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Zinc finger nuclease-mediated 
gene editing in hematopoietic stem 
cells results in reactivation of fetal 
hemoglobin in sickle cell disease
Samuel Lessard1,8,10, Pauline Rimmelé1,10, Hui Ling1, Kevin Moran1, Benjamin Vieira1, 
Yi-Dong Lin1, Gaurav Manohar Rajani1, Vu Hong1, Andreas Reik2, Richard Boismenu2, 
Ben Hsu2, Michael Chen2, Bettina M. Cockroft2, Naoya Uchida3, John Tisdale3, Asif Alavi4, 
Lakshmanan Krishnamurti5, Mehrdad Abedi6, Isobelle Galeon1, David Reiner1, Lin Wang1, 
Anne Ramezi1, Pablo Rendo1, Mark C. Walters7, Dana Levasseur1, Robert Peters1, 
Timothy Harris1 & Alexandra Hicks1,9

BIVV003 is a gene-edited autologous cell therapy in clinical development for the potential treatment of 
sickle cell disease (SCD). Hematopoietic stem cells (HSC) are genetically modified with mRNA encoding 
zinc finger nucleases (ZFN) that target and disrupt a specific regulatory GATAA motif in the BCL11A 
erythroid enhancer to reactivate fetal hemoglobin (HbF). We characterized ZFN-edited HSC from 
healthy donors and donors with SCD. Results of preclinical studies show that ZFN-mediated editing 
is highly efficient, with enriched biallelic editing and high frequency of on-target indels, producing 
HSC capable of long-term multilineage engraftment in vivo, and express HbF in erythroid progeny. 
Interim results from the Phase 1/2 PRECIZN-1 study demonstrated that BIVV003 was well-tolerated in 
seven participants with SCD, of whom five of the six with more than 3 months of follow-up displayed 
increased total hemoglobin and HbF, and no severe vaso-occlusive crises. Our data suggest BIVV003 
represents a compelling and novel cell therapy for the potential treatment of SCD.

Sickle cell disease (SCD) is a hereditary hemoglobinopathy characterized by inflammation, hemolytic anemia, 
vaso-occlusive crises, organ damage, and early mortality1–4. Elevated expression of fetal hemoglobin (HbF) has 
a well-established beneficial effect on the clinical course of SCD, with decreased disease severity in patients 
with naturally occurring genetic variants or mutations leading to a persistence of HbF into adulthood5–8. The 
ameliorative effect of HbF in patients with SCD has prompted assessment of genetic and pharmacological 
therapeutic approaches aimed at inducing HbF9–12.

Allogeneic hematopoietic stem cell (HSC) transplant remains the only curative option for SCD but is limited 
to the minority of patients with a matched donor and carries a risk of graft failure or rejection and graft-versus-
host disease13–16. Transplantation of autologous, genetically modified HSC has therefore been pursued as an 
alternative. Several gene-addition and gene-editing strategies using autologous HSC are currently approved 
or in clinical development in patients with SCD, including approaches to reactivate HbF9,11,12,17,18. Several of 
these share a common approach of targeting the BCL11A erythroid-specific enhancer (ESE), a key regulatory 
element in the fetal-to-adult hemoglobin (Hb) switch, to selectively generate erythroid cells with reduced 
BCL11A expression (and induced HbF production) without affecting non-erythroid cells9,11,12,19–22. Other gene 
editing strategies to reactivate HbF include mimicking mutations in the promoter of the gamma-globin gene that 
lead to high persistence of fetal hemoglobin (HPFH)23–26.
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BIVV003 is a novel gene-edited autologous cell therapy in clinical development for the potential treatment 
of SCD, in which HSC are genetically modified with mRNA encoding zinc finger nucleases (ZFN) that target 
and disrupt a specific regulatory GATAA motif in the BCL11A ESE to reactivate HbF27,28. Zinc finger proteins 
combined with the nuclease domain of the restriction endonuclease FokI create double-strand breaks (DSBs) 
at precisely defined genomic locations. Repair of the DSBs via non-homologous end joining (NHEJ) or 
microhomology-mediated end joining (MMEJ) results in target sequence disruption29.

ZFN-mediated gene editing of the BCL11A ESE in HSC from healthy donors and donors with β-thalassemia 
reactivates HbF in erythroid cells without compromising in vivo engraftment30,31. In these studies, we show that 
ZFN-mediated editing is highly efficient and produces HSC capable of long-term multilineage engraftment in 
vivo,independent of mobilization strategy or disease state, and robustly express HbF in the erythroid progeny. 
Through clonal analysis of edited HSC from healthy donors and donors with SCD, we have also shown enriched 
biallelic editing with a high frequency of small indels, generating a high efficiency of ZFN gene editing. Together 
with preliminary clinical studies32,33, our data suggest BIVV003 represents a novel cell therapy for the potential 
treatment of SCD and support ongoing clinical development of this approach (NCT03653247).

Results
ZFN-mediated gene editing is highly efficient and leads to HbF induction ex vivo 
independently of mobilization strategy or disease state
In individuals with β-thalassemia, the combination of granulocyte colony–stimulating factor (G-CSF) with 
plerixafor is used for stem cell mobilization34,35. However G-CSF is not recommended for hematopoietic stem-
progenitor cell (HSPC) mobilization in patients with SCD due to the risk of vaso-occlusive complications 
associated with leukocytosis, therefore single-agent plerixafor mobilization is utilized36. We characterized ZFN-
edited HSPC from healthy donors from single (plerixafor)- or dual-agent (plerixafor plus G-CSF) mobilization. 
Modification of the BCL11A ESE target site (Fig. 1a) was efficient using both mobilization strategies, with > 75% 
of alleles modified as measured by frequency of indels (i.e., insertions and deletions) and high post-editing 
viability (Figs. 1b and 1c).

For both mobilization strategies, we observed approximately 3–fold increases in γ-globin protein and the 
frequency of HbF+ cells after erythroid differentiation of ZFN-edited HSPC, compared with unedited control 
cells (Figs. 1d and 1e).

ZFN transfection in HSPC from four healthy donors and three participants with SCD (all from single-agent 
plerixafor mobilization) resulted in comparable BCL11A ESE target site editing in a majority of both healthy and 
SCD donor HSPC (75.3% and 64.2%, respectively; p > 0.05; Fig. 1f), with high post-editing viability (Fig. 1g). 
Editing led to approximate 2–threefold increases in γ-globin levels in erythroid progenies from healthy and SCD 
donor HSPC at day 18 of differentiation (Fig. 1h).

Owing to unexpected differential growth kinetics between SCD donors and premature cell death of unknown 
cause in two SCD donor HSPC preparations, we were only able to evaluate HbF+ cell frequency in HSC derived 
erythroid cells from one SCD donor. We found comparable increases in HbF+ cell frequency after editing in 
healthy (n = 1) and SCD (n = 1) donor HSPC derived erythroid cells (Figure S1a). Red blood cell (RBC) sickling 
from the same SCD donor under hypoxic conditions was lower after editing (Figure S1b-d).

ZFN-mediated gene editing does not compromise the function or progenies of HSC and 
results in stable editing levels after engraftment in in vivo mouse models
We next measured colony-forming unit (CFU) production in single-agent mobilized HSPC from healthy donors 
in vitro. CFU composition was similar between edited and unedited cells 2  days post-ZFN editing (Fig.  2a; 
n = 3). Furthermore, there were no significant differences in frequency of enucleated cells after 20 days of in vitro 
erythroid differentiation (n = 4, p > 0.05; Fig. 2b).

To determine the effect of ZFN editing on the function of HSC and engraftment potential, we transplanted 
ZFN-edited and unedited dual-agent mobilized control HSPC from two healthy donors into immune-deficient 
NOD scid gamma (NSG) mice. Mice treated with edited or unedited HSPC had similar chimerism (Figs. 2c and 
2d). We observed a small increase in HSPC and committed progenitors in the bone marrow of mice engrafted 
with the first donor between edited and unedited cells after engraftment in NSG mice (p < 0.05; Fig. 2e). No 
significant difference was observed in the bone marrow of mice engrafted with cells from the second donor 
(Fig. 2f).

Comparable indel levels were observed in both healthy donor HSPC in the cell input and after transplantation 
at Week 19 in peripheral blood (Fig. 3a). No significant difference in indel levels were measured in BCL11A-
dependent (CD19+ B cells; CD34+CD38+ primitive progenitors) and BCL11A-independent (CD33+ myeloid 
cells) lineages at Week 19 after engraftment of HSC from both donors (p > 0.05; Fig.  3b). Human in vitro 
differentiated erythroid cells derived from engrafted HSPC showed similar indel levels to the other lineages 
(p > 0.05; Fig.  3b). In addition, no significant differences in terminal erythroid differentiation in vitro were 
observed based on the proportion of enucleated cells in recipients treated with edited or unedited HSPC at Week 
19 post-engraftment (p > 0.05; Fig. 3c). A significant increase in γ-globin in the erythroid progeny was observed 
in edited versus unedited HSPC (Fig. 3d).

We determined that the most common indel sequences at input resulting from editing in both donors were 
comparable, with 15-, 13-, and 2-bp deletions the most frequently observed (Fig. 3e). The frequencies of indel 
patterns and sizes of insertions or deletions after 19 weeks of engraftment were similar between the two donors 
(Fig. 3g), with no difference between the fractions of total indels likely derived from microhomology-mediated 
end-joining (MMEJ; Fig. 3f). The frequency of -13 and -15 MMEJ indels dropped significantly after engraftment 
in both donors, likely reflecting loss of short-term HSC and committed progenitors (Fig. 3f and 3g, Figure S2). 
Insufficient cell preparations were available to conduct these experiments for HSPC from sickle cell donors.
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Fig. 1.  ZFN-mediated gene editing is highly efficient and leads to HbF induction independently of 
mobilization strategy or disease state. (a) Schematic of zinc-finger nucleases (ZFN) targeting the BCL11A 
erythroid-specific enhancer. The FokI domains dimerize over the core GATAA motif to induce double-strand 
breaks. Arrows represent the ZFN-nucleotide contacts. (b) Indel frequency and (c) cell viability using acridine 
orange/propidium iodide in single- (n = 5) and dual-mobilized (n = 4) CD34 + HSPC 2 days after ZFN editing 
of the BCL11A erythroid enhancer. (d) Gamma-globin (γ-globin) protein levels measured by reverse phase 
ultra-performance liquid chromatography (RP-UPLC) at day 21 of erythroid differentiation (single-mobilized 
n = 4, dual-mobilized n = 4). (e) Fraction of HbF+ cells in enucleated glycophorin A–positive erythroid cells 
derived from single- and dual-mobilized CD34 + HSPC (left; single-mobilized n = 3, dual-mobilized n = 2). A 
representative flow cytometry plot of HbF+ cell frequency is shown on the right. (f) Indel levels and (g) cell 
viability in HSPC derived from healthy (n = 4) and SCD (n = 3) donors 2 days post-transfection of ZFNs. (h) 
γ-globin protein levels measured by RP-UPLC at terminal erythroid differentiation (day 18). Data expressed 
as mean ± standard deviation (*P < 0.05; **P < 0.01; ***P < 0.001). G + P, granulocyte colony-stimulating factor 
plus plerixafor; HbF, fetal hemoglobin; HD, healthy donor; HSC, hematopoietic stem cell; P, plerixafor; RP-
UPLC, reversed-phase ultra-performance liquid chromatography; SCD, sickle cell disease donor; SSC, side 
scatter; UT, untreated; ZFN, zinc finger nuclease.
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Fig. 2.  ZFN-mediated gene editing does not adversely affect HSC progenies. (a) Number of CFU-derived 
colonies of HSPC 2 days post-ZFN editing from plerixafor cells. Shown are the contribution of CFU-E, BFU-E, 
CFU-G/M/GM, and CFU-GEMM (n = 3). (b) Frequency of enucleated cells at Day 20 of in vitro differentiation 
(n = 4). (c) Proportion of human CD45+ (hCD45) cells in NSG mouse PB. Data from 9–10 mice per donor 
and condition at Weeks 8 and 12 and from 4–5 mice at Weeks 16 and 19. Error bars correspond to the 
standard error of the mean. (d) Proportion of hCD45+ cells in mouse BM at Week 19. (e and f) Frequencies 
of HSPC (Lin-CD34highCD38-), committed progenitors (Lin-CD34highCD38 +), myeloid (CD33 +), 
erythroid (CD71 +), lymphoid B (CD19 +), lymphoid T (CD3 +), and natural killer (CD56 +) within the 
hCD45 + population within the total bone marrow cells are shown for two healthy donors at 19 weeks after 
engraftment. Data expressed as mean ± standard deviation unless specified (*P < 0.05; **P < 0.01; ***P < 0.001). 
BFU-E, burst-forming unit-erythroid; CFU, colony-forming unit; CFU-E, CFU-erythroid; CFU-G/M/GM, 
CFU-granulocyte–macrophage; CFU-GEMM, CFU-granulocyte-erythrocyte-monocyte-megakaryocyte; CP, 
committed progenitor; HD, healthy donor; HSC, hematopoietic stem cell; HSPC, hematopoietic stem and 
progenitor cell; NK, natural killer; UT, untreated; ZFN, zinc finger nuclease.

 

Scientific Reports |        (2024) 14:24298 4| https://doi.org/10.1038/s41598-024-74716-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 3.  ZFN-mediated gene editing does not compromise the functionality or progenies of HSPC and 
results in stable editing levels after engraftment in vivo. (a) PB indel levels at input (Week 0, n = 2 donors) 
and after engraftment (For each donor, n = 9–10 mice for week 8 and 12 post engraftment, and n = 4–5 mice 
for week 16 and 19). (b) Indel levels in human bone marrow (BM) as well as cell subpopulations within the 
hCD45 + compartment sorted using antibodies recognizing the indicated lineage markers at input (Week 0) 
and after engraftment (Week 19 post engraftment). No significant difference was observed between lineages at 
week 19 using a multivariate ANOVA controlling for donor differences (P > 0.05, excluding input). BM refers 
to the total human CD45 + cell population in the bone marrow. (c) Frequency of enucleated cells in terminal 
erythroid differentiation in vitro from BM-derived HSPC at Week 19. (d) Globin protein levels were analyzed 
at Day 16 of in vitro erythroid differentiation by UPLC. Average γ-globin protein levels for each group are 
plotted as percentage of all β-like globin protein (A-γ-, G-γ-, δ-, and adult β-globin protein) on the left, and 
average γ-globin protein levels as percentage of α-globin levels are plotted on the right. (e) Read counts of 
the 10 most frequent sequences identified by next-generation sequencing at input (Week 0) in healthy donor 
1 (HD 1) and healthy donor 2 (HD 2). The unedited (wild type) sequence is shown in bold, with a rectangle 
highlighting the core GATAA site and lines representing ZFN contacts. (f) Fraction of total indels that are 
likely derived from MMEJ. MMEJ patterns represent those identified by the RGEN Microhomology-Predictor 
tool (see Methods). (g) Frequency of indels by size of insertion (> 0) or deletions (< 0). Data expressed as 
mean ± standard deviation (*P < 0.05; **P < 0.01; ***P < 0.001). HD, healthy donor; HSC, hematopoietic stem 
cell; MMEJ, microhomology-mediated end-joining; n.s., not significant; PB, peripheral blood; BM, bone 
marrow; UPLC; ultra-performance liquid chromatography; UT, untreated; ZFN, zinc finger nuclease.
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ZFN-mediated gene editing leads to enriched biallelic-edited cells and allele-additive 
increases in HbF
We sorted single-agent mobilized, ZFN-edited HSPC from healthy (n = 5) and SCD (n = 3) donors into single 
cells and performed erythroid differentiation on each resulting colony (Fig. 4)37. We genotyped 1,175 single-
cell–derived HSPC colonies by next-generation sequencing (Table S1a). Similar levels of editing, up to 95%, were 
observed after erythroid differentiation in single cells from healthy and SCD donor HSPC (Fig. 4a). Indel levels 
in single-cell derived colonies were generally higher than in bulk HSPC or in vitro differentiated erythroid cells 
(Figure S3). The most observed indel patterns in healthy donor and SCD donor samples were comparable, with 
the 15-bp, 2-bp, and 13-bp deletions the most frequent (Fig. 4b).

The distribution of wild-type (WT), monoallelic-, and biallelic-edited genotypes was highly skewed towards 
biallelic-edited cells in both healthy donor and SCD donor HSPC, representing > 90% and 88% of edited clones, 
respectively, and indicating that ZFN-edited cells contained edits at both alleles (Fig. 4c and 4d; Table S1b and 
S1c). Background HbF protein levels varied across donors, which were processed in batches, ranging from 7 to 
22% in WT clones from healthy donors and from 22 to 51% for WT clones from SCD donors. Nevertheless, we 
observed a similar increase in HbF across donors: HbF protein measurements indicated that each edited allele 
contributed additively to an increase of γ/(γ + β) ratio of ~ 15% (Figs. 4e and 4f). Biallelic-edited clones from 
healthy donors and SCD donors had a 29% and 27% increase, respectively, of γ/(γ + β) ratio, compared with 
basal levels in unedited clones.
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To understand the contribution of different indel patterns to HbF induction, we separated indels according 
to whether they disrupted the internal GATAA motif. We observed a similar additive increase in HbF in clones 
with GATAA-disrupting indels in both healthy (n = 5) and SCD (n = 3) donor cells compared with WT, with 
biallelic clones expressing ~ 34% more HbF than WT (Fig. 4g, Figure S4). In contrast, biallelic-edited clones 
with both GATAA motifs intact expressed ~ 13% more HbF compared with WT, suggesting that non–GATAA-
disrupting indels contribute to HbF up-regulation, albeit to a lower extent (Fig. 4g).

To determine the effect of ZFN editing on erythroid function, we examined the frequency of cell enucleation 
based on genotype and whether the indel pattern disrupted the internal GATAA motif. In healthy donor HSC 
(n = 3), biallelic-edited cells showed a slight decrease in enucleation frequency compared with WT (Figure S5a). 
However, biallelic-edited cells with intact GATAA sites (“WT/WT”) did not show differences in enucleation 
compared with biallelic-edited cells with disrupted GATAA sites (Figure S5b), suggesting that the observed 
differences in enucleation may be due to the process of transfection and editing rather than specific effects of 
BCL11A knockdown. No differences in enucleation frequency were observed among various genotypes or indel 
patterns within GATAA sites in SCD donor HSPC (n = 3; Figures S5c and S5d).

ZFN-mediated gene editing is characterized by high frequency of small indels
It was possible that biallelic-edited homozygous clones (N = 162) and clones that failed to genotype (N = 16 
with visible colonies and good HbF detection) harbored larger deletions at the target sites in one of the alleles, 
encompassing the primer sites used for the amplicon, and thus were not captured by sequencing. Therefore, we 
further genotyped these clones from healthy donors (n = 4) using an amplicon design that included both the 
target site and an informative heterozygous single nucleotide polymorphism that allowed the discrimination 
of both alleles. We subsequently sequenced clones that remained indeterminate using a larger 12 kb Nextera 
XT amplicon assay centered on the target site (Fig.  5a). Overall, the majority (89.7%) of edited alleles were 
small indels (1–50 bp; N = 963; Fig. 5b). Large deletions and insertions > 1 kb accounted for less than 1% and 
0.3%, respectively. Similarly, we observed a very small number of complex events involving both insertions 
and deletions (0.5%). The largest deletion was 5.9 kb within the BCL11A ESE (Fig. 5c). However, this was an 
outlier considering that the second largest deletion was ~ 2.5 kb and the median size of large deletions (> 1 kb) 
was 1.4 kb. The largest insertion was estimated to be 2.9 kb. All large insertions mapped to other genomic loci. 
Overall, between 79.9% and 86.6% of total indels disrupted the GATAA motif (Fig. 5d).

To understand the effect of indel size on HbF, we correlated the mean indel length per clone with HbF 
using a linear model accounting for sample differences. There was a significant effect of mean size on HbF, 
although this was attenuated when accounting for GATAA-disrupting indels (Figure S6a and S6b). There was no 
significant correlation between edit length and enucleation rate, suggesting that larger indels do not negatively 
impact erythroid function (Figure S6c). Finally, we hypothesized that deletions > 50 bp may be more frequent 
in either committed progenitors or HSC. We observed an enrichment of MMEJ indel patterns in the second 
allele of clones harboring deletions > 50 bp compared with clones with NHEJ small indels (Fig. 5e) and observed 
an increased frequency of microhomologies around deletions > 50 bp compared to smaller deletions (< 50 bp; 
p < 0.00005). Since MMEJ mediated repair is less frequent in long-term engrafting HSC, these results suggest 
that large deletions are less likely to arise in this population.

Interim results from the phase 1/2 PRECIZN-1 study
To show how the preclinical research data shown above translate to the clinical setting, we are summarizing the 
current results from the PRECIZN-1 study, which was conducted following extensive safety studies.

Fig. 4.  ZFN-mediated gene editing leads to enriched biallelic edited cells and allele-additive increases in HbF. 
(a) Total editing levels in erythroid colonies derived from single-cell CD34 + HSPC from healthy and SCD 
donors. (b) Frequency of the most common indel patterns in single-cell derived colonies. The unedited (wild 
type) sequence is shown in bold, with a rectangle highlighting the core GATAA site and lines representing 
ZFN contacts. (c and d) Frequency of wild-type, monoallelic, and biallelic-edited genotypes derived from 
single-cell clonal analysis of plerixafor-mobilized HSC from (c) 5 healthy and (d) 3 SCD donors. The 
distribution of genotype was significantly skewed towards biallelic clones. The expected distribution of clones 
was calculated using an equation analogous to the Hardy–Weinberg equilibrium (Online Methods). P-values 
from χ2 tests comparing the observed and expected number of wild-type, monoallelic, and biallelic clones 
for each sample are reported on the figure. Significant P-values reflect a skew of the distributions towards 
wild-type and biallelic clones. (e and f) Association of γ-globin levels measured by reversed-phase ultra-
performance liquid chromatography with genotypes in (e) healthy donors (linear regression P = 8 × 10−84; 
beta = 14.9; standard error = 0.7) and (f) SCD donors (linear regression P = 7 × 10−8; beta = 14.1; standard 
error = 2.5). Mean differences between biallelic-edited and unedited clones were 32% (HD 1), 38% (HD 2), 
28% (HD 3), 30% (HD 4), 21% (HD 5), 28% (SCD 1), 32% (SCD 2), and 20% (SCD 3). (g) Effect of indels 
on gamma-globin expression in healthy donor cells, stratified by whether they disrupt the core GATAA site 
(GATAA-, left) or not (GATAA + , right). For (e, f, and g), beta and P-values were calculated by fitting linear 
regression models of HbF (gamma-globin) against genotype in all clones, adjusted for the different donors 
(HbF ~ genotype + donor). The beta coefficient for the genotype effect is reported. HbF, fetal hemoglobin; HD, 
healthy donor; HSC, hematopoietic stem cell; SCD, sickle cell disease; WT, wild type.

◂
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Participant disposition
At the cutoff date (August 15, 2023), seven participants with SCD had received infusions of BIVV003 (Table 
S2)32,33. Group 1 comprised four participants administered BIVV003 using the original manufacturing process, 
each with up to 30 months of follow-up as of the cutoff. Participants in Group 2 received BIVV003 manufactured 
according to an improved process designed to increase the number of long-term progenitors present at the end 
of the process without affecting their editing frequency. One participant in Group 2 had 1 month of follow-
up at the cutoff. Six of 13 enrolled participants who underwent mobilization and apheresis at least once did 
not collect sufficient CD34 + HSPC on the first attempt to manufacture the minimal dose of BIVV003 and 
discontinued from the study without being dosed (Table S3). Four of 13 (31%) participants underwent two 
cycles of mobilization and apheresis; two collected sufficiently through the repeat cycle to manufacture a dose of 
BIVV003 and subsequently received the infusion.
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Hematopoietic reconstitution and engraftment of edited HSPC
Seven participants underwent busulfan conditioning and infusion of autologous, ZFN-edited HSPC. The mean 
hemoglobin on the day of BIVV003 infusion was 9.9 g/dL. Median times for neutrophil and platelet recovery 
were 21  days and 29  days, respectively. Participants received RBC transfusion support up to Day 21 post-
transplant. After hematopoietic recovery, all participants were transfusion-free except for Participant 3, who 
required sporadic transfusions.

The indel frequency in the BIVV003 drug product infused ranged from 56–78% (Table S4). At Week 26, 
indel frequency ranged from 17–34% in unsorted bone marrow in all four Group 1 participants, and 37% and 
33% in two Group 2 participants. The corresponding values for Week 52 were 17–32%. While both input indel 
percentages and indel percentages at equilibrium tended to be slightly lower in the clinical study, with no strict 
correlation between the two values for individual samples, the indel patterns in the patient samples mirror those 
observed after engraftment of ZFN treated human HSC in mice (Fig. 3) with a steep reduction of the percentage 
of the MMEJ derived 15 and 13 bp deletions compared to the drug product and a high degree of complexity with 
no specific indel dominant but the 2 bp deletion as the most common indel observed post-infusion in the bone 
marrow or PBMC derived samples from all patients (data not shown).

Hb fractionation following BIVV003 infusion
Total hemoglobin (Fig. 6a) and clinical markers of hemolysis (Figure S7) stabilized by Week 26 post- BIVV003 
infusion in all six participants with ≥ 26 weeks of follow-up. In Group 1, percent HbF level (1–11% at screening) 
increased to 14–39% by Week 26 in all four participants. Notably, one participant had an HbF level which 
dropped below 15% from Week 26 onwards (Fig. 6a). In Group 2, percent HbF level increased to 45–54% at 
Week 26.

Percent F cells increased up to 99% and reached a stable level by 26 weeks of follow-up in six infused participants 
(one subject having reached only Day 29 post-infusion by the cutoff date). F cell levels persisted at 77% or greater 
in five participants for up to 104 weeks of follow-up (Fig. 6b). At Week 26, five of six participants had stably 
achieved the average level of ≥ 10 pg of HbF/F cells that inhibits sickle hemoglobin (HbS) polymerization25 and 
sustained this level for up to 104 weeks of follow-up (Fig. 6c). Group 2 participants generally attained higher 
HbF/F cell levels than Group 1 participants. (Fig. 6c).

Safety and tolerability
Overall, the AEs reported in the study were generally consistent with mobilization, apheresis, and conditioning 
treatment (Table S5). Two SAEs of sickle cell anemia with crisis in two patients were reported by the investigator 
as related to plerixafor. One SAE of nausea was reported by the investigator as related to busulfan. There were 
no related SAEs and only one Grade 2 AE of anxiety assessed by the investigator as related to BIVV003. As of 
the cutoff, three vaso-occlusive crises had been reported ~ 9 ,17 and 22 months after BIVV003 infusion in one 
participant in Group 1 (Fig. 6D). No other SCD-related events were reported.

Discussion
BIVV003 is a novel gene-edited autologous cell therapy in development for SCD (NCT03653247), in which 
HSPC are genetically modified with mRNA encoding ZFNs that disrupt a specific regulatory GATAA motif in 
the BCL11A ESE to reactivate HbF. ZFN-mediated gene editing does not require viral transduction or the use 
of DNA-annealing oligonucleotides, such as guide RNAs. In our preclinical studies, ZFN editing was highly 
efficient, as evidenced by high indel frequency, and led to HbF induction ex vivo, in plerixafor-mobilized HSC 
from both healthy donors and donors with SCD. ZFN-mediated gene editing did not impact terminal erythroid 
differentiation, consistent with previously published approaches targeting the ESE of BCL11A30,31,38–41. Erythroid 

Fig. 5.  ZFN-mediated gene editing is highly specific and characterized by high frequency of on-target small 
indels. (a) Experimental strategy to confirm homozygote clones and identified large deletions. Left: With 
the original 140 bp sequencing assay, clones with only 1 indel pattern may represent homozygote clones or 
clones with an uncaptured deletion spanning a primer site. Center: 12 homozygous clones could be confirmed 
by a sequencing assay that captures an informative SNP in 2 healthy donors. Right: For samples with no 
informative SNPs or uncaptured events, a 12 kb region around the target site was sequenced. Example shows 
a heterozygous sample with a large deletion that was not captured by the small 140 bp amplicon and therefore 
ruled out as a homozygote by the subsequent analysis. (b) Frequency of identified allele lengths in clones 
(N = 1175) derived from healthy donors (n = 4). A 12 kb region was sequenced around the BCL11A enhancer 
in clones with alleles potentially missed by short amplicon sequencing. Indels > 1 kb represent less than 1% 
of events. Unknown events include 3 insertions for which the length could not be determined. (c) Depiction 
of the largest deletion observed (5.9 kb). The deletion is contained within the BCL11A erythroid super-
enhancer, itself located within the 77 kb intron 2 of BCL11A. (d) Total fraction of indels that disrupt the core 
GATAA site. (e) Enrichment of MMEJ indels with large deletions. The figure shows the frequency of small 
indels (MMEJ or NHEJ) as the second allele of clones carrying a large deletion (> 50 bp), a large insertion 
(> 50 bp), a complex indel, or a NHEJ indel. MMEJ indels are over-represented as the second allele of clones 
with deletions > 50 bp (Fisher exact test P = 0.008). Complex indels and insertions show over- and under-
representation of large deletions (P = 0.02 and 0.03, respectively). Data from healthy donor cells (n = 4). MMEJ 
patterns represent those identified by the RGEN Microhomology-Predictor tool (methods). bp, base pairs; 
HD, healthy donor; MMEJ, microhomology-mediated end joining; NHEJ, non-homologous end joining; SNP, 
single nucleotide polymorphism.
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Fig. 6.  Preliminary safety and efficacy results from PRECIZN-1: an ongoing Phase 1/2 study of BIVV003, a 
ZFN-modified autologous CD34 + HSC therapy for SCD. (a) Total Hb and Hb fractionation in all participants 
(n = 7) following BIVV003 infusion. *Indicates the Hb value from local lab, since the central lab value was not 
collected. (b) F cells over time for treated participants. (c) HbF/F cell levels above the threshold for preventing 
HbS polymerization. (d) Number of VOCs (severe pain crises, acute chest syndrome) reported pre- and 
post-BIVV003 infusion. Note, some participants had back-to-back VOC events. The total number of events is 
reported in Table S2. Hb, hemoglobin; HbA, adult hemoglobin; HbA2, variant adult hemoglobin; HbF, fetal 
hemoglobin; HbS, sickle hemoglobin; VOC, vaso-occlusive crisis
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progenies from ZFN gene-edited HSC from an SCD donor showed attenuated in vitro sickling, supporting the 
therapeutic impact of ZFN editing and HbF induction, and expanding on our previous studies in β-thalassemia31.

ZFN-mediated gene editing did not compromise the function and potency of hematopoietic progenitors, 
consistent with our previous studies30,31. Following engraftment of ZFN-edited HSPC into immunodeficient 
mice, similar human chimerism in circulation and bone marrow was observed compared to non-edited HSPC. 
Furthermore, the frequency of engrafted, gene-edited cells in total and sorted bone marrow populations 
persisted. Erythroid cells differentiated ex vivo from the chimeric bone marrow of primary recipients showed 
that ZFN-mediated gene editing resulted in effective HbF reactivation with no impact on enucleation, consistent 
with our in vitro findings. Our studies show a long-term and sustainable effect in an in vivo mouse model.

Long-term HSC were shown to preferentially undergo NHEJ-mediated repair following ZFN-mediated gene 
editing. Sequencing of input cells showed the most common edits were 15- and 13-bp deletions, due to MMEJ 
repair. After in vivo engraftment, we observed a reduced frequency of MMEJ repair alleles in engrafted versus 
input cells, suggesting that long-term HSC favor repair by NHEJ. Consistently, preclinical data from CRISPR-
mediated gene editing in HSC suggest that long-term HSC favor NHEJ-repair and that MMEJ may be less 
common in these cell types40,41.

A major consideration for the clinical development of gene therapies is high efficiency of therapeutic editing 
and the reduction of off-target editing. We demonstrate that ZFN-mediated gene editing in HSC from healthy 
donors and donors with SCD results in highly efficient and precise disruption of the BCL11A ESE. Genotype 
distributions of edited HSC were highly skewed towards biallelic editing, suggesting that ZFN-expressing 
cells are characterized by complete allelic disruption. Colonies with biallelic modifications also exhibited 
increased HbF levels in an edited allele- and GATAA site disruptive-dependent fashion. The high precision of 
ZFN-mediated gene editing was confirmed by sequencing a 12 kb region around the target site. High rates of 
unintended on-target large deletion of genes, including BCL11A, in CRISPR/Cas9 gene-edited SCD HSC were 
recently reported42,43. We observed that indels resulting from ZFN editing of healthy donor and SCD donor HSC 
were generally small and located well within the intronic region of BCL11A. The largest deletion was contained 
within the BCL11A  ESE and all large insertions appeared to be random integrations. Our data also suggest 
that large deletions are less likely to arise in the long-term engrafting HSC as large deletion rates positively 
correlate with MMEJ repair usage44. However, a limitation of our study is that long-range sequencing was not 
conducted, which would have provided a more accurate characterization of potential large deletions, insertions, 
and complex events.

Interim safety and efficacy results confirm the potential therapeutic value of ZFN-mediated modification of 
the BCL11A ESE region and BIVV003 infusion to address current unmet needs of individuals with SCD. Five 
of six infused participants with more than 3 months of follow-up showed sustained increases in total Hb, HbF, 
and percent F cells. Participant 3, the one who displayed a non-sustained level of HbF expression, likely did 
not have adequate myeloablation and/or engraftment of ex vivo LT-HSC despite receiving a cell product with 
a high percentage of edited cells. This is supported by the large difference between the indel percentage in the 
drug product and after infusion (Table S4). BIVV003 was well tolerated in all seven participants infused to date, 
with all three post-infusion severe VOC events reported in one participant (participant 3) after treatment, which 
were associated with HbF levels below what is inhibitory of HbS polymerization. The manufacturing process 
used in group 1 has been shown to result in a reduction in the LT-HSPC population in the drug product (data 
not shown). This manufacturing process was also used in our study of ZFN-edited autologous HSPC transplant 
in patients with transfusion-dependent beta-thalassemia (NCT03432364), and, in addition to the different 
mobilization procedure and patient population, may have factored into the short-lived increases in HbF in RBC 
observed in that study. It may also have factored in the non-sustained HbF expression in participant 3, although 
unique aspects of the treatment of this patient or their biology may have contributed to this outcome. In group 
2, a refined manufacturing process with improved culture conditions during CD34 + HSPC isolation and culture 
to leading to an increased number of LT-HSC in the drug product has been used. Remaining participants to be 
dosed in the Phase 1/2 study will receive drug product manufactured using the improved process. Despite this 
manufacturing challenge, there was natural enrichment of modified erythroid lineage cells in the blood with 
elevated HbF, sufficient for a clinical benefit in all participants, in terms of prevention of severe VOC and not 
requiring transfusion therapy with the exception of participant 3.

Our results show that ZFN-mediated disruption of the BCL11A ESE results in highly efficient editing and 
produces HSC that are capable of long-term multilineage engraftment in vivo, independent of mobilization 
strategy or disease state, and express increased levels of HbF as erythroid progeny. The HbF and Hb levels achieved 
in group 2 to date indicate an improvement compared to group 1 and appear comparable to those observed with 
exa-cel, a CRISPR-based, BCL11A ESE editing approach that targets the same site and that recently received 
marketing approval. Through clonal analysis of edited HSPC from healthy donors and donors with SCD, we 
have also shown enriched biallelic editing and a high frequency of small indels, supporting the high efficiency of 
ZFN gene editing. While highlighting the challenges of consistently manufacturing clinical grade, autologous, 
gene-edited HSPC therapy for patients with SCD, our preliminary data support further clinical development 
of this approach and suggest that BIVV003 represents a novel cell therapy for the potential treatment of SCD.

Online methods
Experimental approaches used in this study have been described previously30. All experiments were performed 
in accordance with relevant guidelines and regulations. All animal procedures were approved by the Sanofi 
Institutional Animal Care and Use Committee (IACUC) and performed in accordance. The study is reported in 
accordance with the ARRIVE guidelines (https://arriveguidelines.org). The PRECIZN-1 study was performed 
in accordance with the Declaration of Helsinki and local regulations and was approved by independent ethics 
committees or institutional review boards as described in the PRECIZN-1 section.
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Cell culture
Human CD34 + cells were mobilized from de-identified healthy or sickle cell disease volunteers using 
granulocyte colony stimulating factor (G-CSF) and plerixafor or plerixafor as previously described35. Mobilized 
CD34 + HSPC and/or chimeric bone marrow cells were cultured for 3 days in a maintenance media consisting 
of X-VIVO 10 (VWR), 100 U/mL penicillin–streptomycin (ThermoFisher), 2  mM L-glutamine (Fisher 
Scientific), 100 ng/mL Recombinant Human Stem Cell Factor (SCF; ThermoFisher), 100 ng/mL Recombinant 
Human Thrombopoietin (TPO; ThermoFisher), and 100  ng/mL Recombinant Human Flt-3 Ligand (Flt-3L; 
ThermoFisher). Cells were then differentiated into erythroid cells using a three-step differentiation protocol 
developed by Giarratana et al. (2005)45. In brief, CD34 + cells were cultured for 7 days in Step1 media consisting 
of Iscove’s modified Dulbecco’s medium (IMDM) (ThermoFisher) supplemented with 1X GlutaMAX, 100 U/
mL penicillin–streptomycin (ThermoFisher), 5% human AB + plasma, 330 ug/mL human holo-transferrin, 10 
ug/mL human insulin, 2 U/mL heparin, 1 uM hydrocortisone (Sigma-Aldrich), 3 U/mL recombinant human 
erythropoietin (EPO) (ThermoFisher), 100 ng/mL SCF (ThermoFisher), and 5 ng/mL interleukin 3 (IL3; Sigma-
Aldrich). On Day 7, cells were transferred to Step2 media i.e., Step1 media without hydrocortisone and IL3, 
and cultured for 3–4 days. Lastly, cells were cultured for 8–9 days in Step3 media i.e., Step2 media without SCF.

BCL11A Editing of human CD34 + Cells Using ZFNs
Zinc-finger nucleases (ZFN)
ZFN were designed and assembled as previously described28. The ZFN are composed of a triple flag domain, 
a nuclear localization signal, an engineered DNA-binding domain and a mutated obligate heterodimer FokI 
nuclease domain. The pGEM-based expression vectors contain a T7 promoter 5′ and 3′ UTRs and a synthetic 
64-bp poly(A) stretch for optimized mRNA production. Compared to a ZFN pair described earlier (Psatha, Ref. 
31) ZFN activity and specificity was further optimized. On the one hand, this was achieved by fine tuning DNA 
binding affinity through extensive screening of zinc finger domain variants containing mutations which remove 
nonspecific phosphate contacts to the DNA backbone. The ZFNs described in this publication both contain three 
variant amino acids in the zinc finger domain compared to the original left and right BCL11A targeting ZFNs. 
On the other hand, ZFN performance was further improved via optimization of the DNA cleavage kinetics 
by mutating one residue in the FokI domain of the right ZFN. Both approaches are described in Reference 29 
(Miller et al.).

The amino acid sequence in the zinc finger DNA binding domains is as follows:

F1 F2 F3 F4 F% F6

Left ZFN DQSNLRA RNFSTM STGNTN TSGSLTR DQSNLRA AQCCLFH

Right ZFN 
DQSNLRA QKAHLIR QKGTLGE RGRDLSR RRDNLHS

 

Electroporation
To edit CD34 + cells, cells were thawed and cultured in the CD34 maintenance media described above for 1 
or 2 days at 37C, 5% CO2 in a humidified incubator. CD34 + cells were electroporated using a MaxCyte GT 
transfection instrument (MacCyte) or Lonza Nucleofector 4D in the presence of the ZFN mRNAs. After 
transfection, cells were incubated in the CD34 maintenance media at 30C for 18–24 h and then at 37C for 24 h. 
Two days after electroporation, cells were harvested, resuspended in CryoStor CS10 (10% dimethyl sulfoxide 
[DMSO]), and transferred to cryovials. The cells were then cryopreserved and stored in liquid nitrogen.

Transplantation of human CD34 + HSPC in NSG mice
Female NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratories) at the age of 6–7  weeks, 
pre-treated with 10 mg/kg/day Baytril water for two days were sub-lethally irradiated at 300 rad 1 day before 
transplant. For primary recipients, human CD34 + cells were injected into the mice via the tail vein at 1 million 
viable cells per mouse.

Flow cytometry
Enucleation
To determine the enucleation rate of the erythroid differentiation culture at Day 20, cells were stained with 
NucRed (used for living cells; ThermoFisher) per the manufacturer’s instructions (2 drops/mL) and fluorescein 
isothocyanate (FITC)-conjugated anti-CD235 (Glycophorin A) antibody (Clone JC159-Dako-Agilent), washed 
with PBS (ThermoFisher) supplemented with 0.5% BSA (Sigma-Aldrich).

HbF staining
To determine the percentage of HbF + cells, cells were fixed and permeabilized according to ThermoFisher 
protocol. Cells were also stained with Phycoerythrin (PE)-conjugated anti CD235 antibody (ThermoFisher) and 
NucBlue (Hoechst 33,342, used for fixed cells; ThermoFisher). HbF levels were detected using Allophycocyanin 
(APC)-conjugated anti-HbF antibody (ThermoFisher) after gating on the enucleated (Hoechst low) CD235 
positive cell fraction.

For enucleation and HBF staining methods, the acquisition of stained cells was performed on FACSCanto 
and the analysis was done using FlowJo software.
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Ex vivo staining and sorting
To assess the degree of human chimerism, fractions of cells in peripheral blood (at 8-, 12-, 16-, and 19-weeks 
post-engraftment) and bone marrow (at 12  and 19  weeks post-engraftment) were stained with mCD45 
(Biolegend) and hCD45 (BD Biosciences) antibodies respectively and FACS analysis was performed. In addition, 
hematopoietic lineage analysis was performed by staining bone marrow cells with anti-hCD3 (clone UCHT1), 
anti-hCD19 (clone SJ25C1), anti-hCD45, anti-hCD33, anti-hCD38, anti-hCD34, anti-hCD71, and anti-hCD56 
antibodies (BD Biosciences) and lineage cocktail (Biolegend) (Table S6).

To purify and sort HSC populations, an enrichment/depletion strategy using magnetic cell separation 
(MACS) was used (Table S7). Bone marrow cells were first stained with hCD19-biotin (clone HIB19), hCD3-
biotin (clone HIT3a), mB220-biotin, mTER119biotin and -m-ckitbiotin (BD Biosciences) and then incubated 
with -antibiotin- beads (Miltenyi Biotec). The positive fraction and depleted fraction were separated using 
LS columns (Miltenyi Biotec) placed in the magnetic field of a MACS. After separation, the positive fraction 
was stained with StreptavidinAPC-, hCD3-FITC, hCD19-PE, hCD45-BV510 (BD Biosciences) and the 
depleted fraction was stained with hCD34-FITC (BD Biosciences), hCD19APC (BD, clone SJ25C1), -LinAPC- 
(Biolegend), StreptavidinAPC-, hCD45-BV510, hCD33-PE-CF594 (BD Biosciences), and hCD38-PECy-7 
(Biolegend). Cell populations were sorted and processed for MiSeq analysis.

In vitro HSPC flow staining
Purified CD34 + cells were stained with anti-CD34, anti-CD38, anti-CD45rA, anti CD49f. (BD), anti 
CD123, anti CD90 (ebioscience) and CD34hCD38-CD90 + CD45RA-CD49f. + (LT-HSC), CD34hCD38-
CD90-CD45RA-CD49f.- (MPP), CD34hCD38-CD90-CD45RA-CD49f. + (ST-HSC), CD34hCD38-
CD90 + CD45RA- (HSC),CD34hCD38-CD90-CD45RA + (LMPP), CD34hCD38 + CD123 + CD45RA- (CMP), 
CD34hCD38 + CD123-CD45RA- (MEP), CD34hCD38 + CD123 + CD45RA + (GMP), CD34 low and CD34- 
were sorted and processed for MiSeq.

Assessment of RBC sickling
Sickling of CD34 + HSPC-derived RBCs was assessed under hypoxic and normoxic conditions. Approximately 
2–10 × 106 RBCs were pelleted by centrifugation and resuspended in 800 µL phosphate buffered saline (PBS) 
supplemented with 10 mmol/L-1 glucose and 0.2% w/v (bovine serum albumin (BSA). Two duplicate 24-well 
plates were prepared using 400 µL of each sample. The hypoxia plate was incubated at 1% oxygen for 2 h in 
a hypoxia chamber and the control plate incubated in normoxic conditions. Following incubation, all cell 
samples were fixed with 40 µL of fresh 25% glutaraldehyde (EM grade), before pelleting by centrifugation and 
resuspension in 50 µL. Sickling was measured by imaging flow cytometry (ImageStream). The number of sickled 
or normal cells is reported as a percentage of all cells.

Reverse phase UPLC
Reverse phase high-performance liquid chromatography (RP UPLC or RPLC) of human globin chains was used 
to determine any changes in the ratios of γ-globin, β-globin, and α-globin protein. Under conditions of varying 
pH (such as used in the UPLC gradient), the globin chains (β, δ, α, G γ and A γ) were denatured and separated 
from the heme groups. Hemolysates from 1.0 × 106 RBCs obtained from Day 18 or 21 cultures were washed 
twice with PBS and resuspended in 50 µL of UPLC grade water for lysis. The sample was then vortexed and 
the hemolysate clarified by centrifugation at 10,000 × g for 5 min at 4 °C. The hemolysate supernatant was then 
transferred to a new tube or plate and stored at -80 °C until analysis. For the UPLC runs, 20 µL of hemolysate was 
injected directly into the column for each assay. UPLC analyses were performed on a Waters Acquity BEH300 
C4 column (C4 Reversed Phase, 300 A Pore Size 2.1 × 100 mm, 1.7 μm particle size; Waters Acquity; Product No. 
186004496) on an Agilent 1290 Infinity II Ultra High-Performance Liquid Chromatographer (Agilent). Globin 
chains were eluted with a two solvent system (100% UPLC H2O + 0.1% trifluoroacetic acid and solvent B, 100% 
acetonitrile + 0.1% trifluoroacetic acid) and a multi-step RPLC elution program starting at 35% Solvent B and 
gradually increasing to 38% Solvent B over a time period of 4 min, increasing again to 42.5% Solvent B over a 
time period of 18 min, an increase to 70% Solvent B in 4 min followed by a 4 min flush of the column at 70% 
Solvent B and re-equilibration down to 35% solvent B within 5 min. The flow rate was 0.2 mL/min. Quantitation 
of the amounts of the various globins was obtained by integration of the peak areas monitored by absorbance at 
220 nm with reference wavelength of 360 nm using software provided with the UPLC unit (Agilent OpenLab 
Chemstation Rev. C.01.07).

Colony forming unit CFU) assay
Human CD34 + enriched were washed with PBS (1X) / 0.5% BSA and added to 300 mL media (IMDM with 
GlutaMAX; Invitrogen; Cat No. 31980030). The cells were then mixed in semi solid methycellulose media 
supplemented with cytokines (MethoCult H4435 Classic; StemCell Technologies; Cat No. 04445) per the 
manufacturer’s instructions. In brief, 500 cells per well were plated in duplicates (1.1 mL cell culture per well) 
in six well meniscus free cell culture plates (SmartDish; StemCell Technologies; Cat No. 27301). The plates were 
incubated for 14 days in a humidified incubator at 37 °C with 5% CO2 and then scored for total progenitors 
and type of colony using an automated colony counter (STEMvision; StemCell Technologies; Cat No. 22000). 
The automated colony counter recorded the total number of erythroid colony forming units (CFU E), erythroid 
burst forming units (BFU E), granulocyte colony forming unit / macrophage colony forming unit / granulocyte, 
macrophage colony forming units (CFU G/M/GM) and granulocyte, erythrocyte, macrophage, megakaryocyte 
forming units (CFU GEMM) in each well.
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Miseq indel analysis (or genotyping the targeted loci by deep sequencing)
Disruption of targeted BCL11A ESE loci was quantitated by MiSeq deep sequencing of a 140-bp amplicon using 
procedures described previously30. The primer sequences bearing sample-specific barcodes and the Illumina 
flow cell-specific sequences (P5 and P7) are provided in Methods Table 1. We used a MiSeq Reagent Kit v2 (300 
cycles) for deep sequencing of the amplicon.

N: mixed base containing 25% of each nucleotide of ACGT (to increase sequence diversity). We merged 
paired-end reads using SeqPrep (https://github.com/jstjohn/SeqPrep), then trimmed reads using a custom 
script to remove any remaining adapter sequence as well as the 4 random nucleotides from the left primer. The 
script also filtered out sequences where the first and last 20 bp do not match the reference amplicon sequence. 
We then removed reads with lower quality bases using prinseq46(-min_qual_score 15) and aligned remaining 
sequences to the human genome (hg38) using bowtie247.

We filtered out sequences that aligned outside the target site but kept reads that failed to align. As a last 
filtering step, we removed reads ≤ 70 bp long to filter out potential PCR artifacts.

Finally, we aligned sequences to the expected amplicon using the Needleman-Wunsch algorithm as 
implemented in seq-align (https://github.com/noporpoise/seq-align). To count indels, a window of 21 bp was 
defined around the central GATAA motif (GATAA ± 8 bp each side), and contiguous gaps in either the query or 
reference sequence that overlapped this window were considered indels.

Single-cell clonal expansion analysis
Single-cell clonal expansion analysis was performed as described previously30. Briefly, ZFN-edited CD34 + cells 
were seeded at 2 cells/well into 96-well non-TC treated plates (Corning) using FACSAria III. The cells were 
subjected to 3-step expansion in erythroid differentiation media for 20 days; genomic DNA and protein lysate 
were collected at Day 14 and 20, for deep sequencing and RP-UPLC analysis, respectively. Additionally, at Day 
20, cells were stained with GlyA-FITC antibody and Nuc Red for enucleation rate.

We called genotypes of single clones as above, with the following differences: For a subset of clones from 
sample 1 and all clones from samples 3 and 4, we used a larger amplicon (471 bp) (MethodsTable 2) that covered 
common SNPs to potentially distinguish homozygous clones from clones where one allele failed to amplify due 
to a deletion covering the primer sites. For the individuals with informative heterozygous SNP, this method 
allows confirmation of whether the originally assigned homozygous clones (biallelic edits with same editing 
pattern) are true homozygotes or false homozygous where one allele failed to amplify due to a deletion covering 
the primer sites. We used a MiSeq Reagent Kit v2 (500 cycles) for deep sequencing of the larger amplicon. We 
also included reads that failed merge with SeqPrep due to the overlap being too small. We called SNPs using 
bcftools mpileup48 on all clones.

We only considered clones with read counts > 50 reads and allele frequencies consistent with a clonal 
population (i.e. 2 major alleles with read counts of 50% each or one major allele at ~ 100% frequency). Specifically, 
we used the following criteria: For heterozygotes, the top 2 indels needed to each comprise 40% to 60% of reads 
and together more than 85%, and the third most common indel constitute less than 5% of read sequences. For 
homozygotes, the most common sequence needed to comprise more than 85% of reads, with the second indel 
less than 5%.

For clones with uncharacterized alleles (including homozygotes and clones that failed to amplify), we 
amplified a ~ 12 kb region centered on the target site (Methods Table 3) with PrimeSTAR® GXL DNA Polymerase 
(R050A, Takara). After purification of the ~ 12  kb PCR products, we fragmented and tagged the DNA with 
adapter sequences using Nextera XT DNA library prep kit (FC-131–1096, Illumina), following the instruction 
from the manufacturer. We amplified the library using Nextera XT Index Kit v2 Set A (FC-131–2001, Illumina) 
and pooled the library for deep sequencing with MiSeq Reagent Kit v2 (300 cycles).

We trimmed adapters from reads using Trimmomatic49, then aligned reads to the genome (hg38) using 
SpeedSeq align50. We used LUMPY51to call large indels and bcftools mpileup48 to call small indels and SNPs. 
Moreover, each alignment was visually inspected in Integrated Genomics Viewer (IGV) to assure that editing 
events were not missed by the variant callers, and to filter out events likely reflecting PCR artifacts (e.g. structural 
variants at the ends of the amplicon).

Name Sequence (5’ to 3’)

BCL_HZ_1F: ACACGACGCTCTTCCGATCTNNNNGGGAAAAGGGAGAGGAAAAA

BCL11A_R1 (PRJIYLFN-Rp4) ​G​A​C​G​T​G​T​G​C​T​C​T​T​C​C​G​A​T​C​T​C​T​A​C​T​C​T​T​A​G​A​C​A​T​A​A​C​A​C​A​C​C

Table 2.  Primers used for larger amplicon.

 

Name Sequence (5’ to 3’)

BCL11A_F1 (PRJIYLFN-Fp2) ACACGACGCTCTTCCGATCTNNNNAGTCCTCTTCTACCCCACC

BCL11A_R1 (PRJIYLFN-Rp4) ​G​A​C​G​T​G​T​G​C​T​C​T​T​C​C​G​A​T​C​T​C​T​A​C​T​C​T​T​A​G​A​C​A​T​A​A​C​A​C​A​C​C

Table 1.  Primers used for deep sequencing.
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Association of HbF with editing in single clones
We used linear regression to test the association of indels with HbF, adjusting for the differences between donors 
by incorporating a donor-specific covariate, specifically:

	 Y = β0 + βindelsXediting + βdonorXdonor

where Y represents the HbF levels, β0  is the intercept, βindels  is the slope (beta) coefficient for the editing level 
variable and βdonor  is the slope coefficient for the donor effect variableXdonor . We represented HbF levels as the 
ratio of gamma-globin over all beta-like globins.

Biallelic enrichment analysis
To calculate the enrichment of biallelic clones, we first calculated the expected number of clones using an 
equation analogous to the Hardy–Weinberg equilibrium52:

	 f 2
unedited + 2funeditedfedited + f 2

edited = 1

where funedited  and fedited  are the frequencies of unedited and edited alleles respectively. f 2
unedited represents the 

expected frequency of unedited clones,2funeditedfedited   the expected frequency of monoallelic edited clones and 
f 2
edited  the expected frequency of biallelic edited clones. We multiplied the frequencies by the total number of 

clones to obtain the expected number of wild-type, monoallelic edited, and biallelic edited clones. Finally, we 
constructed a contingency table with the observed and expected number of clones and calculated significant 
deviations using a chi-squared test. This analysis was done separately for each donor.

Homozygote enrichment analysis
To calculate the enrichment of homozygote clones, we first permuted each allele 100,000 times. Then, we derived 
a P value by counting the number of permutations that lead to a count of homozygotes higher than observed and 
dividing that number by 100,000.

Microhomology indels identification
We used the CRISPR RGEN Microhomology online tool53 to predict MMEJ indels, using the following sequence 
as input:

​C​G​C​C​C​C​C​A​C​C​C​T​A​A​T​C​A​G​A​G​G​C​C​A​A​A​C​C​C​T​T​C​C​T​G​G​A​G​C​C​T​G​T​G​A​T​A​A​A​A​G​C​A​A​C TGTTAG ​C​T​T​
G​C​A​C​T​A​G​A​C​T​A GCTTCA AAGTT GTATT. We used Pearson correlation to relate pattern scores with MMEJ-
based indel frequencies. In addition, we inferred microhomology sequences around small (< 50 bp) and large 
(> 50 bp) deletions using mhscanR44.

PRECIZN-1: Bivv003 phase 1/2 study design and methodology
PRECIZN-1 (NCT03653247) is an ongoing, first-in-human, open-label, single arm, multi-site, US-based study 
to evaluate safety, tolerability, and efficacy of BIVV003 in adult participants age 18–40 years with severe SCD . 
Eligibility was based on having HbSS or HbSβ0 genotype, and at least one of the following: (1) history of clinically 
significant neurologic event (stroke) or any neurological deficit lasting > 24 h; (2) history of 2 or more episodes 
of ACS in the 2-year period preceding informed consent; (3) six or more pain crises (requiring intravenous 
[IV] pain management) in the prior 2 years; (4) 2 or more episodes of priapism with subject seeking medical 
care or following a pre-approved management plan in the prior 2  years; (5) regular (≥ 8) RBC transfusions 
in the preceding year to prevent vaso-occlusive clinical complications; (6) tricuspid valve regurgitant jet 
velocity ≥ 2.5  m/s by echocardiography. Hydroxyurea (HU) use was permitted but one had to be willing to 
discontinue HU at least 30 days prior to stem cell mobilization through Day 100 post-transplantation.

There was an initial 12-week screening period to assess participants’ suitability for the study. At the screening 
visit, participant 2 reported cerebral infarction, participant 4 reported stroke, and participant 7 reported cerebral 
microembolism. No stroke was reported after the screening visit in the study. Transfusion therapy was used 
within 2 months of mobilization and prior to myeloablative conditioning to target levels of HbS < 30% and total 
Hb at least 9–10 g/dL. Enrolled participants underwent plerixafor mobilization (240 μg/kg/day for up to 3 days) 
and apheresis to collect autologous CD34 + HSC with a target of 10 × 106 CD34 + HSC/kg for manufacturing 
BIVV003 using a LOVO device. Additional apheresis cycles were allowed to collect the minimum cell dose and 
unmodified rescue aliquots. Selected CD34 + cells were cultured in the presence of cytokines (SCF, FLT-3L, TPO). 
Two days after CD34 + cell isolation autologous HSC were transfected ex vivo with ZFN messenger ribonucleic 
acids (mRNAs) targeting the ESE region of the BCL11A locus using a MaxCyte device. Transfected cells were 
cultured in the presence of cytokines for another two days and then harvested, formulated in cryopreservation 
medium, aliquoted, frozen using a controlled-rate freezer and stored in the vapor phase of liquid nitrogen 

Name Sequence (5’ to 3’)

BCL_Long_7_8F ​C​C​A​C​T​G​C​T​A​C​C​C​A​A​A​A​C​G​A​T

BCL_Long_8R ​C​A​C​C​A​G​C​C​T​A​G​C​T​C​T​G​A​A​C​C

Table 3.  Primers used for 12 kb amplification.
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at ≤ −150  °C. For CD34 + cell culture in Group 1 Lonza X-Vivo 10 Medium and ThermoFisher cytokines 
were used, in Group 2 Cell Genix media and cytokines. In addition, for Group 2 manufacturing the LOVO 
instrument was upgraded with software version 3.0 which improved CD34 + cell recovery. Myeloablation of the 
participant’s bone marrow was performed using busulfan 3.2 mg/kg/day IV × 4 days, with pharmacokinetically 
adjusted dosing. At least 72 h after the final busulfan dose, a single IV infusion of 3–20 × 106 CD34 + HSC/kg 
was administered.

Participants were monitored for hematopoietic engraftment and recovery, adverse events (AE), clinical 
and laboratory hemolysis markers, total Hb and HbF, percentage of F cells, and sickle-cell-related events post-
BIVV003 infusion.

Key study endpoints
Primary endpoints (to evaluate safety and tolerability of BIVV003) were survival at post transplantation Day 
100, Week 52, and Week 104 (last study visit), successful engraftment, and the occurrence of adverse events 
and serious adverse events. Secondary endpoints (to assess the success and kinetics of stem-cell collection, 
manufacturing, and engraftment) were CD34 + HSC yield from stem-cell mobilization, yield of ZFN-edited 
CD34 + HSC, time to initial neutrophil recovery following infusion (first of three consecutive days with absolute 
neutrophil count ≥ 500/μL), time to platelet recovery post infusion (first of three consecutive measurements with 
a platelet count ≥ 50,000/μL at least 7 days after last platelet transfusion) and clinical assessments after BIVV003 
infusion. Data cutoff for study endpoints was September 2022.

Statistical analyses
No formal statistics were performed. All statistics are presented as descriptive.

Data availability
Next-generation sequencing data generated during the current study are available in the Sequence Read Archive 
(BioProject PRJNA1053294, https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1053294). Qualified researchers 
may request access to patient level data and related study documents. Patient level data will be anonymized, and 
study documents will be redacted to protect the privacy of our trial participants. Further details on Sanofi’s data 
sharing criteria, eligible studies, and process for requesting access can be found at: https://www.vivli.org/.Other 
datasets generated during the current study are available from the corresponding author on reasonable request.
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