SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

GENE THERAPY

CRISPR-Cas9 gene repair of hematopoietic
stem cells from patients with X-linked chronic
granulomatous disease
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Gene repair of CD34"* hematopoietic stem and progenitor cells (HSPCs) may avoid problems associated with
gene therapy, such as vector-related mutagenesis and dysregulated transgene expression. We used CRISPR
(clustered regularly interspaced short palindromic repeat)/Cas9 (CRISPR-associated 9) to repair a mutation in
the CYBB gene of CD34* HSPCs from patients with the immunodeficiency disorder X-linked chronic granulom-
atous disease (X-CGD). Sequence-confirmed repair of >20% of HSPCs from X-CGD patients restored the
function of NADPH (nicotinamide adenine dinucleotide phosphate) oxidase and superoxide radical production
in myeloid cells differentiated from these progenitor cells in vitro. Transplant of gene-repaired X-CGD HSPCs
into NOD (nonobese diabetic) SCID (severe combined immunodeficient) yc ™~ mice resulted in efficient engraft-
ment and production of functional mature human myeloid and lymphoid cells for up to 5 months. Whole-
exome sequencing detected no indels outside of the CYBB gene after gene correction. CRISPR-mediated gene
editing of HSPCs may be applicable to other CGD mutations and other monogenic disorders of the hemato-
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INTRODUCTION

Transplantation of normal hematopoietic stem and progenitor cells
(HSPCs) has proved beneficial for treating many genetic diseases of
the hematopoietic system. However, allogeneic transplants are compli-
cated by graft-versus-host disease and limited donor availability (1).
Gene therapy using autologous HSPCs modified by integrating viral
vectors has provided clinical benefit but is complicated by vector-
related genotoxicities and transgene expression driven by exogenous
promoters (2-4). Recent lentiviral vector gene therapy trials have
reported clinical benefits without any insertional mutagenesis (5-7).
Targeted gene editing using CRISPR (clustered regularly interspaced
short palindromic repeat)/Cas9 (CRISPR-associated 9) nuclease has
great potential as a therapeutic approach for treating monogenic hem-
atological diseases because of the availability of autologous HSPCs (8).
CRISPR/Cas9, guided by a single-guide RNA, achieves efficient double-
stranded DNA breaks (9, 10). The double-stranded DNA breaks
undergo repair either by nonhomologous end joining (NHE]) causing
insertions or deletions (indels) or by homology-directed repair (HDR),
which allows donor DNA incorporation. The CRISPR/Cas9 system
has shown broad applications in targeted gene editing in plants, mice,
and cynomolgus monkey embryos (11-14). Zinc finger nucleases have
been used to enhance HDR in human HSPCs, but there has been a
poor correlation between HDR correction rates in vitro and observed
correction rates in human gene-repaired cells after transplant into im-
munodeficient NOD (nonobese diabetic) SCID (severe combined im-
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munodeficient) yc ™~ (NSG) mice. This suggests that there may exist a
barrier to gene modification and subsequent engraftment of CD34"
HSPCs (15, 16).

X-linked chronic granulomatous disease (X-CGD) arises from
mutations in CYBB, the gene encoding gp917"*, which is the catalyt-
ic center of NADPH (nicotinamide adenine dinucleotide phosphate)
oxidase 2 (NOX2). NOX2 expressed by phagocytic cells produces su-
peroxide anions that have microbicidal and immunoregulatory
functions (17). Patients with X-CGD suffer from life-threatening in-
fections and require prophylactic antimicrobial therapy. The amount
of residual NOX2 activity in neutrophils from X-CGD patients pre-
dicts patient survival, suggesting that small improvements in NOX2
function may provide clinical benefit (17). Differing degrees of X
chromosome inactivation in female carriers of X-CGD result in a
range of disease phenotypes (18). In general, increased susceptibility
to infections occurs when <10 to 15% of neutrophils are functionally
normal, suggesting that restoration of NOX2 to only 10 to 15% of neu-
trophils would provide clinical benefit in X-CGD. The most frequent
mutation occurring in a National Institutes of Health cohort of X-CGD
patients (17 of 284; 6%) was the C676T substitution in exon 7 of the
CYBB gene, resulting in a premature stop codon and an inactive
gp91P"°* protein (17). This mutation was therefore chosen for repair
using the CRISPR/Cas9/single-guide RNA system. The goal of our
study was to achieve efficient repair of this gene mutation in CD34"
HSPCs from X-CGD patients at clinically relevant levels.

RESULTS

Optimization of CRISPR-mediated gene repair in
patient-derived immortalized B cells

To determine the activity of the CRISPR system directed by a site-
specific guide, we used Epstein-Barr virus (EBV)-transformed B cell
lines derived from patient 1 (P1) with X-CGD. Four guides targeting
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sequences around the CYBB C676T site were evaluated, of which
single-guide RNA2 displayed maximal cutting efficiency (fig. S1,
A to C).

Although both single- and double-stranded DNA fragments have
been used to promote HDR-mediated gene repair (19, 20), the former
were chosen for this study. Phosphorothioate modifications of a single-
stranded oligodeoxynucleotide (ssODN) protect against nuclease deg-
radation, improving activity but possibly at the cost of increasing
toxicity to cell lines (21, 22). We evaluated the effects of increasing
phosphorothioate modifications in the EBV P1 cell line and ob-
served stable viability and proliferative capabilities, indicating that
the modifications were tolerated (fig. S2, A and B). The 2p phosphor-
othioate modification of the ssODN resulted in the highest rate of
gene correction with restored gp91P"* expression that was stable
for 30 days (fig. S2C). Sequencing of the corrected EBV P1 cell line
confirmed genetic repair of the mutation to the normal sequence (fig.
S2D), with increasing gene correction inversely related to the num-
ber of indels.

Targeting of CRISPR to the CYBB 676 locus of normal
CD34" HSPCs

To facilitate the development of gene repair by CRISPR in CD34"
HSPCs from X-CGD patients, we first evaluated the feasibility of
the CRISPR/single-guide approach for targeting normal human
CD34" HSPCs. Mobilized CD34" HSPCs in the peripheral blood of
healthy controls were collected and cryopreserved in the same process
used for mobilized CD34" HSPCs from X-CGD patients, with the pu-
rity of CD34" HSPCs being >95% [National Institute of Allergy and
Infectious Diseases (NIAID)-approved protocol 94-1-0073]. We ap-
plied the same single guide with a base pair difference at nucleotide
676 of the CYBB gene, a “C” in healthy donor CD34" HSPCs instead
of the “I” occurring in the subset of X-CGD patients whom we studied.
The donor template used in the healthy CD34" HSPCs carried a single
base pair mutation “T” so that a successful HDR event would create the
CYBB C676T mutation. Given that the successful creation of both
the missense mutation and indels would abrogate gp91P"* func-
tion, the outcome of this system depended on sequencing of the al-
leles. The various conditions evaluated showed up to 80% gene
editing rates (HDR-mediated CYBB C676T mutation up to 21%
and indels >70%) (Fig. 1A). To evaluate gene editing rates in
CD34" HSPCs, we sorted CRISPR-treated CD34" HSPCs into vari-
ous CD34" subpopulations: primitive (CD34"CD1337CD90"), early
(CD34"CD133"CD907), and committed (CD34"CD133") progeni-
tor cells and differentiated cells (CD34"). Similar rates of gene edit-
ing were observed in all four CD34" subpopulations in contrast to
the reduced levels of gene editing reported previously in more prim-
itive CD34" subpopulations (Fig. 1A) (13). This difference may be
partly attributable to different cell sources, with cord blood and bone
marrow the source of CD34" cells used in previous studies compared
to the granulocyte colony-stimulating factor (G-CSF)-mobilized
peripheral blood CD34" HSPCs used in our study.

CYBB gene mutation repair in mobilized CD34* HSPCs from
X-CGD patients

Next, we investigated CRISPR-mediated gene repair in mobilized
CD34" HSPCs from X-CGD P1 with the C676T mutation (23). We
evaluated electroporation conditions including the cell concentration
during electroporation, as well as the amounts of Cas9, single-guide
RNA, and donor ssODN template required. Cell viability, proliferative
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capacity, and restoration of gp91P"** expression were determined by
flow cytometry (FACS) (fig. S3). Of the conditions tested, the best out-
comes when considering both correction efficiencies and cell toxicities
were achieved with P1 CD34" HSPCs at 3 x 107 to 6 x 10’/ml with
Cas9 at 100 pg/ml, single-guide RNA at 200 to 300 pug/ml, and ssODN
at 100 to 200 pg/ml (Figs. 1 to 4 and fig. S3).

Notably, this seamless repair of a missense mutation in situ restored
gene function, with expression under the control of the gene’s endoge-
nous promoter rather than an exogenous promoter. Consequently, giv-
en that CD34* HSPCs do not normally express gp91P"*, differentiation
of the corrected CD34" HSPCs into myeloid cells was required to assess
restoration of gene expression and function. Using optimized condi-
tions, we cultured corrected P1 CD34" HSPCs for 2 to 3 weeks in vitro
to induce myeloid differentiation. Thirty-one percent of the corrected
CD34" HSPC-derived myeloid cells showed gp91P"* expression com-
pared to 95% of myeloid cells derived from uncorrected healthy control
CD34" HSPCs (Fig. 1B). NOX2 activity was first evaluated using the
DHR assay, which measures the production of reactive oxygen species
(ROS) by FACS after PMA stimulation of myeloid cells. After myeloid
differentiation of corrected P1 CD34" HSPCs, 19.3% of myeloid cells
were positive for NOX2 activity compared to <0.1% of uncorrected
naive patient myeloid cells and 80% of healthy control myeloid cells
(Fig. 1C). Superoxide radical production after PMA stimulation of
myeloid cells was measured by luminol-enhanced chemiluminescence.
Superoxide radical production from myeloid cells derived from corrected
P1 CD34" HSPCs was about one-third of the amount produced by
normal healthy control myeloid cells (Fig. 1D).

To determine the antibacterial activity of gene-repaired myeloid
cells, corrected P1 myeloid cells derived from CD34" HSPCs were
incubated with G. bethesdensis, a Gram-negative bacterium first iden-
tified as a human pathogen in CGD patients (24). Corrected P1 my-
eloid cells showed a trend toward improved antimicrobial activity,
indicated by a reduction in bacterial colony counts in two independent
experiments (Fig. 1E).

Transplantation of corrected P1 CD34* HSPCs into NSG
immunodeficient mice

We next evaluated whether CRISPR-repaired P1 CD34" HSPCs main-
tained in vivo repopulating capacity after transplantation into immuno-
deficient NSG mice. After optimization, except where indicated, all
experiments were performed with Cas9 nuclease (100 pg/ml) and
single-guide RNA (200 pg/ml), with varying doses of ssODN ranging
from 40 to 300 pug/ml (to determine the potential long-term conse-
quences of the amount of donor template used). Gene-corrected or un-
corrected P1 CD34" HSPCs or healthy control CD34" HSPCs were
transplanted into 6- to 8-week-old NSG mice (n = 3 independent
experiments, n = 36 mice total). Cells were also cultured in vitro and
showed repair rates of 12 to 31%, as indicated by gp91P"* expression
depending on the amount of ssODN (Figs. 1C and 3, C and D). Gene
correction outcomes were determined in mouse peripheral blood
(Fig. 2) and bone marrow (Fig. 3) at 8, 16, or 20 weeks after trans-
plant of CD34" HSPCs into NSG mice. Human myeloid cells derived
from transplanted CD34" HSPCs were identified in mouse peripheral
blood by FACS staining for human CD45" and gp91°"* expression
(Fig. 2A). HSPC-derived myeloid cells in mouse peripheral blood after
correction with ssODN (200 pg/ml) were 21.1 + 9.8% of total (three
independent experiments, means + SD, n = 9 mice) (Fig. 2B). Of
these, 15.6 + 3.5% (1 = 9 mice) expressed gp91°"** compared with
65.6% of human myeloid cells derived from healthy control HSPCs
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Fig. 1. CRISPR-mediated correction of CD34" HSPCs from a patient with X-CGD. (A) Gene editing rates in mobilized CD34" HSPC subpopulations in peripheral
blood from a healthy control donor. Fluorescence-activated cell sorting (FACS) strategy for sorting cells into primitive (CD34"CD133*CD90"), early (CD34*CD133*CD907), and
committed (CD34*CD133") progenitor cells and differentiated myeloid cells (CD347). Comparison of rates of alleles representing unchanged sequence, indels due to NHEJ, and
repaired mutations after HDR in unsorted and FACS-sorted CD34" HSPC subpopulations. (B) gp91 phox expression assessed by FACS analysis [mean fluorescence intensity (MFI)]
of gene-corrected and uncorrected (naive) myeloid cells differentiated from P1 CD34* HSPCs and healthy control CD34* HSPCs. (C) NOX2 activity after phorbol 12-myristate
13-acetate (PMA) stimulation assessed by the dihydrorhodamine (DHR) assay for gene-corrected and uncorrected (naive) myeloid cells differentiated from P1 and healthy
control CD34"* HSPCs. SSC, side scatter. (D) Luminol-enhanced chemiluminescence for detecting superoxide radical production by myeloid cells derived from gene-corrected
P1 (corrected) or uncorrected P1 (naive) CD34* HSPCs from P1 or healthy control HSPCs (HD). Relative light units (RLU) are shown on the y axis. (E) Antibacterial activity of
myeloid cells derived from gene-corrected P1 (corrected) or uncorrected P1 (naive) CD34* HSPCs. Myeloid cells were incubated with Granulibacter bethesdensis (concentration
of bacteria added is indicated by dotted lines) at a multiplicity of infection (MOI) of 1 for 24 hours, and colony-forming units (CFU) were enumerated (results of two

independent experiments are plotted).

in mouse peripheral blood (Fig. 2B). Among the gene-corrected groups,
a difference was observed in the percentage of human CD45" cells in
mouse peripheral blood only in the 80 versus 40 pg ssODN/ml groups
(adjusted P = 0.01) and the 80 versus 300 pug ssODN/ml groups
(adjusted P = 0.04, Tukey’s multiple comparisons test) (Fig. 2B). The
uncorrected groups were not compared because an unequal number of
CD34" HSPCs were transplanted. With respect to human CD45" my-
eloid cells expressing gp91°™™ in mouse peripheral blood, a difference
was observed when comparing 40 and 200 pug ssODN/ml groups
(adjusted P = 0.002), 40 to 300 ng ssODN/ml groups (adjusted P =
0.018), and 80 versus 200 pug ssODN/ml groups (adjusted P = 0.02,
Tukey’s multiple comparisons test) (Fig. 2C). The amount of gp91°"
expressed by P1 gene-repaired myeloid cells in mouse peripheral blood
was comparable to that of healthy control myeloid cells (Fig. 2D).
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Superoxide radical production by corrected CD45" human myeloid
cells in mouse peripheral blood was about one-third that of healthy
control myeloid cells (Fig. 2E).

Although NOX2 is primarily associated with myeloid cell function,
alterations in NOX2 activity in B lymphocytes have also been reported
in CGD patients (25, 26). We evaluated gp91P hox expression in human
CD45" cells by FACS in mouse peripheral blood after transplantation
of corrected or uncorrected P1 or healthy control CD34" HSPCs. The
forward scatter— and side scatter-gated lymphocyte subset contained
~32% CD20" B cells compared to <1% in the granulocyte-gated pop-
ulation (Fig. 3A). Using this gating strategy, we assessed gp91P"** ex-
pression in lymphocyte subsets in mouse peripheral blood at 20 weeks
after transplant. About 7% of human CD20" B cells from corrected P1
CD34" HSPCs expressed gp91P™* compared to 19% of healthy control
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Fig. 2. Gene-corrected patient cells in mouse peripheral blood after transplant of
CD34" HSPCs. (A) Representative FACS analysis showing the strategy for evaluating
engraftment of CD34* HSPCs after transplant into NSG mice. The number of human
CD45" cells in mouse peripheral blood expressing gp91phOX was assessed 20 weeks
after transplant of corrected or uncorrected (naive) P1 CD34" HSPCs or healthy control
CD34* HSPCs. Human CD45™ cells (left) were gated by FACS and analyzed for gp91P"*
expression (right). (B and C) Percentage of human CD45" cells (B) and percentage of
human CD45* cells expressing gp91P"* (C) in mouse peripheral blood after transplant
of P1 CD34"* HSPCs either uncorrected or corrected with varying amounts of ssODN as
indicated. Significant differences in percentage of human CD45" cells were observed in
the 80 versus 40 ug ssODN/ml groups (adjusted P = 0.01) and the 80 versus 300 pg
ssODN/ml groups (adjusted P = 0.04) (B). For human CD45*gp91 IDh"x-t-:‘xpressing cellsin
mouse peripheral blood (PB), a difference was observed when comparing 40 and
200 pg ssODN/ml groups (adjusted P=0.002), 40 to 300 ug ssODN/ml groups (adjusted
P =0.018), and 80 versus 200 pug ssODN/ml groups (adjusted P = 0.02). Data are from
three independent experiments, means + SD, Tukey’s multiple comparisons test.
(D) Representative histogram of FACS analysis of gp91P"°* protein expression in
gene-corrected (red) and uncorrected naive (black dotted line) P1 and healthy control
donor (HD; blue) CD34* HSPCs after transplant. (E) NOX2 activity measured by the DHR
assay in mouse peripheral blood after transplant with P1 corrected (blue) or un-
corrected naive (red) CD34" HSPCs or healthy control donor CD34" HSPCs (black).
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Fig. 3. Expression of gp91°"°* by human B lymphocytes in mouse peripheral
blood after transplant. (A) FACS analysis of mouse peripheral blood after trans-
plant with corrected or uncorrected (naive) P1 CD34" HSPCs or healthy control donor
CD34" HSPCs. Granulocyte (top) and lymphocyte (bottom) gates were set with for-
ward and side scatter for the healthy control donor (HD) cells. The lymphocyte-gated
population contained predominantly CD45*CD20* human B cells. (B) Expression of
gp91P" in lymphocyte-gated human cells in mouse peripheral blood after trans-
plant with corrected or uncorrected (naive) P1 CD34"* HSPCs or healthy control donor
(HD) CD34" HSPCs. (C and D) Percentage of repaired alleles in gene-corrected P1
CD34* HSPCs and healthy control CD34* HSPCs (with ODN amounts as indicated)
was determined before transplant (green bars) and after 3 to 4 weeks of differenti-
ation into myeloid cells in vitro (white bars). Human CD45" cells in mouse bone mar-
row after transplant of gene-corrected P1 CD34" HSPCs or healthy control CD34"
HSPCs were also sequenced at harvest (blue bars) and after 3 to 4 weeks of in vitro
culture (white bars).

B cells (Fig. 3B). The utility of FACS evaluation of gp91P™* expression
by CD3" T cells was limited given that this protein is not normally
expressed in CD3" T cells (fig. S4).

To address the question of whether gene-repaired P1 CD34"
HSPCs could have a survival advantage, we compared the frequen-
cies of gene-corrected alleles in human CD45" cells in mouse bone
marrow before and after 3 weeks of culture (Fig. 3C). The same
comparison was performed on gene-repaired P1 CD34" HSPCs before
and after 3 to 4 weeks of myeloid differentiation in vitro (Fig. 3D).
The data confirmed stability of gene repair and showed no survival
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Fig. 4. Analysis of mouse bone marrow after transplant of corrected patient
or control CD34" HSPCs. (A) Representative FACS analysis of human CD45" cells
in mouse bone marrow at 8 weeks after transplant (top) and gp91phox expression
(bottom) by human CD45" cells derived from gene-corrected or uncorrected (naive)
P1 CD34" HSPCs or healthy control donor (HD) CD34* HSPCs. (B) Effects of increasing
ssODN dose (uug/ml) on the percentage of human CD45" cells expressing gp91°"™ in
mouse bone marrow after transplant. (C) Mouse bone marrow 20 weeks after trans-
plant was sorted for human CD45" myeloid cells derived from P1 corrected or un-
corrected (naive) or healthy control donor (HD) CD34* HSPCs and stained for
gp91P* expression or NOX2 activity assessed by the DHR assay. (D) FACS analysis
of gp91”h°x expression shown in (C), depicted as a histogram. Gene-corrected P1
cells (red) or uncorrected (naive) P1 cells (black dotted line) or healthy control donor
cells (HD; blue line). FITC, fluorescein isothiocyanate. (E) Engraftment rates in mouse
bone marrow for CD34* HSPCs from P1 corrected with different concentrations of
sSODN (ug/ml). Columns show means + SD; each mouse received 1 million to 3 million
corrected P1 CD34" HSPCs. (F) NOX2 activity in human CD45" cells sorted from mouse
bone marrow was determined using the DHR assay after transplant of NSG mice
with P1 corrected or uncorrected (naive) CD34" HSPCs or healthy control donor (HD)
CD34* HSPCs.

advantage for gene-repaired myeloid cells (Fig. 3, C and D). Previous
transplant and gene therapy trials have reported a competitive survival
disadvantage for HSPCs transduced with a gp91°"**-expressing viral
vector (27).

We then analyzed mouse bone marrow at 6 to 8, 16, or 20 weeks
after transplant for human CD45" cells by FACS (Fig. 4A). There
was >60 * 14.8% (means + SD, n = 16 mice) human CD45" cells
derived from engrafted gene-repaired P1 CD34" HSPCs at 8 weeks
after transplant in mouse bone marrow. There was 16.5 + 6.4% (n = 7)
human CD45" cells derived from gene-repaired P1 CD34" HSPCs
expressing gp91P"* compared to 67% of human CD45" cells derived
from healthy control CD34" HSPCs in mouse bone marrow (Fig. 4A).
The rates of correction trended higher with increasing amounts of
ssODN but did not reach statistical significance, possibly related to
the small sample size (Fig. 4B). At 20 weeks after transplant, FACS-
sorted human CD45" cells from gene-repaired P1 CD34" HSPCs in
mouse bone marrow that were cultured for 7 days with G-CSF to pro-
mote myeloid maturation demonstrated about one-third the amount
of gp91P™* expression as human CD45" cells derived from healthy
control CD34* HSPCs (Fig. 4C). The MFI of gp91P™* expression
by FACS was similar for myeloid cells from gene-repaired P1 and
healthy control CD34" HSPCs, as expected given the endogenous reg-
ulation of CYBB (Fig. 4D). Furthermore, the engraftment rates for
gene-repaired P1 CD34" HSPCs treated with different amounts of
ssODN were similar (Fig. 4E). Functional NOX2 activity measured
by the DHR assay in human CD45" cells derived from corrected P1
CD34" HSPCs in mouse bone marrow was one-third that of human
CD45" cells from healthy control CD34" HSPCs (Fig. 4F). The same
CRISPR-mediated gene correction with similar amounts of ssODN
was applied to CD34" HSPCs from a second X-CGD patient with
the same mutation; similar results were obtained regarding CYBB mu-
tation correction, restoration of gp91°"* expression, and NOX2 activ-
ity (figs. S6 and S7).

Persistence of gene repair after transplant of corrected P1
CD34* HSPCs into NSG mice

Concerns about gene-edited CD34" HSPCs include whether the true
repopulating CD34" HSPCs are corrected and whether treatment-
associated toxicities could inhibit either engraftment or long-term
correction (15, 16). To address these issues, we compared data from

De Ravin et al., Sci. Transl. Med. 9, eaah3480 (2017) 11 January 2017

A

P1 corrected B CD45*-gated mouse bone marrow

100 3
] re=8
J .
<
210
s 1
= 1
2 ]
S ]
1 T T T T
100 200 300 HD
2 sSODN (ug/ml)
2 - P1 corrected
gp;
c CD45*-sorted mouse bone marrow
P1 corrected HD P1 naive
/4% / 96% /1%

SSC. >

DHR
CD45*-sorted mouse bone marrow

80

oy T

% of Max

Engraftment (%)
B
o
1

n
o
1

10% 10*

10° 10' 102
FITC-A: gp91 FITC-A 0

T T T T T T
HDNaive 40 80 200 300
ODN (ug/m)

Myeloid-differentiated mouse bone marrow CD45* cells P1 comected

P1 corrected HD P1 naive

| 57% | 0%

in vitro cultures or mouse peripheral blood taken 6 or 20 weeks
after transplant of CD34" HSPCs. There were 62.6 + 14.8% human
CD45" cells in mouse bone marrow at 8 weeks after transplant and
61.6 £ 13.3% at 20 weeks after transplant (n = 9) (Fig. 5A). In
mouse peripheral blood, human CD45" myeloid cells derived from
gene-corrected P1 CD34" HSPCs showed 14% stable expression of
gp91P"*, with no significant decline in expression from 6 to 20 weeks
after transplant (Fig. 5B). We then compared rates of gene correction
between in vitro gene-corrected P1 CD34"HSPCs and human CD45"
cells derived from transplanted gene-corrected P1 CD34" HSPCs at 8,
16, or 20 weeks after transplant (Fig. 5C). Deep sequencing of the
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Fig. 5. Long-term persistence of engrafted cells and repaired alleles after
transplant of patient CD34" HSPCs. (A) Human CD45* myeloid cells in mouse
peripheral blood at 8 or 20 weeks after transplant with corrected or uncorrected
(naive) P1 or healthy control donor (HD) CD34" HSPCs. Columns represent means +
SD of all animals (pooled, n = 3 experiments). (B) Percent of human CD45" myeloid
cells in mouse peripheral blood expressing gp91ph°"+ after transplant with corrected
or uncorrected (naive) P1 or healthy control donor (HD) CD34* HSPCs. The doses of
ssODN used for gene correction are shown. White bars, 6 to 8 weeks after transplant;
colored bars, 20 weeks after transplant. (C) CRISPR-corrected CYBB alleles in P1 CD34"
HSPCs before transplant (Pre; white bars) and in sorted human CD45" cells from
mouse bone marrow (NSG) at 8, 16, or 20 weeks after transplant with P1 CD34"
HSPCs corrected with ssODN at either 200 pg/ml (blue) or 300 pg/ml (red).

target locus at CYBB exon 7 was performed to determine rates of
conversion to the normal sequence (repair), uncorrected mutated
“T,” and indels including sequencing errors (Fig. 5D and fig. S5).
About 250,000 reads were obtained for each sample. The gene re-
pair rate increased with the amount of ssODN used up to 200 to
300 pg/ml. However, at the higher amounts of ssODN, the per-
centage of indels decreased (fig. S5). Gene repair at the DNA level
paralleled the appearance of gp91P"* protein expression in gene-
corrected cells (Fig. 5B) and demonstrated the stability of gene repair
for up to 20 weeks (Fig. 5B). By comparing the gene repair rates before
and after transplant, we observed a maximum ~35% decrease in gene
repair 20 weeks after transplant (Fig. 5C). The frequencies of repaired
alleles in corrected P1 CD34" HSPCs before transplant and in human
CD45" myeloid cells in mouse bone marrow at 8, 16, or 20 weeks
after transplant were compared. Consistent levels of gene correc-
tion up to 20 weeks after transplant were observed (Fig. 5C). No-
tably, when the FACS-sorted human CD45" cells were cultured in
vitro for 3 weeks, the frequency of gene-repaired alleles remained
unchanged, demonstrating that there was no relative survival ad-

De Ravin et al., Sci. Transl. Med. 9, eaah3480 (2017) 11 January 2017

CATTTTTCACCCAGACGAATTGTACGT CAGACCGCAGAGAGTTT

Fig. 6. Deep sequencing of the CYBB locus in corrected patient CD34*
HSPCs. Integrated genomics view of the C676T mutation after CRISPR/Cas9 cor-
rection was determined by targeted sequencing of the CYBB locus. (Top) Fre-
quency of the mutant allele (T; red), repaired allele (C; blue), and the coverage
depth around the CRISPR cutting site. The dip represents the indels around the
CRISPR cutting site. (Bottom) Typical allele distribution from a population of
corrected CD34* HSPCs from P1. Black lines indicate deletions, and the short ticks
represent insertions.

vantage for gene-repaired cells (Fig. 3C). Similarly, the percentage
of repaired alleles in gene-corrected P1 CD34" HSPCs remained
stable after 3 to 4 weeks of differentiation into myeloid cells in vitro
(Fig. 3D).

The same CRISPR-mediated approach and amount of ssODN were
used to correct CD34* HSPCs from patient 2 (P2). Whereas gene repair
rates could be achieved in a similar range to P1 (fig. S6), additional op-
timization was necessary. The repair rate showed a less than 50% de-
crease after transplant of gene-corrected P2 CD34" HSPCs into NSG
mice. Our data from the two X-CGD patients highlighted that efficient
CRISPR-mediated gene repair is, in principle, possible, but careful val-
idation of the conditions is necessary to achieve consistent optimal
results. We observed toxicities when using higher amounts (300 to
400 pg/ml) of ssODN, which resulted in lower efficiencies of gene repair
in vitro (8 to 9%) and only 2 to 4% of human CD45" cells in mouse bone
marrow expressing gp91°"* protein at 26 weeks after transplant (fig.
S7). Despite the low in vitro gene repair rates, genetic analysis of the
FACS-sorted gp91P"*-expressing human CD20* B cells from mouse
spleen at 26 weeks after transplant of CRISPR-treated P2 CD34" HSPCs
confirmed the presence of the repaired sequence in 56 to 59% of alleles
compared to 0% in uncorrected P2 CD34" HSPCs (table S1). In FACS-
sorted P2 CD34" HSPCs from mouse bone marrow, evidence of gene-
corrected alleles was found in up to 0.3% of these cells (0.1 to 0.3%)
compared to 95% of healthy control CD34" HSPCs. Together, these
data demonstrate long-term persistence (<26 weeks) of gene correction
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in CD34" HSPCs, myeloid cells, and lymphoid cells in mouse bone
marrow after transplant.

Specificity of CRISPR-mediated gene repair in CD34* HSPCs
from X-CGD patients

Off-target cutting is a major concern for the clinical application of
CRISPR-mediated gene repair and may vary between different guide
sequences. To assess the specificity of the single-guide RNA used here,
we treated healthy control CD34" HSPCs with the CRISPR/single-guide
RNA targeting the C676T mutation in exon 7 of the CYBB gene. De-
spite only one base pair mismatch, the indel rate dropped ~30-fold,
thus confirming the specificity of the single-guide RNA for the
CYBB exon 7 C676T mutation (fig. S8 and table S4). All of the compu-
tationally predicted possible alternate target sites (http://crispr.cos.
uni-heidelberg.de) based on homology to the single-guide RNA
had >3 to 4 base pair (bp) mismatches. We performed targeted
sequencing of seven such targets for further study (table S2). Poly-
merase chain reaction (PCR) primers specific for each predicted off-
target region were used to amplify DNA from CRISPR/single-guide
RNA-corrected P1 CD34" HSPCs and uncorrected healthy control
CD34" HSPCs. At a read depth of up to 10,000x, we did not detect
any indels that would have been indicative of CRISPR cutting and
NHE] repair. The indels were likely to be 5 to 15 bp, as shown by
targeted Sanger sequencing at the CYBB locus (Fig. 6). At a read
depth of 1,200,000x, we observed one single indel (>3 bp) at the
RP11-454H19.2 gene in the CRISPR-corrected P1 CD34" HSPCs
(table S2). However, we also observed one single indel in the un-
corrected healthy control CD34" HSPCs, indicating that this could
be due to amplification/sequencing errors at this level of coverage.
Whole-exome sequencing at 800x coverage of corrected patient
CD34" HSPCs also failed to detect any off-target indels. We performed
necropsy of NSG mice transplanted with corrected CD34" HSPCs at
20 weeks after transplant and confirmed the absence of tumors.

DISCUSSION
Gene therapy for the treatment of genetic disorders of the hematopoie-
tic system relies on efficient and safe correction of autologous CD34"
HSPCs derived from bone marrow or peripheral blood after mobiliza-
tion with G-CSF. Despite advances in the development of nucleases
enabling gene editing to create a wide range of genetically modified
animals and plants, CD34" HSPCs have appeared to be resistant to
HDR-mediated gene modification. Here, we show that CRISPR/
single-guide RNA can be delivered efficiently into CD34" HSPCs with
low toxicities using a scalable electroporation system. The optimized
CRISPR methodology converted a single base pair mutation to the
normal sequence, thereby restoring function to the gp91P"* protein en-
coded by the CYBB gene, which remained under the control of its en-
dogenous promoter. The endogenously regulated expression of gp91°"*
avoided concerns regarding ectopic expression of gp91P"** that have led
to the use of a myeloid-specific promoter for lentiviral gene therapy for
treating CGD (28). Cell type- and developmental stage—appropriate reg-
ulation of gp91P"* may partly contribute to the improved engraftment of
patient CD34" HSPCs obtained here, although further studies will be re-
quired to determine whether NOX2 expression during engraftment could
be detrimental. Other specific engraftment capabilities of CRISPR-
corrected CD34" HSPCs will be a focus of future studies.

Reduced toxicities associated with CRISPR-mediated correction of
patient CD34" HSPCs may also contribute to the engraftment rates ob-
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served in this study. Our data demonstrated similar rates of HDR gene
repair in the various CD34" HSPC subpopulations, as observed in prim-
itive CD34"CD133"CD90" progenitor cells. Gene repair in the latter
cells resulted in functional restoration of gp91°"* in myeloid and
lymphoid progenies at clinically relevant levels, as detected in the
peripheral blood of NSG mice up to 20 weeks after transplant, with
sequence-confirmed repair evident for up to 6.5 months. Previous work
with zinc finger nuclease mRNA and integration-deficient lentiviral
vector donor co-delivery to CD34" HSPCs from either human cord
blood or bone marrow achieved ~3 to 11% gene targeting efficiency
in vitro, which decreased to ~1% after transplant into immunodeficient
mice (15, 16). Similarly, HDR gene editing in peripheral blood CD34"
HSPCs by co-delivery of mega-TAL nuclease and a single-stranded
rAAV (recombinant adeno-associated virus) donor template achieved
comparable levels of ~14% allele correction frequencies in vitro.

The limitations of this study are several-fold. First, there are few
CGD patients for whom sufficient numbers of CD34" HSPCs are
available for research purposes. Although we could successfully correct
CD34" HSPCs from two separate patients with the CYBB exon 7
C676T mutation, long-term studies with additional patient HSPCs
and larger numbers of mice will be required. For example, secondary
and tertiary transplants of bone marrow from NSG mouse recipients
of corrected CD34" HSPCs may be required to confirm that CD34"
pluripotent stem cells were corrected and to ensure the absence of un-
wanted potentially oncogenic mutations or other unexpected changes.
Nevertheless, gene correction in FACS-sorted CD34"CD133"CD90"
cells in vitro and in both human myeloid and lymphoid cells in mouse
blood after transplant of corrected CD34" HSPCs suggests that prim-
itive stem cells were repaired. Second, our success at correction of this
single, albeit most common, mutation in X-CGD may not extend to
other mutations. Third, we may have missed detection of potentially
deleterious mutations not present in whole exomes or at predicted
sites. Although a search for off-target cuts failed to identify any,
nevertheless, given that the specificity and off-target cut rates will like-
ly vary depending on the specific mutation and single-guide RNA
used, a careful evaluation of each set of CRISPR/Cas reagents before
clinical application will be critical. Rapid innovations in the field may
reduce such problems, for example, by using truncated single-guide
RNAs and paired Cas9 nickases or modifying amino acids at Cas9-
target DNA contact sites (29). Advances in modifications to the pro-
tospacer adjacent motif recognition site will also extend genomic sites
accessible to this CRISPR/Cas9 approach (30, 31). Finally, the level of
gene correction in human cells circulating in mouse peripheral blood
may not be predictive of correction of the human disease. On the basis
of clinical outcomes in lyonized female carriers of X-CGD with
skewed X chromosome inactivation, resulting in variable numbers
of cells with functional NOX2 activity, and the observation that im-
provements in outcome in X-CGD arise from incrementally increased
residual NOX2 function (17), we believe that gene repair resulting in
~15% of circulating neutrophils having normal NOX2 function would
result in a reduction in infections and improved outcomes in patients.
This provides a strong rationale for a CRISPR-mediated gene muta-
tion repair approach for treating CGD.

CRISPR/oligonucleotide-mediated gene editing of CD34" HSPCs
for other CGD mutations will require optimization and off-target eval-
uation for each set of guide RNAs. Nevertheless, this study provides a
proof of principle demonstrating the feasibility of a CRISPR-targeted
approach for gene mutation repair in a monogenic blood disorder,
resulting in restoration of endogenously regulated gene expression
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and protein function. This approach is potentially applicable to more
common diseases attributable to single base pair mutations such as
sickle cell anemia (15).

MATERIALS AND METHODS
Study design
The goal of our study was to develop a CRISPR approach to repair a
CYBB gene mutation in CD34" HSPCs from patients with X-CGD
and achieve clinically relevant protein expression after transplant into
NSG immunodeficient mice. The CYBB exon 7 C676T mutation
results in the loss of gp91P"* expression and NOX2 function in my-
eloid cells. Optimization of the CRISPR approach was conducted in
patient-derived EBV-transformed B cell lines, and selected conditions
were applied to CD34" HSPCs from two X-CGD patients. Evaluation
of gene repair included sequencing, FACS analysis for gp91P"* ex-
pression, assessment of NOX2-dependent superoxide radical produc-
tion, and antibactericidal activity of in vitro or in vivo differentiated
myeloid cells; comparisons were made to healthy control CD34* HSPCs.
CD34" HSPCs from two X-CGD patients were treated with varying
doses of ssODN before transplantation into NSG mice (three mice per
group) to determine the effects of ssODN on engraftment and gene re-
pair rates. The same experiment was repeated two additional times.
Analysis was conducted at various time points after transplant to assess
sustainability of gene correction in vivo. Analysis of gene correction was
performed on patient CD34" HSPCs before and after transplant to
assess efficacy of gene repair. Potential off-target CRISPR cut sites were
identified by an algorithm and sequenced. Whole-exome sequencing
was also performed to identify other genome alterations.

Human blood cells

CD34" HSPCs were obtained after written informed consent under the
auspices of the NIAID Institutional Review Board-approved protocols
05-1-0213 and 94-1-0073. The conduct of these studies conformed to the
Declaration of Helsinki protocols and all U.S. federal regulations re-
quired for the protection of human subjects. Healthy donors and pa-
tients with X-CGD underwent leukapheresis after CD34" HSPC
mobilization with G-CSF (15 pg/kg daily) for 5 days and plerixafor at
12 hours before blood collection.

Mouse studies

Use of immunodeficient NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz] (NSG)
mice (The Jackson Laboratory) for xenotransplant studies was ap-
proved by the NIAID Institutional Animal Care and Use Committee
under animal use protocol LHD 3E. The conduct of these studies
conformed to Association for Assessment and Accreditation of Labora-
tory Animal Care International guidelines and all U.S. federal regula-
tions governing the protection of research animals.

CRISPR/Cas9 mRNA, single-guide RNA, and single-stranded

oligonucleotide donor

Cas9 plasmid for double-stranded DNA cuts and the single-guide RNA
were purchased from the Genome Engineering Center, Washington
University, St. Louis. The template for in vitro RNA transcription was
obtained by linearization of the Cas9 plasmid with Xho I. A number of
single-guide RNAs were evaluated (fig. S1). The single-guide RNA
template was made by PCR amplification with primers conjugated with
T7 promoter for the forward primer and shared common reverse
primer: gRNALF, 5'-TTAATACGACTCACTATAGGTTTCC-
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TATTACTAAATGATC; gRNA2F, 5'-TTAATACGACTCACTA-
TAGGCACCCAGATGAATTGTACGT; gRNA3.F, 5'-
TTAATACGACTCACTATAGGTGCCCACGTACAATTCATCT;
gRNAS.F, 5'-TTAATACGACTCACTATAGGAGTCCAGATCATT-
TAGTAAT; reverse primer, 5'-AAAAGCACCGACTCGGTGCC-3'.
The mRNA for Cas9 and single-guide RNA was made by
mMESSAGE mMACHINE T7 ULTRA Transcription Kit (Ambion).
Chemically modified ssODN was purchased from Integrated DNA
Technologies, with the following sequence for single-guide RNA2:
5-CTATTACTAAATGATCTGGACTTACATTTTTCACCCAGAC-
GAATTGTACGTGGGCAGACCGCAGAGAGTTTGGCTGTGCA-
TAATATAACAGTTTGTGAAC-3'.

In vitro CD34" HSPCs and immortalized B cell lines

Human CD34" HSPCs were cultured in complete medium consist-
ing of StemSpan SFEM (STEMCELL Technologies Inc.), supple-
mented with stem cell factor, fms-related tyrosine kinase 3 ligand,
and thrombopoietin, each at 100 ng/ml (PeproTech). Peripheral blood
mononuclear cells from a patient with X-CGD caused by a CYBB ex-
on 7 C676T mutation were used to establish an EBV-transformed B
cell line for preliminary evaluation of reagents. This cell line from P1
was cultured in RPMI 1640 (Lonza) supplemented with 20% fetal calf
serum (FCS) (HyClone) and 2 mM glutamine at a density of 1 million
to 2 million cells/ml.

Cell viability was determined by FACS analysis on the basis of
forward scatter/side scatter dot plot and verified by exclusion of
propidium iodide. The relative viable cell number was determined
by timed collection of events by FACS. A standardized correlation
curve was determined by the cell number obtained by FACS versus
the number enumerated by hemocytometer, with the intercept set
at 0. Cell number in samples was determined by a FACS timed col-
lection multiplied by the dilution factor.

For myeloid cell differentiation, CD34" HSPCs were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 20% FCS and
G-CSF (100 ng/ml). Fresh medium was provided every 3 to 4 days.

Electroporation

Cryopreserved HSPCs were thawed (day 0) and then cultured in com-
plete medium (described above). On day 2, cells were counted and
resuspended in electroporation buffer (MaxCyte Systems) at 2 x 107
to 5 x 10’/ml. For most experiments, in vitro transcribed CRISPR/
Cas9 nuclease RNA (100 pug/ml), single-guide RNA (200 pg/ml),
and single-stranded oligonucleotide (ssODN) (up to 300 pg/ml) were
added as indicated and electroporated per the manufacturer’s spec-
ifications. Conditions using higher amounts of single-guide RNA
(300 pg/ml) and ssODN (400 pg/ml) were also tested. After elec-
troporation, cells were incubated at 37°C for 20 min before transfer
to complete medium for culture.

Flow cytometry for gp91°"°* and DHR assay
Human hematopoietic cells were detected with anti-human CD45-
phycoerythrin, and human gp91P"* expression was determined by
indirect staining with murine monoclonal antibody 7D5, followed by
FITC-conjugated goat anti-mouse immunoglobulin G antibody. For flow
cytometric analysis, FACS (argon laser, Becton Dickinson) was used.

Chemiluminescence
Cells (100,000) in Hanks’ balanced salt solution and luminol (100 mM)
were added into the wells of a 96-well polypropylene flat-bottom,
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chimney well microplate (Greiner Bio-One). The plate was wrapped
in foil to protect from light and incubated at 37°C for 10 min. PMA
(100 ng/ml) was added to triplicate wells containing cells and luminol.
The microplate was read immediately with a luminometer at 37°C for
120 min to assess ROS production by chemiluminescence.

Bactericidal assay

Myeloid-differentiated cells were washed three times in phenol red—free
RPMI containing L-glutamine (Invitrogen) to remove antibiotics pres-
ent during previous culture. G. bethesdensis cultures were prepared, and
killing assays were conducted as previously described (21), with some
modifications. Briefly, G. bethesdensis was preopsonized with human
serum, washed, and then cultured with cells in medium containing
10% fetal bovine serum (Invitrogen) at an MOI of 1. After 24 hours,
cells were lysed with 0.5% saponin and mechanically sheared with a sy-
ringe. Lysates were dilution-plated, and CFU were enumerated after 3 to
4 days of incubation at 37°C.

Surveyor Nuclease assay (Cel-1 assay)

With Surveyor Nuclease for recognition and cleavage of mismatches,
amplified products using the primers below allowed determination of
cleavage activity at target sites used per the manufacturer’s instructions
(Integrated DNA Technologies). PCR primers for amplification of ge-
nomic DNA relevant to detect gene integration/correction are as
follows: Cel.F, 5'-GCACAAAGGCACTGTAGGGGCCAGC-3'; Cel.
R, 5-TGCTGGTATCTGAAGAGGCCCTTTGC-3".

Transplantation of CD34* HSPCs into NSG mice

Six- to 8-week-old NSG mice were given busulfan (20 mg/kg) via
intraperitoneal injections 24 hours before transplant. Mice received
1 million to 3 million human cells via tail vein injection. After bu-
sulfan treatment, NSG mice received neomycin-supplemented wa-
ter for prophylaxis.

Human CD45" cell isolation and genomic DNA extraction
Bone marrow cells flushed from NSG femurs were subjected to hu-
man CD45 bead selection (Dynabeads). Genomic DNA was extracted
using the DNeasy Blood and Tissue Kit (Qiagen).

Next-generation sequencing

The on-target repair efficiency and indel frequencies were determined
using Illumina MiSeq. Genomic DNA (1 pg), equivalent to 160,000
cells, was used to estimate the extent of repair. We amplified a 276-bp
region around the CRISPR target (CYBB exon 7) with a pair of primers
outside the donor DNA region (forward primer, 5-TTCAGAGGGAG-
CAATAAGCTAT-3'; reverse primer, 5'-CATACCATAG-
GAGGGTTTCCAG-3’), with Illumina adaptors and barcodes, and
then sequenced the amplicon with the Illumina 2 x 250 bp paired-end
sequencing kit on MiSeq. Generally, 0.25 million to 0.5 million reads
were generated for each sample to quantify the frequency of normal
and mutant alleles.

To determine the rate of off-target indels, deep exome sequencing at
800x coverage was performed. Human Agilent SureSelect Target En-
richment Kit V5 (Agilent) was used for library construction, and the
Iumina NextSeq was used for sequencing with 2 x 150 bp paired-
end reads. Sequence reads were aligned and analyzed using Illumina
BaseSpace Apps. Indels were identified and categorized, confirming
on-target indels near CYBB target site without any other indels across
the genome at 800x coverage for the CRISPR-treated samples.

De Ravin et al., Sci. Transl. Med. 9, eaah3480 (2017) 11 January 2017

Statistical analyses

Statistical testing was performed using GraphPad Prism for Macintosh
(version 7.0). For data pertaining to different doses of oligonucleotides
used in gene correction, an ordinary one-way analysis of variance
(ANOVA) was performed with Tukey’s multiple comparisons test.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/372/eaah3480/DC1

Fig. S1. Evaluation of the CRISPR/Cas9 system in an immortalized B cell line from a patient with
the CYBB exon 7 C676T mutation.

Fig. S2. Effects of phosphorothioate modifications to a single-stranded oligonucleotide donor
template for CRISPR-mediated gene repair in immortalized B cells derived from an X-CGD
patient.

Fig. S3. Optimization of CRISPR/Cas9/single-guide RNA and single-stranded oligonucleotide
delivery into human CD34" HSPCs by electroporation.

Fig. S4. FACS analysis for gp91P" expression in CD3* T cells.

Fig. S5. Sequencing of CYBB exon 7 in FACS-sorted human CD45" cells derived from P1 CD34*
HSPCs after transplant into NSG mice.

Fig. S6. CRISPR-mediated correction of CD34" HSPCs from a second X-CGD patient (P2).

Fig. S7. Peripheral blood from NSG mice 26 weeks after transplant with corrected P2 CD34"
HSPCs.

Fig. S8. Specificity of CRISPR/single-guide RNA for targeting the CYBB mutation.

Table S1. Deep sequencing of CYBB site in sorted human CD45*CD34" cells from the bone
marrow and spleen of NSG mice at 6.5 months after transplant of gene-corrected P2 CD34"*
HSPCs.

Table S2. Potential alternate genomic target sites.

Table S3. Targeted sequencing of selected computationally predicted off-target sites.

Table S4. Evaluation of specificity of CRISPR/single-guide RNA by sequencing CD34" HSPCs from
healthy donors and two X-CGD patients using the same mutation-specific single-guide RNA2.
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Seamless gene repair with CRISPR

Targeted gene therapy has been hampered by the inability to correct mutations in stem cells that can
reconstitute the immune system after transplant into patients. De Ravin et al. now report that CRISPR, a DNA
editing technology, corrected blood stem cells from patients with an immunodeficiency disorder (chronic
granulomatous disease) caused by mutations in NOX2. CRISPR-repaired human stem cells engrafted in mice
after transplant and differentiated into leukocytes with a functional NOX2 protein for up to 5 months. The authors
did not detect off-target treatment effects, suggesting that this gene repair strategy may benefit patients with
chronic granulomatous disease or other blood disorders.
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