GGT GTC TGT TTG AGG TTG CTA GTG AAC ACA G-30) were used for human bs-to-b-globin gene correction,

while in human b-to-bs-globin gene conversion, normal b-globin gene-targeting guide RNA (50-GUA ACG GCA GAC UUC UCC

UC-30) and bs-globin donor DNA (50-TTC ATC CAC GTT CAC CTT GCC CCA CAG GGC AGT AAC GGC AGA CTT CTC CAC

AGG AGT CAG ATG CAC CAT GGT GTC TGT TTG AGG TTG CTA GTG AAC ACA G-30) were used. HindIII site insertion donor

DNA (50- TC ATC CAC GTT CAC CTT GCC CCA CAG GGC AGT AAC GGC AGA CTT CTC AAG CTT CAC AGG AGT CAG ATG

CAC CAT GGT GTC TGT TTG AGG TTG CTA GTG AA-30) was used for HindIII site insertion experiments. Cell viability was evaluated

by trypan blue staining 1 day and 2 days post-electroporation.

One day post-electroporation, electroporated cells were differentiated into erythroid cells using differentiation media for 5 days

with Iscove’s Modified Dulbecco’s Medium (IMDM, Corning) containing 20% KnockOut Serum Replacement (KSR, Thermo Fisher

Scientific), 2U/ml erythropoietin (EPO, Amgen), 10ng/ml SCF, 1.0ng/ml interleukin 3 (R&D systems), 1.0 mMdexamethasone (VETone,

Boise, ID, USA), 1.0 mM estradiol (Pfizer, NY, NY, USA) followed by maturation media for 11-13 days with IMDM containing 2U/ml

EPO, 10ng/ml insulin (Lilly, Indianapolis, IN, USA), 0.5mg/ml holo-transferrin (Sigma Aldrich, Saint Louis, MO, USA), and 2% bovine

serum albumin (Roche, Indianapolis, IN, USA).60

Efficiency of HDR (bs-to-b-globin gene correction) and indels was evaluated at DNA levels by targeted deep sequencing or quan-

titative PCR (qPCR)-based single nucleotide polymorphism (SNP) genotyping. Normal b-globin and bs-globin protein production was

evaluated by hemoglobin electrophoresis (Helena Laboratories, Beaumont, TX, USA) and RP-HPLC.21,61

Targeted deep sequencing to evaluate b-globin gene editing
Efficiency of HDR (bs-to-b-globin gene correction) and indels was evaluated in gene-edited cells by targeted deep sequencing. We

amplified both human b-globin gene and d-globin gene using universal primers to detect both genes: BDG targeted seq F1 (50-GTG

TTC ACT AGC AAC CTC AAA-30) and BDG targeted seq R1 (50-ACC CAA GAG TCT TCT CTG TC-30) and added P5 and P7 adapters

using several forward and reverse primer sets, respectively: BDG targeted seq F2a (50-AAT GAT ACG GCG ACC ACC GAG ATC

TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC TAC TAG CAA CCT CAA ACA GAC ACC-30) and BDG targeted seq

R2a (50-CAA GCA GAA GAC GGC ATA CGA GAT GTC GTG ATG TGA CTG GAG TTC AGA CGT GTG CTC TTC CGA TCT

AAC CTT GAT ACC AAC CTG CCC-30), BDG targeted seq F2b (50-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT

TCC CTA CAC GAC GCT CTT CCG ATC TCA CTA GCA ACC TCA AAC AGA CAC C-30) and BDG targeted seq R2b (50-CAA
GCA GAA GAC GGC ATA CGA GAT GTC GTG ATG TGA CTG GAG TTC AGA CGT GTG CTC TTC CGA TCA ACC TTG ATA

CCA ACC TGC CC-30), BDG targeted seq F2c (50-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC

GCT CTT CCG ATC TTT CAC TAG CAA CCT CAA ACA GAC ACC-30) and BDG targeted seq R2c (50-CAA GCA GAA GAC GGC

ATA CGA GAT GTC GTG ATG TGA CTG GAG TTC AGA CGT GTG CTC TTC CGA TCC TTG ATA CCA ACC TGC CCA-30), and
BDG targeted seq F2d (50-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC

TGT TCA CTA GCA ACC TCA AAC AGA CAC C-30) and BDG targeted seq R2d (50-CAA GCA GAA GAC GGC ATA CGA GAT

GTCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGA TCT TGA TACCAACCTGCCCA-30). HDR and indels in b-globin
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or d-globin gene were detected by DNA sequencing. Deep sequencing and analysis were performed by the Cancer Research Tech-

nology Program, Leidos Biomedical Research, Inc., Frederick National Laboratory for Cancer Research.

Rhesus b-globin gene was amplified by a primer set containing partial P5 and P7 adaptor sequences: rBG TargSeq F1 GW2

(50-ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT AGT CAG GGC AGA GCC ATC TAT TG-30) and rBG TargSeq R1

GW2 (50-GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT CTT GCC TCC TTA AGC ATG TCT TGT AAC C-30). Deep sequencing

was performed byGENEWIZ (South Plainfield, NJ, USA), and DNA sequences were analyzed by the CRISPResso2 online software.58

Quantitative polymerase chain reaction (qPCR)-based single nucleotide polymorphism (SNP) genotyping
In CFUs,36 the SCD mutation and normal b-globin sequences were separately detected by qPCR-based SNP genotyping

(QuantStudio 6 Flex Real-Time PCR System, Thermo Fisher Scientific) using Sickle FWD4 primer: 50-GG CAG AGC CAT CTA TTG

CTT AC-30, Sickle REV2 primer: 50-CCA ACT TCA TCC ACG TTC ACC-30, Sickle FAM probe (SCD mutation): 50-FAM-CTG ACT

CCT GTG GAG AA-30, Sickle VIC probe (normal b-globin): 50-VIC-CTG ACT CCT GAG GAG AA-30, and Sickle Reference probe

(for all b-globin sequences): 50-Cy5-CCT CAA ACA GAC ACC AT-30.41 The SCD mutation and normal b-globin signals were

standardized by the sickle reference, and the percentages of SCD mutation and normal b-globin were measured by comparison

to a bs-globin control (100% of SCD mutation) and an intact b-globin control (100% of intact b-globin), respectively. The indel

percentages were calculated by ‘‘indel (%) = reference (100%) - SCD mutation (%) - normal b-globin (%).’’

Cell sorting in flow cytometry
Healthy donor CD34+ cells were pre-stimulated for 2 days and electroporated for b-to-bs-globin conversion. Two days post-elec-

troporation, gene-edited CD34+ cells were stained with CD34 (clone 581, BD Biosciences, East Rutherford, NJ, USA), CD90 (clone

5E10, BD Biosciences), and CD133 (clone W6B3C1, BD Biosciences) antibodies or propidium iodide (PI/RNase Staining Buffer, BD

Biosciences) and sorted by subpopulation (CD34+CD133+CD90+, CD34+CD133+CD90-, CD34+CD133-, andCD34-) or stage in the

cell cycle (G0/G1, S, and G2/M) by flow cytometry (FACSAria II, BD Biosciences), respectively (Figures S1L and S1M).9,33,62 Each

fraction was separately analyzed by targeted deep sequencing.

Xenograft transplantation of gene-edited SCD CD34+ cells
SCD CD34+ cells from three donors were pre-stimulated in StemSpammedia containing the same cytokines (SCF, FL, and TPO) for

2 days and electroporated to deliver SCDmutation-targeting guide RNA, Cas9mRNA, and normal b-globin donor DNA. The next day,

gene-edited SCD CD34+ cells were injected into 7-week-old male NOD/B6/SCID/IL2rg�/�/KitW41/W41 mice (NOD.Cg-KitW-41J Tyr +

Prkdcscid Il2rgtm1Wjl/ThomJ, Jackson Laboratory).42,58,59 These mice received sublethal busulfan conditioning (25mg/kg, Busulfex,

PDL BioPharma) 2 days before transplantation. The use of mice in transplantation experiment (H-0228) was approved by the Animal

Care and Use Committee of the NHLBI. A small aliquot of gene-edited CD34+ cells were cultured to evaluate in vitro bs-to-b-globin

gene correction at DNA and protein levels. After transplantation, human cell engraftment was evaluated by human CD45 antibody

(clone HI30; BD Biosciences) in flow cytometry (FACSCanto, BD Biosciences) during the first 6 months post-transplant.

Autologous gene-edited CD34+ cell transplantation in rhesus macaques
We previously developed an autologous HSC transplantation model with lentiviral gene modification in rhesus macaques, following

the guidelines set out by the Public Health Service Policy on Humane Care and Use of Laboratory Animals under a protocol (H-0136)

approved by the Animal Care and Use Committee of the NHLBI.35,36,57 Granulocyte colony-stimulating factor (Amgen) and plerixafor

(Amgen)-mobilized rhesus CD34+ cells were pre-stimulated in StemSpan containing 100ng/ml each of SCF, FL, and TPO for 2 days

and electroporated to deliver rhesus b-globin-targeting guide RNA (50-GUG ACG GCA UUC UUC UCC UC-30), Cas9 protein, bs-

globin donor DNA including a SCD mutation (50-TTC ATC CAC GTT CAC CTT GCC CCA CAG GGT GGT GAC GGC ATT CTT

CTC CAC AGG AGT CAG ATG CAC CAT GGT GTC TGT TTG AGG TTG CTC GTG AAC ACA G-30), and an adjuvant to enhance

HDR (100 mg/ml i53 mRNA, CELLSCRIPT, Madison, WI, USA).19 The gene-edited CD34+ cells were frozen several hours post-elec-

troporation, and the frozen CD34+ cells were thawed and injected into autologous macaques following total body irradiation

(2x4.75Gy). A small aliquot of gene-edited CD34+ cells were cultured to evaluate in vitro b-to-bs-globin gene conversion at DNA

and protein levels.

After engraftment of gene-edited cells, b-to-bs-globin gene conversion (HDR) and indels were evaluated in granulocytes and lym-

phocytes by targeted deep sequencing. bs-globin protein production in red blood cells was evaluated by hemoglobin electrophoresis

and mass spectrometry,21 to confirm the rhesus b- and bs-globin peaks in RP-HPLC.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the JMP 14 software (SAS Institute Inc., Cary, NC, USA). Two averages were evaluated

with Student’s t test. The averages in various conditions were evaluated by Dunnett’s test (one-way ANOVA for a control). A p value

of < 0.01 or 0.05 was deemed significant. Standard error of the mean was shown as error bars in all figures.
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