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We conducted two lines of genome-editing experiments of
mouse hematopoietic stem cells (HSCs) with the clustered regu-
larly interspaced short palindromic repeat (CRISPR) and
CRISPR-associated protein 9 (Cas9). First, to evaluate the
genome-editing efficiency in mouse bona fide HSCs, we
knocked out integrin alpha 2b (Ifga2b) with Cas9 ribonucleo-
protein (Cas9/RNP) and performed serial transplantation in
mice. The knockout efficiency was estimated at approximately
15%. Second, giving an example of X-linked severe combined
immunodeficiency (X-SCID) as a target genetic disease, we
showed a proof-of-concept of universal gene correction,
allowing rescue of most of X-SCID mutations, in a completely
non-viral setting. We inserted partial cDNA of interleukin-2 re-
ceptor gamma chain (I12rg) into intron 1 of II2rg via non-ho-
mologous end-joining (NHE]J) with Cas9/RNP and a homol-
ogy-independent targeted integration (HITI)-based construct.
Repaired HSCs reconstituted T lymphocytes and thymuses in
SCID mice. Our results show that a non-viral genome-editing
of HSCs with CRISPR/Cas9 will help cure genetic diseases.

INTRODUCTION

Allogeneic hematopoietic stem cell (HSC) transplantation is the first-
line treatment in inherited hematopoietic disorders; however, the
availability of human leukocyte antigen (HLA)-matched donors is
limited." Gene therapy, a delivery of a gene using gammaretrovirus-
derived integrative vectors to autologous HSCs, has shown efficacy
in treating X-linked severe combined immunodeficiency (X-SCID),
adenosine deaminase deficiency, X-linked adrenoleukodystrophy,
B-thalassemia, and Wiskott-Aldrich syndrome.” ® X-SCID patients
were indeed cured by the therapy; however, the integration sites of
therapeutic genes could not be controlled (i.e., random integration
occurred), and some insertions, such as one near the LIM domain-
only 2 (LMO2) proto-oncogene, caused leukemia.” ' Although
recent lentiviral gene therapy of X-SCID no longer caused leukemia,""
the integration site of a transgene is still uncontrollable. Clustered
regularly interspaced short palindromic repeat (CRISPR)/Cas9 has

opened new possibilities of site-specific insertion of therapeutic genes
in human cells, including HSCs.'>"?
feasibility of genome editing in HSCs to treat hematological disor-
ders."*"'® However, to realize the therapy, there are many issues to
be addressed.

Previous studies have shown the

Important issues are whether “bona fide” HSCs can be genome edited.
Long-term multilineage engraftment of genome-edited HSCs has
been shown in nonhuman primate models by some groups.'” "’
Although these models would be the best to assess primate HSCs
and presumably the best for translating data into human HSCs, the
access to these models is limited. Many researchers are using murine
models, and serial transplantation is a widely used standard to assess
mouse HSCs; however, it has not been performed to assess the multi-
lineage engraftment of genome-modified mouse HSCs in the past.

For therapeutic genome editing to replace disease-causing mutations
with normal ones, homology-directed repair (HDR) with exogenous
template DNA, either single-stranded oligodeoxynucleotide (ssODN)
or double-stranded DNA, has been widely studied. Inserting cONA
via non-homologous end-joining (NHE]) is another method under
consideration.”*** While an NHE]J occurs during the G1 phase, an
HDR only occurs during the G2/S phase.'> As bona fide HSCs mainly
stay in the GO/G1 phase,”** HDR-based repair would less likely
happen in HSCs.

How to deliver genome-editing tools is another issue to be elucidated.
Plasmid transfection,* lentiviral vectors,”® and non-viral Cas9 ribo-
nucleoprotein (Cas9/RNP) methods'*” > are used to edit the HSC
genome. Among them, RNP-based methods are getting more
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Figure 1. Efficient Itga2b knockout in bona fide HSCs
(A) A schematic diagram of serial transplantation of mouse bone marrow Lin~ cells (i.e., an HSC-containing fraction), which were electroporated with Cas9/RNP-a2b®! to
lethally irradiated C57BL/6J mice. (B) Surveyor assays of ltga2b exon 1 in Lin~ cells after transplantation. Asterisks indicate digestion products. (C, E, and G) Representative
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popular, as they are more effective on on-target sites, have lower risk
of off-target damages with shorter-lasting exposure of a nuclease, and
have lower stimulation of innate immunity than other delivery

30,3
methods.”*?!

In this study, we aimed to evaluate genome-editing efficiency in bona
fide HSCs by serial transplantation. To avoid viral integration to the
HSC genome, we took a non-viral approach to edit the genome in
murine HSCs. We first examined knockout efficiency in bona fide
HSCs by delivering Cas9/RNP to HSCs ex vivo and subsequent serial
transplantation. Then, we demonstrated successful NHE]-based inte-
gration of cDNA into mouse HSCs to cure a mouse X-SCID model.

RESULTS

Ex vivo knockout of Itga2b gene in bona fide HSCs

It is known that stronger electroporation conditions to deliver Cas9/
RNP are more efficient to edit genomes, but damage more cells, and
that weaker conditions are gentler to cells but inefficient to edit. Thus,
it is important to find an acceptable condition for both genome-edit-
ing efficiency and cell viability. To this end, we first optimized the
electroporation condition for mouse bone marrow lineage-negative
(Lin™) cells as a fraction of HSCs with the NEPA21 electroporator
using green fluorescent protein (GFP) as a reporter. We assessed
the delivery efficiency of GFP protein and the viability of cells by
GFP fluorescence and 7- amino-actinomycin D (7-AAD) staining,
respectively, immediately after electroporation (Figures SIA-S1D).
For optimization, we tested poring pulse parameters (voltage, pulse
duration, and pulse number; Figures SIB-S1D). Voltages of 75 and
100 V displayed similar efficiencies and cell viabilities. Voltages of
more than 100 V shows low viability (Figure S1B). Pulse durations
at 3 and 5 ms and a larger number of pulses (8 pulses) exhibited
higher efficiency and high viability (Figures SIC and S1D). In this
condition (100 V, 5 ms, and 8 pulses), the delivery efficiency of
GFP protein was more than 60%, with 50% viability. We further
examined pulse parameters in terms of genome-editing efficiency.
Consistent with the efficient delivery of GFP protein, mutations at
the on-target site were detected with the pulses of 75 and 100 V
with Surveyor assay (Figure S1E).

To accurately estimate genome-editing efficiency in bona fide HSCs,
we selected Itga2b as a target gene and performed serial transplanta-
tion after genome editing. Itga2b is expressed in megakaryocytes and
platelets among blood cells, and the equal ability of in vivo hemato-
poietic reconstitution by either Itga2b® or Itga2b- HSCs is re-
ported.”>** Moreover, integrin allb (Itgallb), encoded by Itga2b, is
a surface marker that can be easily assessed and forms the integrin
allbB3 complex mediating platelet adhesion and aggregation.”
Upon activation, allbPB3 becomes detectable on the activated mouse

platelets by JON/A antibody, and thus we can see a functional
outcome of the genome editing.

First, we introduced the RNP complex of Cas9 and guide RNA
(gRNA) targeting Itga2b exons 1 and 2 (Cas9/RNP-a2b™'; Cas9/
RNP-a2b®*?) (Figure S2A) to Lin~ cells by electroporation. We de-
tected mutations at both exons 1 and 2 Itga2b by Surveyor assay after
7 to 14 days of semi-solid methylcellulose culture in vitro (Figure S2B).
Next, Lin~ cells after the electroporation of Cas9/RNP-a2b™! were
transplanted to lethally irradiated mice (Figure 1A). The mutation
at exon 1 of Itga2b was confirmed by Surveyor assay in the peripheral
blood of recipient mice after 4 to 8 weeks post-transplantation
(Figure 1B). We then examined the proportion of Itgallb™ platelets
in CD42b" platelets up to 16 weeks after transplantation (Figures
1C-1H). Itgallb™ platelets were 15.8% + 15.7% (n = 7) at 12 weeks
and 7.9% + 3.6% (n = 6) at 16 weeks after primary transplantation
(Figures 1C and 1D). To test if genome editing occurs in bona fide
HSCs but not only in progenitors of platelets, we performed serial
transplantation of Lin~ cells obtained from the primary recipients.
We detected Itgallb™ platelets at 6.5% + 5.2% and at 152% =+
11.8% of CD42b" platelets in secondary (n = 5) (Figures 1E and 1F)
and tertiary recipients (n = 3) (Figures 1G and 1H), respectively, at
12 weeks after transplantation. If genome editing occurred in bona
fide HSCs, we should be able to detect a site-specific mutation in
multi-lineage of blood cells. To test this, we sorted granulocytes and
T and B lymphocytes from the bone marrow and peripheral blood
of a tertiary recipient after 12 weeks post-transplantation (Figures
S2C-S2E). All three lineages of blood cells had mutations in exon 1
of Itga2b (Figure S2E). We also performed the same experiment using
Lin~ cells derived from GFP-transgenic mice as donor cells to eval-
uate editing efficiency (Figures S3A and S3B). In this experiment,
we observed that ~90% of platelets were derived from the donor
through 4 to 12 weeks after transplantation (Figure S3C). There
were 5% to 10% of Itgallb™ platelets in GFP-positive platelets (Fig-
ures S3B and S3D). Taken together, the electroporation of Cas9/
RNP can cause a site-specific mutation in the genome of mouse
bona fide HSCs at the efficiency of ~15%.

Functional outcome of ltga2b disruption

Platelets are activated through contacts with collagen and other
molecules, and activated platelets exhibit P-selectin (CD62P) on
the plasma membrane from a-granule and aggregates.’*° Platelet
aggregation is mediated by the active form of integrin aIIbB3 com-
plex, which can be detected by a specific antibody, JON/A, on
mouse platelets.”
markers of platelets after genome editing (Figure 2A). We stimu-
lated platelets with collagen-related peptide (CRP), which induces
conformational change in integrin aIIbB3 (JON/A binding). We

Here, we examined two distinct activation

flow cytometric results showing gating of platelets (positive for CD42B) and successful knockout of ltgallb in those platelets isolated from primary (C), secondary (E), and
tertiary recipients (G) after serial transplantation of Cas9/RNP-a2b®-treated Lin~ cells (open histogram, transplantation of mock Lin~ cells as negative controls; filled-purple
histogram, transplantation of Lin™ cells electroporated with Cas9/RNP-a2b®"). (D, F, and H) Flow cytometric results of Itgallb™ platelets in all mice at 4 to 12 weeks after
primary to tertiary transplantation showing the knockout efficiency was around 15% even after tertiary transplantation (black circle, transplantation of mock Lin™ cells as
negative controls; open circle, transplantation of Lin~ cells electroporated with Cas9/RNP-a2b®"). Mann-Whitney one-tailed U test: *p < 0.05; **p < 0.01.
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Figure 2. Functional characterization of platelets derived from /tga2b-edited HSCs

(A) A schematic representation of platelet activation. Stimulation of platelets with collagen-related peptide (CRP) induces conformational change (activation) in integrin allob3
leading to platelet aggregation, and surface expression of P-selectin (Itgallb™). JON/A monoclonal antibody can bind to activated form of integrin allob3. The defect of integrin
allbb3 by genome editing (Itgallb ™) on platelets results in inability of aggregation (not to bind to JON/A after activation). (B) Expression of CD42b and integrin allb on platelets
derived from mock (left) or ltga2b-edited HSCs (right). The plots represent the degree of integrin allb expression (horizontal) and binding of CD42b (vertical). (C) Activation of
integrin allbB3 assessed by JON/A binding (horizontal) and P-selectin expression (vertical) on platelets. Platelets derived from mock (left) or liga2b-edited HSCs (middle and
right) were stimulated without (black plot) or with 1 ug/mL of CRP (purple plot). Platelets derived from ltga2b-edited HSCs were divided into two groups (i.e., ltgallb™ [middle]
and ltgallb* [right]), with respect to allb expression, and separately analyzed. The stimulation with CRP elicited the expression of P-selectin, but not activation of integrin
allbb3, in Itgallb™ platelets. (D and E) Columns and error bars represent the mean + SD of P-selectin expression (D) and JON/A binding (E) after stimulation with 1 pg/mL of
CRP (n = 6). Blue bars and black bars represent ltgallo™ and Itgallb* platelets derived from ltga2b-edited HSCs, respectively. Statistical significance was determined using

unpaired t test.

examined P-selectin and JON/A binding on unmodified (ItgalIb™)
or knockout (Itgallb™) platelets. Platelets from control mice with
the transplantation of mock-treated Lin~ cells became positive for
P-selectin and JON/A binding after the activation (Figures 2B and
2C). The platelets from the mice after the transplantation of
Cas9/RNP-a2b™'-treated Lin~ cells were gated to Itgollb® and
Itgallb~ (Figure 2B). After the stimulation with CRP, both ItgaIIb™
and Itgallb™ platelets expressed P-selectin, but the aIIbB3 was not
activated in Itgallb™ platelets (Figures 2C-2E). These results
confirm a functional defect of Itgallb™ platelets derived from
HSCs that were genome edited with Cas9/RNP.

454

Targeted cDNA integration into intron 1 of //2rg in mouse Lin~
cells

For therapeutic genome editing, there is more demand for restoring
normal gene function than disrupting a gene. Thus, we next aimed to
cure a genetic hematopoietic disease via restoring normal gene func-
tion. We chose X-SCID as a target disease. X-SCID is a monogenic dis-
ease but has diverse mutations across IL2RG. To restore II2rg function
in X-SCID mice, we took a strategy of NHE]- and homology-indepen-
dent targeted integration (HITT)-based integration of II2rg exon 2-8
cDNA (HITI-cDNAex2-8) into intron 1 of II2rg (Figure 3A) because (1)
NHE] occurs more frequently than HDR when repairing double-strand

Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
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Figure 3. Integration of HITI-cDNAex2-8 into //l2rg
intron 1 in Lin™ cells in vitro

(A) A schematic diagram showing the targeted site of
gRNAs at the /l2rg intron 1 and the integration of HITI-
cDNAex2-8 or RE-cDNAex2-8 into /l2rg intron 1 via the
NHEJ-based knockin (green, ll2rg exons; gray, codon-
optimized cDNA for /l2rg exon2-8; black, HITI sequence
[reverse complimented gRNA]; yellow, splice acceptor site;
and blue, PolyA). Primer sites are also shown. (B) Surveyor
assays at /l2rg intron 1 in Lin~ cells at 72 h after electro-
poration with Cas9/RNP-l2rg™'. (C) Targeted deep
sequencing showing a rate of 20.2% insertions and de-
letions (indels) in cellular genomes after electroporation with
Cas9/RNP-il2rg™" (PAM, purple; mutation, red). (D and E)
Genomic PCR results indicating successful knockin of HITI-
cDNAex2-8 into intron 1 in Lin~ cells. The 5’-end insertion
was confirmed with the P1 + P2 primer set and the 3'-end
insertion was confirmed with the P3 + P4 primer set. (F)
Knockin efficiency of RE-cDNAex2-8 or HITI-cDNAex2-8
into ll2rg intron 1 site in Lin~ cells after Cas9-mediated
DSBs were examined by individual clonogenic colony PCR
after CFU assay. RE, RE-cDNAex2-8 linearized by restric-
tion enzyme; HITI, HITI-cDNAex2-8 containing HITI-
seqguence. (G) Absolute numbers of colonies after electro-
poration of RE-cDNAex2-8 or HITI-cDNAex2-8 to Lin~
cells. Dunnett’s multiple comparison test: *p < 0.05; **p <
0.01.

approach would be universal, as complete II2rg
mRNA could be transcribed from the first exon
and the inserted partial cDNA of exon 2-8 (Fig-
ure 3A), allowing the cure of any X-SCID patients
regardless of mutations found in or after the sec-
ond exon. In addition, this method is meritorious,
considering that the natural promoter will func-
tion to express II2rg.

First, we tested the method in NTH 3T3 cells (Fig-
ure S4). We confirmed that gRNA for II2rg intron
1 with Cas9 (Cas9/RNP-II2rg™) introduced by
electroporation effectively generated mutations
in NIH 3T3 cells (Figures S4A and S4B; Table
S1). The site-specific integration of cDNAex2-8
by electroporation of Cas9/RNP-II2rg™ with
HITI-cDNAex2-8 in NIH 3T3 was confirmed
by the correct size of PCR products with the
primer sets for 5’ and 3’ ends of the inserted se-
quences (Figure S4C).

Next, we tested mouse bone marrow Lin~ cells in
a non-viral setting. We confirmed that the elec-

troporation of Cas9/RNP-I2rg™ to Lin~ cells caused mutations at
20.2% with Surveyor assay and amplicon sequencing (Figures 3B
and 3C; Table S2). To introduce cDNAex2-8 and Cas9/ RNP—Iergi"I,
we compared 75 and 100 V, 3 and 5 ms, and 5 and 8 pulse
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electroporation conditions (Figures S5A and S5B). Although we
observed significant reduction of GFP protein introduction with
cDNAex2-8 compared to GFP alone in Lin™ cells (Figures S5A and
S5B), the site-specific integration of cDNAex2-8 was confirmed by
genomic PCR and sequencing (Figures 3D and 3E; Table S3). We
also assessed possible off-target insertions and deletions (indels)
induced by Cas9/RNP-II2rg™". The off-target sites were determined
by CCtop or Cas-OFFinder software (Tables S4 and S5). By CCTop,
we could not find off-targets with fewer than 3 mismatches. With
Cas-OFFinder, we found 8 putative off-target sites with 2 mismatches
and 1 bulge. Among them, three were located in exon (Table S5). Pu-
tative off-target sites were then analyzed in RNP+HITI-cDNAex2-8-
treated Lin~ cells by Surveyor assay; however, no specific mutations
were observed (Figure S5C).

HITI allows efficient insertion with an orientation-directed manner
via NHE]J in neurons and other cell types through re-cutting of the
wrong directional insertion.*” To confirm HITI functions in Lin~
cells, we compared two forms of cDNAex2-8, cDNAex2-8 linearized
by restriction enzyme (RE-cDNAex2-8) or cDNAex2-8 plus HITI
sequence (HITI-cDNAex2-8) in the presence of Cas9/RNP-Il2rg™".
To calculate knockin efficiency accurately, we cultured electroporated
Lin~ cells for colony-forming unit (CFU) assay, then examined the
integration in each of the single colonies by PCR. We found that
HITI-cDNAex2-8 tends to improve nearly double the knockin effi-
ciency as compared to the RE-cDNAex2-8 as expected (that is,
18.7% + 14.3% versus 10.3% + 11.0%) (Figure 3F). We also counted
colony numbers after the electroporation, and there was no signifi-
cant difference in colony numbers between the electroporation of
HITI-cDNAex2-8 and mock Lin~ cells (Figure 3G), indicating that
the genome-editing procedure did not alter the colony-forming abil-
ity of genome-edited Lin~ cells. Taken together, we successfully per-
formed the targeted knockin of Il2rg exon 2-8 cDNA into II2rg intron
1 of HSCs in a non-viral setting.

Phenotypical correction of //2rg-mutated mice after
transplantation of genome-edited HSCs

We examined if this targeted knockin could cure X-SCID phenotypes
in vivo. Specifically, we electroporated the Cas9/RNP-TI2rg™" with or
without the therapeutic construct (HITI-cDNAex2-8) to bone
marrow Lin~ cells of Il2rg-mutated mice (C57BL/6 background,
CD45.2) that were generated previously and then transplanted the
treated cells to another SCID strain, NODShi.Cg-PrkchCidIIZr miSug
(NOG) mice (CD45.1), to distinguish donor and host cells in the allo-
geneic transplantation (Figure 4A). Three out of 13 primary recipi-
ents showed increases in white blood cell counts and development
of T and B cells by 8 weeks after transplantation, considered as cured
(Figures 4B-4D; Figures S6A and S6B). In the cured mice, donor-
derived CD45.2" CD3" T cells (13.2% + 10.5%) and CD45.2"
CD19" B cells (9.3% + 11.7%) at 12 weeks after transplantation and
CD45.2" CD3" T cells (5.6% + 4.9%) and CD45.2" CD19" B cells
(29.7% + 38.3%) were detected as early as 6 weeks after transplanta-
tion (Figures 4C and 4D; Figure S6). In contrast, T cells were hardly
observed in non-cured and control mice (<0.5%) (Figure 4C;
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Figure S6A). Furthermore, donor-derived CD45.2% CD3" T cells ex-
pressed II2rg in the peripheral blood, bone marrow, and thymus of the
cured mice (Figure 4E). The integration of HITI-cDNAex2-8 in
intron 1 was confirmed by genomic PCR (Figure S7A). The symp-
toms of graft-versus-host disease (Figure S7B) were also observed,
suggesting that the reconstituted T lymphocytes were functional
in vivo. Notably, we observed the development of thymus in one
cured recipient at 20 weeks after transplantation (Figure 4F), while
thymus was not observed in a control recipient (Figure S7C). We
then performed secondary transplantation from the cured mice to
II2rg-mutated mice. In the secondary recipients, T and B cells were
reconstituted, and T cells expressed I12rg in peripheral blood, bone
marrow, and thymus at 12 weeks post-transplantation (Figure 4G;
Figures S7D-S7F). These results indicate that partial cDNA insertion
to an intron can restore the gene expression under the natural promo-
tor regardless of where mutations exist in the II2rg exons and rescue
X-SCID mice when the repaired HSCs are successfully engrafted.

DISCUSSION

In this study, we demonstrated that CRISPR/Cas9-mediated
knockout and partial cDNA integration occurred in bona fide HSCs
in a completely non-viral setting. Cas9/RNP delivery via electropora-
tion efficiently caused mutations (around 15%) in bona fide HSCs
that were previously believed to be difficult targets.”* We also success-
fully demonstrated a universal gene correction of X-SCID mutations
in mouse HSCs leading to the cure of the mice.

To ensure bona fide HSCs were edited, we showed the detection of
DSB at Itga2b not only in myeloid and megakaryocytic lineages but
also in T and B cells derived from tertiary recipient mice (Figure S2E).
We estimated the gene-editing (Itga2b-knockout) efficiency of bona
fide HSCs from the serial transplantation experiments. The gene-
knockout efficiency of the peripheral blood cells would be reflected
by the gene-knockout efficiency in bona fide (long-term) HSCs. It
would also be reflected by short-term HSCs and repopulating progen-
itor cells; however, when you repeat replating the cells into subse-
quent mice (i.e., serial transplantation), short-term HSCs and repopu-
lating progenitor cells would no longer repopulate adequately in
tertiary recipient mice.”’ Therefore, the gene knockout efficiency of
the peripheral blood cells of the tertiary recipient mice would faith-
fully be reflected only by bona fide (long-term) HSCs. As shown in
Figure 1H, the gene knockout efficiency of the peripheral blood plate-
lets in the tertiary recipient mice was around 15%. Those were the
grounds on which we estimated the gene-editing efficiency in bona
fide HSCs at 15%.

The universal gene correction, consisting of Cas9/RNP and a HITI-
containing partial cDNA construct, effectively integrated the cDNA
into the target intron by NHE]J-based repair following Cas9-mediated
DSBs. In addition, as compared with the HDR-based repair method,
NHE]-based partial cDNA insertion has another advantage. This
method can be used for any type of mutation if the mutations locate
after the target intron, whereas HDR needs to be optimized and as-
sessed for each mutation. Furthermore, we integrated the HITI
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Figure 4. Reconstitution of T/B cells and thymus after
non-viral genome editing

(A) A schematic diagram of proof-of-concept experiments of
genome-editing therapy for X-SCID. Lin~ cells of /l2rg-
mutated mice (CD45.2) were electroporated with the thera-
peutic construct and Cas9/RNP-II2rg™" or with Cas9/RNP-
ll2rg™ alone as a control and transplanted to NOG mice
(CD45.1). Lin~ cells (CD45.1/2) of cured NOG were trans-
planted serially to /l2rg-mutated mice (CD45.2). (B-D) White
blood cell counts (B), and the fractions of CD3* T cells (C) and
CD19" B cells (D) among donor-derived CD45.2" cells in the
control, non-cured, and cured recipients (black, controls;
green, non-cured among those receiving the therapeutic
construct; violet, cured among those receiving the thera-
peutic construct). ANOVA Tukey'’s test (*p < 0.05; **p < 0.01;
***p < 0.001). (E and G) Representative flow cytometric re-
sults of the peripheral blood, bone marrow, and thymus after
the primary (F) and secondary transplantation (G) of genome-
edited Lin~ cells. (F) Detection of donor-derived CD45.2* and
CD3* T cells (upper panels) and 112rg among the donor-
derived T cells (lower panels) in primary recipient mice. (G)
Detection of CD3"* T and CD19" B cells (upper panels) and
ll2rg among CD3* T cells (lower panels) in secondary recip-
ient mice. (F) Macroscopic and microscopic observation of
thymuses from wild-type, NOG, and a cured recipient (R23).
The thymus of the cured recipient was smaller than the wild
type; however, it evidently developed from a NOG mouse (1st
column). Comparative histology of thymuses stained with
hematoxylin and eosin (2nd column) and stained with anti-
bodies against CD3, CD20, cytokeratin, and PCNA (3rd to
6th columns). Scale bars, 200 um (50 um in insets). CD3*,
cytokeratin®, and PCNA* with a few CD20* cells were de-
tected in the thymus of the cured recipient (R23), though it still
lacked Hassall’s corpuscles that are usually present in the
wild-type thymus. In contrast, NOG mice lacked all of CD3*
cells, CD20* cells, and Hassall's corpuscles, and most cells
were cytokeratin® in the traces of thymuses.
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method to insert cDNA in an orientation-directed manner to
improve the efficiency of the NHE]J-based method.*

Our results indicate that electroporation of Cas9/RNP to HSCs can be
performed without using any viral vectors. Genome-editing technol-
ogies have provided a possibility for site-specific modification of
genes, but they still need improvement in terms of accuracy and effi-
cacy.** Non-integrating viruses such as adenoviruses or adeno-asso-
ciated viruses (AAVs) are often used to deliver CRISPR/Cas9, but
they could evoke immune responses against constitutively expressed
Cas9 in hosts.*>* In contrast, Cas9/RNP is rapidly degraded in trans-
duced cells, which evades immune responses in hosts and, more
importantly, generates fewer off-target DSBs than other delivery
methods.””*” We also estimated possible off-target sites using off-
target detection software such as Cas-OFFinder and CCTop "'
and found no putative off-target sites with fewer than three mis-
matches using CCTop; there are eight sites with 2-bp mismatch
and 1-bp bulge by Cas-OFFinder. In addition, we could not observe
any specific Surveyor band for these putative off-target sites. There-
fore, we anticipate that the gRNA we used in this study would not
cause any off-target damages to coding sequences, as DSBs unlikely
occur on sequences with two or more mismatches with Cas9/RNP.

Some issues remain to be addressed in future studies. First, there is
still a room to improve the genome-editing efficiency in bona fide
HSCs. It was ~15% for the knockout in this study. Some reports sug-
gested that genome-editing efficiency assessed in vivo after transplan-
tation became lower than that assessed in vitro before transplanta-
tion.”* One of the reasons for this discrepancy is that bona fide
HSCs are sensitive to Cas9-mediated genome editing.”> Whether
they are tolerant or sensitive to Cas9, HSCs responsible for hemato-
poietic reconstitution are generally considered a tougher target for
genome editing than hematopoietic progenitor cells such as Lin~
cells.” Although the integration method of partial cDNA plus HITI
worked, the overall efficiency should be improved, given that only
0.08% of Lin ™~ cells are bona fide HSCs™* and HITI-based integration
occurs only 10% of DSBs.”>*® We also observed a significantly
reduced protein introduction with DNA compared to protein alone
(Figures S5A and S5B), which might limit the successful integration
to only a few cells per million Lin~ cells. Second, when we analyzed
the integration site at 5’ and 3’ ends by Sanger sequencing, 20-
40 bp deletions from the putative Cas9 cleavage sites were found (Ta-
ble S3), although HITI-based integration was reported to integrate
c¢DNA without such a deletion. A 25-bp deletion shaved 7 bp from
exon 1. In this case, frameshift and/or splice donor site deletion
occurred, and expression should be altered, which might also limit
successful cases. Moreover, we need to evaluate if the expression
can be fully restored after partial cDNA insertion into intron 1 of
II2rg. In our previous study of partial cDNA insertion by NHE] or
HDR in hepatocytes, we observed less expression from NHE]-based
insertion than from HDR-based insertion.' Thus, increasing the effi-
ciency of the genome editing and gene integration and the delivery
method of Cas9/RNP with an integration vector is required for the
future successful treatment of hematopoietic diseases.
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To avoiding viral integration to the HSC genome, another possible de-
livery method would be the use of non-integrating AAV vectors. AAV-
based genome editing has shown successful insertion of therapeutic
genes or repair of genomic mutations with or without Cas9.” >
ever, when an AAV vector is used to express Cas9 in non-dividing cells,
an immune response may be evoked against Cas9, given that the AAV
vector is retained in a cell for a long period when cells are not dividing. In
addition, the AAV vector may cause unwanted integration as lentivirus
did, as the AAV vector will happen to integrate into the genome in the
presence of CRISPR-Cas9.” Therefore, it is important to evaluate the
efficiency and safety carefully. In the present study, we have not
compared the HITI-based construct with the HDR-based or non-
HITI NHEJ methods, such as 2—hit—2—01igo.(’1’°2 It remains to be deter-
mined if the HITT method is truly superior to other methods.

How-

In conclusion, we demonstrated that the electroporation with NHE]-
based insertion of partial cDNA into an intron combined with
Cas9-RNP and HITI-based donor plasmid is a promising strategy
to recapture the correct gene expression under the control of its nat-
ural promoter without the use of viral vectors, unlike authentic gene
therapies. Although further studies are required, this would pave the
way to cure genetic diseases such as X-SCID.

MATERIAL AND METHODS

Animals

II2rg-mutated mice with a one-nucleotide insertion in Il2rg exon 4
were generated previously using C57BL/6] mice®’ and C57BL/6]
mice were purchased from SLC Japan (Shizuoka, Japan). NOG
mice (6 weeks old), a SCID strain, were obtained from the Central
Institute for Experimental Animals (Kawasaki, Japan). GFP-trans-
genic mice (B6 Tg:CAG-GFP105) were generated at Jichi Medical
University. All animal experiments reported here were approved by
the Institutional Animal Care and Concern Committee at Jichi
Medical University. Animal care and all experiments were performed
under the committee’s guidelines.

Preparation of mouse Lin™ cells

Total bone marrow cells were isolated from the tibias and femurs of 6-
to 10-week-old male C57B6/] and II2rg-mutated mice. Then, the cells
were treated with ammonium-chloride-potassium (ACK) lysing
buffer to remove erythrocytes, followed by magnetic bead selection
of Lin~ fractions using antibodies against Gr-1, CD11b, B220
(CD45R), Terl19, and CD3 (BioLegend, San Diego, CA, USA).
Isolated Lin™ cells were stimulated for 24 h in Iscove’s modified Dul-
becco’s medium (IMDM) medium supplemented with insulin-trans-
ferrin-selenium (ITS) supplement-A (STEMCELL Technologies,
Vancouver, BC, Canada), 100 ng/mL murine thrombopoietin (Bio-
Legend), 100 ng/mL stem cell factor (BioLegend), and 100 ng/mL
Flt3-ligand (BioLegend) before electroporation.

Preparation of Cas9/RNP and delivery of Cas9/RNP and cDNA
We designed gRNA for the II2rg intron 1 site and Itga2b exons 1 and 2
(gRNA list in Table S6) using online software by Benchling (https://
benchling.com/faq).
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Recombinant S. pyogenes Cas9 protein containing three N-terminal
nuclear localization sequences (NLS) (Alt-R S.p. Cas9 Nuclease
3NLS) was purchased from Integrated DNA Technologies (Skokie,
IL, USA). Universal trans-activating CRISPR RNA (crRNA)
(tracrRNA) (Alt-R CRISPR-Cas9 tracrRNA) and target-specific
crRNA (Alt-R CRISPR-Cas9 crRNA) were also purchased from Inte-
grated DNA Technologies. Purified recombinant GFP (rAcGFP1)
was purchased from Takara Bio (Kyoto, Japan).

For Lin~ cells, we optimized electroporation conditions to 100 V,
5 ms, and 8 pulses for the poring pulse and 10 V, 50 ms, and 5 pulses
for the transfer pulse using NEPA21 Super Electroporator (Nepagene,
Chiba, Japan). To prepare a Cas9/RNP complex, an equimolar con-
centration of a target-specific crRNA (100 pM) and tracrRNA
(100 pM) were incubated for 5 min at 95°C and cooled down to
room temperature to form a crRNA:tracrRNA duplex. Then, the
target-specific crRNA:tracrRNA duplex (60 pM) and Cas9 protein
(61 uM) were mixed in OPTI-MEM (Thermo Fisher Scientific,
Waltham, MA, USA) and further incubated for 20 min at room tem-
perature. Freshly prepared Cas9/RNP was electroporated into 2 x 10°
Lin~ cells as described above. To integrate II2rg exon 2-8 cDNA,
we prepared two plasmids containing II2rg exon 2-8 ¢cDNA with
HITI (HITI-cDNAex2-8) or Sall recognition sites at the 5" and 3’
ends of the cDNA. RE-cDNAex2-8 was prepared from a plasmid vec-
tor by digestion with Sall and purified by gel extraction of the specific
size using the QIAquick Gel Extraction kit (QIAGEN, Hilden, Ger-
many). One microgram of RE-cDNAex2-8 fragment or HITI-
cDNAex2-8 plasmid (Figure 3A) was electroporated simultaneously
with Cas9/ RNP-Hnginl at the conditions of 100 V, 5 ms, and 8 pulses
for the poring pulse and 10 V, 50 ms, and 5 pulses for the transfer
pulse using NEPA21 Super Electroporator and cuvettes with a
1 mm gap.

Serial transplantation

For the transplantation of Itga2b-knockout cells, Lin~ cells were
collected and electroporated with Cas9/RNP-a2b™' on the same
day. The cells after electroporation were recovered and cultured
with IMDM medium (supplemented with ITS supplement-A,
100 ng/mL murine thrombopoietin, 100 ng/mL stem cell factor,
and 100 ng/mL Flt3-ligand) for 2 to 6 h. Then, the cells were washed
3 times with PBS before transplantation. The cells (0.3-1 x 10°) were
resuspended in PBS with 0.5% BSA and 2 mM EDTA and injected via
a jugular vein into 6- to 8-week-old lethally irradiated (9.5 Gy)
C57BL/6] mice with CellRad X (Precision X-Ray, North Branford,
CT, USA) or Gamma cell-40 machine (MDS Nordion, Ottawa, ON,
Canada). For secondary and tertiary transplantation, whole bone
marrow cells were collected from the recipients at 12 to 16 weeks after
the primary and secondary transplantation, respectively. Then, the
cells (1 x 107) were injected via a jugular vein into lethally irradiated
C57BL/6] mice.

For the transplantation of Il2rg knockin cells, Lin~ cells were collected
from II2rg-mutated mice and electroporated with Cas9/RNP and
HITI-cDNAex2-8 on the same day of electroporation. The cells after

electroporation were handled following the same procedure as
mentioned above. The cells (0.4-1.2 x 10°) were resuspended in
PBS with 0.5% BSA and 2 mM EDTA and injected via a jugular
vein into 6- to 8-week-old sublethally irradiated (2.5 Gy) NOG
mice with CellRad X. The irradiated mice were treated with drinking
water supplemented with neomycin (1 mg/mL) for 4 weeks to prevent
infections while the mice were immunocompromised. For the sec-
ondary and tertiary transplantation, whole bone marrow cells were
collected from the recipients at 12 to 16 weeks after the primary
and secondary transplantation, respectively. Then, the cells (1 X
107) were injected via a jugular vein into lethally irradiated (9.5 Gy)
II2rg-mutated mice with CellRad X or Gamma cell-40 machine.

Whole blood (30 pL) per mouse was collected via a jugular vein every
4 weeks after transplantation, and complete blood cell counts were
performed with the Celltac-alpha machine (Nihon Kohden, Tokyo,
Japan).

Surveyor nuclease assay and knockin confirmation
CRISPR/Cas9-mediated genomic mutations were detected with the
Surveyor mutation detection kit (Integrated DNA Technologies).
The target sites of Itga2b exons 1 and 2 and II2rg (primers in Table
S7) were amplified with ExTaq DNA polymerase (Takara Bio, Otsu,
Japan), and heteroduplex was formed under the denaturing and re-
annealing protocol with a thermal cycler as indicated in the manufac-
turer’s instructions. Then, samples were treated with Surveyor
nuclease and DNA fragments were analyzed by agarose gel electro-
phoresis. For the putative off-target sites, each genomic region was
amplified with the primer shown in Table S5, and Surveyor assay
was performed as described above.

To analyze in detail the mutations detected in the Surveyor assays,
DNA sequencing was performed. A PCR fragment of each genomic
region was amplified, cloned to the pTAC-2 vector (TA PCR Cloning
Kit, Biodynamics), and then transformed to One Shot Stbl3 Chemi-
cally Competent E. coli (Thermo Fisher Scientific). Plasmids were
extracted by the QIAprep Spin Miniprep kit (QIAGEN, Hilden,
Germany), and DNA sequencing was performed for each clone.

To confirm the integration of partial cDNA into intron 1 of the Il2rg
gene, we performed genomic PCR for 5'- and 3’-end integration sites.
The 5’-end and 3'-end insertion was confirmed by PCR with primers
in Table S7. Then, samples were analyzed by agarose gel electropho-
resis or MultiNA, a microchip electrophoresis system (Shimadzu, To-
kyo, Japan) with DNA-1000 Reagent Kit (Shimadzu, Tokyo, Japan).

Methylcellulose CFU assay

Two days after Cas9/RNP electroporation, cells were plated on 35-
mm dishes with mouse MethylCult medium (STEMCELL Technolo-
gies, Vancouver, BC, Canada). After 10-14 days, colonies were
counted according to their morphological features for CFU of granu-
locytes (CFU-G), granulocytes and monocytes (CFU-GM), erythroid
(CFU-E), monocytes (CFU-M), and mixed (CFU-GEMM). To
examine knockin efficiency of cDNAex2-8 into [I2rg intron 1 with
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or without HITI, 96 well-separated, individual colonies were picked
up, and PCR of each colony was performed by 5’-end integration (ex-
pected 622bp PCR product) and 3’ end integration (expected 466bp
PCR product), respectively (primers in Table S7).

Immunohistological staining

Thymuses were immunostained with mouse anti-human CD3 mono-
clonal antibody (clone F7.2.38, Agilent, Santa Clara, CA, USA),
mouse anti-human CD20cy monoclonal antibody (clone 126, Agi-
lent), mouse anti-human cytokeratin monoclonal antibody (clone
AE1/AE3, Agilent), and mouse anti-proliferating cell nuclear antigen
monoclonal antibody (clone PC10, Agilent) as primary antibodies
and with Enbision+ Dual Link System-HRP:peroxidase-labeled poly-
mer (Agilent) as a secondary antibody.

Blood collection and preparation of washed platelets

Mice were anesthetized with isoflurane, and a blood sample (50—
200 pL) was collected by heparinized syringes through a jugular
vein. Whole blood was diluted by 3 mL of HEPES/Tyrode’s buffer
(138 mmol/L NaCl, 3.3 mmol/L NaH,PO,, 2.9 mmol/L KCI,
1 mmol/L MgCl,, 1 mg/mL glucose, and 20 mmol/L HEPES,
pH7.4). The diluted blood was centrifuged at 100 x g for 10 min.
The platelet-rich fraction was resuspended in HEPES/Tyrode’s buffer
and centrifuged at 2,200 x g for 10 min. The pellet containing plate-
lets was washed with HEPES/Tyrode’s buffer. To prevent the activa-
tion of platelets, HEPES/Tyrode’s buffer was added with 1 pug/mL
prostaglandin (Funakoshi, Tokyo, Japan) before the procedure. For
analysis of platelet activation, washed platelets were activated with
1 U/mL of thrombin or 1 pg/mL CRP.

Flow cytometry

Peripheral blood was obtained through a jugular vein and mononu-
clear cells were isolated through erythrocyte lysis. The cells were
stained with anti-mouse CD45-fluorescein isothiocyanate (FITC)
(BD PharMingen), anti-CD3-PE, anti-CD19-PE/Cy7, anti-CD11b-
BV421, anti-Gr-1-BV510, and anti-CD132-APC (BioLegend) to
identify lymphoid and myeloid lineages. Washed and activated plate-
lets were stained with Brilliant Violet 421-labeled anti-mouse CD41
(BioLegend), DyLight 649-labeled rat anti-mouse GPIba (CD42b),
phycoerythrin (PE)-labeled anti-activated integrin alIbp3 (JON/A),
and FITC-labeled anti-mouse CD62P (Anti-P-Selectin) (Emfret An-
alytics, Eibelstadt, Germany) antibodies. Flow cytometry was per-
formed with BD LSRFortessa II.

Amplicon sequencing

The target sites of II2rg intron 1 site were amplified with a KAPA HiFi
HotStart PCR kit (KAPA Biosystems, Willington, MA, USA). To
multiplex samples, we used barcoded primers in the Table S7. PCR
products were purified with AMPure XP beads (Beckman Coulter,
Brea, CA, USA). PCR amplicons were sent to Hokkaido System Sci-
ence for amplicon sequencing. Illumina sequencing adaptors with
indices were added to the amplicons, and the library was subjected
to 300 paired-end read sequencing with Illumina MiSeq (100,000
reads). To analyze the data, sixty base pairs near the target were
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extracted, and the frequency of each sequence was calculated (Tables
S1 and S2). The amplicon sequencing data have been deposited in the
Sequence Read Archive (PRJNA596061).

Statistics

Statistical analysis of data from all experiments was performed using
GraphPad Prism version 8. These statistical data are presented as
means + SD. Significance analyses were performed with two-way
ANOVA Tukey’s test (*p < 0.05; *p < 0.01; **p < 0.001) or
Mann-Whitney one-tailed t test (*p < 0.05; **p < 0.01; ***p < 0.001).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.omtm.2021.01.001.
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