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Ex vivo gene correction of hematopoietic stem and progenitor
cells (HSPCs) has emerged as a promising therapeutic approach
for treatment of inherited human blood disorders. Use of engi-
neered nucleases to target therapeutic transgenes to their endog-
enous genetic loci addresses many of the limitations associated
with viral vector-based gene replacement strategies, such as
insertional mutagenesis, variable gene dosage, and ectopic
expression. Common methods of nuclease-mediated site-
specific integration utilize the homology-directed repair
(HDR) pathway. However, these approaches are inefficient in
HSPCs, where non-homologous end joining (NHEJ) is the pri-
mary DNA repair mechanism. Recently, a novel NHEJ-based
approach to CRISPR-Cas9-mediated transgene knockin, known
as homology-independent targeted integration (HITI), has
demonstrated improved site-specific integration frequencies in
non-dividing cells. Here we utilize a HITI-based approach to
achieve robust site-specific transgene integration in human
mobilized peripheral blood CD34+HSPCs. As proof of concept,
a reporter gene was targeted to a clinically relevant genetic locus
using a recombinant adeno-associated virus serotype 6 vector
and single guide RNA/Cas9 ribonucleoprotein complexes.
We demonstrate high levels of stable HITI-mediated genome ed-
iting (�21%) in repopulating HSPCs after transplantation into
immunodeficient mice. Our study demonstrates that HITI-
mediated genome editing provides an effective alternative to
HDR-based transgene integration in CD34+ HSPCs.

INTRODUCTION
Transplanted humanhematopoietic stem and progenitor cells (HSPCs)
have the remarkable ability to reconstitute and maintain a functional
blood system for the lifespan of an individual. Allogeneic transplanta-
tion of HSPCs is employed in the clinic for therapeutic correction of
numerous inherited hematologic, metabolic, and immunologic disor-
ders as well as some forms of hematologic cancer. However, allogeneic
stem cell transplantation suffers from significant drawbacks, including
limited availability of human leukocyte antigen-matched donors, the
need for toxic myeloablative conditioning regimens, and the risk of
complications such as graft versus host disease or graft failure.1

Gene therapy approaches utilizing autologous stem cell transplanta-
tion, in which a patient’s endogenous HSPCs are isolated, genetically
This is an open access article under the CC BY-NC-N
modified ex vivo, and subsequently reinfused, have emerged as an
alternative to allogeneic stem cell transplantation. Current ex vivo
gene therapy strategies utilize integrating viral vectors, such as retro-
virus- and lentivirus-derived vectors, to splice functional copies of a
therapeutic transgene into the genome of recipient HSPCs. Although
clinically effective,2–4 the use of integrating viral vectors presents
several pitfalls, such as variable gene dosage, the potential for inser-
tional mutagenesis, and, in some instances, ectopic expression.5–8

For these reasons, alternative approaches to ex vivo gene addition
in autologous HSPCs are being developed.

The recent emergence of programmable engineered nuclease technol-
ogies is a promising alternative to integrating viral vectors by facili-
tating site-specific integration of a therapeutic transgene cassette into
a defined sequence within the target cell genome.9,10 Such technologies
include zinc-finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs), and the clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR-associated protein 9
(Cas9) system. With these approaches, a recombinant DNA endonu-
clease is targeted to a cognate site within the target cell genome to
induce a site-specific DNA double-strand break (DSB). The targeted
DSB is subsequently repaired by one of two highly conserved DNA
repair pathways: non-homologous end joining (NHEJ) or homology-
directed repair (HDR).11,12 During the NHEJ process, the DNA DSB
is enzymatically processed and ligated, often resulting in small inser-
tions or deletions (indels) at the site of the DSB. In contrast, repair
by HDR requires a homologous donor template, such as a sister chro-
matid. In the presence of an exogenous homologous donor template,
DSB-induced HDR can be exploited to introduce precise genetic alter-
ations and/or insertion of homology arm-flanked transgenes.13,14

Recently, several groups have utilized anHDR-based approach to intro-
duce transgenes into human CD34+ HSPCs derived from cord blood
(CB) ormobilized peripheral blood (MPB). Although efficient site-spe-
cific transgene integration has been reported in cultured HSPCs (up to
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50% positive in CB and MPB), there was a significant reduction in
the observed frequency of edited cells upon transplantation into immu-
nodeficient mice for analysis of repopulating potential (%25% positive
in CB and �10% positive in MPB).15–21 Although CB-derived HSPCs
are efficiently edited ex vivo, MPB-derived HSPCs are a more clinically
relevant sourceof blood stemcells for autologous transplantation.How-
ever, utilization of MPB-derived HSPCs for non-viral gene addition
strategies and transplantation will require advances in the efficiency
of gene addition and expression post-engraftment.

Primary CD34+ HSPCs are quiescent cells in which, because of their
protractedG0/G1 phasing, NHEJ is the primaryDNA repair pathway.22

We hypothesized that an NHEJ-based approach to gene addition in
HSPCs would facilitate efficient site-specific transgene integration in
these cells. Recently, a novel NHEJ-based method for CRISPR-Cas9-
mediated gene addition, known as homology-independent targeted
integration (HITI), has demonstrated improved site-specific transgene
integration frequencies in dividing and non-dividing cells of non-he-
matopoietic tissues.23,24We developed aHITI-based approach that uti-
lizes a recombinant adeno-associated virus serotype 6 (rAAV6) vector
in combination with electroporated single guide RNA (sgRNA)/Cas9
ribonucleoprotein (RNP) complexes to achieve robust, site-specific
transgene integration in humanMPBCD34+HSPCs. As proof of prin-
ciple,we demonstrate efficientHITI-mediated reporter gene integration
at a clinically relevant genomic locus in primary human CD34+HSPCs
as well as high-level transgene expression 18 weeks post-transplant
within immunodeficient mice.

RESULTS
As a proof of principle, we evaluated the ability of HITI to efficiently
insert a reporter gene construct at a clinically relevant genetic locus in
human MPB-derived HSPCs. CRISPR-Cas9-mediated DSB forma-
tion was used to target an rAAV6-packaged copGFP expression
cassette to the first non-coding exon of the ITGB2 gene (Figure 1).
Loss-of-function mutations within ITGB2, which encodes the b2 in-
tegrin subunit CD18, are associated with an inherited immunodefi-
ciency syndrome known as leukocyte adhesion deficiency type 1
(LAD-1).25 The first non-coding exon of the ITGB2 gene was chosen
as a proof-of-principle target site because introduction of a promoter-
less ITGB2 open reading frame construct at this location would place
the therapeutic transgene under transcriptional control of the endog-
enous ITGB2 promoter and have the potential for phenotypic correc-
tion regardless of the nature of downstream mutations in individuals
suffering from LAD-1.

Efficient HITI-mediated genome editing in vitro

A 20-nt guide RNA target sequence was chosen within ITGB2 exon 1
(Figure 2A). This sequence was fused with an S. pyogenes-specific Cas9
sgRNA scaffold sequence under transcriptional control of the human
U6 promoter within the rAAV6-copGFPvector construct. In addition,
a 20-O-methyl 30-phosphorothioate-modified sgRNA was chemically
synthesized. To evaluate the efficiency of DSB formation at the chosen
target site, CD34+HSPCs isolated from five healthy adult donors were
electroporated with sgRNA/Cas9 RNPs, and the frequency of targeted
1612 Molecular Therapy Vol. 29 No 4 April 2021
indel formationwas determinedbyT7 endonuclease 1 (T7E1) cleavage
assay (Figures 2B and 2C). Robust indel formation was observed, with
an average indel frequency of 62% among the five donor samples. Cell
survival 4 days post-electroporation (EP) was slightly diminished in
Cas9- and sgRNA/Cas9 recipient cells compared with mock-electro-
porated cells; however, average cellular viability remained in excess
of 80% (Figure 2D). In addition, deep sequencing of five randomly
selected homologous off-target sites (up to 3-base mismatches)
showed no evidence of Cas9 promiscuity (Figures 2E and 2F).

We next evaluated the ability of electroporated Cas9 or sgRNA/Cas9
RNPs to direct integration of an rAAV6-packaged copGFP reporter
gene construct at the ITGB2 locus in MPB-derived HSPCs (Figure 3).
CD34+ cells weremock-transduced or transduced with rAAV6 2 days
prior to EP to allow sufficient time for double-strand DNA conver-
sion of the single-stranded rAAV6 vector genome, a prerequisite
for RNP-mediated cleavage. Two days post-transduction, samples
were electroporated in the absence of RNPs (designated “rAAV6”),
electroporated with Cas9 in the absence of synthetic sgRNA (desig-
nated “rAAV6+Cas9”), or electroporated with sgRNA/Cas9 RNP
complexes (designated “rAAV6+RNP”) (Figure 3A).

To detect site-specific integration of the copGFP reporter gene in the
forward orientation, we used nested “in-out PCR” to amplify vector-
genomic DNA junction sequences at the 50 and 30 junctions of the in-
tegrated transgene (Figure 3B; see Figure 1, bottom panel for relative
primer location). Amplicons of the expected size were observed in
CD34+ HSPCs treated with rAAV6+RNP but not in control samples
or in HSPCs treated with vector in combination with Cas9 in the
absence of synthetic sgRNA (rAAV6+Cas9) (Figure 3B). A lack of
detectable site-specific integration in rAAV6+Cas9-treated cells sug-
gests that the timing, stability, or abundance of ITGB2-targeted
sgRNA expressed from the rAAV6 vector may be insufficient for pro-
motingHITI and is consistent with previous reports showing superior
levels of genome editing in HSPCs using RNPs.19,26 Accordingly, sub-
sequent experiments evaluating HITI inMPB-derived HSPCs utilized
the rAAV6+RNP protocol.

To evaluate the persistence of transgene expression in CD34+ HSPCs
edited by HITI, treated cells were cultured up to 28 days post-EP and
periodically sampled for flow cytometry analysis of copGFP expression
(Figures 3C and 3D). Efficient rAAV6 transduction of MPB-derived
HSPCs (>35% copGFP-positive cells) was observed on day 4. The levels
of reporter gene expression observed in cells transduced with rAAV6 in
the absence of RNP gradually decreased to less than 1% of total by day
28. In contrast, the levels of reporter gene expression observed in cells
treated with rAAV6+RNP stabilized by day 14, with an average of
11% copGFP-positive cells observed during the remaining duration of
the time course (Figure 3C). To determine the frequencyof edited alleles
within the bulk rAAV6+RNP-treated HSPC cellular population,
droplet digital PCR (ddPCR) was performed on day 4 post-EP (Fig-
ure S1). In-out primer sets specific for forward or reverse orientation
transgene insertion (Figure S1A) revealed that an average of �6% of
target site alleles bore transgene insertions, with 63% of total insertions



Figure 1. Schematic of HITI-mediated recombination at the ITGB2 locus

Top: the human ITGB2 gene is represented schematically. A 20-nt Cas9 target site, designated ITGB2-ts, was chosen within ITGB2 exon 1 (E1). Target site orientation is

indicated by a light blue arrowhead, and scissors denote the Cas9 cleavage site. The relative locations of nested PCR primers flanking the Cas9 target site are indicated by

purple arrows. For HITI-mediated recombination, an rAAV6 donor template bearing a CMV promoter-driven copGFP reporter gene flanked by ITGB2-ts sites (target site

orientation is indicated by gray arrowheads) was constructed and packaged within rAAV6 capsids. Center: human CD34+ HSPCs are transduced with rAAV6-copGFP and

subsequently electroporated with Cas9 effector molecules. In the presence of sgRNA/Cas9 RNP complexes, the ITGB2-ts-flanked reporter cassette and the endogenous

ITGB2 target gene are concomitantly cleaved, promoting NHEJ-mediated transgene insertion at the Cas9-induced genomic DNA DSB. Bottom: NHEJ-mediated transgene

insertion can yield forward- or reverse-orientation inserts. Reverse-orientation insertion recreates intact ITGB2-ts sites that promote re-cleavage by Cas9. Red arrows

represent forward-orientation, 50 junction-specific PCR primers. Blue arrows represent forward-orientation, 30 junction-specific PCR primers. Green arrows represent

reverse-orientation, 50 junction-specific PCR primers. Orange arrows represent reverse-orientation, 30 junction-specific primers.

www.moleculartherapy.org

Molecular Therapy Vol. 29 No 4 April 2021 1613

http://www.moleculartherapy.org


Figure 2. Cas9 target site validation

(A) Schematic of the sgRNA/Cas9 RNP target site in non-coding E1 of the ITGB2 gene. The TSS is represented by a black arrow. The start codon within E2 is indicated by an

asterisk. (B) Representative gel image of the T7 endonuclease I (T7EI) cleavage assay for quantification of sgRNA/Cas9 RNP-mediated indels 4 days post-electroporation

(EP). Expected amplicon sizes are indicated. (C) Indel frequencies as measured by T7E1 cleavage assay (n = 5 independent donors). (D) Viability of mock-treated (elec-

troporated only), Cas9-treated, and sgRNA/Cas9 RNP-treated cells 4 days post-EP (n = 5 independent donors). (E and F) Off-target analysis of the ITGB2 sgRNA/Cas9 RNP

complex. Shown are percent sequencing reads with indels (E) and summary of individual indel size and frequency (F) at the ITGB2 on-target site and five in silico-predicted off-

target (OT) sites. Total indel frequencies quantified by T7EI assay (C) and deep sequencing (E) were comparable at the ITGB2 on-target site. No indels were observed at the

selected OT sites. Sequences for each target site are displayed in blue font; for OT sites, bases differing from the ITGB2 target sequence are indicated by lowercase letters.

Respective protospacer adjacent motif (PAM) sequences (NGG) are highlighted in red font. Dashes represent deleted bases. In (C) and (D), results are displayed as mean ±

SEM; ns, not significant by one-way repeated-measures ANOVA tests.
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occurring in the forward orientation (Figures S1B and S1C). Consid-
ering that 11% of the bulk rAAV6+RNP recipient cells demonstrated
persistent reporter gene expressionuponprolonged culture (Figure 3C),
the observation that 6% of target alleles were edited is consistent with
predominantly mono-allelic transgene integration.

To determine the frequency of HITI-mediated gene addition on a per-
cell basis and to characterize the myeloid-erythroid differentiation
potential of manipulated HSPC progenitor cells, we performed col-
ony-forming unit (CFU) assays on treated samples (Figure 4). Consis-
tent with integration frequencies determined by flow cytometry
analyses of bulk gene-edited CD34+ cells, we observed an average of
1614 Molecular Therapy Vol. 29 No 4 April 2021
12% copGFP-positive colonies derived from HSPCs treated with
rAAV6+RNP (Figure 4A). In contrast, no copGFP-expressing colonies
were detected inmock- or rAAV6-treatedCFUcultures. Reporter gene-
positive colonies arising from erythroid- andmyeloid lineage-restricted
progenitors were identified (Figure 4B). Compared with mock- and
rAAV6-treated samples, rAAV6+RNP-recipient cells demonstrated
no significant difference in the relative frequency of myeloid or
erythroidprogenitors (Figure 4C).Consistentwithpreviouslypublished
data indicating that one or few nuclease-induced DSBs after precise
genome editing have a limited effect on cellular function,27 we observed
no significant difference in clonogenic output between rAAV6- and
rAAV6+RNP-treated cells; however, compared with mock-treated
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Figure 4. High-frequency HITI-mediated genome

editing in human CD34+ progenitors

(A) Percent GFP-expressing colonies from colony-forming

unit (CFU) assays ofmock-, rAAV6-, and rAAV6+RNP-treated

CD34+ HSPCs (n = 3 independent donors). (B) Representa-

tive images of bright-field and fluorescence microscopy

showing GFP expression in burst-forming unit-erythroid

(BFU-E) and CFU-granulocyte-macrophage (CFU-GM) col-

onies from rAAV6+RNP-treated cells. (C) Relative percent of

each type of colony scored (n = 3 independent donors). CFU-

granulocyte-erythrocyte-monocyte-megakaryocyte (CFU-

GEMM) colonies were not detected. (D) Normalized numbers

of colonies (n = 3 independent donors). In (A), (C), and (D),

results are displayed as mean ± SEM; *p < 0.05 by one-way

repeated-measures ANOVA tests.
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HSPCs (i.e., electroporated but not transduced with rAAV6 vectors),
rAAV6- and rAAV6+RNP-treated cells showed an overall decrease in
the total number of CFUs (Figure 4D). This finding is consistent with
recent observations demonstrating reduced clonogenic output after
genome editing with rAVV6 donor templates,28,29 attributed to
rAAV6-mediated exacerbation of p53 activation, delayed cellular prolif-
eration, increased apoptosis, and upregulated inflammatory response in
transduced HSPCs relative to mock controls.27

Efficient HITI-mediated genome editing in repopulating HSPCs

To evaluate the engraftment potential and transgene integration
frequency in repopulating, HITI-edited HSPCs in vivo, we
transplanted immunodeficient non-obese diabetic (NOD)-severe
combined immunodeficiency (SCID)-Il2Rgnull (NSG) mice with vec-
tor-transduced HSPCs immediately following EP (Figure 5A). Given
the lack of transgene integration with either control group in our
initial in vitro studies (i.e., mock and rAAV6 controls; Figure 4A)
and the previously documented toxicity of rAAV6 in long-term repo-
Figure 3. Efficient HITI-mediated genome editing in human CD34+ HSPCs

(A) Schematic of the experimental design. HumanMPBCD34+HSPCswere thawed and transduced with rAAV6

Cas9 (rAAV6+Cas9), or with sgRNA/Cas9 RNPs (rAAV6+RNP) and cultured for downstream analyses up to 28

(B) Gel images of in-out PCR to detect forward direction integration at the 50 and 30 junction ends 4 days post-EP

expressing cells up to 28 days post-EP (n = 3 independent donors). Results are displayed as mean ± SEM. (D) R

day 4 and day 28 post-EP. For (C) and (D), see also Figure S1.
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pulating hematopoietic stem cells,15,27–29 we
deemed CD34+ cells transduced with rAAV6 to
be a baseline control more similar to rAAV6+-
RNP-treated cells for assessment of editing effi-
ciency in human repopulating cells. Murine
bone marrow (BM) was collected 18 weeks post-
transplantation and analyzed for the presence of
CD45+ human cells via flow cytometry. Human
cell engraftment (defined as more than 0.1%
CD45+ cells) was detected in 5 of 6 NSG mice
within the rAAV6 group and all 6 NSG mice
within the rAAV6+RNP group (Figure 5B; see
Figure S2 for the gating strategy). No statistically
significant difference in the levels of engraftment was noted between
the two conditions. Myeloid (CD13+ cell) and lymphoid (CD20+ B
cell) lineages as well as a substantial percentage of CD34+ progenitors
were detected within the total CD45+ cellular population, with B cells
representing the majority of engrafted human cells, as typically
observed in this model (Figure 5C; see Figure S2 for the gating
strategy).29,30

The frequency of HITI-mediated reporter gene knockin in repopulat-
ing HSPCs was determined via flow cytometry analysis of copGFP
expression. An average of 21% (median, 10.7%; range, 2.0%–57.3%)
of engrafted CD45+ cells demonstrated copGFP expression within
the rAAV6+RNP group, whereas cells transduced with rAAV6 alone
showed background levels of reporter gene activity (Figures 5D and
5E; see Figure S2 for the gating strategy). Cells expressing copGFP
were represented roughly equally (as a percentage of total) among
the CD13+, CD20+, and CD34+ compartments of the CD45+ cellular
population. The specificity of target site integration was confirmed by
for 48 h. Cells were either electroporated alone (rAAV6), with

days post-EP. Mock-treated cells were electroporated only.

. Expected PCR product sizes are labeled. (C) Percent GFP-

epresentative flow cytometry plots of copGFP expression on
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Figure 6. Characterization of HITI-mediated transgene

insertions

(A) Gel images of in-out PCR to detect forward- or reverse-

orientation insertion at the 50 and 30 integration junctions.

Human CD34+ HSPCs treated with rAAV6+RNP were

plated in methylcellulose medium in individual wells of a 96-

well plate. Isolated copGFP-expressing colonies were

collected, and DNA was extracted for PCR analysis. Ex-

pected PCR products are labeled. Control a, no DNA tem-

plate; control b, DNA from an rAAV6-treated HSPC colony.

See also Figure S3. (B) Percent forward and reverse insertion

orientations. (C) Junction structural classes as determined

by Sanger sequencing of junction-derived PCR amplicons.

(D) PCR amplicons derived from primers flanking the ITGB2-

ts target site to detect mono- or bi-allelic editing. For non-

edited clones, a single band of 633 bp is expected. For

mono-allelic clones, two bands, 633 bp and 2,708 bp, are

expected (top bands appear faint because of competition

with lower-molecular-weight amplicons). For bi-allelic

clones, a single band of 2,708 bp is expected. (E) Percent

mono- or bi-allelic edited clones.
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nested in-out PCR performed on genomic DNA isolated frommurine
BM harvested from rAAV6+RNP recipient mice. An amplicon of the
expected size (665 bp) was observed in all mice, indicating detection
of forward-oriented integration of the copGFP reporter cassette at the
ITGB2 locus (Figure 5F; see Figure 1, bottom panel, for relative primer
location).

Characterization of genome editing outcomes

To provide detailed characterization of genome editing outcomes
(including insert orientation, insertion heterozygosity, and the nature
of vector-genomic DNA junction sequences) within HITI-edited
CD34+ HSPCs, copGFP-positive cells treated with rAAV6+RNP
in vitro were individually sorted into separate wells of 96-well plates
containing methylcellulose medium. After 14 days, copGFP-express-
ing colonies were collected for genomic DNA extraction and PCR
analysis. Site-specific integration and the orientation of transgene
insertion relative to the ITGB2 promoter were determined by in-
out PCR using primers specific to the forward or reverse orientation
Figure 5. Efficient HITI-mediated genome editing in human repopulating HSPCs

(A) Schematic of human CD34+ HSPC transplants into NSG mice. CD34+ HSPCs were treated with rAAV6 (re

NSG mice after EP. (B) Human cell engraftment as measured by human CD45 expressing cells in the BM of rec

cellular composition of CD13+myeloid cells, CD20+ B cells, and CD34+ hematopoietic progenitor cells in the to

in the total human cell populations, CD13+ myeloid cells, CD20+ B cells, and CD34+ hematopoietic proge

expression in the total human cell populations. (F) Gel image of in-out PCR to detect forward direction integratio

group. NC, negative control. Expected PCR product size is labeled. In (B)–(D), results are displayed as mean

1618 Molecular Therapy Vol. 29 No 4 April 2021
of transgene integration (see Figure 1, bottom
panel, for relative primer location). Site-specific
integration was detected in all copGFP-expressing
colonies tested, with several clones displaying het-
erogeneity of junction sequences, as evidenced by
amplicon length polymorphism (Figure 6A). Consistent with the
HITI design-based placement of transgene-flanking guide RNA target
sites to favor re-cleavage of reverse-orientation insertions,23 the ma-
jority of alleles (71.4%) demonstrated integration in the forward
orientation (Figure 6B). This observation is consistent with the esti-
mate of 63% of forward-oriented alleles as determined by ddPCR of
bulk-treated cells (Figure S1). Sanger sequencing of PCR amplicons
derived from 50 and 30 junction sequences of representative for-
ward-orientation and reverse-orientation transgene insertions re-
vealed three structural classes of junction sequences: (1) junctions dis-
playing precise joining of genomic and vector DNAs at their
respective Cas9 cleavage sites (25% of total junctions), (2) junctions
bearing only small indels within the genome or vector sequences
indicative of limited end trimming prior to joining (46% of total junc-
tions), and (3) complex junctions containing partial inverted terminal
repeat (ITR) vector sequences immediately preceding the vector-en-
coded Cas9 target site sometimes associated with small indels (29%
of total junctions) (Figure 6C). The detailed structure of the junction
d circles) or rAAV6+RNP (blue circles) and transplanted into

ipient NSG mice 18 weeks post-transplantation. (C) Percent

tal human cell populations. (D) Percent GFP-expressing cells

nitor cells. (E) Representative flow cytometry plots of GFP

n at the 50 junction end in all six NSGmice in the rAAV6+RNP

± SEM; unpaired t tests. For (B)–(E), see also Figure S2.



www.moleculartherapy.org
sequences is depicted in Figure S3, and the extent of end trimming at
transgene junctions is summarized in Table S1.

The frequency of mono-allelic versus bi-allelic integration events was
determined by examining the pattern of PCR amplicon products ob-
tained with genomic DNA-specific primers flanking the integration
site (Figure 6D; see Figure 1, top panel, for relative primer location).
A PCR amplicon of 633 bp represents an “empty” targeted insertion
site, whereas an amplicon of 2,708 bp represents an allele bearing a
transgene integration event. Twelve of thirteen clones examined
(i.e., 92.3%) demonstrated evidence of mono-allelic insertion (Fig-
ure 6E). Clone 5 demonstrated bi-allelic editing, with one insertion
in the forward orientation and the other insertion in the reverse
orientation.

DISCUSSION
To date, HDR-based strategies were the primary means of intro-
ducing transgenes at engineered nuclease-mediated DSBs within hu-
man blood stem cells. However, efficient transgene integration has
proven challenging using these approaches15–21 because of limited
HDR activity in quiescent HSPCs.22,31 This is especially true in hu-
man MPB-derived CD34+ HSPCs, which are the principal source
of autologous blood stem cells used in the clinic. In contrast, NHEJ
is the predominant DNA repair pathway in primary HSPCs.22 Here
we show that homology-independent (i.e., NHEJ-based) targeted
integration23,24 is an effective alternative to HDR-based strategies to
support efficient site-specific transgene knockin in human MPB-
derived HSPCs, as shown in various terminally differentiated, post-
mitotic cell types of the murine brain and retina.24

Several studies have notedmuch lower efficiencies of genome editing in
repopulating HSPCs after transplantation in vivo compared with more
mature hematopoietic progenitors assayed in vitro.15–21,32 Using the
HITI-based approach to gene addition, we achieved comparable trans-
gene integration efficiencies in progenitors and repopulating HSPCs
transplanted into immunodeficient NSG mice, with an average 21%
(median, 10.7%; range, 2.0%–57.3%) of BM-resident CD45+ cells dis-
playing stable reporter gene activity at more than 4 months post-trans-
plantation. However, evenwith purposeful design and placement of the
Cas9 target sites flanking the integrating transgene to favor a desired
sequence orientation, a small percentage of stably integrated sequences
occurred in the opposite (undesired) orientation. In our study, in the
absence of position-sensitive cis-acting effects, the insert orientation is
nonconsequential because integrated transgene constructs utilized
cloned heterologous promoter elements to drive transgene expression;
however, when an endogenous promoter is required for transgene
expression, improper transgene orientation could decrease the overall
efficiency of phenotypic correction. This shortcoming is, in most cases,
not anticipated to limit clinical translationof theHITI approachbecause
the majority of alleles (71%) demonstrated integration in the forward
orientation, and the overall transgene expression (average 21%) was
well above levels required for therapeutic benefits in several inherited
blood disorders. For instance, pre-clinical evaluation of viral vector-
mediated ITGB2 gene therapy indicates that levels as lowas 5%of leuko-
cytemarking can reverse the LAD-1 phenotype in a caninemodel of the
disease.33 In our study, 83% (5 of 6) of the immunodeficientmice trans-
plantedwithHITI-editedHSPCsdemonstrated transgene expression in
more than 5% of the engrafted CD45+ human cell population. These
observations suggest clinical relevance of this approach in LAD-1 and
other disorders requiring comparable levels of correction for therapeu-
tic benefits (e.g., chronic granulomatous disease34) or in which expres-
sionof the therapeutic gene in corrected cells and their progenyprovides
a selective survival and growth advantage after transplantation (e.g.,
Fanconi anemia35–37 and X-linked SCID2,38–40).

Of further relevance to the potential clinical benefit of the HITI
approach for targeted gene addition into human HSPCs, the vast ma-
jority (�71%) of total sequenced junctions demonstrated faithful (i.e.,
precise) joining of transgene and genomic DNA sequences at the Cas9
cleavage site or minor alterations restricted to small insertions or de-
letions at the site of Cas9 cleavage within the donor template and/or
genomic DNA target site (Figure S3). This limited DNA end trim-
ming evident at many of the transgene junction sequences and the
observation of small non-templated insertions within some junction
sequences are reflective of the NHEJ DNA repair mechanism utilized
in the HITI approach. Junctions with minor alterations are, in most
cases, not expected to interfere with transgene expression or limit
clinical translation of the HITI approach when the possibility of
end trimming is carefully taken into account when selecting a Cas9
target site within the endogenous gene of interest and during design
of HITI donor templates. For instance, in our study, because con-
straints on the number of suitable sgRNA target sequences available
for Cas9-mediated DSB formation upstream of the endogenous
ITGB2 open reading frame, the Cas9 cleavage site was located
15 bp downstream of the transcription start site (TSS) of the ITGB2
messenger RNA (mRNA; transcript variant 1, accession number
NM_000211.5); therefore, only end trimming of more than 15 bp
would impinge upon the TSS. Inspection of 28 vector-genomic
DNA junction sequences revealed that all instances of end trimming
at Cas9-induced, genomic DNA blunt ends displayed only restricted
end trimming (range, 2–9 bp), with the majority of events limited to
6 bp or less (Table S1; Figure S3). In all cases, the endogenous ITGB2
TSS and upstream promoter elements were preserved. Trimming of
vector sequences was similarly restricted to small stretches of 1–
17 bp in most instances; however, end trimming in excess of
200 bp was observed at one of the junction sequences isolated from
two clones (clones 3 and 11; Table S1; Figure S3). The CMV pro-
moter-enhancer sequences encoded within the reporter transgene
sequences of the donor template begin 101 bp downstream of the
Cas9-cleavage site; therefore, the extended end trimming observed
at the forward-orientation, 50 junction of clone 11 (Figure S3A) and
at the reverse-orientation, 30 junction of clone 3 (Figure S3D) resulted
in deletion of a portion of the CMV enhancer. However, partial loss of
enhancer elements did not silence reporter gene expression. Because
the CFU clones utilized for junction analysis were sorted for copGFP
expression prior to analysis, it is possible that longer end-trimming
events sufficient to silence reporter gene expression were selected
against. Thus, based on the possibility of donor sequence end
Molecular Therapy Vol. 29 No 4 April 2021 1619
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trimming, short stretches of non-essential DNA sequences flanking
the HITI transgene expression cassette should be incorporated into
the vector construct to ensure preservation of donor gene function af-
ter integration. The remainder (29%) of sequenced junctions con-
tained small stretches of flanking vector DNA, some with more com-
plex rearrangement; their effect on transgene expression and
phenotypic correction will require further testing with rAAV6 donor
vectors lacking a heterologous promoter sequence. Retention of
rAAV6 vector sequences at some integrant junctions is consistent
with previous reports describing the ability of rAAV6 vectors to inte-
grate at nuclease-induced DSBs in vitro and in vivo.41–43 Although
AAV-based vectors are utilized in more than 100 clinical trials
with no reported vector-related adverse events, the genotoxicity
profile of AAV in the context of nuclease-mediated genome
editing in human HSPCs remains poorly characterized. Additional
preclinical work, preferably in large animal models where prolonged
follow-up of in vivo hematopoiesis is more practical, will further
evaluate the probability of cis activation of cellular oncogenes and
clonal expansion following AAV integration at Cas9-induced DNA
breaks.

The HITI-based gene editing strategy also has practical advantages
for CRISPR-mediated approaches to gene addition in HSPCs utiliz-
ing recombinant AAV particles to provide the required donor
sequence. Current HDR-based strategies and an alternate method
based on homology-mediated end joining (HMEJ) recently
described for targeted integration in various cellular systems,
including non-dividing cells,44 typically employ a minimum of
approximately 0.8–1 kb of homologous DNA sequences within
the rAAV construct to promote effective homology-directed recom-
bination. Given the limited packaging capacity of rAAV6 vectors
(�5 kb) and the need to retain approximately 0.3 kb of wild-type
AAV genomic sequences for vector rescue, replication, and pack-
aging, HITI-based rAAV6 vectors provide a functionally significant
increase in total exogenous sequence capacity compared with HDR-
and HMEJ-based rAAV6 constructs. Furthermore, construction of
rAAV6 donor templates for HITI-based recombination is markedly
simplified by avoiding the need for multi-step cloning or inefficient
multi-fragment ligation of transgene and flanking homology arm se-
quences. In the HMEJ approach, placement of the Cas9 target sites
outside of the homology arms in the donor template could also
result in cleavage and insertion of the gene of interest, along with
the homology arms, into the genomic cut site and impair expression
of the integrated transgene. However, the long homology arms
incorporated in the design of HDR and HMEJ donor templates
may result in higher percentages of inserts in the desired orientation
at the chosen genomic locus compared with HITI-treated cells.
Another limitation of the HITI approach relative to homology-
mediated methods is its lack of suitability for correction of point
mutations or other forms of gene conversion that may be the
preferred form of phenotypic correction in some instances. Future
work comparing head-to-head safety and efficacy parameters of
each method will be required before therapeutic applications in hu-
man HSPCs.
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In conclusion, we achieved efficient site-specific transgene integra-
tion in human MPB-derived CD34+ HSPCs utilizing a HITI-based
approach to targeted gene addition. This method provides an effec-
tive alternative to HDR-based transgene integration for treatment of
monogenic human diseases affecting the hematopoietic system and
warrants further pre-clinical evaluation and development.

MATERIALS AND METHODS
HITI donor template and recombinant AAV production

The recombinant AAV HITI donor template construct (pSR898B)
contains a cytomegalovirus (CMV) promoter/enhancer-driven
copGFP reporter gene (derived from pmaxGFP, Lonza) and SV40-
derived polyadenylation sequences immediately downstream of a
Cas9-specific sgRNA sequence (bearing a unique 20-mer, 50-GCTT
TGCTACCAGTCTGCCC-30, complimentary to sequences within
exon 1 of the human ITGB2 gene) under transcriptional control of
the human U6 promoter. The copGFP reporter cassette is flanked
by 20-nt ITGB2 sgRNA target sequences (top-strand orientation) so
that an approximately 2.1-kb, blunt-end DNA fragment is generated
in the presence of target site-specific Cas9 RNP complexes. All se-
quences are within a baculovirus shuttle plasmid derivative of
plasmid pFBGR45 for baculovirus-mediated production of rAAV in
insect cells. The vector-encoding sequences of pSR898B were incor-
porated into a recombinant baculovirus using the Bac-to-Bac Baculo-
virus Expression System (Thermo Fisher Scientific) according to the
manufacturer’s instructions and subsequently packaged within
rAAV6 capsids using a baculovirus-mediated rAAV production
and immunoaffinity column purification protocol as described
previously.46

Isolation and culture of human CD34+ HSPCs

Human CD34+ HSPCs were obtained from healthy male and female
volunteers (age, 31–60 years) after informed consent in accordance
with the Declaration of Helsinki and under an institutional review
board-approved clinical protocol (https://clinicaltrials.gov/ct2/
show/NCT00001529; ClinicalTrials.gov: NCT00001529). Peripheral
blood mobilization of HSPCs was induced via subcutaneous injection
of 10 mg/kg granulocyte-colony stimulating factor (G-CSF, Filgrastim,
Amgen) for 5 days, followed by leukapheresis using a Cobe Spectra
Apheresis System (Terumo BCT). The mononuclear cell concentrates
were enriched in CD34+ HSPCs using a CliniMACS Plus instrument
(Miltenyi Biotec) and cryopreserved prior to use. All CD34+ HSPCs
were cultured in StemSpan SFEM II medium (STEMCELL Technol-
ogies) supplemented with stem cell factor (SCF; 100 ng/mL), throm-
bopoietin (TPO; 100 ng/mL), Fms-like tyrosine kinase 3 ligand (Flt3-
ligand; 100 ng/mL), UM729 (0.8 mM, STEMCELL Technologies), and
1% penicillin-streptomycin (GIBCO). Cells were cultured at 37�C, 5%
CO2, and 5% O2.

Cas9 RNP and EP

A 100-nt sgRNA bearing a unique 20-mer (50-GCUUUGCUACCA
GUCUGCCC-30) specific to exon 1 of the human ITGB2 gene was
chemically synthesized (Agilent Technologies). For enhanced stabil-
ity, 3 nt at each termini bore 20-O-methyl 30-phosphorothioate-
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modified bases. Recombinant S. pyogenes Cas9 protein was purchased
from PNA BIO.

Two days prior to EP, CD34+HSPCs were thawed and plated at 0.5�
106 cells/mL. Cells were incubated at 37�C, 5% CO2, and 5%O2. After
48 h, sgRNA/Cas9 RNP complexes were prepared by incubating
3.1 mM sgRNA and 1.3 mMCas9 (�2.5:1 ratio) in MaxCyte EP buffer
(Hyclone) on ice for 30 min. CD34+ HSPCs were collected, and
0.75 � 106–3.5 � 106 cells were resuspended in pre-incubated
sgRNA/Cas9 RNP complexes. EP was performed using the MaxCyte
STX transfection system (programHPSC34-3) in an OC-25x3 or OC-
100 processing assembly. Following EP, CD34+ HSPCs were plated at
a concentration of 0.5 � 106–1.0 � 106 cells/mL and incubated at
37�C, 5% CO2, and 5% O2.

T7 Endonuclease I cleavage assay

Cas9 RNP-mediated indel formation was quantified by T7 endonu-
clease I cleavage assay. Four days post-EP, genomic DNA was
extracted from treated HSPCs using a NucleoSpin tissue kit (Ma-
cherey-Nagel) according to the manufacturer’s protocol. Genomic
DNA was amplified by PCR using forward and reverse primers flank-
ing the sgRNA target site (ITGB2-F and ITGB2-R; primer sequences
are detailed in Table S2). The PCR reaction contained 100 ng of
each primer, 1� Ranger Mix (Bioline), 250 ng genomic DNA, and wa-
ter to a final volume of 25 mL. The following PCR program was
used: step 1, 95�C for 3 min; step 2, 98�C for 15 s; step 3, 65�C for
30 s; step 4, 72�C for 2 min; step 5, repeat steps 2–4 for a total of 35
cycles; step 6, 72�C for 5min; step 7, 4�C. PCR amplicons were purified
using Quantum Prep PCR Kleen spin columns (Bio-Rad). To denature
and re-anneal amplicons, 200 ng of purified amplicons were added to
1� NEBuffer 2 (New England Biolabs) and water to a final volume of
20 mL. The following thermocycler condition was used: step 1, 95�C for
5 min; step 2, 95�C–85�C, ramp �2�C/s; step 3, 85�C–25�C, ramp
�0.1�C/s; step 4, 22�C. The heterocomplexed PCR products
were incubated with 10 units (1 mL) of T7 endonuclease I (New
EnglandBiolabs) at 37�C for 15min and subjected to electrophoresis on
a 4%–20% polyacrylamide Tris-borate-EDTA (TBE) gel (Invitrogen).
The gels were stained using SYBR Green I nucleic acid gel stain (Invi-
trogen) and visualized using a Benchtop 3UV transilluminator (UVP).
Densitometric quantification of DNA bands was done using ImageJ
software. Indel frequencies were calculated using the formula 100 �
(1 – [1 – fraction cleaved](1/2)), where the fraction cleaved = ([density
of digested products] / [density of digested products + density of undi-
gested parental band]) as described previously.47

Analysis of off-target Cas9 activity in human HSPCs

The Cas-OFFinder on-line search tool48 (available at http://www.
rgenome.net/cas-offinder/) was used to search the human genome
(build GRCh38/hg38) for potential Streptococcus pyogenes Cas9 off-
target sites (PAM = 50-NGG-30) using the unique, target-specific
portion of the sgRNA used in this study (i.e., 50-GCTTTGCTAC
CAGTCTGCCC-30) as a query sequence while allowing for up to 3
mismatched base pairs between the sgRNA and candidate target sites.
Twenty-one potential off-target sites with three mismatches were
identified. No sites harboring 1 or 2 mismatches were found. Five po-
tential autosomal off-target sites were chosen at random for PCR
amplification and deep sequencing. The five potential off-target sites
as well as the on-target site were PCR amplified from bulk genomic
DNA isolated 4 days post-EP from CD34+ HSPCs that had under-
gone gene editing at the ITGB2 locus. Primer pairs used to amplify
the on-target and potential off-target sites are shown in Table S3.
Off-target PCR amplicons were generated using Ranger Mix PCR
Mastermix (Meridian BioScience) and the following thermocycler pa-
rameters: 95�C for 3 min followed by 37 cycles of 98�C for 15 s, 57�C
for 30 s, and 72�C for 1 min, with a final extension of 72�C for 5 min.
PCR amplification of the on-target site within the ITGB2 gene utilized
a similar protocol but with an annealing temperature gradient be-
tween 57�C and 65�C (optimal amplification was observed at
62.1�C). PCR amplicons were purified using Quantum Prep PCR
Kleen spin columns (Bio-Rad) and subjected to blunt end repair, 30

adenylation, and ligation of indexing adapters using a TruSeq Nano
DNA library prep kit (Illumina) according to the manufacturer’s in-
structions. Library-prepped amplicons were normalized and pooled
for multiplexed, short-read sequencing (2 � 300-bp paired-end
reads) on an Illumina MiSeq system. Paired-end reads were filtered
for quality and merged using FLASH49 open source software
(https://ccb.jhu.edu/software/FLASH/). Merged reads were aligned
to the hg38 reference genome using BWA Aligner50 (http://bio-
bwa.sourceforge.net/), followed by variant calling using VarScan251

(http://dkoboldt.github.io/varscan/). The percentage of indel-con-
taining reads within a 100-bp window spanning the putative Cas9
cleavage site of each target sequence was calculated.

HITI-mediated genome editing

Two days prior to EP, CD34+ HSPCs were thawed and allowed to
recover in fresh StemSpan medium for 1 h at 37�C, 5% CO2, and
5% O2. After the recovery period, �3 � 106 cells were collected and
transduced with rAAV6 at a multiplicity of infection (MOI) of
100,000–300,000 vector copies/cell for 1 h in a Falcon 15-mL conical
centrifuge tube (Corning). The cells and inoculum were then trans-
ferred to a 6-well cell culture plate (Corning) at a density of 1 �
106 cells/mL. Cells were incubated at 37�C, 5% CO2, and 5% O2 for
48 h. CD34+ HSPCs were then collected and electroporated with
sgRNA/Cas9 RNPs as described above. After EP, CD34+ HSPCs
were cultured for up to 28 days at 37�C in the presence of 5% CO2

and 5% O2.

Integration analysis

To confirm site-specific transgene integration, genomic DNA was ex-
tracted from treated HSPCs 4 days post-EP using a NucleoSpin tissue
kit (Macherey-Nagel) according to the manufacturer’s protocol.
Genomic DNA was subjected to nested PCR using an in-out PCR
approach (one transgene-specific primer and one genomic locus-spe-
cific primer) to detect forward direction integration at the 50 and 30

junction ends (primer sequences are detailed in Table S4).

Outer PCR reactions contained 100 ng of each primer, 1� Q5 High-
Fidelity Master Mix (New England Biolabs), 250 ng genomic DNA,
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and water to a final volume of 25 mL. PCR amplicons were purified
using Quantum Prep PCR Kleen Spin and diluted 1/100 in water. In-
ner PCR reactions contained 100 ng of each primer, 1� Q5 High-Fi-
delity Master Mix, 1 mL of diluted PCR amplicons, and water to a final
volume of 25 mL. The following PCR program was used for all PCR
reactions: step 1, 95�C for 3 min; step 2, 98�C for 15 s; step 3, anneal-
ing for 30 s (annealing temperatures for the respective primer sets are
detailed in Table S4); step 4, 72�C for 1 min; step 5, repeat steps 2–4
for a total of 35 cycles; step 6, 72�C for 5 min; step 7, 4�C.

ddPCR

To quantify allelic integration via HITI, genomic DNA was extracted
from samples of treated HSPCs collected on day 4 post-EP and sub-
jected to ddPCR. A hexachloro-fluorescein (HEX) reference assay de-
tecting the promoter region of the ITGB2 gene and two 6-carboxy-
fluorescein (FAM) assays detecting HITI integration in the forward
or reverse orientation were designed using Primer3Plus (primer and
probe sequences are detailed in Table S5).

Genomic DNA was digested with EcoRV-HF (20 U/mg genomic
DNA, New England Biolabs) at 37�C for 1 h. ddPCR reactions con-
tained 1� reference primer/probe mix synthesized at a 3.6 ratio
(900 nM primer and 250 nM HEX-labeled probe), 1� target
primer/probe mix (forward or reverse) synthesized at a 3.6 ratio
(FAM-labeled probe), 1� ddPCR Supermix, 30–50 ng of digested
DNA, and water for a total of 22 mL. Droplets were generated on
an automated droplet generator (Bio-Rad) according to the manufac-
turer’s protocol. The following ddPCR program was used: step 1,
95�C for 10 min, ramp 2�C/s; step 2, 94�C for 30 s, ramp 2�C/s;
step 3, annealing temperatures of 58.5�C for forward orientation
detection and 62�C for reverse orientation detection for 30 s, ramp
2�C/s; step 4, 72�C 1 min, ramp 2�C/s; step 5, repeat steps 2–4 for
50 cycles; step 6, 98�C for 10 min, ramp 2�C/s; step 7, 4�C, ramp
2�C/s. Droplets were analyzed on a QX-200 droplet reader (Bio-
Rad) and analyzed using QuantaSoft (Bio-Rad).

CFU assay

Between 1 and 24 h post-EP, CD34+HSPCs were collected and plated
in MethoCult H4435 Enriched (STEMCELL Technologies) at a con-
centration of 250–600 cells/mL. Between days 12–14, colonies were
counted and scored based on morphological features using an
EVOS XL Core transmitted-light microscope (Thermo Fisher Scien-
tific) and analyzed for copGFP fluorescence using an EVOS FL fluo-
rescent microscope (Thermo Fisher Scientific).

Transplantation of CD34+ HSPCs into NSG mice

Twelve- to 30-week-old female NSG mice (Jackson Laboratory, stock
number 005557) were sublethally irradiated (280 cGy) 24 h before tail
vein injection. CD34+ HSPCs treated with rAAV6 or rAAV6+RNP
were collected immediately after EP, and �300,000 cells were trans-
planted into six NSG mice per condition. Animals were housed and
handled in accordance with the guidelines set by the Committee on
Care and Use of Laboratory Animals of the Institute of Laboratory
Animal Resources, National Research Council (DHHS publication
1622 Molecular Therapy Vol. 29 No 4 April 2021
NIH 85-23), and the protocol was approved by the Animal Care
and Use Committee of the National Heart, Lung, and Blood Institute.

Assessment of human cell engraftment and HITI-mediated

genome editing in NSG mice

Levels of human cell engraftment were assessed 18 weeks post-trans-
plantation. Briefly, tibiae, femora, and pelvises were harvested from
individual mice, and BM was flushed from each bone into 2 mL of Is-
cove’s Modified Dulbecco’s Medium (IMDM) using an insulin sy-
ringe with a 29G needle. Samples were then centrifuged at
1,200 rpm for 10 min. Red blood cells were lysed by 5- to 10-min in-
cubation at room temperature with Ammonium-Chloride-Potassium
(ACK) lysis buffer (Quality Biological), and the remaining cells were
collected by centrifugation at 1,200 rpm for 10 min. Cells were stained
for 30 min on ice with the antibody panel CD45 allophycocyanin
(APC) (BD Pharmingen), CD20 phycoerythrin-cyanin 7 (PE-Cy7)
(BD Biosciences), CD34 PE-Cy5 (BD Pharmingen), and CD13 PE
(BD Pharmingen) and analyzed on a Fortessa flow cytometer (Becton
Dickinson). Human engraftment was defined as more than 0.1% of
CD45+ cells. Additionally, cells from the six mice in the rAAV6+RNP
group were stained with CD45 APC (BD Pharmingen) and sorted by
flow cytometry using BD FACSAria II or BD FACSAria Fusion in-
struments. Following sorting, cells were spun down at 3,000 rpm
for 30 min, and genomic DNA was extracted as described previously.
Genomic DNA was subjected to nested PCR using an in-out PCR
approach to detect forward direction integration at the 50 junction
end (primer sequences are detailed in Table S4).

Characterization of genome editing outcomes

Between 1–3 days post-EP, CD34+ HSPCs were sorted for copGFP
expression, and single cells were seeded into 96-well plates containing
MethoCult H4435 Enriched methylcellulose-based medium (STEM-
CELL Technologies) as described previously.52 On day 14, genomic
DNA was extracted from copGFP-expressing colonies. Briefly, wells
with GFP-expressing colonies were filled with 200 mL PBS, and the
contents were transferred to individual Eppendorf tubes. Cells were
centrifuged at 3,000 rpm for 10 min and washed with 300 mL PBS.
Cell pellets were resuspended in 25 mL DNA extraction buffer
(1 mg/mL Proteinase K, 50 mmol/L Tris-HCl [pH 8.0], 10 mmol/L
EDTA, 100 mmol/L NaCl, and 1% Triton X-100). Cells were incu-
bated at 55�C for 12–18 h and at 95�C for 5 min.

To analyze the direction of transgene integration, colonies were sub-
jected to nested PCR using an in-out PCR approach to detect integra-
tion in the forward and reverse direction at the 50 and 30 junction ends
(primer sequences are detailed in Table S4). Outer PCR reactions con-
tained 100 ng of each primer, 1� Q5 High-Fidelity Master Mix, 2 mL
genomic DNA, and water to a final volume of 25 mL. PCR amplicons
were purified using Quantum Prep PCR Kleen Spin and diluted 1/100
in water. Inner PCR reactions contained 100 ng of each primer, 1�
Q5 High-Fidelity Master Mix, 1 mL of diluted PCR amplicons, and
water to a final volume of 25 mL. PCR reactions were run using the
program described previously (annealing temperatures for the
respective primer sets are detailed in Table S4).
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Additionally, to quantify the proportion of mono- and bi-allelic inte-
grations, colonies were subjected to nested PCR using PCR primers
flanking the sgRNA target site at the ITGB2 locus (primer sequences
are detailed in Table S2). Outer and inner PCR reactions contained
reagents as described previously. The following PCR program was
used for outer and inner PCR: step 1, 95�C for 3 min; step 2, 98�C
for 15 s; step 3, annealing for 30 s (annealing temperatures for the
respective primer sets are detailed in Table S2); step 4, 72�C for
5 min; step 5, repeat steps 2–4 for a total of 35 cycles; step 6, 72�C
for 5 min; step 7, 4�C. PCR amplicons were sequenced by a commer-
cial vendor (Eurofins Genomics).

Statistical analysis

Results were analyzed with GraphPad Prism software (version 8.4.3)
using unpaired Student’s t tests or one-way repeated-measures
ANOVA tests. Results are displayed as mean ± SEM. *p < 0.05; ns,
not significant.

SUPPLEMENTAL INFORMATION
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