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G E N E  T H E R A P Y

Development of -globin gene correction in human 
hematopoietic stem cells as a potential durable 
treatment for sickle cell disease
Annalisa Lattanzi1,2†, Joab Camarena1†, Premanjali Lahiri3, Helen Segal3, Waracharee Srifa1, 
Christopher A. Vakulskas4, Richard L. Frock5, Josefin Kenrick5, Ciaran Lee6, Narae Talbott3, 
Jason Skowronski3, M. Kyle Cromer1, Carsten T. Charlesworth1, Rasmus O. Bak7,8,  
Sruthi Mantri1, Gang Bao9, David DiGiusto3, John Tisdale10, J. Fraser Wright1,2, Neehar Bhatia3‡, 
Maria Grazia Roncarolo1,2,11, Daniel P. Dever1*, Matthew H. Porteus1,2,11*

Sickle cell disease (SCD) is the most common serious monogenic disease with 300,000 births annually worldwide. 
SCD is an autosomal recessive disease resulting from a single point mutation in codon six of the -globin gene 
(HBB). Ex vivo -globin gene correction in autologous patient-derived hematopoietic stem and progenitor cells 
(HSPCs) may potentially provide a curative treatment for SCD. We previously developed a CRISPR-Cas9 gene 
targeting strategy that uses high-fidelity Cas9 precomplexed with chemically modified guide RNAs to induce 
recombinant adeno-associated virus serotype 6 (rAAV6)–mediated HBB gene correction of the SCD-causing 
mutation in HSPCs. Here, we demonstrate the preclinical feasibility, efficacy, and toxicology of HBB gene correction 
in plerixafor-mobilized CD34+ cells from healthy and SCD patient donors (gcHBB-SCD). We achieved up to 60% 
HBB allelic correction in clinical-scale gcHBB-SCD manufacturing. After transplant into immunodeficient NSG mice, 
20% gene correction was achieved with multilineage engraftment. The long-term safety, tumorigenicity, and 
toxicology study demonstrated no evidence of abnormal hematopoiesis, genotoxicity, or tumorigenicity from the 
engrafted gcHBB-SCD drug product. Together, these preclinical data support the safety, efficacy, and reproduc-
ibility of this gene correction strategy for initiation of a phase 1/2 clinical trial in patients with SCD.

INTRODUCTION
Sickle cell disease (SCD) is an autosomal recessive monogenic blood 
disorder, caused by a single point mutation (A>T) in the sixth codon 
of the -globin gene. This missense mutation changes the amino acid 
from glutamic acid (E) to valine (V) and the formation of sickle 
 chains. The sickle -globin protein forms abnormal hydrophobic 
interactions through axial and lateral contacts within sickling 
hemoglobin (HgbS) in the deoxygenated state leading to hemoglobin 
polymerization, sickle-shaped red blood cells (RBCs), and hemolytic 
anemia. SCD affects millions of people worldwide causing both a 
high medical burden to patients, families, and communities and high 
financial burden to these same groups and to the broader health care 
system (1). The main disease manifestations of SCD are vaso-capillary 
ischemia events, causing vaso-occlusive pain events and acute chest 
crisis. The current standard of care focuses on symptomatic relief in-
volving pain control and blood transfusions, hydroxyurea adminis-
tration, and recently approved drugs that inhibit HgbS polymerization 

(2) or reduce pain crisis (3). The only approved curative treatment 
to date is allogeneic human leukocyte antigen (HLA)–matched 
hematopoietic stem cell transplantation (allo-HSCT) (4, 5). In 
patients undergoing allogenic transplant, long-term persistent mixed-
donor chimerism ranging from 10 to 20% corresponded with bene-
ficial clinical results by keeping HgbS concentrations below 50% 
(6–8). However, a matched sibling donor is only available in 10 to 
15% of cases (5, 6), and the use of haploidentical or unrelated donors 
is still considered experimental (9).

The gene therapy field has recently seen unprecedented efforts 
to provide alternative and potentially curative treatments for SCD 
by taking advantage of ex vivo lentiviral transduction of autologous 
hematopoietic stem and progenitor cells (HSPCs) (10–13). The 
reinfusion of autologous genetically modified HSPCs after patient 
myeloablation obviates the need to find donors for transplantation 
and decreases the risk of immune-related complications due to HLA 
mismatch between donor and recipient. Another crucial improve-
ment in HSCT protocols for patients with sickle cell has been the 
introduction of plerixafor as an alternative HSPC-mobilizing agent 
to granulocyte colony-stimulating factor (G-CSF), which can cause 
toxicity and deaths in patients with SCD (14–17). Now, there are 
four ongoing clinical trials that use this strategy (clinicaltrials.gov: 
NCT02186418, NCT02247843, NCT02140554, and NCT03964792), 
with preliminary reports of therapeutic safety and efficacy emerging 
(18); however, lentiviral vector-related safety concerns and trans-
duction efficiency are challenges (19, 20), warranting further devel-
opment of gene therapies for SCD.

The CRISPR-Cas9 system (21) has proven to be versatile, simple 
to engineer, and effective for gene editing of human HSPCs ex vivo 
(22–25). It can be used to induce precise genetic alterations, by 
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exploiting the nonhomologous end joining (NHEJ) DNA repair 
pathway or by performing “gene correction” and “gene addition” 
through the homologous recombination (HR) repair pathway, 
enabled by the supply of a homologous DNA donor template (26). 
Several groups have demonstrated increased HR in ex vivo gene 
editing with recombinant adeno-associated virus serotype 6 (rAAV6)–
mediated delivery of the donor template (23, 27–34). Presently, 
several genome editing approaches in autologous HSPCs using the 
CRISPR-Cas9 system are being developed for SCD. Some strategies 
aim to reactivate the expression of the cognate fetal hemoglobin by 
interfering with the function of the -globin switch master regulator 
BCL11A (35). Now, there is one open clinical trial (clinicaltrials.gov, 
NCT03745287) exploring this approach for SCD and two more 
for -thalassemia major (clinicaltrials.gov, NCT03432364 and 
NCT03655678). However, a potentially more definitive approach is 
to directly correct the pathogenic sickle mutation in the HBB gene, 
thus preserving physiologic regulation of gene expression. Directly 
correcting the endogenous HBB gene will also remove expression of 
pathologic HgbS, addressing the problem of competition with the 
highly expressed pathogenic protein. We developed an HBB gene cor-
rection strategy that combined ribonucleoprotein (RNP) delivery of 
a high-fidelity (HiFi) Cas9 variant with rAAV6 DNA donor delivery 
that preserved HSC biological functions and is compatible with a 
clinical-scale manufacturing process (23, 28).

Here, we describe the preclinical [investigational new drug (IND)–
enabling] studies with HBB gene-corrected CD34+ HSPCs to treat 
SCD (gcHBB-SCD), focusing on efficacy, safety, and clinical-scale 
manufacturing feasibility. In particular, we demonstrate (i) repro-
ducible high-frequency HBB gene correction in plerixafor-mobilized 
HSPCs (plxHSPCs) from healthy donors and patients with SCD, (ii) 
long-term engraftment of HBB gene-corrected HSPCs in mice, (iii) 
absence of genotoxicity and tumorigenic potential, and (iv) high 
feasibility of manufacturing a full human clinical dose. Together, these 
studies provide the foundation supporting an IND submission for a 
phase 1/2 trial for the treatment of SCD.

RESULTS
HBB gene correction in plerixafor-mobilized, long-term 
engrafting HSPCs from healthy donors
We previously demonstrated the proof of concept of successful HBB 
targeting with a reporter donor cassette in long-term engrafting HSCs 
isolated from mobilized peripheral blood (23). We also showed fea-
sibility of HBB gene correction for the codon 6 point mutation 
using an rAAV6 DNA donor sequence bearing six silent mutations 
(23, 36, 37). Here, we performed the gene correction process in clin-
ically relevant plxHSPCs from healthy donors (Fig. 1A) (24). The 
HBB gene correction process was highly reproducible in five different 
HSPC donors, with a mean of 80% viability, 92% CD34+ cells by 
fluorescence-activated cell sorting (FACS), and 22% HBB allelic gene 
correction (gcHBB) assessed by droplet-digital polymerase chain 
reaction (ddPCR) (fig. S1A). We next tested targeted HSPC engraft-
ment potential and hematopoietic reconstitution in sublethally irra-
diated nonobese diabetic–scid-gamma (NSG) mice. We compared 
the systemic intravenous (tail vein) with the intrafemoral (IF) bone 
routes of delivery by assessing biodistribution and kinetics of HSPCs 
marked by a luciferase expression cassette targeted to the HBB locus 
(fig. S1B). Gene-targeted HSPCs showed faster engraftment with 
IF injection, but intravenous injection also resulted in broad 

biodistribution, with HSPCs homing to multiple bone marrow (BM) 
sites (fig. S1, C and D). Subsequently, we manufactured plxHSPCs 
for HBB gene correction (gcHBB-SCD) and administered the cells 
in a dose escalation into NSG mice using both intravenous and IF 
injection methods. Human engraftment was analyzed in the BM of 
NSG mice at week 16 after injection and showed comparable engraft-
ment between the two administration routes at the high and inter-
mediate cell doses but a higher engraftment for IF delivery at the 
low cell dose (fig. S2A). We observed bilineage reconstitution of 
lymphoid and myeloid cells (fig. S2B), and ~5% of long-term HSPCs 
retained gcHBB alleles, independent of route of administration (fig. 
S2C). Molecular analysis in human cells displayed on-site insertion/
deletion (INDEL) frequency of 52%, along with an off-target (OT) 
INDEL frequency of 18% at an identified OT site (OT1) (fig. S2D) 
(23). These results provided the basis to proceed with intravenous 
injections in subsequent human HSPC engraftment studies using 
NSG mice. Furthermore, BM–residing HSPCs were also differentiated 
toward the erythroid lineage ex vivo for 14 to 16 days (Fig. 1A and 
fig. S3, A and B) and showed 2.5 and 16% gcHBB alleles in two inde-
pendent experiments (fig. S3C). These results suggest that it is possible 
to target HBB for codon 6 gene correction in long-term engrafting 
plxHSPCs, albeit the frequencies obtained by these protocol settings 
might be disease-modifying rather than curative in an autologous trans-
plant setting. This cautious interpretation is based on data from the study 
of patients having undergone allo-HSCT where claims that curative 
thresholds range from 5 to 30% for engrafted donor CD34+ HSPCs. 
There is consensus, however, that the percent of gene-corrected cells 
needed to cure patients will vary from individual to individual.

Manufacturing protocol optimization to achieve higher 
frequencies of in vivo HBB gene correction with low 
detectable OT activity
On the basis of the above results, we sought to optimize the genome 
editing protocol to achieve higher in vivo retention of gene correc-
tion alleles with minimal OT activity. We investigated the following 
parameters: (i) the addition of the UM171 small molecule to the cul-
ture medium, which has been shown to promote HSC cycling and 
self-renewal (38), to increase rAAV6 transduction efficiency and HSC 
recovery (39) and to reduce reactive oxidative species (ROS) gener-
ation during cell cycle (40); (ii) the implementation of the low-density 
culture condition to promote HSC cycling (27, 41); and (iii) the use of 
a HiFi Cas9 (R691A) variant that works well in the RNP format (28).

Whereas the addition of UM171 to the culture medium did not 
affect the in vitro gene targeting frequencies (fig. S4A) nor the in vivo 
engraftment potential of human CD34+ cells (fig. S4B), it increased 
in vivo retention of gcHBB alleles with respect to the in vitro popu-
lation [median ratio of 0.75 (in vivo divided by in vitro)] in the BM 
of transplanted mice (fig. S4C). When calculating the absolute 
number of human cells with corrected alleles on a mouse-by-mouse 
basis, we measured a ~3-fold increase in the total number of en-
grafted gcHBB-SCD cells in the UM171-treated group. Because of 
the large and known heterogeneity of human engraftment in the NSG 
model, the result was not statistically significant (unpaired Student’s 
t test, P > 0.05) (fig. S4D). All gcHBB-SCD cell populations were also 
able to engraft in secondary transplant experiments (fig. S4E).

As previously demonstrated, low-density cell culture condi-
tion primed multilineage repopulating HSPCs for HR (fig. S5, A 
and B) (27, 41). These findings corresponded with a decrease in proin-
flammatory cytokines in the cell culture medium (41, 42) (fig. S5C). 
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Cytokines such as transforming growth factor–, interleukin-8 (IL-8), 
interleukin-1 receptor antagonist, interferon -induced protein 10, 
hepatocyte growth factor, and monocyte chemoattractant protein 
1 were at significantly lower concentration in the medium at day 2, 
indicating a potential decreased effect of inhibitory feedback signals on 
cell growth [two-way analysis of variance (ANOVA) with Bonferroni 
posttest; P < 0.001) (41).

Last, we wanted to improve the editing safety profile by using a 
HiFi Cas9 protein. This modified Cas9 variant has been shown to 
retain the high on-target activity of wild-type (WT) Cas9 while re-
ducing OT editing (28). When used in the gene-targeting protocol, 
HiFi Cas9 was equivalent to WT protein in on-target activity at the 
HBB gene, generating an average of 71% HR when coupled with 
rAAV6 transduction (fig. S5D). HiFi Cas9 markedly decreased INDEL 
frequency at OT1 below the limit of detection in both the in vitro 
culture and the in vivo engrafted HSPCs (fig. S5E).

Long-term engrafting HBB-corrected HSPCs in gcHBB-SCD 
above the predicted therapeutic threshold for SCD
We investigated whether the optimized manufacturing protocol using 
UM171, low-density culture condition, and HiFi Cas9 (Fig. 1A) would 
increase the ~5% gcHBB allele frequency in long-term engrafting 
plxHSPCs. The gcHBB-SCDs were manufactured using plxHSPCs 
from healthy donors and resulted in an average of 65% gcHBB alleles 
while consistently showing >80% viability and >90% CD34+ cellular 
content (Fig. 1B). When studying the kinetics of rAAV6 transduc-
tion, we found an 8-hour minimum period of rAAV6 incubation 
necessary for efficient allele correction frequency, whereas the accu-
mulation of gcHBB alleles was a function of time likely related to the 
completion of the HR-DNA repair process (fig. S6, A and B). NSG 
mice were transplanted with cells harvested 48 hours after RNP de-
livery and AAV transduction. gcHBB-SCD cells showed similar en-
graftment frequencies (28% median engraftment, n = 15) to control 

Fig. 1. Gene correction protocol optimization 
in healthy donor-derived HSPCs. (A) Schematics 
of cell manufacturing protocol, in vitro readouts, 
and experimental design of in vivo NSG mouse 
studies. (B) Percentage of in vitro gene-corrected 
alleles (gcHBB) (left), and viability and CD34 ex-
pression (right) in up to 13 cell donors; black lines 
indicate mean values. (C) Human chimerism in 
bone marrow (BM) of NSG mice at week 16 after 
injection. Control cells were (i) electroporated 
only (Mock), (ii) coupled with either Cas9 only 
(RNP only) or (iii) AAV6 only (AAV only). One-way 
ANOVA Kruskal-Wallis test plus Dunn’s multiple 
comparisons test; ns, not significant. (D) Percent 
distribution of human hematopoietic lineages 
within the human cell population. NK, natural 
killer. (E) Percent gcHBB alleles in the human cell 
population (bulk) and in the respective hemato-
poietic lineages. (F) Percent gcHBB alleles in 
the bulk population and in a mouse-by-mouse 
analysis of human lineages in BM samples (data 
points from the same mouse are connected); 
mice showing good gcHBB allele representation 
in all lineages (left) or mostly in the myeloid com-
partment (right). (G) Quantification of HBB allele 
distribution in single CFU colonies derived from 
human HSPCs extracted at terminal analysis from 
BM of engrafted mice. WT, wild type; INDEL, 
insertion/deletion; HR, homologous recombina-
tion. Data point colors indicate cellular outcome 
with respect to HBB expression: white, “neutral”; 
yellow, “deficient”; green, “corrective.” Brackets 
group genotypes per cellular outcomes; black 
bars indicate mean values. (H) Percent of gcHBB 
alleles in vivo (BM) linked to genotype of single 
sorted HSPC-derived CFUs from the same mouse. 
Pearson r test, P < 0.001. Black bars and lines in-
dicate median values if not otherwise specified.
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cells, including electroporated only (mock, n = 9), RNP only (n = 4), 
and AAV6 only (n = 4) (Fig. 1C). Engrafted human cells de-
rived from transplanted gcHBB-SCD were sorted from BM at 
week 16 using human lineage-specific markers (fig. S7). The human 
graft was multilineage and consisted mostly of CD19+ B cells and 
CD33+ myeloid cells (Fig. 1D). Genomic DNA was extracted from 
the different cell types, and gcHBB allele frequencies were analyzed 
in specific lineages. Across all the mice transplanted (n = 15), there 
was a median gcHBB allele frequency of 21, 20, 31, 27, and 24% in 
the bulk human cell population, B cells, myeloid cells, T/natural 
killer cells, and HSPCs, respectively (Fig. 1E). The rest of the HBB 
alleles analyzed in the bulk human cell population were ~60% 
INDELs and ~20% WT (fig. S8A). A mouse-by-mouse analysis 
highlighted that the majority of NSG mice had several human 
hematopoietic lineages derived from transplanted gcHBB-SCD, with 
similar frequencies of gcHBB alleles among the different lineages 
(Fig. 1F, left). A subset of mice had reduced B cell gene correction 
frequencies but sustained higher correction frequencies in the 
myeloid lineage (Fig. 1F, right). To estimate the percent of HSPCs 
that had at least one gcHBB allele in vivo, we single cell–sorted 
CD34+ HSPCs harvested from BM of NSG mice (n = 8) into methyl
cellulose and genotyped cells derived from single colony-forming 
units (CFUs). Positive colonies for the 
gcHBB allele(s) were an average of 30% 
frequency (up to 50% in some donors), 
with an average of 12% carrying a biallelic 
gcHBB (Fig. 1G and fig. S8B). These 
frequencies of gcHBB positive colonies 
were ~1.3 times more than the allele 
frequency in the bulk cell population 
from NSG BM (Fig. 1H). These results 
indicate that gcHBB-SCD contains long-
term repopulating HSCs with ~30% of 
cells carrying at least one HBB-corrected 
allele. A 30% cell frequency of at least 
one corrected allele matches the 30% 
threshold for donor cell chimerism 
needed for hematologic cure after 
allo-HSCT (8).

High-frequency HBB gene 
correction in plerixafor-mobilized, 
long-term engrafting HSPCs 
from patients with SCD
To understand whether the optimized 
plxHSPC manufacturing from healthy 
donors would translate to sickle cell 
HSPCs, we obtained cryopreserved CD34+ 
plxHSPCs from two different patients 
with SCD (NCT03226691) and assessed 
the gcHBB-SCD manufacturing repro-
ducibility and ability to differentiate into 
erythrocytes and express HgbA tetramers. 
In six independent experiments (three 
technical replicates in each biological 
donor), we achieved >60% gcHBB alleles 
(Fig. 2A) with minimal effect on cell 
viability (>80% viable cells) and expres-
sion of CD34 (>90% CD34+ cells) (Fig. 2B), 

showing feasibility of the gene correction protocol in SCD-derived 
HSPCs. We plated gcHBB-SCD and mock control (electroporated 
HSPCs) into an erythroid differentiation medium and obtained >85% 
CD45−/CD34−CD71+/Glycophorin A+ RBCs (Fig. 2C and fig. S9A). 
gcHBB-SCD–derived erythroblast in vitro restored output of “cor-
rective” hemoglobin (<10% HgbS, >25% HgbF, and >65% HgbA) 
in contrast with the mock control–derived erythroblasts (>85% HgbS, 
>10% HgbF, and 0% HgbA) (Fig. 2D and fig. S9B). As expected, 
the amount of HgbA restoration increased with the higher gcHBB 
allele frequencies (Fig. 2A). Of note, a slight increase in HgbF could 
be observed in both the gcHBB-SCD– and control-derived erythroid 
cells. This can be attributed to stress erythropoiesis with concomi-
tant up-regulation of -globin, and it remains unclear whether this 
increase will persist in the clinical setting (43). We also efficiently 
manufactured nonmobilized peripheral blood CD34+ cells from 
patients with SCD (an average of 57% gcHBB alleles) (23) and 
differentiated them toward the erythroid lineage, hence making 
similar findings that gcHBB alleles produced >90% HgbA (fig. S9C). 
Collectively, these data indicate that high frequencies of gene cor-
rection (for the codon 6 HBB gene mutation) can be achieved in 
SCD patients’ HSPCs with restoration of nonpathologic HgbA ex-
pression in vitro.

Fig. 2. Effective gene correction, recovery of normal hemoglobin output, and engraftment capability in SCD 
patient–derived HSPCs. (A) Percent allele modification in six gcHBB-SCD biological replicates (Exp 1 to Exp 6). 
(B) Viability (n = 5) and CD34 (n = 3) expression in vitro. (C) Percent of in vitro differentiated erythroid cells displaying 
CD71+ CD235a+ markers (n = 3) (see fig. S9A). (D) Quantification of hemoglobin tetramers (by high-performance liquid 
chromatography) on erythroid differentiated populations (n = 3). Two-way ANOVA plus Bonferroni’s multiple com-
parisons test, P < 0.0001. (E) Human chimerism in the BM of NSG mice analyzed at week-16 after injection (n = 7). 
Mann-Whitney test; **P < 0.01. Black bars indicate median values. (F) Percent distribution of human hematopoietic 
lineages in the NSG BM. (G) Percent of gcHBB alleles in the human cell population (bulk) in vitro (n = 3) and in vivo 
mouse by mouse (n = 7), along with the respective human hematopoietic lineages collected from NSG BM. Mann-Whitney 
test; *P < 0.05. Black bars and lines indicate mean (± SD) if not differently specified.
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We tested the ability of gcHBB-SCD manufactured from patients 
with SCD to engraft long term and reconstitute hematopoiesis. 
gcHBB-SCD along with mock controls were injected intravenously 
into sublethally irradiated NSG mice. BM human chimerism and 
gcHBB allele frequencies within the human cell compartment 
were evaluated 16 to 20 weeks after transplantation. Overall, SCD 
patient–derived plxHSPCs showed robust engraftment capacity with 
a median human chimerism of 80 and 42% for mock-electroporated 
HSPCs and gcHBB-SCD, respectively (Fig. 2E). The human graft 
was multilineage and consisted of mostly CD19+ B cells and CD33+ 
myeloid cells (Fig. 2F). The bulk human cell population in the 
BM of mice injected with gcHBB-SCD showed a robust percent-
age of gcHBB alleles (median of 30%). Furthermore, we isolated 
B cells, myeloid cells, erythroid cells, and HSPCs from the bulk human 
population and assessed similar gene correction frequencies in all 
the human hematopoietic lineages (Fig. 2G). These findings demon-
strate long-term reconstitution of HBB gene-corrected HSCs with 
multilineage potential. In the erythroid compartment (GPA+), gene 
correction frequencies were higher with a median of 60% gcHBB 
alleles (Fig. 2G). This frequency suggests that there is an in vivo 
enrichment of gene-corrected erythroid progenitors, which might 
have a better fitness compared to the noncorrected sickle cells or 
cells with biallelic INDELs (biallelic INDEL cells would lead to a 
-thalassemia major phenotype because the INDELs are frameshifting). 
NSG mice engrafted with gcHBB-SCD generated from nonmobilized 
patient-derived peripheral blood HSPCs showed no decrease in gcHBB 
alleles in the BM graft with respect to the in vitro cell population 
(fig. S9, D and E). Engraftment with these cells was almost entirely 
myeloid, suggesting that the patient-derived nonmobilized CD34+ 
HSPCs had a substantial myeloid bias (44). Nonetheless, even the 
nonmobilized CD34+ HSPCs retained long-term engraftment 
potential after transplantation into NSG mice. Overall, these results 
demonstrate the therapeutic potential of the gene correction platform 
to treat SCD and directly revert the codon 6 mutation.

No evidence of in vivo oncogenic potential of gcHBB-SCD 
manufactured at clinical scale
To support the development of a first-in-human clinical trial for a 
SCD HBB gene correction therapy, we performed IND-enabling 
studies aimed at defining a gcHBB-SCD clinical-scale manufacturing 
protocol that met specifications for cell product potency (gcHBB 
alleles), identity and purity (CD34+), and cell viability. To match the 
planned clinical manufacturing process, we used current good man-
ufacturing practice (cGMP)–compliant cell culture reagents and 
engaged with key contract development and manufacturing organi-
zations for large-scale provisions of key manufacturing reagents 
(see the Supplementary Materials). We adapted a protocol for rAAV6 
production from previously published two-plasmid system technology 
(45). In particular, we developed the scale-up production process up 
to 3-liter scale in a suspension culture of human embryonic kidney 
(HEK) 293T cells. Several mid-scale rAAV6 lots were produced 
at the Stanford Laboratory of Cell and Gene Medicine (LCGM). 
Two of these (lot #3 and #4) were used in large-scale manufacturing 
of human HSPCs for gcHBB-SCD IND-enabling studies (fig. S10). 
We assessed the following parameters for clinical-scale manufactured 
gcHBB-SCD: (i) feasibility of CD34+ harvest and manufacturing from 
plerixafor mobilized healthy donors, (ii) efficacy of gcHBB-SCD 
cell product manufactured at large scale, and (iii) long-term toxico-
logical and tumorigenic potential in NSG mice.

Apheresis products of plerixafor-mobilized peripheral blood (on 
average, 50 billion of total nucleated cells) were purchased and freshly 
enriched for CD34+ HSPCs. Once plated, cells were cultured for 2 days 
at a concentration of 2.5 × 105 cells/ml in cytokine-supplemented 
medium. At day 2, cells were collected and underwent the gene cor-
rection protocol adapted for large-scale manipulation. The final 
gcHBB-SCD product was then harvested at day 4 and underwent 
quality control testing and cryopreservation. We demonstrated the 
feasibility of manufacturing at clinically relevant cell numbers (2.3 × 
107 to 1.3 × 108 CD34+ HSPCs) with a mean of 77% viability, 
94% CD34+ cells, and 45% gcHBB alleles (table S1 and Fig. 3A). The 
CFU ability (CFU assay) of edited cells was twofold lower compared 
to untreated controls without lineage skewing (Fig. 3B and fig. S11, 
A and B). Genotype analysis of colonies showed a higher percent of 
gene-corrected HSPCs than gcHBB alleles (Fig. 3C), with an average 
56% of cells having at least one corrected gcHBB allele (Fig. 3D and 
fig. S11C), of which 32 and 24% were mono- and biallelic events, 
respectively (Fig. 3D).

The long-term toxicology and tumorigenicity study was con-
ducted using the gcHBB-SCD product generated from five of the 
six preclinical process qualification runs. Manufactured gcHBB-SCD 
cell products were thawed and injected into sublethally irradiated 
adult NSG mice. Vehicle control [phosphate-buffered saline (PBS)–
injected] and untreated HSPCs were also injected to account for 
radiation toxicity and influence of treatment (fig. S11D). Mice were 
observed for the development of any adverse clinical signs and in 
life parameters (Supplementary Materials and Methods), with no dif-
ferences seen between controls, mice injected with untreated HSPCs, 
and mice injected with gcHBB-SCD. Peripheral blood was collected 
at 8 and 16 weeks after injection and at termination (20 weeks after 
injection or at early euthanasia for clinical criteria), and samples 
were submitted to the Comparative Pathology Laboratory for com-
plete blood count and leukocyte differential. Comparing vehicle con-
trol and untreated HSPC groups to the gcHBB-SCD group, there 
were no effects of the gcHBB-SCD treatment on hematological end-
points of the mice transplanted (fig. S12A). Histopathology obser-
vations performed in >40 different body tissues showed no gross 
lesions or adverse effects attributable to cellular infusion in all 
animals analyzed. All transplanted NSG mice were assessed for 
engraftment of human cells in the peripheral blood (weeks 8, 16, 
and 20), BM (week 20), and spleen (week 20). In the mice trans-
planted with gcHBB-SCD, there was a mean engraftment in the 
peripheral blood of 3.3, 0.5, and 0.8% at weeks 8, 16, and 20, respec-
tively, whereas mice injected with untreated HSPCs displayed 
means of 19, 3.3, and 7.3%, respectively (Fig. 3E). Human chime-
rism in BM was a mean of 3.3 and 20.0% human cells in mice trans-
planted with gcHBB-SCD (n = 38 mice analyzed) and untreated 
HSPCs (n = 23 mice analyzed), respectively. There was increased 
human chimerism in the spleen for both mice groups, mean of 
25.1% for gcHBB-SCD group and 66.0% for untreated HSPCs 
group. We further analyzed engraftment data separating female and 
male mice. Differences seen between mice transplanted with un-
treated HSPCs and gcHBB-SCD were statistically significant in most 
of the grouped analysis [one-way ANOVA Kruskal-Wallis test and 
Dunn’s multiple comparisons test; not significant (ns); *P < 0.05; 
***P < 0.001; ****P < 0.0001; (Fig. 3E)]. Engraftment data in 
spleens were more similar to those of BM chimerism presented be-
fore (in Figs. 1 and 2 and figs. S1, S4, and S9) and indicated prefer-
ential homing of HSPCs to the spleen in these cohorts of mice 
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(one-way ANOVA and Friedman test). Several human hematopoietic 
lineages were represented within the human CD45 population in BM 
and spleen, with a prevalence of myeloid cells (fig. S12, B and C). Human 
cells engrafted in NSG mice in the toxicology study (n = 39 mice 

analyzed) contained a percentage of 
gcHBB alleles within ranges previously 
shown, with a median of 7.0, 23, and 
20% in peripheral blood, BM, and 
spleen, respectively (Fig. 3F). We fur-
ther confirmed robust engraftment 
potential of gcHBB-SCD when injecting 
in parallel cells from toxicology manu-
facturing run 5 (see table S1) in NSG mice 
at a Stanford laboratory (Fig. 3, G and H, 
and fig. S12D). In conclusion, gcHBB-
SCD manufactured at clinical scale with 
cGMP-compatible reagents are capable 
of long-term engraftment into multiple 
sites of NSG mice with appropriate 
hematopoiesis and retention of gcHBB 
alleles at frequencies similar to our small-
scale manufacturing protocols. There was 
no evidence of tumorigenicity or abnor-
mal hematopoiesis from the manufactured 
products. There was continued evidence 
that the genetically modified cells did not 
engraft as well as control cells, a finding 
consistent with all genetic engineering 
approaches, including lentivirus (46, 47).

Low molecular genotoxicity in 
gcHBB-SCD investigational 
cell products
Whereas the in vivo mouse study de-
scribed above did not reveal functional 
tumorigenicity or abnormal hemato-
poiesis, a theoretical concern for genome 
editing using engineered nucleases is the 
possibility of generating double-strand 
breaks at OT sites in the genome that can 
create INDELs and/or translocations at 
genes regulating critical cell functions. 
The gcHBB-SCD lots manufactured for 
the long-term toxicology study were an-
alyzed for genomic alterations. First, cells 
were karyotyped, and chromosomal 
analyses were performed. From 150 cell 
metaphases, there were no detectable 
clonal gross genomic aberrations (fig. 
S13, A and B). One gcHBB-SCD lot 
(LCGM-10819) had three metaphase 
anomalies reported; however, the cyto-
genetic report concluded that in the ab-
sence of additional like cells, none were 
considered clonal in nature and were 
likely technical artifacts. Nonetheless, to 
determine whether these findings were 
of clonal nature, we screened 15 addi-
tional metaphase spreads from the same 

gcHBB-SCD lot, and all showed normal karyotypes (fig. S13B). Of 
note, this gcHBB-SCD lot (LCGM-10819) showed long-term 
engraftment with no signs of tumorigenicity or abnormal hemato-
poiesis when injected in NSG mice in the toxicology study.

Fig. 3. Efficient scale-up of cell manufacturing in clinically relevant CD34+ cells with lack of tumorigenicity in 
a long-term toxicology study. (A) Percent of allele modification in six medium-scale cell manufacturing runs (Run 1 
to Run 6). (B) CFU frequency for gcHBB-SCD cell products and untreated cell counterpart. Paired t test, *P < 0.05. 
(C) Scatter plot linking gene correction of HBB alleles in the bulk cell population to single genotyped colonies. Pearson r test, 
*P < 0.05. (D) Quantification of HBB allele distribution in single CFU colonies (genotype). Data point colors indicate 
cellular outcome with respect to HBB expression: white, neutral; yellow, deficient; green, corrective. Brackets group 
genotypes per cellular outcome. (E) Human chimerism in hematopoietic tissues of NSG mice in long-term toxicology study. 
Untreated HSPCs (in blue) and gcHBB-SCD (in green) groups were segregated by sex. One-way ANOVA Kruskal-Wallis 
test plus Dunn’s multiple comparisons test; *P < 0.05; ***P < 0.001; ****P < 0.0001. (F) Percent gcHBB alleles in hema-
topoietic tissues collected at study end from the gcHBB-SCD NSG cohort (n = 39). (G) Percent human engraftment 
and (H) percent gcHBB alleles in BM of NSG mice injected with cell manufacturing run 5 at Stanford laboratory (n = 10). 
Black bars and lines indicate median values.
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We performed an extensive OT analysis in the same gcHBB-SCD 
lots through NGS measurement of INDELs of a master list of puta-
tive OTs. The list was developed by cross-referencing three state-of-
the-art methods for identifying potential OT sites of single-guide 
RNAs (sgRNAs) (GUIDE-seq, CIRCLE-seq, and COSMID) (table S2) 
(48). We created a master list of 67 OT sites to analyze by amplicon-
based sequencing in gcHBB-SCD cells generated from the toxicology 
lots (table S2). The analysis showed that only a single OT site, the 
OT1 site previously mentioned, had measurable INDELs in all sam-
ples (0.5 to 2.9%) (Fig. 4A). This site is located in Chr9: 101,833,584 
to 101,833,606 that is in an intergenic region (site is ~270,000 nt 3′ to 
closest gene—GRIN3A, Chr9:101,569,353) and was identified by all 
three methodologies for OT identification and has been previously 
confirmed as an OT (23, 49). The HiFi Cas9 used in these studies 
markedly reduced the frequency of INDELs at OT1 (~2 and ~ 30% 
for HiFi and WT Cas9 nuclease, respectively) while maintaining 
high on-target activity as previously described (28).

We also used high-throughput, genome-wide, translocation se-
quencing (HTGTS) analysis, which is based on linear amplification–
mediated PCR, to look for gross chromosomal rearrangements in 
cell products manufactured using the WT and HiFi Cas9 (Fig. 4B 
and fig. S14, A and B) (50, 51). HTGTS confirmed OT1 on chromo-
some 9 as the main OT site (Fig. 4B) and demonstrated that HiFi 
Cas9 generated a consistent reduction in translocation frequency 
between the HBB locus and OT1 (Fig. 4, C and D). Specifically, 
whereas in WT Cas9-treated HSPCs, there was an average of 1.35% 
translocation frequency (156 HBB-OT1 junctions of 11,517 total reads), 
use of HiFi Cas9 allowed a frequency reduction of HBB-OT1 trans-
locations to 0.04% (5 HBB-OT1 junctions of 11,517 total reads). 
These data suggest that the use of HiFi Cas9 to generate the gcHBB-
SCD product reduces the chances of translocations by as much as 
30-fold compared to WT Cas9.

A portion of junctional reads displayed a frequency that was in-
dependent of Cas9 specificity. These events included deletions of 
various size spanning 4-kb downstream of the break site (fig. S14, D 
and E). A small number of events included junctions from HBB to 
HBD gene and to a breakpoint cluster region. Overall, the frequency 
of gross chromosomal changes when using HiFi Cas9 was reduced 
to nearly undetectable levels.

DISCUSSION
We described the preclinical development of an investigational 
autologous cell therapy that uses ex vivo Cas9-RNP and rAAV6 for 
HBB gene correction in human HSPCs to correct the SCD causing 
point mutation. The gene correction protocol was optimized in 
clinically relevant plxHSPCs and preserved the viability and HSC 
repopulation capacity in a xenotransplantation model. The overall 
gene correction frequencies and preservation of gene-corrected cells 
after transplantation into NSG mice exceeded what has been previously 
published using single-stranded oligonucleotide delivery (44, 52, 53).

A common challenge using genome editing strategies by many 
groups that exploit HR has been low numbers of gene-edited cells 
and their poor persistence after transplantation into NSG mice 
(23, 52, 54, 55). We introduced protocol modifications that led to 
high frequencies of gcHBB alleles in vitro and increased the long-
term engraftment of human cells with gcHBB alleles in vivo. In 
particular, the human engrafted population in NSG mice increased 
~4-fold (from ~8 to ~30%) as did the frequency of gene-corrected 

alleles (from ~5 to ~20% gcHBB alleles) using healthy donor HSPCs. 
The percent human engraftment and gcHBB alleles were even higher 
in HSPCs derived from patients with SCD, with a median of 40 and 
30%, respectively. In the majority of NSG mice analyzed at study ter-
mination, we further observed an enrichment of gene correction in 
GPA+ erythroid cells (median of 50% gcHBB alleles), indicating a se-
lective advantage of gene-corrected RBCs in vivo. The in vivo findings, 
combined with detecting >90% HgbA production in vitro derived 
from gene-corrected sickle cell HSPCs, provide strong evidence that 
erythroid lineage correction can be achieved in vivo in humans. In 
patients undergoing allogenic transplant, long-term persistent mixed-
donor chimerism ranging from 10 to 20% corresponded with beneficial 

Fig. 4. Next-generation sequencing–based techniques reveal minimal geno-
toxicity in gcHBB-SCD cell products. (A) NGS results of 67 off-targets (OTs) from 
a master list of putative OTs. NGS was performed in six medium-scale manufacturing 
runs for toxicology study (Run 1 to Run 6). Dotted line indicates the assay detection 
threshold. (B) Circos plots of genome-wide prey junctions binned into 5-Mb regions 
(black bars) are plotted on a log scale with indicated ticks; frequency ranges are 
colored from light orange (10 to 100) to increasingly darker orange colors by factors 
of 10. Red arrow connects the HBB bait site on chromosome 11 to the OT hotspot 
on chromosome 9 (OT1). (C) Integrative Genomics Viewer plot of OT1 (coordinates 
bottom left); junctions are shown on a logarithmic scale. Shaded area represents 
the sgRNA footprint. Red and blue numbers indicate the number of junctions from 
the specified region that translocated in the plus and minus orientation, respectively. 
The bar (bottom right) indicates 50–base pair (bp) length. (D) Junction frequency 
at OT1 for WT and HiFi Cas9 (means ± SD). Paired t test; ***P < 0.001.
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clinical results (6–8, 56). Likewise, even 1 to 5% normal donor HSPCs 
can result in the production of >50% nonsickling RBCs in the periph-
ery due to the 10- to 30-fold survival advantage of nonsickling RBCs 
over sickling RBCs (57–59). These findings support the hypothesis 
that long-term engraftment with 10 to 20% “corrected” CD34+ HSPC 
may be beneficial in reducing SCD symptoms. However, estimates of 
long-term engraftment from allo-HSCT may not completely reflect 
the biological process of engraftment of autologous gene-edited cells.

We believe that there are three key features of this HBB gene 
correction approach that might make it a more suitable therapeutic 
strategy than the recently reported investigational treatments based 
on HgbF up-regulation (60, 61): (i) Each corrected HBB allele, in 
contrast to interfering with BCL11A expression, has a predetermined 
editing outcome; (ii) HBB gene correction directly converts HbS to 
HbA alleles, providing therapeutic function through -globin ex-
pression, simultaneously reducing pathological HgbS, and increasing 
HgbA; and (iii) HgbA demonstrates a normal oxygen-binding affinity, 
whereas HgbF, conversely, has a higher oxygen affinity. This innate 
characteristic of HgbF is necessary for the survival of the fetus within 
the placenta but is ultimately shut off as it could impair oxygen 
delivery to tissues as development progresses. This can become 
problematic for future patients, especially in women as it has been re-
ported that persistent elevated HgbF can complicate their pregnancies 
by intrauterine fetal growth restriction as compared to women with 
low to normal amounts of HgbF (62).

The NCT03282656 study uses lentiviral-mediated gene transfer of 
an shRNA for the erythroid-specific down-regulation of the BCL11A 
expression (60), and the NCT03745287 study performs targeted 
disruption of the erythroid specific BCL11A enhancer (61). These 
two ex vivo therapies, albeit representing differences in technology 
to modify HSPCs, reported similar therapeutic outcomes at early 
time points of follow-up (3 to 15 months), showing stabilization for 
some SCD clinical indices with ~30 to 40% HbF expression of total 
-globin chains and with a clear selective advantage of the HgbF-
expressing cell counterpart. The authors concluded that additional 
follow-up will determine the long-term effects of HgbF reactivation, 
although patients with hereditary persistence of fetal hemoglobin are 
far better clinically than patients with SCD. However, some questions 
remain for these approaches, specifically the use of LV as a method 
to express shRNA, associated risk of insertional mutagenesis for the 
former, and the unpredictable editing outcomes and genotoxicity 
when inducing a high number of NHEJ events for the latter. The 
long-term hematopoietic effects in humans of attempting to disrupt 
the BCL11A gene in the erythroid lineage are also unknown. Whereas 
targeting the BCL11A pathway shows great promise, one specific ad-
vantage of the direct gene correction approach described here is that 
it simultaneously increases HgbA and decreases pathologic HgbS.

In the scale-up of manufacturing of gcHBB-SCD, we encountered 
challenges, especially in product manufacturing runs 2 to 3, because 
of high RBC contamination negatively affecting purification of 
HSPCs from healthy donors after a single dose of plerixafor. This 
was an artifact of using healthy donors and would not be expected 
on the basis of the published results of plerixafor mobilization in 
patients with SCD who mobilize with faster kinetics and higher 
numbers than healthy donors.

The in vivo toxicology study demonstrated no evidence of tumors 
or abnormal hematopoiesis but did show reduced engraftment of 
edited cells compared to control cell populations. The reduced 
engraftment underscores the importance of initially infusing an 

adequate and safe cell dose to patients in a phase 1 trial to ensure 
hematopoietic reconstitution in a timely fashion.

The molecular analyses of genotoxicity demonstrated measurable 
OT changes, including OT INDELs at a single intergenic region and 
rare translocations between the on- and single OT site. The risk of 
tumorigenicity from these detectable changes is predicted to be low 
as the OT1 lies in an intergenic region of no known function, and 
there is no predictable oncogenic potential of the translocation. In 
human leukemias, for example, translocations into the HBB gene 
have never been described.

The limitation of this work is the consistent fall in percentage of 
gene-corrected cells after engraftment. The exact mechanism for this 
decrease is not known and is likely multifactorial resulting from, among 
others, the limitations of the highly oligoclonal model, some decrease 
in engraftment potential in cells having undergone gene correction, 
and a lower frequency of gene correction in human HSPCs that pref-
erentially engraft after transplantation into immunodeficient mice. 
The results from the first human patients will give important infor-
mation as to the relative importance of these different potential 
mechanisms. Nonetheless, the level of engraftment of gene-corrected 
cells still exceeded what is believed to be needed for patient benefit. In 
summary, given the tremendous unmet medical need and the po-
tentially definitive therapeutic benefit of this investigational product, 
these preclinical data demonstrate safety and efficacy profiles that sup-
port the initiation of a phase 1/2 clinical trial in patients with severe SCD.

MATERIALS AND METHODS
Study design
The overall goal of this study was to assess the efficacy of an autologous 
cell therapy product of which uses ex vivo Cas9-RNP and rAAV6 to 
correct the SCD point mutation in human HSPCs. These preclinical 
(IND-enabling) studies, deemed sufficient for the proposed trial, 
focused on efficacy, safety, and clinical-scale manufacturing feasibility 
to warrant the initiation of a phase 1/2 clinical trial. Six- to 8-week-old 
NSG mice were enrolled in this study to assess the efficacy of the 
small-, medium-, and clinical-scale manufacturing protocol of HBB 
gene-corrected CD34+ HSPCs. Small-scale manufacturing process 
studies followed an experimental protocol approved by the Stanford 
University’s Administrative Panel on Laboratory Animal Care. 
Medium-scale manufacturing process studies took place in process 
development laboratories according to the standard operating pro-
cedures (SOPs) at the Stanford LCGM. Clinical-scale manufacturing 
process studies were conducted by In Vivo Services at the Jackson 
laboratory, Sacramento facility, an Office of Laboratory Animal Welfare–
assured and American Association for Accreditation of Laboratory 
Animal Care–accredited organization. This study was performed 
according to an Institutional Animal Care and Use Committee–
approved protocol and in compliance with the Guide for the Care 
and Use of Laboratory Animals (National Research Council, 2011). 
Each experiment derives results from at least three biological (or 
technical where warranted), unless indicated otherwise. Animal 
caretakers and investigators involved in specimen processing and 
analysis were blinded to the conditions of each respective study 
group until results were processed.

AAV6 vector design, production, and purification
AAV6 vector plasmids were cloned into the pAAV-MCS plasmid 
(Agilent Technologies, Santa Clara, CA, USA), with inverted terminal 
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repeats derived from AAV2. Gibson Assembly Master Mix (New 
England Biolabs, Ipswich, MA, USA) was used for the creation of the 
gcSCD-AAV6 vector as per the manufacturer’s instructions. The 
gcSCD-AAV6 vector includes 2.4 kb of homologous sequence to 
HBB with aforementioned single-nucleotide polymorphism correction 
and silent mutations (23). In addition, an AAV6 vector, designed 
for tracking of targeted HSPCs after transplantation, included a 
bicistronic Nluc complementary DNA (cDNA)–T2A-TurboGFP 
cDNA cassette driven by spleen focus-forming virus with 400-bp 
homology arms to HBB. AAV6 vectors were either produced as de-
scribed previously (27, 63) or purchased from Vigene Biosciences.

The mid-scale AAV6 lots were produced at the Stanford LCGM.  
A bank of HEK293T cells adapted to suspension growth was developed 
for AAV6 vector production. Cells were thawed at 37°C and expanded 
in FreeStyle F17 medium supplemented with 5 mM GlutaMAX and 
0.2% (w/v) Pluronic F68. The cells were expanded up to a final volume 
of 3 liters in spinner flasks and cotransfected with the two plasmids 
described above, using a polyethylenimine-based transfection method. 
Two days after transfection, the transfected cells were harvested by 
centrifugation, the supernatant removed, the cell pellets resuspended 
in Dulbecco’s PBS (DPBS), and then stored at −80° ± 20°C.

The cell suspension underwent chemical lysis using Triton X-100 
[0.8% (v/v)] and clarification by depth filtration. The gcSCD-AAV6 was 
then purified from the clarified cell lysate by affinity column chro-
matography (AVB sepharose resin, Cytiva; formerly GE Healthcare) 
followed by ultrafiltration on a centrifugal filter unit, to concentrate 
and buffer exchange into the final formulation buffer, DPBS with 
0.001% Pluronic F68. The product was filtered with an EKV sterilizing 
grade filter (0.2 m; Pall Corporation) (fig. S10). In-process testing 
was performed on the eluate fractions from the purification, including 
silver stain SDS–polyacrylamide gel electrophoresis analysis and viral 
genomic titer determination by quantitative PCR. The final gcSCD-
AAV6 products were an average titer of 8 × 1011 vg/ml.

All gcSCD-AAV6 lots were stored at −80° ± 20°C until use. All 
AAV6 vectors were further titered using ddPCR to measure the 
number of vector genomes as previously described (64).

In vitro culture of CD34+ HSPCs
Human CD34+ HSPCs were cultured in small-scale conditions as pre-
viously described (23, 24, 27, 65, 66). Frozen-purified CD34+ HSPCs 
were sourced from plerixafor- and/or G-CSF–mobilized peripheral 
blood (AllCells, Alameda, CA, USA and STEMCELL Technologies, 
Vancouver, Canada). Frozen-purified CD34+ HSPCs from plerixafor-
mobilized peripheral blood of patients with SCD were provided by 
J.T., National Institutes of Health, Bethesda, MD. CD34+ HSPCs were 
cultured at 1.0 × 105 to 1 × 106 cells/ml (as indicated in results) in 
StemSpan Serum-Free Expansion Medium II (STEMCELL Tech-
nologies, Vancouver, Canada) or Good Manufacturing Practice 
Stem Cell Growth Medium (SCGM, CellGenix, Freiburg, Germany) 
supplemented with four human cytokine (PeproTech, Rocky Hill, 
NJ, USA) cocktail, stem cell factor (100 ng/ml), thrombopoietin 
(100 ng/ml), Fms-like tyrosine kinase 3 ligand (100 ng/ml), Inter-
leukin 6 (100 ng/ml), streptomycin (20 mg/ml), and penicillin 
(20 U/ml). StemRegenin1 (0.75 M; STEMCell Technologies, 
Vancouver, Canada) and/or UM171 (35 nM; STEMCell Technologies, 
Vancouver, Canada) were added to the culture medium depending 
on experimental requirements (as indicated in Results).

The medium-scale cell manufacture for use in the nonclinical 
tumorigenicity/toxicology study took place in the unclassified process 

development laboratories according to the SOPs at the Stanford LCGM.  
Briefly, the manufacturing process for the gcHBB-SCD drug sub-
stance started with the immunomagnetic selection of CD34+ HSPCs 
from G-CSF or plerixafor-mobilized apheresis products from healthy 
donors (AllCells and Hemacare). Before CD34+ selection, the apheresis 
product was washed with CliniMACS PBS/EDTA buffer containing 
0.5% (v/v) human serum albumin to remove platelets. This wash step 
was performed on the LOVO Cell Processing System. CD34+ HSPCs 
were then isolated by positive selection on the CliniMACS Plus in-
strument (Miltenyi Biotec, Bergisch Gladbach, Germany) and were 
either freshly plated in culture (for manufacturing runs 1 to 4) or 
frozen before manufacturing (for manufacturing runs 5 and 6).

Gene correction procedure
The HBB synthetic chemically modified sgRNA was purchased from 
Synthego (Menlo Park, CA, USA). A large-scale production of sgRNA 
was provided by Agilent according to the manufacturer’s proprietary 
process development (Agilent, Santa Clara, CA, USA). The synthetic 
modifications compose of the 2′-O-methyl-3′-phosphorothioate at the 
three terminal nucleotides of the 5′ and 3′ ends described previously 
(22). The target sequence for the HBB sgRNA (R-02) is as follows: 
5′-CTTGCCCCACAGGGCAGTAACGG-3′ (67, 68). The WT and 
HiFi Cas9 protein variants (Alt-R S.p. Cas9 nuclease V1, V2, and V3) 
used was purchased from Integrated DNA Technologies (Coralville, 
IA, USA) and Aldevron (Fargo, ND, USA). RNP electroporation 
(24–26, 30) was performed using the Lonza 4D-Nucleofector in 
(micro)Nucleocuvette and 4D-Nucleofector LV Unit in 1-ml Nucleo
cuvette Cartridge (medium-scale) (program DZ-100). Electroporated 
cells were then plated at 2.5 × 105 cells/ml in the cytokine-supplemented 
medium. Immediately after, rAAV6 was dispensed onto cells at 
multiplicities of infection of 2.5 × 103 to 1.0 × 104 vector genomes 
per cell on the basis of titers determined by ddPCR and incubated 
for 24 hours. After, a medium addition or medium exchange was 
performed to dilute or remove any residual gcSCD-AAV6, and the 
CD34+ HSPCs were cultured for an additional 12 to 24 hours.

Statistical analysis
All statistical tests on experimental groups were done using Prism7 
GraphPad Software. The exact statistical tests used for each com-
parison are noted in the figure legends. For making multiple 
comparisons, we used one-way ANOVA Kruskal-Wallis multiple 
comparisons test with one variable and two-way ANOVA with 
Bonferroni posttest in case of two variables. For comparing the 
average mean of two sample groups, we used the unpaired Student’s 
t test to reject the null hypothesis (P < 0.05). Further details and 
descriptions of Materials and Methods are included in the Supple-
mentary Materials.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/598/eabf2444/DC1
Materials and Methods
Figs. S1 to S14
Tables S1 to S3
Data file S1
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REFERENCES AND NOTES
	 1.	 National Heart, Lung and Blood Institute, Sickle Cell Disease (2020); available at https://

www.nhlbi.nih.gov/health-topics/sickle-cell-disease.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on A
ugust 01, 2024

http://stm.sciencemag.org/cgi/content/full/13/598/eabf2444/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/scitranslmed.abf2444
https://www.nhlbi.nih.gov/health-topics/sickle-cell-disease
https://www.nhlbi.nih.gov/health-topics/sickle-cell-disease


Lattanzi et al., Sci. Transl. Med. 13, eabf2444 (2021)     16 June 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

10 of 12

	 2.	 E. Vichinsky, C. C. Hoppe, K. I. Ataga, R. E. Ware, V. Nduba, A. El-Beshlawy, H. Hassab, 
M. M. Achebe, S. Alkindi, R. C. Brown, D. L. Diuguid, P. Telfer, D. A. Tsitsikas, A. Elghandour, 
V. R. Gordeuk, J. Kanter, M. R. Abboud, J. Lehrer-Graiwer, M. Tonda, A. Intondi, B. Tong, 
J. Howard; HOPE Trial Investigators, A phase 3 randomized trial of voxelotor in sickle cell 
disease. N. Engl. J. Med. 381, 509–519 (2019).

	 3.	 K. I. Ataga, A. Kutlar, J. Kanter, D. Liles, R. Cancado, J. Friedrisch, T. H. Guthrie,  
J. Knight-Madden, O. A. Alvarez, V. R. Gordeuk, S. Gualandro, M. P. Colella, W. R. Smith, 
S. A. Rollins, J. W. Stocker, R. P. Rother, Crizanlizumab for the prevention of pain crises 
in sickle cell disease. N. Engl. J. Med. 376, 429–439 (2017).

	 4.	 E. Gluckman, B. Cappelli, F. Bernaudin, M. Labopin, F. Volt, J. Carreras, B. Pinto Simoes, 
A. Ferster, S. Dupont, J. de la Fuente, J. H. Dalle, M. Zecca, M. C. Walters, L. Krishnamurti, 
M. Bhatia, K. Leung, G. Yanik, J. Kurtzberg, N. Dhedin, M. Kuentz, G. Michel, J. Apperley, 
P. Lutz, B. Neven, Y. Bertrand, J. P. Vannier, M. Ayas, M. Cavazzana, S. Matthes-Martin, 
V. Rocha, H. Elayoubi, C. Kenzey, P. Bader, F. Locatelli, A. Ruggeri, M. Eapen, Sickle cell 
disease: An international survey of results of HLA-identical sibling hematopoietic stem cell 
transplantation. Blood 129, 1548–1556 (2017).

	 5.	 M. Eapen, R. Brazauskas, M. C. Walters, F. Bernaudin, K. Bo-Subait, C. D. Fitzhugh, 
J. S. Hankins, J. Kanter, J. J. Meerpohl, J. Bolanos-Meade, J. A. Panepinto, D. Rondelli, 
S. Shenoy, J. Williamson, T. L. Woolford, E. Gluckman, J. E. Wagner, J. F. Tisdale, Effect 
of donor type and conditioning regimen intensity on allogeneic transplantation 
outcomes in patients with sickle cell disease: A retrospective multicentre, cohort study. 
Lancet Haematol. 6, e585–e596 (2019).

	 6.	 C. D. Fitzhugh, S. Cordes, T. Taylor, W. Coles, K. Roskom, M. Link, M. M. Hsieh, J. F. Tisdale, 
At least 20% donor myeloid chimerism is necessary to reverse the sickle phenotype after 
allogeneic HSCT. Blood 130, 1946–1948 (2017).

	 7.	 M. Andreani, M. Testi, J. Gaziev, R. Condello, A. Bontadini, P. L. Tazzari, F. Ricci, L. De Felice, 
F. Agostini, D. Fraboni, G. Ferrari, M. Battarra, M. Troiano, P. Sodani, G. Lucarelli, 
Quantitatively different red cell/nucleated cell chimerism in patients with long-term, 
persistent hematopoietic mixed chimerism after bone marrow transplantation 
for thalassemia major or sickle cell disease. Haematologica 96, 128–133 (2011).

	 8.	 A. Magnani, C. Pondarre, N. Bouazza, J. Magalon, A. Miccio, E. Six, C. Roudaut, C. Arnaud, 
A. Kamdem, F. Touzot, A. Gabrion, E. Magrin, C. Couzin, M. Fusaro, I. Andre, J. P. Vernant, 
E. Gluckman, F. Bernaudin, D. Bories, M. Cavazzana, Extensive multilineage analysis 
in patients with mixed chimerism after allogeneic transplantation for sickle cell disease: 
Insight into hematopoiesis and engraftment thresholds for gene therapy. Haematologica 
105, 1240–1247 (2019).

	 9.	 F. Locatelli, N. Kabbara, A. Ruggeri, A. Ghavamzadeh, I. Roberts, C. K. Li, F. Bernaudin, 
C. Vermylen, J. H. Dalle, J. Stein, R. Wynn, C. Cordonnier, F. Pinto, E. Angelucci, G. Socie, 
E. Gluckman, M. C. Walters, V. Rocha; Eurocord and European Blood and Marrow 
Transplantation (EBMT) Group, Outcome of patients with hemoglobinopathies given 
either cord blood or bone marrow transplantation from an HLA-identical sibling. Blood 
122, 1072–1078 (2013).

	 10.	 D. N. Levasseur, T. M. Ryan, M. P. Reilly, S. L. McCune, T. Asakura, T. M. Townes, A 
recombinant human hemoglobin with anti-sickling properties greater than fetal 
hemoglobin. J. Biol. Chem. 279, 27518–27524 (2004).

	 11.	 F. Urbinati, P. W. Hargrove, S. Geiger, Z. Romero, J. Wherley, M. L. Kaufman, R. P. Hollis, 
C. B. Chambers, D. A. Persons, D. B. Kohn, A. Wilber, Potentially therapeutic levels 
of anti-sickling globin gene expression following lentivirus-mediated gene transfer 
in sickle cell disease bone marrow CD34+ cells. Exp. Hematol. 43, 346–351 (2015).

	 12.	 F. Urbinati, B. Campo Fernandez, K. E. Masiuk, V. Poletti, R. P. Hollis, C. Koziol, 
M. L. Kaufman, D. Brown, F. Mavilio, D. B. Kohn, Gene therapy for sickle cell disease: 
A lentiviral vector comparison study. Hum. Gene Ther. 29, 1153–1166 (2018).

	 13.	 E. Magrin, A. Miccio, M. Cavazzana, Lentiviral and genome-editing strategies 
for the treatment of -hemoglobinopathies. Blood 134, 1203–1213 (2019).

	 14.	 B. K. Adler, D. E. Salzman, M. H. Carabasi, W. P. Vaughan, V. V. Reddy, J. T. Prchal, Fatal 
sickle cell crisis after granulocyte colony-stimulating factor administration. Blood 97, 
3313–3314 (2001).

	 15.	 A. P. Grigg, Granulocyte colony-stimulating factor-induced sickle cell crisis and multiorgan 
dysfunction in a patient with compound heterozygous sickle cell/beta+ thalassemia. 
Blood 97, 3998–3999 (2001).

	 16.	 F. Boulad, T. Shore, K. van Besien, C. Minniti, M. Barbu-Stevanovic, S. W. Fedus, F. Perna, 
J. Greenberg, D. Guarneri, V. Nandi, A. Mauguen, K. Yazdanbakhsh, M. Sadelain, P. A. Shi, 
Safety and efficacy of plerixafor dose escalation for the mobilization of CD34(+) 
hematopoietic progenitor cells in patients with sickle cell disease: Interim results. 
Haematologica 103, 1577 (2018).

	 17.	 C. Lagresle-Peyrou, F. Lefrere, E. Magrin, J. A. Ribeil, O. Romano, L. Weber, A. Magnani, 
H. Sadek, C. Plantier, A. Gabrion, B. Ternaux, T. Felix, C. Couzin, A. Stanislas, 
J. M. Treluyer, L. Lamhaut, L. Joseph, M. Delville, A. Miccio, I. Andre-Schmutz, 
M. Cavazzana, Plerixafor enables safe, rapid, efficient mobilization of hematopoietic 
stem cells in sickle cell disease patients after exchange transfusion. Haematologica 103, 
778–786 (2018).

	 18.	 J. A. Ribeil, S. Hacein-Bey-Abina, E. Payen, A. Magnani, M. Semeraro, E. Magrin, 
L. Caccavelli, B. Neven, P. Bourget, W. El Nemer, P. Bartolucci, L. Weber, H. Puy, 
J. F. Meritet, D. Grevent, Y. Beuzard, S. Chretien, T. Lefebvre, R. W. Ross, O. Negre, G. Veres, 
L. Sandler, S. Soni, M. de Montalembert, S. Blanche, P. Leboulch, M. Cavazzana, Gene 
therapy in a patient with sickle cell disease. N. Engl. J. Med. 376, 848–855 (2017).

	 19.	 Y. Ikawa, A. Miccio, E. Magrin, J. L. Kwiatkowski, S. Rivella, M. Cavazzana, Gene therapy 
of hemoglobinopathies: Progress and future challenges. Hum. Mol. Genet. 28, R24–R30 
(2019).

	 20.	 S. H. Orkin, D. E. Bauer, Emerging genetic therapy for sickle cell disease. Annu. Rev. Med. 
70, 257–271 (2019).

	 21.	 L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P. D. Hsu, X. Wu, W. Jiang, 
L. A. Marraffini, F. Zhang, Multiplex genome engineering using CRISPR/Cas systems. 
Science 339, 819–823 (2013).

	 22.	 A. Hendel, R. O. Bak, J. T. Clark, A. B. Kennedy, D. E. Ryan, S. Roy, I. Steinfeld, B. D. Lunstad, 
R. J. Kaiser, A. B. Wilkens, R. Bacchetta, A. Tsalenko, D. Dellinger, L. Bruhn, M. H. Porteus, 
Chemically modified guide RNAs enhance CRISPR-Cas genome editing in human primary 
cells. Nat. Biotechnol. 33, 985–989 (2015).

	 23.	 D. P. Dever, R. O. Bak, A. Reinisch, J. Camarena, G. Washington, C. E. Nicolas, M. Pavel-Dinu, 
N. Saxena, A. B. Wilkens, S. Mantri, N. Uchida, A. Hendel, A. Narla, R. Majeti, K. I. Weinberg, 
M. H. Porteus, CRISPR/Cas9 -globin gene targeting in human haematopoietic stem cells. 
Nature 539, 384–389 (2016).

	 24.	 R. O. Bak, D. P. Dever, M. H. Porteus, CRISPR/Cas9 genome editing in human 
hematopoietic stem cells. Nat. Protoc. 13, 358–376 (2018).

	 25.	 A. Lattanzi, V. Meneghini, G. Pavani, F. Amor, S. Ramadier, T. Felix, C. Antoniani, 
C. Masson, O. Alibeu, C. Lee, M. H. Porteus, G. Bao, M. Amendola, F. Mavilio, A. Miccio, 
Optimization of CRISPR/Cas9 delivery to human hematopoietic stem and progenitor cells 
for therapeutic genomic rearrangements. Mol. Ther. 27, 137–150 (2019).

	 26.	 M. H. Porteus, A new class of medicines through DNA editing. N. Engl. J. Med. 380, 
947–959 (2019).

	 27.	 C. T. Charlesworth, J. Camarena, M. K. Cromer, S. Vaidyanathan, R. O. Bak, J. M. Carte, 
J. Potter, D. P. Dever, M. H. Porteus, Priming human repopulating hematopoietic stem 
and progenitor cells for Cas9/sgRNA gene targeting. Mol. Ther. Nucleic Acids 12, 89–104 
(2018).

	 28.	 C. A. Vakulskas, D. P. Dever, G. R. Rettig, R. Turk, A. M. Jacobi, M. A. Collingwood, 
N. M. Bode, M. S. McNeill, S. Yan, J. Camarena, C. M. Lee, S. H. Park, V. Wiebking, R. O. Bak, 
N. Gomez-Ospina, M. Pavel-Dinu, W. Sun, G. Bao, M. H. Porteus, M. A. Behlke, A 
high-fidelity Cas9 mutant delivered as a ribonucleoprotein complex enables efficient 
gene editing in human hematopoietic stem and progenitor cells. Nat. Med. 24, 
1216–1224 (2018).

	 29.	 N. Gomez-Ospina, S. G. Scharenberg, N. Mostrel, R. O. Bak, S. Mantri, R. M. Quadros, 
C. B. Gurumurthy, C. Lee, G. Bao, C. J. Suarez, S. Khan, K. Sawamoto, S. Tomatsu, N. Raj, 
L. D. Attardi, L. Aurelian, M. H. Porteus, Human genome-edited hematopoietic stem cells 
phenotypically correct Mucopolysaccharidosis type I. Nat. Commun. 10, 4045 (2019).

	 30.	 G. Schiroli, A. Conti, S. Ferrari, L. Della Volpe, A. Jacob, L. Albano, S. Beretta, A. Calabria, 
V. Vavassori, P. Gasparini, E. Salataj, D. Ndiaye-Lobry, C. Brombin, J. Chaumeil, E. Montini, 
I. Merelli, P. Genovese, L. Naldini, R. Di Micco, Precise gene editing preserves 
hematopoietic stem cell function following transient p53-mediated DNA damage 
response. Cell Stem Cell 24, 551–565.e8 (2019).

	 31.	 J. Wang, C. M. Exline, J. J. DeClercq, G. N. Llewellyn, S. B. Hayward, P. W. Li, D. A. Shivak, 
R. T. Surosky, P. D. Gregory, M. C. Holmes, P. M. Cannon, Homology-driven genome 
editing in hematopoietic stem and progenitor cells using ZFN mRNA and AAV6 donors. 
Nat. Biotechnol. 33, 1256–1263 (2015).

	 32.	 B. D. Sather, G. S. Romano Ibarra, K. Sommer, G. Curinga, M. Hale, I. F. Khan, S. Singh, 
Y. Song, K. Gwiazda, J. Sahni, J. Jarjour, A. Astrakhan, T. A. Wagner, A. M. Scharenberg, 
D. J. Rawlings, Efficient modification of CCR5 in primary human hematopoietic cells using 
a megaTAL nuclease and AAV donor template. Sci. Transl. Med. 7, 307ra156 (2015).

	 33.	 M. Pavel-Dinu, V. Wiebking, B. T. Dejene, W. Srifa, S. Mantri, C. E. Nicolas, C. Lee, G. Bao, 
E. J. Kildebeck, N. Punjya, C. Sindhu, M. A. Inlay, N. Saxena, S. S. DeRavin, H. Malech, 
M. G. Roncarolo, K. I. Weinberg, M. H. Porteus, Author correction: Gene correction 
for SCID-X1 in long-term hematopoietic stem cells. Nat. Commun. 10, 5624 (2019).

	 34.	 G. L. Rogers, H. Y. Chen, H. Morales, P. M. Cannon, Homologous recombination-based 
genome editing by clade F AAVs is inefficient in the absence of a targeted DNA break. 
Mol. Ther. 27, 1726–1736 (2019).

	 35.	 V. G. Sankaran, T. F. Menne, J. Xu, T. E. Akie, G. Lettre, B. Van Handel, H. K. Mikkola, 
J. N. Hirschhorn, A. B. Cantor, S. H. Orkin, Human fetal hemoglobin expression is 
regulated by the developmental stage-specific repressor BCL11A. Science 322, 
1839–1842 (2008).

	 36.	 R. M. Martin, K. Ikeda, M. K. Cromer, N. Uchida, T. Nishimura, R. Romano, A. J. Tong, 
V. T. Lemgart, J. Camarena, M. Pavel-Dinu, C. Sindhu, V. Wiebking, S. Vaidyanathan, 
D. P. Dever, R. O. Bak, A. Laustsen, B. J. Lesch, M. R. Jakobsen, V. Sebastiano, H. Nakauchi, 
M. H. Porteus, Highly efficient and marker-free genome editing of human pluripotent 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on A
ugust 01, 2024



Lattanzi et al., Sci. Transl. Med. 13, eabf2444 (2021)     16 June 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

11 of 12

stem cells by CRISPR-Cas9 RNP and AAV6 donor-mediated homologous recombination. 
Cell Stem Cell 24, 821–828.e5 (2019).

	 37.	 R. Sharma, D. P. Dever, C. M. Lee, A. Azizi, Y. Pan, J. Camarena, T. Kohnke, G. Bao, 
M. H. Porteus, R. Majeti, The TRACE-seq method tracks recombination alleles 
and identifies clonal reconstitution dynamics of gene targeted human hematopoietic 
stem cells. Nat. Commun. 12, 472 (2021).

	 38.	 I. Fares, J. Chagraoui, Y. Gareau, S. Gingras, R. Ruel, N. Mayotte, E. Csaszar, D. J. Knapp, 
P. Miller, M. Ngom, S. Imren, D. C. Roy, K. L. Watts, H. P. Kiem, R. Herrington, N. N. Iscove, 
R. K. Humphries, C. J. Eaves, S. Cohen, A. Marinier, P. W. Zandstra, G. Sauvageau, Cord 
blood expansion. Pyrimidoindole derivatives are agonists of human hematopoietic stem 
cell self-renewal. Science 345, 1509–1512 (2014).

	 39.	 M. Ngom, S. Imren, T. Maetzig, J. E. Adair, D. Knapp, J. Chagraoui, I. Fares, M. E. Bordeleau, 
G. Sauvageau, P. Leboulch, C. Eaves, R. K. Humphries, UM171 enhances lentiviral gene 
transfer and recovery of primitive human hematopoietic cells. Mol. Ther. Methods Clin. 
Dev. 10, 156–164 (2018).

	 40.	 J. Chagraoui, B. Lehnertz, S. Girard, J. F. Spinella, I. Fares, E. Tomellini, N. Mayotte, 
S. Corneau, T. MacRae, L. Simon, G. Sauvageau, UM171 induces a homeostatic 
inflammatory-detoxification response supporting human HSC self-renewal. PLOS ONE 
14, e0224900 (2019).

	 41.	 E. Csaszar, D. C. Kirouac, M. Yu, W. Wang, W. Qiao, M. P. Cooke, A. E. Boitano, C. Ito, 
P. W. Zandstra, Rapid expansion of human hematopoietic stem cells by automated 
control of inhibitory feedback signaling. Cell Stem Cell 10, 218–229 (2012).

	 42.	 J. Caldwell, W. Wang, P. W. Zandstra, Proportional-integral-derivative (PID) control 
of secreted factors for blood stem cell culture. PLOS ONE 10, e0137392 (2015).

	 43.	 P. Huang, S. A. Peslak, X. Lan, E. Khandros, J. A. Yano, M. Sharma, C. A. Keller, B. Giardine, 
K. Qin, O. Abdulmalik, R. C. Hardison, J. Shi, G. A. Blobel, The HRI-regulated transcription 
factor ATF4 activates BCL11A transcription to silence fetal hemoglobin expression. Blood 
135, 2121–2132 (2020).

	 44.	 S. H. Park, C. M. Lee, D. P. Dever, T. H. Davis, J. Camarena, W. Srifa, Y. Zhang, A. Paikari, 
A. K. Chang, M. H. Porteus, V. A. Sheehan, G. Bao, Highly efficient editing of the -globin 
gene in patient-derived hematopoietic stem and progenitor cells to treat sickle cell 
disease. Nucleic Acids Res. 47, 7955–7972 (2019).

	 45.	 D. Grimm, A. Kern, K. Rittner, J. A. Kleinschmidt, Novel tools for production 
and purification of recombinant adenoassociated virus vectors. Hum. Gene Ther. 9, 
2745–2760 (1998).

	 46.	 G. Lewis, L. Christiansen, J. McKenzie, M. Luo, E. Pasackow, Y. Smurnyy, S. Harrington, 
P. Gregory, G. Veres, O. Negre, M. Bonner, Staurosporine increases lentiviral vector 
transduction efficiency of human hematopoietic stem and progenitor cells. Mol. Ther. 
Methods Clin. Dev. 9, 313–322 (2018).

	 47.	 Z. Romero, F. Urbinati, S. Geiger, A. R. Cooper, J. Wherley, M. L. Kaufman, R. P. Hollis, 
R. R. de Assin, S. Senadheera, A. Sahagian, X. Jin, A. Gellis, X. Wang, D. Gjertson, 
S. Deoliveira, P. Kempert, S. Shupien, H. Abdel-Azim, M. C. Walters, H. J. Meiselman, 
R. B. Wenby, T. Gruber, V. Marder, T. D. Coates, D. B. Kohn, beta-globin gene transfer 
to human bone marrow for sickle cell disease. J. Clin. Invest. 123, 3317–3330 (2013).

	 48.	 S. Q. Tsai, Z. Zheng, N. T. Nguyen, M. Liebers, V. V. Topkar, V. Thapar, N. Wyvekens, 
C. Khayter, A. J. Iafrate, L. P. Le, M. J. Aryee, J. K. Joung, GUIDE-seq enables genome-wide 
profiling of off-target cleavage by CRISPR-Cas nucleases. Nat. Biotechnol. 33, 187–197 (2015).

	 49.	 B. Wienert, S. K. Wyman, C. D. Yeh, B. R. Conklin, J. E. Corn, CRISPR off-target detection 
with DISCOVER-seq. Nat. Protoc. 15, 1775–1799 (2020).

	 50.	 M. K. Schmidt, K. Schwarzwaelder, C. Bartholomae, K. Zaoui, C. Ball, I. Pilz, S. Braun, 
H. Glimm, C. von Kalle, High-resolution insertion-site analysis by linear amplification-
mediated PCR (LAM-PCR). Nat. Methods 4, 1051–1057 (2007).

	 51.	 R. L. Frock, J. Hu, R. M. Meyers, Y. J. Ho, E. Kii, F. W. Alt, Genome-wide detection of DNA 
double-stranded breaks induced by engineered nucleases. Nat. Biotechnol. 33, 179–186 
(2015).

	 52.	 M. A. DeWitt, W. Magis, N. L. Bray, T. Wang, J. R. Berman, F. Urbinati, S. J. Heo, T. Mitros, 
D. P. Munoz, D. Boffelli, D. B. Kohn, M. C. Walters, D. Carroll, D. I. Martin, J. E. Corn, 
Selection-free genome editing of the sickle mutation in human adult hematopoietic 
stem/progenitor cells. Sci. Transl. Med. 8, 360ra134 (2016).

	 53.	 C. D. Richardson, K. R. Kazane, S. J. Feng, E. Zelin, N. L. Bray, A. J. Schafer, S. N. Floor, 
J. E. Corn, CRISPR-Cas9 genome editing in human cells occurs via the Fanconi anemia 
pathway. Nat. Genet. 50, 1132–1139 (2018).

	 54.	 M. D. Hoban, G. J. Cost, M. C. Mendel, Z. Romero, M. L. Kaufman, A. V. Joglekar, M. Ho, 
D. Lumaquin, D. Gray, G. R. Lill, A. R. Cooper, F. Urbinati, S. Senadheera, A. Zhu, P. Q. Liu, 
D. E. Paschon, L. Zhang, E. J. Rebar, A. Wilber, X. Wang, P. D. Gregory, M. C. Holmes, 
A. Reik, R. P. Hollis, D. B. Kohn, Correction of the sickle cell disease mutation in human 
hematopoietic stem/progenitor cells. Blood 125, 2597–2604 (2015).

	 55.	 P. Genovese, G. Schiroli, G. Escobar, T. D. Tomaso, C. Firrito, A. Calabria, D. Moi, R. Mazzieri, 
C. Bonini, M. C. Holmes, P. D. Gregory, M. van der Burg, B. Gentner, E. Montini, 
A. Lombardo, L. Naldini, Targeted genome editing in human repopulating 
haematopoietic stem cells. Nature 510, 235–240 (2014).

	 56.	 C. J. Wu, M. Gladwin, J. Tisdale, M. Hsieh, T. Law, M. Biernacki, S. Rogers, X. Wang, 
M. Walters, D. Zahrieh, J. H. Antin, J. Ritz, L. Krishnamurti, Mixed haematopoietic 
chimerism for sickle cell disease prevents intravascular haemolysis. Br. J. Haematol. 139, 
504–507 (2007).

	 57.	 L. S. Kean, M. M. Durham, A. B. Adams, L. L. Hsu, J. R. Perry, D. Dillehay, T. C. Pearson, 
E. K. Waller, C. P. Larsen, D. R. Archer, A cure for murine sickle cell disease through stable 
mixed chimerism and tolerance induction after nonmyeloablative conditioning 
and major histocompatibility complex-mismatched bone marrow transplantation. Blood 
99, 1840–1849 (2002).

	 58.	 L. S. Kean, E. A. Manci, J. Perry, C. Balkan, S. Coley, D. Holtzclaw, A. B. Adams, C. P. Larsen, 
L. L. Hsu, D. R. Archer, Chimerism and cure: Hematologic and pathologic correction 
of murine sickle cell disease. Blood 102, 4582–4593 (2003).

	 59.	 A. C. Wilkinson, D. P. Dever, R. Baik, J. Camarena, I. Hsu, C. T. Charlesworth, C. Morita, 
H. Nakauchi, M. H. Porteus, Cas9-AAV6 gene correction of beta-globin in autologous 
HSCs improves sickle cell disease erythropoiesis in mice. Nat. Commun. 12, 686 (2021).

	 60.	 E. B. Esrick, L. E. Lehmann, A. Biffi, M. Achebe, C. Brendel, M. F. Ciuculescu, H. Daley, 
B. MacKinnon, E. Morris, A. Federico, D. Abriss, K. Boardman, R. Khelladi, K. Shaw, 
H. Negre, O. Negre, S. Nikiforow, J. Ritz, S. Y. Pai, W. B. London, C. Dansereau, 
M. M. Heeney, M. Armant, J. P. Manis, D. A. Williams, Post-transcriptional genetic silencing 
of BCL11A to treat sickle cell disease. N. Engl. J. Med. 384, 205–215 (2021).

	 61.	 H. Frangoul, D. Altshuler, M. D. Cappellini, Y. S. Chen, J. Domm, B. K. Eustace, J. Foell, 
J. de la Fuente, S. Grupp, R. Handgretinger, T. W. Ho, A. Kattamis, A. Kernytsky, 
J. Lekstrom-Himes, A. M. Li, F. Locatelli, M. Y. Mapara, M. de Montalembert, D. Rondelli, 
A. Sharma, S. Sheth, S. Soni, M. H. Steinberg, D. Wall, A. Yen, S. Corbacioglu, CRISPR-Cas9 
gene editing for sickle cell disease and -thalassemia. N. Engl. J. Med. 384, 252–260 
(2021).

	 62.	 A. Murji, M. L. Sobel, L. Hasan, A. McLeod, J. S. Waye, M. Sermer, H. Berger, Pregnancy 
outcomes in women with elevated levels of fetal hemoglobin. J. Matern. Fetal Neonatal 
Med. 25, 125–129 (2012).

	 63.	 I. F. Khan, R. K. Hirata, D. W. Russell, AAV-mediated gene targeting methods for human 
cells. Nat. Protoc. 6, 482–501 (2011).

	 64.	 C. Aurnhammer, M. Haase, N. Muether, M. Hausl, C. Rauschhuber, I. Huber, H. Nitschko, 
U. Busch, A. Sing, A. Ehrhardt, A. Baiker, Universal real-time PCR for the detection 
and quantification of adeno-associated virus serotype 2-derived inverted terminal repeat 
sequences. Hum. Gene Ther. Methods 23, 18–28 (2012).

	 65.	 R. O. Bak, M. H. Porteus, CRISPR-mediated integration of large gene cassettes using AAV 
donor vectors. Cell Rep. 20, 750–756 (2017).

	 66.	 M. K. Cromer, S. Vaidyanathan, D. E. Ryan, B. Curry, A. B. Lucas, J. Camarena, M. Kaushik, 
S. R. Hay, R. M. Martin, I. Steinfeld, R. O. Bak, D. P. Dever, A. Hendel, L. Bruhn, M. H. Porteus, 
Global transcriptional response to CRISPR/Cas9-AAV6-based genome editing in CD34(+) 
hematopoietic stem and progenitor cells. Mol. Ther. 26, 2431–2442 (2018).

	 67.	 T. J. Cradick, E. J. Fine, C. J. Antico, G. Bao, CRISPR/Cas9 systems targeting -globin 
and CCR5 genes have substantial off-target activity. Nucleic Acids Res. 41, 9584–9592 
(2013).

	 68.	 T. J. Cradick, P. Qiu, C. M. Lee, E. J. Fine, G. Bao, COSMID: A web-based tool for identifying 
and validating CRISPR/Cas off-target sites. Mol. Ther. Nucleic Acids 3, e214 (2014).

	 69.	 E. K. Brinkman, T. Chen, M. Amendola, B. van Steensel, Easy quantitative assessment 
of genome editing by sequence trace decomposition. Nucleic Acids Res. 42, e168 (2014).

	 70.	 B. M. Dulmovits, A. O. Appiah-Kubi, J. Papoin, J. Hale, M. He, Y. Al-Abed, S. Didier, 
M. Gould, S. Husain-Krautter, S. A. Singh, K. W. Chan, A. Vlachos, S. L. Allen, N. Taylor, 
P. Marambaud, X. An, P. G. Gallagher, N. Mohandas, J. M. Lipton, J. M. Liu, L. Blanc, 
Pomalidomide reverses -globin silencing through the transcriptional reprogramming 
of adult hematopoietic progenitors. Blood 127, 1481–1492 (2016).

	 71.	 J. Hu, J. Liu, F. Xue, G. Halverson, M. Reid, A. Guo, L. Chen, A. Raza, N. Galili, J. Jaffray, 
J. Lane, J. A. Chasis, N. Taylor, N. Mohandas, X. An, Isolation and functional 
characterization of human erythroblasts at distinct stages: Implications 
for understanding of normal and disordered erythropoiesis in vivo. Blood 121, 3246–3253 
(2013).

	 72.	 J. Hu, R. M. Meyers, J. Dong, R. A. Panchakshari, F. W. Alt, R. L. Frock, Detecting DNA 
double-stranded breaks in mammalian genomes by linear amplification-mediated 
high-throughput genome-wide translocation sequencing. Nat. Protoc. 11, 853–871 (2016).

	 73.	 Y. Zhang, T. Liu, C. A. Meyer, J. Eeckhoute, D. S. Johnson, B. E. Bernstein, C. Nusbaum, 
R. M. Myers, M. Brown, W. Li, X. S. Liu, Model-based analysis of ChIP-Seq (MACS). Genome 
Biol. 9, R137 (2008).

	 74.	 S. Q. Tsai, N. T. Nguyen, J. Malagon-Lopez, V. V. Topkar, M. J. Aryee, J. K. Joung, 
CIRCLE-seq: A highly sensitive in vitro screen for genome-wide CRISPR-Cas9 nuclease 
off-targets. Nat. Methods 14, 607–614 (2017).

	 75.	 T. Magoc, S. L. Salzberg, FLASH: Fast length adjustment of short reads to improve 
genome assemblies. Bioinformatics 27, 2957–2963 (2011).

	 76.	 H. Li, Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 34, 
3094–3100 (2018).

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on A
ugust 01, 2024



Lattanzi et al., Sci. Transl. Med. 13, eabf2444 (2021)     16 June 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

12 of 12

	 77.	 A. R. Quinlan, I. M. Hall, BEDTools: A flexible suite of utilities for comparing genomic 
features. Bioinformatics 26, 841–842 (2010).

Acknowledgments: We thank the Stanford Stem Cell Institute FACS Core for flow cytometry 
access and the Stanford BioADD laboratory for performing high-performance liquid 
chromatography assays. We thank the Binns Program for Cord Blood Research at the Stanford 
University for cord blood–derived CD34+ HSPCs. R.L.F. is a V Scholar for the V Foundation for 
Cancer Research. We further thank members of the Porteus laboratory, B. Burnett, and 
K. Weinberg for input, comments, and discussion. This manuscript honors the memory and 
talents of our colleague Neehar Bhatia who passed away before the work was published. 
Funding: We acknowledge the support of CIRM CLIN1-10084 (M.H.P.), NIH grant support 
through R01HL135607 (M.H.P. and D.P.D.), and the Laurie Kraus Lacob Faculty Scholar Fund in 
Pediatric Translational Medicine and the Sutardja Chuk Professorship (M.H.P.). Author 
contributions: A.L. directed, analyzed, interpreted the data, and wrote the manuscript with 
help from all authors. J.C. designed, performed, and analyzed most of the experiments. P.L. 
performed, analyzed, and interpreted data from large-scale cell manufacturing. N.T. and J.S. 
performed large-scale cell manufacturing. H.S. produced suspension cell system rAAV6 lots. 
W.S. performed in vivo luciferase experiments. C.L. and C.A.V. performed OT analysis. R.L.F. and 
J.K. designed and analyzed HTGTS. M.K.C., C.T.C., R.O.B., and S.M. contributed in designing 
experiments and analyzing data. J.T. provided SCD patient–derived HSPC. D.D. was a director 
at the Stanford LCGM. M.G.R., J.F.W., N.B., and G.B. contributed to experimental design and 
data interpretation. D.P.D. designed, performed, and analyzed data. D.P.D. and M.H.P. directed 
the research and participated in the design and interpretation of the experiments and the 
writing of the manuscript. Competing interests: M.H.P. holds equity in CRISPR Tx, holds 
equity and serves on the SAB of Allogene Tx and Ziopharm Therapeutics, on the Board of 
Directors of Graphite Bio, and serves as an advisor to Versant Ventures. M.H.P., D.P.D., M.G.R., 

and P.L. hold equity in Graphite Bio. C.A.V. is an employee of IDT. D.P.D. and P.L. are now 
employees of Graphite Bio. H.S. is now an employee of Iovance Biotherapeutics but performed 
the work as an employee of Stanford University. M.G.R. serves on the Board of Directors of 
Graphite Bio. J.F.W. is scientific cofounder and scientific advisor to Kriya Therapeutics and a 
scientific advisor/consultant to the following: Akouos Therapeutics, CEVEC Pharmaceuticals, 
Denali Therapeutics, Flexion Therapeutics, Frontera Therapeutics, LogicBio Therapeutics, 
Sangamo Therapeutics, and Yposkesi. None of these companies had input into the design, 
execution, interpretation, or publication of the work here. There are no issued patents related 
to this work, although a provisional patent 63/182,04 has been submitted with A.L., P.L., N.B., 
D.P.D., and M.H.P. as inventors. Graphite Bio has entered into a license agreement related to 
the work described here. Data and materials availability: All data associated with this study 
are present in the paper or the Supplementary Materials. LAM-HTGTS data are available in 
GEO via accession number GSE163912. Plasmids are available to academic researchers upon 
request to M.H.P.

Submitted 13 October 2020
Accepted 25 May 2021
Published 16 June 2021
10.1126/scitranslmed.abf2444

Citation: A. Lattanzi, J. Camarena, P. Lahiri, H. Segal, W. Srifa, C. A. Vakulskas, R. L. Frock, J. Kenrick, 
C. Lee, N. Talbott, J. Skowronski, M. K. Cromer, C. T. Charlesworth, R. O. Bak, S. Mantri, G. Bao, 
D. DiGiusto, J. Tisdale, J. F. Wright, N. Bhatia, M. G. Roncarolo, D. P. Dever, M. H. Porteus, Development 
of -globin gene correction in human hematopoietic stem cells as a potential durable treatment 
for sickle cell disease. Sci. Transl. Med. 13, eabf2444 (2021).

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on A
ugust 01, 2024




