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Gene editing with the CRISPR-Cas9 system could revolutionize
hematopoietic stem cell (HSC)-targeted gene therapy for hered-
itary diseases, including sickle cell disease (SCD). Conventional
delivery of editing tools by electroporation limits HSC fitness
due to its toxicity; therefore, efficient and non-toxic delivery re-
mains crucial. Integrating lentiviral vectors are established for
therapeutic gene delivery to engraftable HSCs in gene therapy
trials; however, their sustained expression and size limitation
preclude their use for CRISPR-Cas9 delivery. Here, we devel-
oped a Cas9 protein delivery non-integrating lentiviral system
encoding guide RNA and donor DNA, allowing for transient
endonuclease function and inclusion of all editing tools in a
single vector (all-in-one). We demonstrated efficient one-time
correction of the SCD mutation in the endogenous bs-globin
gene up to 42% at the protein level (p < 0.01) with the Cas9 pro-
tein delivery non-integrating lentiviral all-in-one system
without electroporation. Our findings improve prospects for
efficient and safe genome editing.

INTRODUCTION
Gene correction is an ideal gene therapy strategy for hereditary dis-
eases, including hemoglobinopathies such as sickle cell disease
(SCD). Proof of concept for gene addition therapy, in which a thera-
peutic gene is inserted to compensate for a missing or defective gene,
has been established in clinical trials for various disorders affecting
hematopoietic stem cells (HSCs). Since the initial gene therapy trials
in severe combined immunodeficiency patients in the 1990s, tremen-
dous improvements have been made in the collection, transduction,
and editing of HSCs, particularly in the establishment of efficient hu-
man immunodeficiency virus type 1 (HIV-1)-based lentiviral gene
delivery systems, which can achieve stable, long-term expression of
therapeutic genes among the progeny of recipient CD34+ cells.1–7

Recently, description of the CRISPR-CRISPR-associated protein 9
(Cas9) system and its development as a tool for site-specific DNA
breakage and gene correction (when accompanied with donor
DNA) has generated intense interest in not just inserting therapeutic
Molecula
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genes but also correcting the underlyingmutations responsible for he-
reditary disorders.8–12

The CRISPR-Cas9 system relies upon the combination of Cas9 endo-
nuclease, which cleaves DNA, and a guide RNA sequence, which is
custom-designed to recognize and target a specific gene for cleavage
by Cas9. When homologous donor DNA is also provided, CRISPR-
Cas9-based site-specific DNA breakage followed by homology-
directed repair (HDR) has been shown to greatly improve gene
correction compared to donor DNA-only transfection, including
correction of the SCD mutation in the b-globin gene (HBB:
c.20A>T, bs-globin).13–18 One barrier to realizing this system’s poten-
tial for HSC correction is that electroporation, the most common
method for delivering guide RNA and Cas9 protein, reduces cell
viability,13 and a reduction in cell viability is particularly problematic
in disorders such as sickle cell disease in which harvesting sufficient
HSCs for manufacturing is difficult.19 The toxicity associated with
electroporation is indeed what initially spurred the development of
alternative viral-vector-based delivery systems, which can now be
used to reliably and efficiently modify CD34+ HSCs capable of
long-term engraftment, as demonstrated in several animal models
and clinical trials.1–7,20–23

Given that lentiviral vector systems have been successfully used for
gene addition to CD34+ HSCs in clinical trials, they represent a prom-
ising method for delivery of gene correction components with the po-
tential for more rapid translation to the clinic. Both guide RNA and
Cas9 can be encoded in a single lentiviral genome, allowing for DNA
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Figure 1. Cas9 protein delivery is allowed by guide RNA-encoding vectors

(A) Hypothetical genome editing model for Cas9 protein delivery with an all-in-one non-integrating lentiviral vector (NILV) encoding both enhanced green fluorescent protein

(GFP)-targeting guide RNA and enhanced yellow fluorescent protein (YFP) donor DNA. The Cas9 protein was used with or without cyclophilin A (CypA) fusion for lentiviral

packaging (CypA-Cas9 or Cas9-CypA). (B) Lentiviral titers at escalating doses of Cas9 fusion protein plasmids, evaluated by YFP expression in HeLa cells. Several silent

(legend continued on next page)
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breakage.24,25 However, permanent lentiviral vector integration into
the genome raises the possibility of genotoxicity due to continuous
expression of Cas9 endonuclease, and insertionalmutagenesis remains
a potential concernwhen using integrating lentiviral vectors; thus, vec-
tor systems that deliver without integration would be preferable.6,26,27

In addition, the large-sized Cas9DNA (4.3 kb) limits efficient lentiviral
packaging, which likely reduces transduction efficiency, and, due to the
size limit, donor DNA sequence cannot be included in the lentiviral
genome encoding both guide RNA and Cas9. Therefore, in this study,
we developed a Cas9 protein delivery systemwith non-integrating len-
tiviral vectors (NILVs) encoding both guide RNAand donorDNA that
allows for efficient one-time gene correction of the SCDmutation (all-
in-one forHDR), given that genemodificationwith the lentiviral vector
system has been proved to yield genetically modified HSCs capable of
long-term engraftment. In addition, we developed a versatile enhanced
green fluorescent protein-to-enhanced yellow fluorescent protein
(GFP-to-YFP) gene conversion assay that could be adapted for study-
ing gene correction using other methods or in other diseases.

RESULTS
Efficient GFP-to-YFP gene conversion with Cas9 protein

delivery lentiviral vectors encoding guide RNA and donor DNA

As a control for efficient delivery and stable gene expression, we first
used an integrating HIV-1-based lentiviral vector system to deliver
the CRISPR-Cas9-based gene-editing tools, including guide RNA
and Cas9 endonuclease.20,21,28 To eliminate the requirement of
Cas9 DNA integration, we hypothesized that fusion proteins between
Cas9 and Cyclophilin A (CypA) would allow for Cas9 packaging in
lentiviral particles for delivery, since CypA is capable of binding to
lentiviral capsids (Figure S1A).29 We designed two Cas9-CypA fusion
proteins: CypA-Cas9 (N-terminal-CypA-Cas9-C-terminal) and
Cas9-CypA (N-terminal-Cas9-CypA-C-terminal), and lentiviral vec-
tors were prepared to encode a GFP-targeting guide RNA with the
fusion proteins. Following transduction of a GFP-positive stable hu-
man erythroleukemia (HEL) cell line (encoding a single copy of the
GFP gene) with GFP-targeting guide RNA vectors containing Cas9
fusion proteins (Figure S1B), GFP-positive percentages (%GFP)
were reduced with both CypA-Cas9 and Cas9-CypA protein delivery
vectors (GFP-negative 36%–42%, p < 0.01), compared to an untrans-
duced control as well as a guide RNA-alone vector control (Fig-
ure S1C). The GFP disruption level was comparable to that obtained
using a guide RNA-Cas9 integrating vector (GFP-negative 52%).
These data demonstrate that Cas9-CypA fusion proteins are delivered
mutations were added to the YFP gene to escape from GFP guide RNA targeting. (C) A

(HEL) cell line (including a single copy of GFP gene) transduced with Cas9 protein deliver

to-YFP gene conversion (GFP-YFP+), and false-positive conversion (GFP+YFP+) were e

gene conversion using lentiviral Cas9 protein delivery with integrating guide RNA vector

9 days post-transduction. (E) GFP-to-YFP gene conversion using all-in-one NILVs with

CypA fusion), evaluated by flow cytometry 10 days post-transduction. (F) GFP DNA

integrating or non-integrating guide RNA vectors (not encoding donor DNA) with protein
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with lentiviral vector particles and have sufficient endonuclease func-
tion to efficiently induce a GFP DNA break.

We then designed an all-in-one Cas9 protein delivery NILV encod-
ing both GFP-targeting guide RNA and YFP donor DNA, which in-
cludes all essential editing tools for GFP-to-YFP gene conversion
without integration of the vector genome (Figure 1A). GFP-to-
YFP conversion can model gene correction, since strong sequence
homology exists between GFP and YFP genes, and their fluorescent
signals can be separated by flow cytometry. Inclusion of an intact
YFP gene strongly reduced vector titers in the Cas9 protein delivery
all-in-one vector (p < 0.01), while several silent mutations into the
guide RNA target site in the YFP gene allowed for efficient all-in-
one vector preparation (Figure 1B), demonstrating that de-targeting
from guide RNA to donor DNA is important for efficient lentiviral
preparation in all-in-one vectors. We transduced a GFP-positive sta-
ble HEL cell line with the all-in-one NILV using the Cas9 fusion
proteins (Figure 1C) and observed a significant reduction in GFP
positivity (GFP and YFP double negative �25%, p < 0.01) as well
as conversion to YFP positivity (YFP 14%–19%, p < 0.01) with
both Cas9 fusion protein delivery vectors, compared to an untrans-
duced control as well as no Cas9 control (Figure 1D). Similar levels
of GFP DNA breakage and GFP-to-YFP gene conversion were ob-
tained between Cas9 fusion protein delivery vectors (slightly lower
GFP DNA breakage) and a Cas9 gene integrating vector, as well
as between all-in-one NILVs with Cas9 fusion protein delivery
(slightly higher GFP-to-YFP gene conversion) and integrating guide
RNA vectors with Cas9 fusion protein delivery (Figure 1D). These
data demonstrate that the Cas9 protein delivery NILV system encod-
ing both guide RNA and donor DNA (all-in-one) allows for one-
time gene conversion with similar efficiency as an integrating vector
system.

To evaluate whether the delivered Cas9 protein has transient nuclease
activity, we added a guide RNA/donor DNA NILV without the Cas9
protein in a GFP-positive cell line 6 days after transduction of a Cas9
protein delivery all-in-one NILV (Figure S2). %YFP in GFP+ HEL
cells was temporally elevated after NILV transduction at day 0 as
well as day 6, and it plateaued 15 days after 1st transduction. No in-
creases in GFP DNA breakage or GFP-to-YFP conversion were
observed in additional guide RNA/donor DNA transduction at day
6 of lentiviral Cas9 protein delivery, demonstrating that Cas9 func-
tion was lost over the short term.
GFP-to-YFP gene-conversion model using a GFP-positive human erythroleukemia

y guide RNA/donor DNA vectors (all-in-one). GFP DNA breakage (GFP-YFP-), GFP-

valuated by GFP- and YFP-positive percentages (% GFP and YFP). (D) GFP-to-YFP

s or all-in-one NILVs at multiplicity of infection (MOI) 5, evaluated by flow cytometry

CypA-Cas9 and Cas9-CypA fusion proteins as well as Cas9 protein alone (without

breakage 7 days post-transduction, evaluated by Surveyor nuclease assay using

delivery among CypA-Cas9, Cas9-CypA, and Cas9 without CypA fusion (intact: 0.8

targeting guide RNA vector and YFP donor DNA vector. Cas9 protein was delivered

ing (1) guide RNA vector and Cas9 protein delivery donor DNA vector, and (2) Cas9

days post-transduction. LTR, long terminal repeat; U6p, U6 promoter; Mp, murine

ents were performed in triplicate except (F) (single run).
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Cas9 protein delivery is enabled by presence of a guide RNA

sequence on the lentiviral vector genome

To further investigate Cas9 protein delivery in lentiviral vectors, we
compared Cas9-CypA fusion proteins to Cas9 protein alone
(without CypA fusion) in the GFP-to-YFP gene conversion model
in a GFP+ HEL cell line with all-in-one NILV transduction (Fig-
ure 1E). Surprisingly, both Cas9 fusion proteins and Cas9 protein
alone (without CypA fusion) allowed for significant GFP breakage
(double negative 20%–24%, p < 0.01) as well as efficient GFP-to-
YFP conversion (YFP 13%–18%, p < 0.01), compared to an untrans-
duced control. We confirmed efficient GFP DNA breaks from all
Cas9 protein delivery guide RNA vectors (not encoding donor
DNA) with and without CypA fusion in a GFP-positive cell line
by Surveyor nuclease assay (Figure 1F). GFP-to-YFP gene conver-
sion with a Cas9 protein delivery all-in-one vector (without CypA
fusion) was confirmed by polymerase chain reaction (PCR) as well
as DNA sequencing (Figure S3). In quantitative PCR (qPCR) anal-
ysis, lower GFP vector copy number (VCN) (p < 0.05) and higher
YFP VCN (p < 0.01) were detected in GFP-to-YFP gene conversion
with an all-in-one vector, as compared to an untransduced control
(Figure S4). Total VCNs (1.0–1.2) in GFP-to-YFP gene-converted
cells were similar to the VCN 1.0 in the untransduced control
(not significant). In addition, to reduce false-positive YFP expression
from the NILV without GFP-to-YFP conversion, a promoter for
YFP expression was removed from the all-in-one vector, but we still
observed GFP-to-YFP gene conversion with lentiviral Cas9 protein
delivery (Figure S5). These data demonstrate that Cas9 protein
can be delivered with lentiviral vector particles without CypA fusion,
allowing for GFP-to-YFP gene conversion.

We hypothesized that the unfused Cas9 protein is delivered by bind-
ing to the guide RNA sequence encoded in the lentiviral RNA
genome, since Cas9 endonuclease functions to bind guide RNA
for site-specific DNA breakage. To investigate this hypothesis, we
split the all-in-one NILV (encoding both GFP-targeting guide
RNA and YFP donor DNA) into separate guide RNA and donor
DNA vectors, and each NILV was prepared with or without Cas9
protein (Figure 1G). Using the GFP-to-YFP conversion model in a
GFP+ HEL cell line, we evaluated (1) Cas9 protein delivery all-in-
one vector encoding both guide RNA and donor DNA, (2) guide
RNA vector and donor DNA-encoding Cas9 protein delivery vector,
and (3) guide RNA-encoding Cas9 protein delivery vector and
donor DNA vector. We observed more efficient GFP DNA breakage
and GFP-to-YFP gene conversion with the all-in-one vector (YFP
24% and double negative 35%) and guide RNA-encoding Cas9 pro-
tein delivery vector (YFP 14% and double negative 36%), compared
to the donor DNA-encoding Cas9 protein delivery vector (YFP 7%
and double negative 11%) and an untransduced control (YFP 2%
and double negative 0%) (Figure 1H). These data demonstrate that
the Cas9 protein is predominantly delivered with guide RNA-encod-
ing lentiviral vectors. Low-level gene editing with donor DNA vec-
tor-mediated Cas9 protein delivery suggests that small amounts of
Cas9 protein might be non-specifically delivered with lentiviral
particles.
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lentiviral vectors including multiple guide RNA sequences

Reasoning that a guide RNA expression cassette can produce many
copies of guide RNA but deliver only one Cas9 protein per guide
RNA, we constructed vectors containing multiple copies of the same
GFP-targeting guide RNA sequence (2�, 4�, 6�, and 9�) in the all-
in-one GFP-to-YFP gene conversion vector (Figure 2A). These vectors
included additional tandem guide RNA sequences with no additional
promoter, permitting Cas9 protein binding without additional tran-
scription; thus, we have termed these additional sequences “pseudo
guide RNA.” Insertion of multiple pseudo guide RNAs reduced lenti-
viral titers with Cas9 protein delivery (Figure 2B), and the reduction
of lentiviral titers with multiple pseudo guide RNAs was enhanced
by addition of aCas9 protein (Figure S6), suggesting that the acceptable
Cas9 protein amount per vector particle is limited. The addition of
multiple pseudo guide RNAs resulted in a strong increase of DNA
breakage (double negative 46%–83%) and a slight increase in GFP-
to-YFP gene conversion (YFP 5%–17%) in a GFP+ HEL cell line,
compared to the all-in-one vector without pseudo guide RNA addition
(YFP 9% and double negative 33%) and an untransduced control (YFP
0% and double negative 0%) (Figure 2C). In addition, we evaluated
Cas9 protein amounts delivered by all-in-one vectors with or without
4� pseudo guide RNA. In western blot analysis of the vector pellets,
greater amounts of Cas9 protein were detected in both all-in-one vec-
tors compared to a donor DNA vector without guide RNA (p < 0.01)
(Figure S7), andCas9 protein amountswere increased 1.4-fold by addi-
tion of 4� pseudo guide RNA (Figure S7). These data demonstrate that
adding guide RNA sequences to the all-in-one vector allows for greater
amounts of lentiviral Cas9 protein delivery and thus DNA breakage;
however, additional donorDNAmaybe required to improve gene con-
version. Based on this hypothesis, we simply increased the amounts
(fromMOI5 toMOIs10, 25, and50)of theall-in-oneNILV(Figure 2D;
Figure S8), and, strikingly, this resulted in not only an increase in GFP
DNA breakage (double negative 43%–51%) but also more efficient
GFP-to-YFP gene conversion (YFP 14%–38%), compared to MOI 5
transduction (YFP 7% and double negative 27%) and an untransduced
control (YFP0%anddouble negative 0%). These data demonstrate that
more efficient gene conversion in the NILV system can result from
enhanced Cas9 protein delivery as well as greater amounts of donor
DNA sequence.

bs-to-b-globin gene correction with Cas9 protein delivery NILVs

encoding guide RNA and donor DNA

Wethen switched from theGFP-to-YFPgene conversion to a therapeu-
tic model of SCD gene correction. To select an optimal guide RNA for
both bs-globin gene targeting and Cas9 protein delivery, we evaluated
several guide RNAs (BG1, BG3, BG4, BG5, BG8, and SG11) (Table S1)
targeting the bs-globin gene within exon 1 (including the SCD muta-
tion) and intron 1 (Figure 3A), which were validated for efficient
DNA targeting with Cas9-integrating lentiviral vectors in K562 cells
(Figure S9). Of these guide RNAs, the SG11 guide RNA is the only
one that targets the SCD mutation site in the bs-globin gene. To eval-
uate bs-globin gene breakage, we designed a chimeric gene between bs-
globin (exons 1–2 with the SCD mutation) and YFP, which can be
021



Figure 2. More efficient genome editing with Cas9 protein delivery lentiviral vectors including multiple guide RNA sequences

(A) Design of lentiviral vectors encoding GFP-targeting guide RNA derived from a U6 promoter, multiple tandem copies (2�, 4�, 6�, and 9�) of pseudo guide RNA (the same

GFP-targeting guide RNA with no additional promoter), and YFP donor DNA with Cas9 protein delivery. (B) Lentiviral vector titers for guide RNA/donor DNA (all-in-one) NILVs

with Cas9 protein delivery includingmultiple pseudo guide RNA. (C) GFP-to-YFP gene conversion using thesemultiple pseudo guide RNA vectors at MOI 5, evaluated by flow

cytometry 20 days post-transduction in a GFP+ HEL cell line. (D) GFP-to-YFP gene conversion at escalating MOIs (5, 10, 25, and 50) of guide RNA/donor DNA (all-in-one)

NILV with Cas9 protein delivery without multiple pseudo guide RNA 14 days post-transduction. Values: mean ± standard error. All experiments were performed in triplicate.
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expressed within a single reading frame. bs-globin/YFP-expressing
K562 cells were transduced with bs-globin-targeting guide RNA vec-
tors with Cas9 gene integration or Cas9 protein delivery (Figure 3B).
bs-globin/YFP knockdown was observed with all integrating guide
RNA/Cas9 vectors (p < 0.01) compared to an untransduced control,
while only BG3, BG5, BG8, and SG11 guide RNAs resulted in bs-
globin/YFP knockdown with Cas9 protein delivery NILVs (p < 0.05).
These data demonstrate that not all guide RNAs optimized by Cas9-
integrating vectors can allow for efficient gene editingwithCas9 protein
delivery NILVs. Different features of the guide RNA may affect Cas9
protein delivery, compared to DNA targeting.

We selected the SG11 guide RNA targeting the SCD mutation site for
further analysis. We transduced immortalized erythroid cells
Molecul
including the SCD mutation (sickle HUDEP-2 cells) with a SG11
guide RNA NILV with Cas9 protein delivery (Figures 3C and 3D).
Endogenous bs-globin DNA breakage was detected in Cas9 protein
delivery guide RNA NILVs with or without 4� pseudo guide RNA
by Surveyor nuclease assay (Figure 3E) and qPCR (p < 0.01) (Fig-
ure S10), compared to an untransduced control. Unexpectedly,
more efficient genome editing in the bs-globin gene was observed
with the Cas9 protein delivery SG11 guide RNA vector without addi-
tional pseudo guide RNA (56%) compared to that with 4� pseudo
guide RNA (24%), maybe due to the lower vector titer (less efficient
transduction) with the 4� pseudo guide RNA vector.

To optimize donor DNA vectors encoding a normal b-globin gene,
we designed NILVs containing various sizes of the b-globin donor
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 125
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Figure 3. Efficient bs-to-b-globin gene correction with a guide RNA-encoding NILV with Cas9 protein delivery

(A) Design of several guide RNAs (BG1, BG3, BG4, BG5, BG8, and SG11) targeting b-globin gene with the sickle cell disease (SCD) mutation (bs-globin). The SG11 guide

RNA only targets the SCDmutation site. (B) DNA breakage of bs-globin/YFP chimeric gene (bs-globin exons 1–2 and YFP, which can express on a single reading frame) using

bs-globin-targeting guide RNA/Cas9 integrating vectors as well as bs-globin-targeting guide RNA NILVs with Cas9 protein delivery, evaluated by YFP expression in flow

(legend continued on next page)
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DNA sequence (0.3 kb, 0.4 kb, 0.7 kb, 1.7 kb, and 2.0 kb), which was
terminated upstream of the stop codon to prevent vector-derived
globin expression and included several silent mutations to escape
from SG11 guide RNA targeting (Figure S11A). Immortalized
erythroid cells including the SCD mutation (sickle HUDEP-2 cells)
were transduced with a SG11 guide RNA NILV with Cas9 protein de-
livery as well as the b-globin donor NILVs. After erythroid differen-
tiation of edited cells, bs-to-b-globin gene correction was detected at
the protein level for all donor vectors with up to 31.5% of gene correc-
tion using 1.7 kb b-globin donor DNA as well as minimal cell toxicity
(Figures S11B and S11C), suggesting that more efficient gene correc-
tion results from large-sized donor DNA encoded in NILVs. Donor-
size-dependent gene correction was also observed with an integrating
guide RNA vector with Cas9 protein delivery and these donor DNA
NILVs, resulting in 24%–43% gene correction and 57%–76% inser-
tions or deletions (indels) at the DNA level (p < 0.01 by qPCR) and
50%–91% b-globin production at the protein level with slight reduc-
tion of cell counts (0.5- to 0.7-fold) (Figure S12).

We selected the 1.7 kb b-globin donor DNA to produce Cas9 protein
delivery NILVs encoding both SG11 guide RNA and b-globin donor
DNA (all-in-one), which were prepared in two vector constructs of 50-
guide RNA-donor DNA-30 and 50-donor DNA-guide RNA-30. We
observed 27%–34% of bs-to-b-globin gene correction (HDR, p <
0.05) and 28%–34% of indel (p < 0.05) in sickle HUDEP-2 cells at
the DNA level (by targeted deep sequencing) in all Cas9 protein de-
livery gene correction NILVs (Figure 3F) with undetectable off-target
editing in the d-globin gene (Figure S13), which has high homology to
the b-globin sequence and was reported as a major off-target site in
b-globin editing.30 Efficient bs-to-b-globin gene correction was
observed at the protein level in the Cas9 protein delivery SG11 guide
RNA NILV along with the b-globin donor DNA NILV (34.2%, p <
0.01) as well as Cas9 protein delivery all-in-one NILVs encoding
both SG11 guide RNA and b-globin donor DNA (34.5%, p < 0.05
and 41.9%, p < 0.01, respectively) (Figures 3G and 3H; Figure S14).
Similar cell counts were obtained between lentiviral gene-corrected
cells (0.9- to 1.0-fold) and no transduction control (Figure 3I).
When we evaluated cell toxicity between NILV delivery and electro-
poration in immortalized erythroid cells, similar cell counts were
observed between lentiviral gene correction and no editing control;
however, electroporation-mediated delivery strongly reduced cell
counts (0.2- to 0.5-fold) as compared to no editing control (Fig-
ure S15), suggesting that unlike electroporation, gene correction
with lentiviral Cas9 protein delivery is well tolerated, with minimal
cell toxicity. These data demonstrate that the Cas9 protein delivery
cytometry 4 days post-transduction in K562 cells. (C) Design of NILVs encoding SG11 g

bs-globin gene editing model using an immortalized erythroid cell line including the SCD

DNA breakage in the bs-globin gene 8 days post-transduction in sickle HUDEP-2 cells, e

(F) bs-to-b-globin gene correction at the DNA level 7–8 days after erythroid differentiation

and H) bs-to-b-globin gene correction at the protein level, evaluated by reverse-pha

differentiation. (I) Cell counts in gene-corrected cells 7–19 days after erythroid differentia

stop codon; Ex2, b-globin exon 2; Ex1, b-globin exon 1; BGp, b-globin promoter; HD

triplicate; (E) was performed in single run; and (F), (H), and (I) were performed 2–4 time
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NILV system allows for b-globin DNA breakage and bs-to-b-globin
gene correction.

DISCUSSION
New genome-editing technologies have the potential to allow us to
develop a gene-correction therapy for various hereditary diseases,
includingSCD.Electroporation is the current standarddeliverymethod
for editing tools;15–18 however, toxicity to target cells remains a concern,
including for HSCs.31–33 Adeno-associated virus (AAV) vectors can be
used for larger-size donorDNAdelivery, but electroporation is still em-
ployed for efficient guide RNA and Cas9 protein delivery.13 Lentiviral
vector systems were developed for safe and efficient delivery of thera-
peutic genes, as well as long-term engraftment of gene-modified
HSCs, as demonstrated in animal models and clinical trials.1–7,20,21,28

Given the proven safety and efficacy of lentiviral systems for gene ther-
apy without toxicity to engrafting HSCs, lentiviral delivery systems
adapted for genome editing have the potential for rapid translation to
the clinic. Preliminary lentiviral gene-editing systems encoded guide
RNA and Cas9 without donor DNA;24,25 therefore, it can result in
long-term Cas9 expression with potential genotoxicity by lentiviral
integration, and it allows for DNA breakage but not HDR due to no in-
clusion of donor template DNA. Therefore, in this study, we developed
an “all-in-one” Cas9 protein delivery NILV system encoding guide
RNA and donor DNA. We obtained up to �50% DNA breakage and
up to�30% gene conversion (HDR) with an all-in-one NILV designed
to induce GFP-to-YFP gene conversion (Figures 1 and 2). The Cas9
protein delivery NILVs also allowed for efficient SCD gene correction
(up to �40% at the protein level) in the endogenous bs-globin gene
with minimal cell toxicity (Figure 3; Figure S11) in cell lines. Our
Cas9 protein delivery NILVs result in efficient gene/protein delivery,
which should allow for long-term engraftment of gene-edited HSCs
without genotoxicity by insertional mutagenesis.

We first used an integrating lentiviral vector system to deliver both
the guide RNA and Cas9 gene, since this is the most established
method for efficient gene delivery into engraftable HSCs (Figure 1;
Figure S1). Lentiviral vector integration allows for long-term gene
expression; however, persistent expression of Cas9 endonuclease
can increase the risk of genotoxicity in target cells. Therefore, we
developed a Cas9 protein delivery NILV system, which abrogates
Cas9 gene integration by replacing the Cas9 gene with the Cas9 pro-
tein and does not require integration of the entire vector genome. In
addition, this Cas9 protein delivery system eliminates the require-
ment for a large Cas9 gene (4.3 kb) in the lentiviral genome, which
creates space to include both guide RNA and donor DNA within a
uide RNA with Cas9 protein delivery and/or b-globin donor DNA. (D) An endogenous

mutation (sickle HUDEP-2 cells) transduced with gene editing vectors at MOI 25. (E)

valuated by Surveyor nuclease assay (intact: 0.8 kb, DNA break: 0.4 kb and 0.4 kb).

in gene-corrected sickle HUDEP-2 cells, evaluated by targeted deep sequencing. (G

se high-performance liquid chromatography (RP-HPLC) 7–19 days after erythroid

tion, evaluated by trypan blue staining. DEx3, 50-side partial b-globin exon 3 without

R, homology-directed repair. Values: mean ± standard error. (B) was performed in

s.
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single vector genome (all-in-one allowing for HDR) and should allow
more efficient gene/protein delivery due to its small-sized genome. In
our Cas9 protein delivery NILV system, site-specific DNA breakage
was induced short term (<6 days, demonstrated in Figure S2), which
is sufficient for gene correction but possibly reduces DNA damage in
target cells. Cas9 protein activity is reportedly limited to within �24
h,34 which should be independent of delivery methods.

We initially hypothesized thatCas9-CypA fusion allows for protein de-
livery in lentiviral vector particles, sinceCypAbinds to lentiviral capsid
as an innate immune factor.29 We demonstrated that Cas9-CypA
fusion proteins can be delivered with lentiviral vector particles without
compromising endonuclease function, allowing for genome editing
(Figure 1; Figure S1). Surprisingly, when investigating the mechanism
of lentiviral Cas9 protein delivery, we found that CypA fusion is not
required for Cas9 protein. We then hypothesized that Cas9 protein
can be delivered by binding to the guide RNA sequence encoded in
the lentiviral RNA genome, since Cas9 protein functions to bind guide
RNA for site-specific DNA breakage.8 We found that inclusion of the
guide RNA sequence is important for both GFP-to-YFP gene conver-
sion and GFP DNA break with Cas9 protein delivery lentiviral vectors
(Figure 1). Additional guide RNA sequences enhanced bothGFPDNA
breakage (Figure 2) and the Cas9 protein amount packaged per vector
(Figure S7). Interestingly, a background Cas9 protein signal was de-
tected in a donor vector control (Figure S7), possibly because small
amounts of Cas9 proteins were non-specifically packaged in lentiviral
particles, and the residual Cas9 protein produced in transfected 293T
cells was contaminated in concentrated vector pellets. In contrast,
the Cas9 plasmid used for vector preparation should be contained in
concentrated vector solutions;35 however, the residual plasmids in vec-
tor pellets should not produce Cas9 proteins, since 0.22 mm filtration
and high-speed ultracentrifugation (25,000 rpm) break most cells
that are required for plasmid DNA to produce mRNA and proteins.
These data demonstrate that the Cas9 protein is predominantly deliv-
ered with guide RNA-encoding lentiviral vectors, potentially binding
to guide RNA sequences on the lentiviral RNA genome.

In addition, we used a NILV system for Cas9 protein delivery, result-
ing in transient gene expression and reducing the risk of genotoxicity
by insertional mutagenesis; however, lower transgene expression was
observed in NILVs, compared to integrating vectors.36,37 We used a
D64V integrase-deficient NILV system for guide RNA expression
and Cas9 protein delivery, which allows for transient transgene
expression (Figure S16) and minimal elevation of VCN 14 days
post-transduction (Figure S4), and, surprisingly, Cas9 protein deliv-
ery NILVs allowed for efficient GFP DNA breakage as well as GFP-
to-YFP gene conversion, at levels similar to Cas9 protein delivery
integrating vectors (Figure 1). These data demonstrate that guide
RNA amounts derived from NILVs are sufficient for genome editing
with lentiviral Cas9 protein delivery.

We used the GFP-to-YFP gene conversion to model gene correction
in our early experiments due to its relative ease of interpretation. The
GFP fluorescent signal is useful for lentiviral optimization in gene
128 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
therapy research due to its specific and sensitive detection, which is
more reliable than PCR-based DNA analysis.35 In addition, strong
homology between GFP and YFP allows for fair evaluation due to
similar DNA size, fluorescence intensity, and immunogenicity. While
auto-fluorescence in transduced cells might result in false positives in
GFP and YFP, we also demonstrated bs-to-b-globin gene correction
at the protein level with Cas9 protein delivery NILVs.

After establishing Cas9 protein delivery NILVs in the GFP-to-YFP
gene conversion model, we focused on editing the bs-globin gene
(including the SCD mutation) to develop a therapeutic strategy for
SCD. We performed a screening of bs-globin-targeting guide RNAs
in both integrating guide RNA/Cas9 vectors and Cas9 protein delivery
NILVs encoding guide RNA (Figure 3), demonstrating that suitable
guide RNA sequences for lentiviral Cas9 protein delivery may be
different from those required for efficient DNA targeting. An optimal
guide RNA (SG11) allowed for robust DNA breakage in the endoge-
nous bs-globin gene with Cas9 protein delivery NILVs (Figure 3).
We also optimized the size of normal b-globin gene (1.7 kb) in donor
DNA NILVs, which is larger than the commonly used size (�0.1 kb)
for electroporation, and larger sizes of donor DNA enhanced gene
correction in the endogenous bs-globin gene along with the Cas9 pro-
tein delivery guide RNANILV (Figure S11). The Cas9 protein delivery
system allowed for all-in-one NILVs encoding both SG11 guide RNA
and 1.7 kb b-globin donor DNA due to no requirement of Cas9 gene
(4.3 kb), and efficient bs-to-b-globin gene correction was achieved
with Cas9 protein delivery all-in-one NILVs (Figure 3). Interestingly,
fetal hemoglobin levels were increased by b-globin editing in sickle
HUDEP-2 cells (Figure S14), probably since indels of the b-globin
gene could generate thalassemia-like HUDEP-2 cells, and low prolifer-
ation of thalassemia-like cellsmight result in biological selectionof fetal
hemoglobin-producing HUDEP-2 subclones.38 These data demon-
strate that the Cas9 protein delivery NILV system allows for efficient
bs-to-b-globin gene correction in cell lines and warrants further opti-
mization in engrafting HSCs.

Electroporation-related toxicity may in part explain why gene correc-
tion in primary CD34+ HSCs remains challenging, evidenced by only
low-level long-term engraftment of gene-converted CD34+ cells
(with HDR) in recent attempts in our non-human primate model
despite efficient gene conversion rates in input cells.39 Based on
persistent engraftment of gene-modified CD34+ cells in lentiviral
gene therapy trials, this lentiviral Cas9 protein delivery should be
applicable for engraftable CD34+ cells; however, further optimization
will be required in this population for efficient gene correction with
lentiviral Cas9 protein delivery. Recently, enhancement of HDR
was demonstrated by 53BP1 inhibition,40,41 which may be useful
for the lentiviral gene correction. In addition, Gag-Cas9 fusions al-
lowed for vesicular stomatitis virus G protein (VSVG) particle-based
delivery including guide RNA, resulting in targeted DNA breakage.42

Another VSVG particle-based Cas9 delivery system utilized a fused
dimerization domain, which can bind to an engineered membrane-
associated protein (Gesicle, Takara Bio, Shiga, Japan). These systems
do not include a viral RNA genome (donor DNA) as well as reverse
021
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transcriptase, and therefore do not allow for gene correction. Poten-
tially, Gag-Cas9 fusion proteins could be combined with our lentiviral
Cas9 delivery system to improve Cas9 protein delivery and gene
correction, since a Gag-Cas9 fusion was also reported in a murine leu-
kemia virus (MLV) system including the viral genome.43 Zinc finger
nucleases (ZFNs) have previously been used for genome editing with
NILV delivery;44,45 however, design of ZFNs is more difficult and ed-
iting efficiency is likely less efficient than with the CRISPR-Cas9 sys-
tem. In addition, nanoparticle-based delivery is also available for
genome editing, but it is further from clinical translation than lenti-
viral delivery.46

In summary, we developed aCas9 protein delivery systemwithNILVs,
which resulted in efficient DNA breakage and genome correction
(HDR) in SCD. Our Cas9 protein delivery system allows for efficient
one-time gene correction without electroporation using an all-in-
one NILV encoding both guide RNA and donor DNA. Our findings
improve the prospects for safe delivery and efficient genome editing.

MATERIALS AND METHODS
HIV-1-based lentiviral vector preparation with Cas9 protein

delivery

Self-inactivating lentiviral vectors were prepared by co-transfection of
293T cells (American Type Culture Collection [ATCC], Manassas,
VA, USA) with 6 mg of Gag/Pol plasmid, 2 mg of Rev/Tat plasmid,
2 mg of VSVG envelope plasmid, and 10 mg of HIV-1 vector genome
plasmid, including a guide RNA expression cassette derived from a
U6 promoter (Addgene plasmid #43860, kindly provided by Dr. Keith
Joung), cultured in Dulbecco’s modified Eagle’s medium (Corning,
Tewksbury, MA, USA) containing 10% fetal bovine serum (FBS,
Thermo Fisher Scientific, Waltham, MA, USA).47,48 Lentiviral vectors
were filtered (0.22 mm,MilliporeSigma, St. Louis, MO, USA) to remove
transfected 293T cells and 100-fold concentrated by ultracentrifugation
(25,000 rpm in an SW28 rotor for 1 h, Optima XE-90 ultracentrifuge,
Beckman Coulter Life Sciences, Indianapolis, IN, USA) to remove sol-
uble molecules.35 Lentiviral titers were evaluated by YFP-positive per-
centages or VCNs inHeLa cells (ATCC), as previously described.28,35,48

NILVs were prepared with an integrase-defective Gag/Pol (D64V)
plasmid.36 For Cas9 protein delivery, we added 4 mg (2–8 mg) of Cas9
plasmid on the co-transfection step during vector preparation, which
expresses a codon-optimized Streptococcus pyogenes Cas9 with 3�
FLAG and 2� nuclear localization signals (Addgene plasmid #42230,
kindly provided by Dr. Feng Zhang) under the control of a cytomega-
lovirus enhancer/chicken b-actin (CAG) promoter.49 The CypA-Cas9
andCas9-CypA fusion genes were designed by ligation of two genes af-
ter deleting both the start codon (ATG) and stop codon (TAA) in the
ligation site to express on a single reading frame. The YFP donor
DNA vector encoded a YFP expression cassette under the control of
murine stem cell virus promoter (Mp),28 which is almost the same as
the GFP target vector except a 9-base difference between GFP and
YFP genes (193C>T, 195G>C, 196A>G, 197C>G, 205G>C, 217A>G,
218G>C, 610A>T, and 611C>A) as well as 5-base silent mutations in
the YFP gene (150C>A, 153C>A, 156C>A, 165C>T, and 171C>A) to
escape fromGFP guide RNA targeting while preserving the YFP amino
Molecul
acid sequence (Figure S17). Human b-globin donor DNA vectors en-
coded both b-globin promoter (0.1 kb, 0.3 kb, or 0.7 kb) and b-globin
gene (exon 1 only [0.1 kb], exons 1–2 [0.4 kb], or exons 1–3 [1.3 kb])
with silent mutations (27G>A, 28T>A, 29C>G, 30T>C, 33C>A, and
36T>G) in reverse orientation but did not include the locus control re-
gion, stop codon, and polyadenylation signals, which are required for
globin expression from the vector construct.22

Genome editing with Cas9 protein delivery lentiviral vectors

The GFP-positive HEL cell line includes one copy of lentiviral vector
genome (3.6 kb) encoding a GFP expression cassette under the con-
trol of Mp,20 in which the same vector backbone was utilized as the
YFP donor DNA vector (Figure S17), cultured in Roswell Park Me-
morial Institute 1640 Medium (Corning) containing 10% FBS. GFP
DNA was edited by a GFP-targeting guide RNA (50-GGG CAC
GGG CAG CTT GCC GG-30), of which the target site has an appro-
priate protospacer adjacent motif (PAM) of NGG (Table S1).50 GFP-
to-YFP conversion was performed with the GFP-targeting guide RNA
and/or YFP donor DNA vectors. GFP and/or YFP expression was
evaluated by flow cytometry (FACSCalibur, Becton Dickinson, East
Rutherford, NJ, USA) (Figure S8), and GFP positive in the untrans-
duced control was normalized to 100%.

We designed a chimeric gene between bs-globin (exon 1 including the
SCD mutation, intron 1, and exon 2) and YFP, which can be ex-
pressed on a single reading frame by removing splicing signals and
stop codons. A K562 erythroleukemia cell line (ATCC) was trans-
duced with a lentiviral vector encoding the bs-globin/YFP chimeric
gene under the control of Mp, and the bs-globin/YFP-positive cells
were edited by several bs-globin-targeting guide RNA sequences (Ta-
ble S1), cultured in Iscove’s modified Dulbecco’s medium (IMDM,
Corning) containing 10% FBS. All target sites from each guide
RNA have an appropriate PAM (NGG). The endogenous bs-globin
gene in a human immortalized erythrocyte cell line (HUDEP-2 cells,
provided by Drs. Yukio Nakamura and Ryo Kurita, RIKEN Tsukuba
Branch, Ibaraki, Japan) including the SCD mutation was edited with
the bs-globin-targeting guide RNA (SG11: 50-GTA ACG GCA GAC
TTC TCCAC-30), cultured in proliferation media based on StemSpan
Serum-Free ExpansionMedium (STEMCELL Technologies, Vancou-
ver, BC, Canada) containing 50 ng/mL stem cell factor (SCF, R&D
Systems, Minneapolis, MN, USA), 3 U/mL erythropoietin (EPO, AM-
GEN, Thousand Oaks, CA, USA), 1 mM dexamethasone (VETone,
Boise, ID, USA), and 1 mg/mL doxycycline (Thermo Fisher Scienti-
fic).51 The gene-corrected cells were further differentiated for hemo-
globinization using IMDM-based differentiation media containing
50 ng/mL SCF, 3 U/mL EPO, 40 ng/mL insulin (Lilly, Indianapolis,
IN, USA), 0.4 mg/mL transferrin (MilliporeSigma), 2 U/mL heparin
(Sandoz, Holzkirchen, Germany), 1 mg/mL doxycycline, and human
type AB plasma (Rhode Island Blood Center, Providence, RI, USA),
and globin protein production was evaluated by reverse-phase
high-performance liquid chromatography (RP-HPLC)52,53 and he-
moglobin electrophoresis.22,52 Cell counts were evaluated by
Countess II Automated Cell Counter (Thermo Fisher Scientific)
with trypan blue staining.
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In addition, we performed electroporation (4D-Nucleofector X Kit S,
Lonza, Basel, Switzerland) 1 day after transduction (MOI 25) of
immortalized erythrocyte cells including the SCDmutation to deliver
SG11 modified guide RNA (200 pmol, Synthego, Menlo Park, CA,
USA), Cas9 protein (30 mg, QB3 MacroLab, University of California,
Berkeley, CA, USA), and/or b-globin donor single-strand DNA (0.1
kb, 300 pmol, Integrated DNA Technologies, Coralville, IA, USA).

PCR

The GFP-to-YFP converted gene (PCR product: 1,057 bp) and YFP
donor DNA vector (PCR product: 667 bp) were separately detected
by nested PCR using external primers (GFP recombination F1: 50-
TCA GAC CCA CCT CCC AAC CC-30 and GFP recombination
R1: 50-CAC TGC AGG CCG TAG CCG-30) and internal primers
(GFP recombination F2: 50-GGG ACC GAG CTC AAG CTT C-30

and GFP recombination R2: 50-GCA CAG GCA GCT TTC CTG
TT-30). The non-edited GFP gene cannot be expanded in these
primers, since these reverse primers were specific for the YFP gene,
with silent mutations to escape from GFP guide RNA targeting.

qPCR-based single-nucleotide polymorphism (SNP) genotyping

and VCN analysis

The SCDmutation (HBB: c.20A>T) and intact b-globin sequence were
separately detected by qPCR-based SNP genotyping using sickle FWD4
primer: 50-GG CAG AGC CAT CTA TTG CTT AC-30, sickle REV2
primer: 50-CCAACT TCA TCCACG TTCACC-30, sickle FAM probe
(SCD mutation): 50-FAM-CTG ACT CCT GTG GAG AA-30, sickle
VIC (intact b-globin) 50-VIC-CTG ACT CCT GAG GAG AA-30, and
sickle reference (for all b-globin sequences): 50-Cy5-CCT CAA ACA
GAC ACC AT-30. The SCD mutation and intact b-globin signals
were standardized by the sickle reference, and the percentages of SCD
mutation and intact b-globin were measured by comparison to a bs-
globin control (100% of SCD mutation) and an intact b-globin control
(100% of intact b-globin), respectively. The indel (DNA breakage) per-
centages were calculated by the equation: indel (%) = reference (100%)
� SCD mutation (%) � intact b-globin (%). VCNs were evaluated by
specific probe/primers targeting GFP, YFP, self-inactivating long-ter-
minal repeat (SIN-LTR), or an HIV-1 packaging signal (LV2), as previ-
ously described.20,35,48

Surveyor nuclease assay

Both GFP and bs-globin DNA breaks were evaluated by Surveyor
Mutation Detection Kits (Integrated DNA Technologies; Coralville,
IA, USA) according to company protocol. The target sites for genome
editing were expanded by nested PCR using external primers (GFP
Surveyor F1: 50-GCC CTC AGC AGT TTC TAG AGA ACC-30 and
GFP Surveyor R1: 50-GTC CAT GCC GAG AGT GAT CCC-30)
and internal primers (GFP Surveyor F2: 50-AGT TCG CTT CTC
GCT TCT GTT C-30 and GFP Surveyor R2: 50-GAA CTC CAG
CAGGAC CAT GTG-30) in the GFP gene, as well as external primers
(LBGpF: 50-GAC GCA GGA AGA GAT CCA TCT AC-30 and
BGEx2R: 50-CTCAGGATC CACGTGCAGCTTG-30) and internal
primers (LBGpF2: 50-CAA TAT GCT TAC CAA GCT GTG ATT
CC-30 and BGEx2R2: 50-GCT CAC TCA GTG TGG CAA AGG-30)
130 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
in the bs-globin gene. The PCR products from edited genes and intact
genes were mixed, denatured, and annealed. After digestion with a
Surveyor endonuclease, indels (mismatch) were detected as smaller
DNA bands in electrophoresis.

Targeted deep sequencing to evaluate b-globin gene editing

Efficiency of HDR (bs-to-b-globin gene correction) and indel was
evaluated by targeted deep sequencing.We amplified human b-globin
genome but not donor DNA sequence using BG external F (50-TCT
TCA ATA TGC TTA CCA AG CTG TG-30) and BG external R (50-
CCC AAG AGT CTT CTC TGT CTC C-30), then added partial P5
and P7 adapters (underlines) using hBG TargSeq F1 GW (50-ACA
CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT GTC AGG
GCA GAG CCA TCT ATT G-30) and hBG TargSeq R1 GW (50-
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT CTT CTA
TTG GTC TCC TTA AAC CTG TCT TG-30). Off-target d-globin
gene editing (indel) was analyzed by hDG TargSeq F1 GW (50-ACA
CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT AGG GAG
GAC AGG ACC AGC AT-30) and hDG TargSeq R1 GW (50-GAC
TGG AGT TCA GAC GTG TGC TCT TCC GAT CTC CCA GTT
TCC ATT TGC CTC CTT G-30). Deep sequencing was performed
by GENEWIZ (South Plainfield, NJ, USA), and sequencing data
were analyzed by a web-based software of CRISPResso2.54

Western blot analysis

After ultracentrifugation of lentiviral vectors, the vector pellets were
resuspended in 1/100� volume of X-VIVO10 media (Lonza)22 and
lysed in the same volume of SDS buffer (Sample Buffer, Laemmli
2� Concentrate, MilliporeSigma). The vector lysates (40 mL) were
electrophoresed on Novex 4%–20% Tris-Glycine gel (Thermo Fisher
Scientific) and transferred to 0.45 mm nitrocellulose membrane (Bio-
Rad Laboratories, Hercules, CA, USA).55 The membrane was blocked
in Tris-buffered saline with 0.1% Tween-20 (TBST) and 3% blotting
grade blocker (Bio-Rad) for 1 h and incubated with a 1:1,000 dilution
of anti-FLAG antibody (clone M2, MilliporeSigma) overnight to
detect Cas9 protein including FLAG tag. After washing three times
in TBST for 5 min, the membrane was incubated with a 1:80,000 dilu-
tion of peroxidase-conjugated anti-mouse IgG antibody (polyclonal,
MilliporeSigma) for 1 h. Anti-HIV-1 p24 Gag monoclonal antibody
(1:1,000, clone #24-2, National Institutes of Health [NIH] AIDS Re-
agent Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases [NIAID], NIH, provided by Dr. Michael H. Ma-
lim) and peroxidase-conjugated anti-mouse IgG antibody were
used to detect the HIV-1 capsid as an internal control for lentiviral
vector.56 After washing three times in TBST, the blots were detected
by ImageQuant LAS 4000 (GE Healthcare Bio-Sciences, Pittsburgh,
PA, USA) andmeasured by ImageJ 1.51k (NIH, Bethesda, MD, USA).

Statistical analysis

Statistical analyses were performed using the JMP 14 software (SAS
Institute, Cary, NC, USA). Two averages were evaluated with Stu-
dent’s t test. The averages in various conditions were evaluated by
Dunnett’s test (one-way ANOVA for a control) as well as Tukey’s
honestly significant difference (HSD) test (one-way ANOVA among
021
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all groups) (Table S2). A p value of <0.01 or 0.05 was deemed signif-
icant. Standard error of the mean was shown as error bars in all fig-
ures. All experiments were performed in triplicate except RP-HPLC
(single run), Surveyor nuclease assay (single run), and western blot
analysis (duplicate).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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