
Plenary Paper

GENE THERAPY

Correction of the sickle cell disease mutation in human hematopoietic
stem/progenitor cells
Megan D. Hoban,1 Gregory J. Cost,2 Matthew C. Mendel,2 Zulema Romero,1 Michael L. Kaufman,1 Alok V. Joglekar,1

Michelle Ho,1 Dianne Lumaquin,1 David Gray,1 Georgia R. Lill,1 Aaron R. Cooper,3 Fabrizia Urbinati,1 Shantha Senadheera,1

Allen Zhu,2 Pei-Qi Liu,2 David E. Paschon,2 Lei Zhang,2 Edward J. Rebar,2 Andrew Wilber,4 Xiaoyan Wang,5

Philip D. Gregory,2 Michael C. Holmes,2 Andreas Reik,2 Roger P. Hollis,1 and Donald B. Kohn1,6

1Department of Microbiology, Immunology, and Molecular Genetics, University of California, Los Angeles, Los Angeles, CA; 2Sangamo BioSciences Inc.,

Richmond, CA; 3Molecular Biology Interdepartmental PhD Program, University of California, Los Angeles, Los Angeles, CA; 4Department of Medical

Microbiology, Immunology and Cell Biology, Southern Illinois University School of Medicine, Springfield, IL; 5Department of General Internal Medicine and

Health Services Research, University of California, Los Angeles, Los Angeles, CA; and 6Eli & Edythe Broad Center of Regenerative Medicine & Stem Cell

Research, University of California, Los Angeles, Los Angeles, CA

Key Points

• Delivery of ZFNs and donor
templates results in high levels
of gene correction in human
CD341 cells from multiple
sources, including SCD BM.

• Modified CD341 cells are
capable of engrafting
immunocompromised NSG
mice and produce cells from
multiple lineages.

Sickle cell disease (SCD) is characterized by a single pointmutation in the seventh codon

of theb-globingene. Site-specific correctionof the sicklemutation in hematopoietic stem

cells would allow for permanent production of normal red blood cells. Using zinc-finger

nucleases (ZFNs) designed to flank the sickle mutation, we demonstrate efficient

targeted cleavage at the b-globin locus with minimal off-target modification. By

codelivering a homologous donor template (either an integrase-defective lentiviral

vector or a DNA oligonucleotide), high levels of gene modification were achieved in

CD341 hematopoietic stem and progenitor cells. Modified cellsmaintained their ability to

engraft NOD/SCID/IL2rgnull mice and to produce cells from multiple lineages, although

with a reduction in the modification levels relative to the in vitro samples. Importantly, ZFN-

driven gene correction in CD341 cells from the bone marrow of patients with SCD resulted

in the production of wild-type hemoglobin tetramers. (Blood. 2015;125(17):2597-2604)

Introduction

Sickle cell disease (SCD) is one of the most common monogenic
diseases in the world, with.250 000 new patients each year.1 Caused
by a single point mutation in the seventh codon of the b-globin
gene, the disease is characterized by anemia and severe acute
painful crises with frequent hospitalizations, limiting the average
lifespan to just 36 to 40 years of age.2,3 The only currently available
cure for SCD is an allogeneic hematopoietic stem cell transplant;
however, very few patients have a fully matched donor available,
and those receivingmismatched transplantsmay suffer from immune
complications such as graft rejection or graft-versus-host disease.
Patients with SCD are candidates for autologous gene therapy:
correction of the patient’s own hematopoietic stem cells (HSCs),
followed by reinfusion of thosemodified cells with the goal of having
the treated patient produce functioning erythrocytes throughout life.
Several groups have performed nontargeted gene therapy for he-
moglobinopathies using lentiviral vectors, and although these ap-
proaches show promise, they carry risks of insertional oncogenesis
from semirandom vector integration.4-6 An ideal approach to gene
therapy for SCD would be to correct the canonical sickle mutation
in the DNA of a patient’s hematopoietic stem cells such that those

cells differentiate into erythroid cells that permanently produce wild-
type (WT) adult b-globin under the regulation of the endogenous
transcriptional control elements.

Zinc-finger nucleases (ZFNs) offer the ability to target genemodifi-
cation to specific genomic sites in cells. These chimeric endonucleases
are able, on dimerization, to create a double-strand break (DSB) in the
DNA. Two major cellular DNA repair mechanisms correct DSBs:
nonhomologous end joining (NHEJ) and homology-directed repair
(HDR). NHEJ repair can lead to the introduction of errors at the break
site, knocking out gene function (as is the goal with therapies for HIV
which target chemokine receptor type 5 [CCR5]).7,8 However, in the
presence of a homologous donor template, cells may perform HDR
using the donor template (typically the sister chromatid) to repair the
break.9,10 In this article, we refer to errant repair via NHEJ as “indels”
and DNA repair via HDR as “gene correction” (when the result is the
correction of the sickle mutation) or “gene modification” (when the
result is a change to the gene other than correction of the sicklemutation
to the WT base). In the case of gene correction for SCD, this would
involve codelivery of a normal segment of the b-globin gene spanning
the sickle mutation site in conjunction with the targeted nuclease,
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leading to HDR-mediated incorporation of theWT base in place of the
sickle mutation, thereby permanently correcting the cell’s genome.
Several groups have investigated the use of targeted nucleases for gene
correction or targeted insertion at theb-globin locus in cell lines, aswell
as induced pluripotent stem cells.11-15 However, to date, none of these
targeted nuclease-based approaches for SCD have been successful in
a clinically relevant cell source of hematopoietic stem and progenitor
cells (HSPCs).

Here, we show that engineered ZFNs can specifically target the
b-globin gene and induce high levels of DNA cleavage in CD341

HSPCs.When theZFNswere delivered alongwith either an integrase-
defective lentiviral vector (IDLV) or an oligonucleotide (oligo) donor,
they efficiently effectedgene correction at theb-globin locus inHSPCs.
Genome-wide evaluation of ZFN specificity revealed off-target
cleavage only in the highly homologous and functionally dispens-
able d-globin gene. We demonstrate that ZFN and donor-modified
CD341 cells are able to differentiate into erythroid, myeloid, and
lymphoid cell types, both in vitro and in vivo, when engrafted into
immune-deficient NOD.Cg-PrkdSCIDIl2rgtm1Wjil/SzJ (NSG) mice.
Finally, we achieved targeted gene correction of the sicklemutation
in bone marrow (BM) CD341 cells from SCD patients leading to
the production of WT hemoglobin (HbA). This work demonstrates
site-specific gene correction usingZFNs inHSPCs and provides the
groundwork for a potential therapy to treat SCD.

Materials and methods

All human BM samples from volunteer donors with SCD have been used
followingUniversity of California–LosAngeles (UCLA) institutional review
board protocol 10-001399with written informed consent, in accordance with
the Declaration of Helsinki. Use of umbilical cord blood collected at normal
births was deemed exempt from Institutional ReviewBoard review because it
was anonymousmedical waste. All workwithmicewas done under protocols
approved by theUCLAAnimal Care Committee. See supplementalMaterials
available on the BloodWeb site for additional methods.

Electroporation and transduction

CD341 cells were thawed at 37°C, washed in Iscove’s modifiedDulbecco’s
medium (Life Technologies) supplemented with 20% fetal bovine serum
(Gemini Bio-products) and 13 glutamine, penicillin, and streptomycin
(Gemini Bio-products) and prestimulated for 48 hours in X-VIVO15medium
(Lonza) containing glutamine, penicillin, streptomycin, 50 ng/mL stem cell
factor, 50 ng/mL fms-related tyrosine kinase 3 ligand (Flt3-L), and 50 ng/mL
thrombopoietin (Peprotech). For electroporation, 200 000 cells per reaction
were spun at 90g for 15 minutes, resuspended in 100 mL of BTXpress buffer
(Harvard Apparatus), mixed with indicated amounts of ZFN mRNA and/or
oligonucleotide as applicable, and pulsed once at 250 V for 5 milliseconds in
the BTX ECM 830 Square Wave Electroporator (Harvard Apparatus). Fol-
lowing electroporation, cells rested for 10 minutes at room temperature be-
fore the addition of culturemedium and transfer to plates in a total of 500mL.
The donor IDLV was present in the final culture medium following electro-
poration at the concentrations described for appropriate samples and washed
out the following day.

Gene modification and Surveyor Nuclease assay

The Surveyor Nuclease assay (Cel-1) was used to determine ZFN-induced site-
specific allelic disruption.A410-bp region surrounding theZFNbinding sitewas
polymerase chain reaction (PCR) amplified from 200 ng of genomic DNAusing
Cel1Fwd (59-gacaggtacggctgtcatca-39) and Cel1Rev (59-cagcctaagggtgggaaaat-
39) using Accuprime Taq Hi-Fi (Life Technologies). Denaturation, reannealing,
digestion, and electrophoretic and densitometry analysis were completed as
previously described.16

Site-specific gene modification was detected by restriction fragment length
polymorphism (RFLP). A 1.1-kb region outside of the homologous donor
template region was PCR amplified (primers described in supplemental
Materials andMethods). Toquantify genemodification atHhaI, a quantitative
PCR-based assaywas used. A set of 2 PCR reactionswas performed using the
1.1-kb PCR product described above as a template. The unpurified PCR
template was diluted 1:5000, of which 1mLwas used in each of the following
25-mL reactions. The first PCRwas performed to amplify modified genomes,
using primers HhaIFwd (59- gaagtctgccgttactgcg-39) and HhaIRev (59-ccc
agtttctattggtctcc-39). The second PCR was performed to normalize the input
template using primers ExonIIFwd (59-ctcggtgcctttagtgatgg-39) and ExonIIRev
(59-gactcaccctgaagttctc-39). Both of these PCRsweremade quantitative using
Power SYBR Green PCR Master Mix (Life Technologies) and acquired on
ViiA7 (Life Technologies). Frequency of gene modification was determined
using the Ct (cycles to threshold) difference between the 2 reactions and a
plasmid standard curve.

Globin paralogs were PCR amplified and deep-sequenced on an Illumina
MiSeq machine. The primers used for PCR are as follows: HBB, 59-acacgac
gctcttccgatctnnnngggctgggcataaaagtcag-39 and 59-gacgtgtgctcttccgatcttccaca
tgcccagtttctatt-39; HBD, 59-acacgacgctcttccgatctnnnntaaaaggcagggcagagtcga-
39 and 59-gacgtgtgctcttccgatctacatgcccagtttccatttgc-39; HBE1, 59-acacgacgctc
ttccgatctnnnnctgcttccgacacagctgcaa-39 and 59-gacgtgtgctcttccgatcttcacccttcatt
cccatgcat-39; HBG1 and HBG2, 59-acacgacgctcttccgatctnnnnggaacgtctgagg
ttatcaat-39 and 59-gacgtgtgctcttcc gatcttccttccctcccttgtcc-39. HBG1 and HBG2
were coamplified, and sequence reads were assigned to eitherHBG1 orHBG2
using locus-specific single nucleotide polymorphisms within the amplicon.
Mixed bases within the forward primers allow for cluster deconvolution during
sequencing.

Transplantation of cord blood and mobilized peripheral blood

CD341 cells into NSG mice

To evaluate the IDLV donor approach, fresh cord blood (CB) CD341 cells
from multiple healthy individuals were prestimulated for 2 days before
being electroporated with ZFN mRNA and transduced with donor IDLV
(23 107 TU/mL; multiplicity of infection [MOI]5 50). The prestimulation
medium consisted of X-VIVO15 media (Lonza) containing glutamine,
penicillin, streptomycin, 50 ng/mL stem cell factor, 50 ng/mL Flt-3L, and
50 ng/mLTPO (Peprotech). Following1 dayof recovery, 13106 viable cells
in PBS (Corning) with 0.1% bovine serum albumin (Sigma) were trans-
planted by tail-vein injection into 6- to 8-week-old NSG mice (The Jackson
Laboratory) after 250-cGy total body irradiation. Control samples consisted
of CD341 cells that were cultured in parallel but not exposed to mRNA,
electroporation, or IDLV (mock-treated). Small aliquots were cultured in vitro
for multiple analyses. Mobilized peripheral blood (mPB) samples were frozen
1 day following electroporation, thawed at a later date, and allowed 1 day of
recovery before transplantation as above by tail-vein injection into 6- to
8-week-old NSGmice. The number of mice transplanted for each experiment
was determined based on available source material (cells in each arm) at time
of injection. Final tissue analysis for genemodification rates (high-throughput
sequencing) was completed in a blinded manner.

Results

ZFNs efficiently cleave the b-globin locus

ZFNsweredesigned to target the sicklemutationof thehumanb-globin
locus (Figure 1A; supplemental Table 1). Electroporation of in vitro
transcribedmRNAencoding the ZFNs intoCD341HSPCs isolated
from both human umbilical CB and mPB resulted in effective cleav-
age of the target locus, as determined by the SurveyorNuclease assay
(Figure 1B). The ZFNs were able to induce 35% to 65% allelic dis-
ruption at the b-globin locus depending on the cell type (supple-
mental Table 2).
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ZFNs drive high levels of gene modification at the

b-globin locus

Following successful cleavage at the targeted b-globin locus, we
sought to determine whether correction of the sickle base at this site
was possible using a homologous donor template. To this end, 2 types
of gene correction templates were designed and tested in parallel:
a short DNA oligo and an IDLV. The 1.1-kb human b-globin gene
fragment donor template cloned into the IDLV was designed to in-
clude the corrective change at the sickle mutation, as well as a silent
RFLP to create a HhaI restriction site for surrogate analysis of ho-
mologous recombination (Figure 1C). The donor template was de-
livered by IDLV, allowing for efficient transduction of CD341

HSPCs with minimal cytotoxicity, transiently producing high tem-
plate copy numbers with minimal genomic integration17 (supplemen-
tal Figure 1). Genemodification levels in theCD341 cells treatedwith
the ZFN plus the IDLV donor were initially determined by the HhaI
RFLP digestion (Figure 1D) and a quantitative PCR-based (qPCR)
assay in an average of 18.0 6 2.2% of alleles (Figure 1E). Optimi-
zations of ZFN mRNA and IDLV donor concentrations were
performed (supplemental Figures 2 and 3) and demonstrated the
importance of titrating the ZFN reagents in the cell type of interest
to achieve high-level modification while maintaining cell numbers
and viability.

Useof anoligonucleotide as agenemodification/correction template
would have advantages of speed, cost, reproducibility, and ease of
experimentation.18 Initial experiments using an oligonucelotide
donor template in HSPCs from mPB introduced a 3-bp sequence
designed to create an AvrII RFLP in the b-globin gene (HBB) and
yielded 15% gene modification (Figure 2A-B). To refine the use of

oligo donors, a panel of oligonucleotides was tested (supplemental
Table 3) corresponding to one or the other strand and of symmet-
rically increasing length centered on the ZFN cleavage site. Use
of longer reverse-strand oligonucleotides gave the highest level of
gene modification (supplemental Figure 4). Because gene modi-
fication or correction at the SCD mutation site will not change the
sequence or spacing of the ZFN binding sites, silent mutations were
designed into the donor template and cointroduced into the chro-
mosome to prevent or reduce ZFN binding and recleavage of
modified alleles. Use of reverse-strand donors is compatible with
introduction of silentmutations at the 39ZFNbinding site (Figure 2C).
Various combinations of silent mutations were introduced into the
donor oligo, and the frequency of gene modification was assayed.
The combination of silent mutation sites (SMSs) 1 and 2 (SMS12)
yielded the highest level of gene modification and was used in all
subsequent experiments (Figure 2D). The inverse relationship be-
tween gene-modified alleles and modified-then-recleaved alleles
suggests that the SMSdonors indeed serve to blockZFN recleavage
(Figure 2E). Examination ofHBB transcripts in HSPC pools and in
burst-forming unit, erythroid colonies found no evidence for alter-
ation of splicing of mRNA from any SMS allele (data not shown).
Comprehensive analysis of molecular outcomes at b-globin after
treatment with ZFNs and the SMS124 donor revealed only minor
levels of unexpected DNA repair events such as those from a com-
bination of homology-directed and NHEJ-based gene modification
(1.5%) or from NHEJ-based capture of the oligonucleotide (0.4%;
Table 1). Finally, the overabundance of partial homology-directed
gene modification events (SMS12 vs SMS24) lends strong support
to the idea that new DNA synthesis during oligonucleotide-templated

Figure 1. Cleavage and correction at the b-globin locus in CD341 cells using an IDLV donor. (A) A portion of exon I of b-globin showing the ZFN target site (underlined)

atop the start codon (bold) and the location of the sickle mutation (bold, italic). (B) Representative gel showing targeted cleavage at the b-globin locus in CB CD341 cells. Cells

were analyzed 3 days after electroporation with in vitro transcribed mRNA encoding the ZFNs. Mock represents untreated CD341 cells. Arrows indicate cut bands following

PCR amplification and digestion with Surveyor Nuclease. (C) Schematic of site-specific gene correction at the sickle mutation. Details of the donor construct and resulting

genomic DNA on cleavage by ZFNs and repair by HDR. Location of sickle mutation and HhaI RFLP (asterisk) is indicated. Translated regions of exons to scale, introns, and

59 untranslated region not to scale. (D) Representative RFLP gel for targeted gene modification of b-globin. CB CD341 cells were electroporated with in vitro transcribed ZFN

mRNA and transduced with donor IDLV. Cells were harvested 4 days after treatment, PCR amplified from outside the donor region, digested with HhaI enzyme, and resolved

on an agarose gel. Arrow shows cleaved product, indicating incorporation of the RFLP into the genome at the target site. (E) Gene modification percentages in CD341 cells.

CB CD341 cells were electroporated with in vitro transcribed ZFN mRNA (10 mg/mL) and transduced with donor IDLV (2 3 107 TU/mL). Cells were harvested 3 days after

treatment and PCR amplified from outside the donor region, and qPCR was completed with primers designed to specifically detect the incorporation of the silent base change

generating the HhaI RFLP and normalized to primers binding in exon II of the b-globin locus in the amplicon (n 5 4 for all conditions). Error bars, mean 6 standard deviation.
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genemodification occurs using the left-hand 39 single-stranded end
of the resected DSB (supplemental Figure 5A-B).19 Optimal com-
binations of ZFNs, oligonucleotide, and HSPC donor allowed gene
modification of 30% to 40% of alleles (Figure 2F).

Thus, ZFNs are able to induce both high levels of targeted DSBs as
well as high levels of site-specific genemodification in primaryHSPCs
when delivered alongside a homologous donor template.

Comprehensive ZFN specificity assessment

Becauseb-globin has highhomology to other globin genes (d-, e-,Ag-,
Gg-, and pseudo-b-globin), the ZFNs were designed to avoid cleavage
in these regions (supplemental Figure 6A). Cleavage rates at homol-
ogous globin genes were assayed using the Surveyor Nuclease assay
and by high-throughput DNA sequencing. Analysis of each of these
regions revealed off-target modification at only the highly homologous
d-globin gene in mPB, CB, and SCD BM CD341 cells (supplemental
Figure 6B-C; supplemental Table 2).

Wecomplemented these direct tests of off-targetZFNcleavagewith
a more comprehensive, unbiased genome-wide approach to identify

off-target sites.Thisassay isbasedonthepropensityofanonhomologous
IDLV to be captured at the sites of DSBs and uses downstream
clustered integration site analysis (CLIS) of the integrations in
K562 cells, selected for their permissiveness to IDLV capture.20

As predicted, the CLIS analysis revealed trapping at b-globin and
d-globin (supplemental Figure 7; supplemental Table 4). No other
putative off-target sites in the CLIS analysis that had significant
homology to the ZFN binding sites were found. These results dem-
onstrate the high level of specificity of this pair of ZFNs to their in-
tended target site on a genome-wide scale.

Figure 2. Correction at the b-globin locus in CD341 cells using an oligonucleotide donor. (A) Schematic of oligonucleotide-directed gene modification. The top

sequence is the genomic DNA of the b-globin locus with the site of the sickle mutation in bold and italicized. The sequence of the modified locus is shown on the bottom with

the inserted bases shown in italics. (B) Gene modification in mPB CD341 cells with an oligonucleotide donor. PAGE of an AvrII-digested PCR amplicon of the b-globin locus.

The fragment contains a native AvrII site, cleavage of which serves as an internal control for AvrII digestion (the lower band on the gel). Arrows indicate AvrII cleavage

products. (C) Six possible sites of silent mutation in the SBS 33501 ZFN binding site. Sickle mutation italicized in bold, and all possible silent mutation sites are in bold

(including those not discussed). (D) Silent mutations increase gene modification at b-globin. mPB CD341 cells were transfected with ZFNs (30 mg/mL) and the indicated donor

oligonucleotide (3 mM). Introduction of the relevant silent mutation was assayed via high-throughput sequencing. White bars indicate gene modification; gray bars indicate

indels. (E) Silent mutations block ZFN recleavage. Alleles with indels were examined for evidence of homology-mediated modification. Shown are the percentages of alleles

with gene modification that also have evidence of NEHJ-driven indels. (F) Optimization of ZFN concentration and donor type. NHEJ-driven indels (gray bars) and gene

modification (white bars) were assayed by high-throughput DNA sequencing. Given the depth of high-throughput DNA sequencing, measurement error is expected to be very low.

Table 1. Molecular outcomes from treatment of HSPCs with ZFNs
and an oligonucleotide donor

Outcome Frequency (%)

No change 46.1

NHEJ-mediated deletions 30.5

Oligonucleotide-templated gene modification 18.8

NHEJ-mediated insertions 2.8

Half gene modification, half NHEJ 1.5

Capture of the donor oligonucleotide 0.4
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In vitro differentiation of modified HSCs

To ensure that gene-modified HSPCs were capable of a normal broad
spectrum of erythroid and myeloid differentiation, treated cells were
assayed both as single cells and in bulk culture. Single cells were mon-
itored for colony-formingpotential inmethylcellulosemediumcontain-
ing cytokines that promote HSPC differentiation. HSPCs treated with
either ZFNs alone or treated with ZFNs and an oligonucleotide donor
generated similar numbers and patterns of erythroid and myeloid
clones (supplemental Figure 8). Genotyping of individual erythroid
colonies confirmed the presence of the intended modifications at the
expected frequency (data not shown). In addition, HSPCs were
induced to differentiate to red blood cells in bulk culture.21 Cells
were sampled throughout red blood cell differentiation, and the
frequency of modified cells was measured by high-throughput DNA
sequencing. Consistent with the single cell analysis of erythroid
colonies grown in methylcellulose, essentially no change in the
frequency of modified cells was found during differentiation to red
blood cells in bulk culture regardless of the starting level of gene
modification in the pool (supplemental Figure 9A). In a parallel
experiment, we converted 14% of b-globin alleles to the sickle
form (HbS) and assayed the globin chains present after 18 days of
erythroid differentiation by high-performance liquid chromatog-
raphy (HPLC). Approximately 18% of the hemoglobin produced
by these cells was HbS, demonstrating the impact of the gene mod-
ification event at the protein level (supplemental Figure 9B).

Engraftment in NSG mice

To determine whether the ZFN-modified cells maintain their hemato-
poietic repopulating capacity, ZFN- and IDLV donor-treated or mock-

treated HSPCs were xenografted into immune-deficient NSGmice. As
with the in vitro studies described thus far,WT cells are modified using
donor templates containing the sickle mutation as a reverse model to
allow for tracking of modified cells. Parallel culture of the cells in vitro
showed that gene modification rates ranged from 5% to 20% by qPCR
RFLP analysis, with a mean value of 14.56 6.4% (Figure 3A). High-
throughput sequencing revealed 10.5 6 4.0% of alleles contained the
exchanged base at the sickle location with insertions or deletions
(indels) seen in32.069.9%(Figure 3B). In addition, the hematopoietic
potential of these cells was evaluated in an in vitro colony-forming
assay; the cellsmaintained their broad spectrum colony-forming ability
relative to untreated mock samples in all analyzable lineages (supple-
mental Figure 10A).

To evaluate HSPCs modified with the oligonucleotide donor
(SMS12s as in supplemental Table 3), mPB CD341 cells were
electroporated with mRNA encoding the ZFNs and the donor tem-
plate oligonucleotide. Control samples consisted of cells treated only
with oligonucleotide or only with ZFNs. Analyses of samples cul-
tured in vitro revealed 17% genemodification and 20% indels before
transplant (Figure 3C); parallel samples plated in methylcellulose
medium demonstrated that cells treated with both ZFNs and a donor
oligonucleotide maintained their colony-forming potential (supple-
mental Figure 10B).

At 5 and 8 weeks after injection, the transplanted mice were eval-
uated for engraftment of human HSPCs measured as the percentage of
human CD451 cells of total CD451 cells, both human and murine.
Engraftment levels of ZFN and IDLV-treated HSPCs were compa-
rable to those of untreated controls with an average of 14.86 11.4%
at week 5 and increased to 45% at week 8 (Figure 3D). Lineage
analysis (CD3 for T cells, CD33 for myeloid cells, CD34 for HSPCs,

Figure 3. Transplantation of ZFN and donor-treated

cells into NSG mice. (A) Gene modification rates of

bulk transplanted cells treated with ZFN1IDLV and

cultured in vitro as determined by qPCR for the RFLP

at 7 days after electroporation. Mock cells are un-

treated (n 5 3 independent experiments). (B) Modifi-

cation at the sickle base evaluated by high-throughput

sequencing for ZFN1IDLV-modified CD341 cells.

Results of sequencing of the b-globin locus showing

percentage of total aligned reads containing the

changed wild-type to sickle base (T), as well as

insertions and deletions (indels) at the cut site. Same

samples as in A. Changed base, white; indels, gray.

(C) CD341 cells were electroporated with Oligo, ZFN,

or ZFN1Oligo and cultured in vitro before trans-

plantation into NSG mice. Modification rates at the

sickle base and indels are shows as in B (n 5 1

experiment). (D) Engraftment in the peripheral blood of

transplanted mice at 5 and 8 weeks after transplant.

Human engraftment determined as a percentage of

hCD451 cells out of the total hCD451 and mCD451

cells by flow cytometry of cells from mice receiving

either mock- or ZFN1IDLV-treated cells. Mock, open

diamonds; ZFN1IDLV, closed diamonds. (n 5 3

independent experiments; mock, n 5 5; ZFN1IDLV,

n 5 12; unpaired t test). (E) Engraftment in the periph-

eral blood as in D of cells from mice receiving either

Oligo-, ZFN-, or ZFN1Oligo-treated cells. Oligo, circles;

ZFN, triangles; ZFN1Oligo, diamonds (Oligo, n 5 8;

ZFN, n 5 7; ZFN1Oligo, n 5 9); 1-way analysis of

variance. n.s., not significant. *P , .05, **P , .01. Error

bars, mean 6 standard deviation.
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CD19 for B cells, and CD56 for natural killer cells) of the peripheral
blood of the mice was as expected in this model22 (supplemental
Figure 11A). Analysis of the human cells in mice receiving cells
treated with both ZFN and an oligonucleotide donor revealed an
HSPC differentiation spectrum similar to that of the ZFN and IDLV-
treated HSPCs, although with lower engraftment levels in mice
receiving cells treated with the oligonucleotide or ZFN and oligonu-
cleotide (Figure 3E; supplemental Figure 11B).

Mice were euthanized at 16 weeks after transplant to allow for
evaluation of human cell engraftment and genemodification levels. For
the mice receiving ZFN- and IDLV-treated cells, evaluation of the PB
revealed high levels of engraftment and expected lineage distribution
(supplemental Figure 12A-B). Analysis of the BM compartment was
similar (supplemental Figure 13A-B). Likewise, in mice that re-
ceived cells treated with both ZFNs and oligonucleotide, engraft-
ment levels and lineage distribution were similar to those seen in the
cohort of mice receiving ZFN and IDLV-treated HSPCs in the PB
and BM (supplemental Figures 12C-D and 13C-D).

To determine whether the human cells present in the mice were
modified by the ZFN reagents, genomic DNA was isolated from BM
and spleen tissues of each mouse, and the human b-globin gene was
interrogated. Sequence analysis of the tissues of mice receiving ZFN-
and IDLV-treated cells revealed the presence of gene modification
in these mice, although at a lower frequency (0.21 6 0.39% and
0.27 6 0.31% for BM and spleen, respectively) than the 10.5%
genemodification levels observed for input cells (Figure 4A). Analysis
of the indels caused byNHEJ revealed higher levels of changes than by
HDR,with 4.86 7.8%of all sequence reads from theBM-containing
indels and 3.86 3.7% from the spleens (Figure 4B).

Genomic analysis of the BM and spleens of mice receiving ZFN-
and oligonucleotide-treated cells bearing 17.3% gene modification
at the sickle base and 19.8% indels in the bulk population prior to
administration also demonstrated maintenance of gene modification.
DNA from these tissueswas subjected to high-throughput sequencing,
revealing 0.856 0.81% and 2.116 1.19% targeted genemodification

in the BM and spleen, respectively (Figure 4C). Assessment of the
indels in these tissues showed levels of 3.346 2.65% in the BM and
5.86 6 2.30% in the spleen (Figure 4D). These results demonstrate
that CD341 cells that have undergone site-specific DNA cleavage by
ZFNs and homology-directed gene modification are capable of en-
grafting and undergoing multilineage differentiation.

Gene correction in sickle BM

Because patients with SCD are not candidates for stem cell mobiliza-
tion with granulocyte colony-stimulating factor,23 we obtained CD341

HSPCs from BM aspirates of these patients. Site-specific gene correc-
tionwas performed usingZFNmRNAand the IDLVdonor. Cellswere
placed in an erythroid expansion medium and subsequently differen-
tiated using an established method24,25 (supplemental Figure 14A). In
addition, a portion of the cells were evaluated for their colony-forming
potential. The cells treatedwithZFNand IDLVshowedmodestly lower
(35%) colony-forming ability comparedwith mock, nonelectroporated
control samples (supplemental Figure 14B-C).

Following the initial erythroid expansion (but before enucle-
ation), cells were harvested for genomic analysis. Deep sequencing
showed correction of the SCD mutation in 18.46 6.7% of the reads
(Figure 5A). Additionally, sequencing confirmed that most alleles
containing the correction of the SCD mutation also contained a base
change at the HhaI location, indicating that the majority of HDR-
driven events encompass at least the 22-bp distance between those
2 bases. Following the conclusion of the erythroid culture, samples
were collected for analysis of the globin tetramers by HPLC
(Figure 5B). The presence of anHbApeak in erythroid cells derived
from the ZFN- and IDLV-treated samples demonstrates that the
gene correction led to functional conversion of thebS allele to abA
allele. No such peak was seen in erythrocytes derived from mock-
treated cells. The HbF peak showed a relative increase due to the
decrease in the HbS peak (as a result of ZFN-mediated allelic
disruption) in ZFN-treated samples. The relative induction of HbA

Figure 4. Gene-modified cells persist in NSG mice. (A) Gene modification rates in the bone marrow and spleen of transplanted mice at 16 weeks in cells from mice

receiving either mock- or ZFN1IDLV-treated cells. High-throughput sequencing of the b-globin locus showing percentage of total aligned reads containing the modified base

at the sickle mutation. Mock, open diamonds; ZFN1IDLV, closed diamonds; unpaired t test. (B) Sequencing of the b-globin locus showing insertions and deletions (indels) at

the cut site as a percentage of total aligned reads. Mock, open diamonds; ZFN1IDLV, closed diamonds (n 5 3 independent experiments; mock, n 5 5; ZFN1IDLV, n 5 12);

unpaired t test. (C) Modification at the sickle base in cells from mice receiving either Oligo-, ZFN-, or ZFN1Oligo-treated cells as described in A. (D) Sequencing results for

indels of cells from mice receiving either Oligo-, ZFN-, or ZFN1Oligo-treated cells as in B. Oligo, circles; ZFN, triangles; ZFN1Oligo, diamonds (Oligo, n 5 8; ZFN, n 5 7;

ZFN1Oligo, n5 9); 1-way analysis of variance. n.s., not significant; asterisk indicates significance: *P, .05, **P, .01. Error bars, mean6 standard deviation. Values of zero

cannot be plotted on a log scale but were used to calculate the error bars.
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in ZFN and IDLV-treated samples averaged 5.3 6 0.02%, with
protein correction levels up to 10.0% (Figure 5C). These results
demonstrate the ability of the ZFNs in combination with an IDLV
donor to functionally correct CD341 cells from the BM of patients
with SCD.

Discussion

The results shown here demonstrate high levels of gene correction
of the SCD mutation in human HSPCs using ZFNs in vitro. In the
present study, we designed a pair of ZFNs to cleave the b-globin
locus. In combination with a homologous donor template (delivered
as either an oligonucleotide or via an integrase-defective lentiviral
vector), these ZFNs are able to induce HDR at high levels in pro-
genitor cells.

Analysis of the ZFN cleavage sites revealed that the large majority
of nuclease activity took place at theb-globin locus target site, with
a smaller fraction of cleavage at the homologous d-globin gene. The
impact of the cleavage of d-globin in a therapeutic setting has yet to
be determined. Due to the low level of d-globin expression in adult
erythroid cells (,3.5% of all globin), its loss in a subset of cells is
unlikely to be detrimental. An unbiased, genome-wide evaluation of
ZFN off-target cleavage sites in K562 cells using IDLV end capture
demonstrated the high specificity of this ZFN pair, with only back-
ground integration into naturally fragile sites seen. Although no un-
biased, comprehensivegenome-wide technique to capture the complete
repertoire of DSBs induced by targeted nucleases exists, these end
capture experiments provide one of the most thorough analyses
available.

When theZFN- anddonor-treated cellswere transplanted intomice,
engraftment and the lineage distribution of the cells were equivalent
betweenmock-treated and ZFN- and donor-treated samples. However,
despite average levels of gene modification of 10% to 20% in the in
vitro samples before transplantation, the gene correction levels in
the human cells in the spleens and BM of the mice after 16 weeks of
engraftmentweremarkedly lower. Thesefindings are consistentwith
recently published work in the field26 and imply that more mature

progenitor cells are corrected more efficiently than the earlier, more
primitive, HSCs, which are the ultimate target required to achieve
sustained clinical benefit.

The reduction in the efficiency of homology-directed gene correc-
tion in more primitive HSCs stands in contrast to strategies using only
site-specific gene disruption (CCR5).7 The processof gene correction is
fundamentally different from and more complex than gene disruption,
as a donor template containing the corrective basesmust be codelivered
and cellular DNAdamage repair pathwaysmust resolve theDSB using
HDR rather than NHEJ. As NHEJ is favored in quiescent, primitive
HSCs,27 a bias in repair pathway choice might limit gene correction
in primitive HSCs. Thus, it is possible that the ZFNs are acting with
similar efficiency in the mature and primitive cell populations, but the
active repair pathway in each cell type differs such that HDR is more
active in more mature cells and less so in the primitive HSCs. This
hypothesis is supported by the fact that the cells transplanted into mice
maintained their input levels of indels to a greater extent than they did
for genemodification (7.4- and4.3-fold change in indels comparedwith
43.9- and 11.7-fold change in gene modification for IDLV and oligo
experiments, respectively).

Experiments in the BM CD341 cells from patients with SCD pro-
vide promise for clinical translation. Levels of correction of the
canonical sickle mutation (at least in erythroid progenitor cells)
averaged 18% for these experiments, and, following differentia-
tion, these cells produced corrected WT hemoglobin (HbA). Based
on data from allogeneic HSC transplants for SCD, donor chimerism
of 10% to 30% can result in significant clinical improvement as a
result of the selective advantage the normal donor-derived red blood
cells.28,29 In addition, heterozygotes for the SCD mutation normally
do not experience symptoms of the disease.30 Thus, correcting only 1
allele in each HSCmay prove sufficient to alleviate a large portion of
the symptoms associated with SCD.

Despite recent advances in lentiviral-based gene therapy for hemo-
globinopathies, and specifically SCD,24,31 potential complications
remain due to the need for long-lasting and appropriately regulated
expression of the therapeutic transgene. Site-specific correction using
targeted nucleases of the canonical A to T disease-causing sickle
transversion inHSCs offers the unique ability tomaintain expression
ofb-globin under its endogenous promoter and locus control region.

Figure 5. Functional correction of sickle bone

marrow CD341 cells. Bone marrow CD341 cells from

patients with SCD were electroporated with in vitro-

transcribed ZFN mRNA and transduced with donor

IDLV carrying the WT base at the sickle location and

grown under erythroid conditions. (A) Correction at the

sickle mutation evaluated by high-throughput sequenc-

ing. Results of sequencing of the b-globin locus show-

ing percentage of total aligned reads containing the

corrected WT base (A) at the sickle mutation, as well

as insertions and deletions (indels) at the cut site.

Corrected base, white; indels, gray. (B) HPLC of differ-

entiated erythroid cells at the termination of culture.

Cells were pelleted and lysed, and supernatant was

analyzed by HPLC. (Left) SCD mock sample. (Right)

SCD ZFN1IDLV sample. Shading indicates HbA:WT

adult hemoglobin peak. (C) Quantification of the percent

of HbA out of the total area under the curve represented

by the main peaks. HbA, WT adult hemoglobin; HbF,

fetal hemoglobin; HbS, sickle hemoglobin; n.s., not sig-

nificant (n 5 2 independent experiments; mock, n 5 3;

ZFN only, n 5 4; IDLV only, n 5 3; ZFN1IDLV, n 5 6).
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Further, the genome correction reagents only require a 1-time, tran-
sient ex vivo treatment of the cells to result in permanent correction.
Together these data support the continued development of genome
correction in HSPCs as a potential treatment of SCD.
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