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ARTICLE INFO ABSTRACT

Keywords: The clustered regularly interspaced short palindromic repeats (CRISPR)-associated (Cas) system is a technology
Genome editing that is used to perform site-specific gene disruption, repair, and the modification of genomic DNA via DNA repair
Ribonucleoprotein

mechanisms, and is expected to be a fundamental therapeutic strategy for the treatment of infectious diseases
and genetic disorders. For clinical applications, the non-viral vector-based delivery of the CRISPR/Cas ribonu-
cleoprotein (RNP) is important, but the poor efficiency of delivery and the lack of a practical method for its
manufacture remains as an issue. We report herein on the development of a lipid nanoparticle (LNP)-based Cas
RNP delivery system based on optimally designed single stranded oligonucleotides (ssODNs) that allow efficient
in vivo genome editing. The formation of sequence-specific RNP-ssODN complexes was found to be important for
the functional delivery of RNP. Furthermore, the melting temperature (Tm) between sgRNA and ssODN had a
significant effect on in vivo gene knockout efficiency. An ssODN with a high Tm resulted in limited knockout (KO)
activity while that at near room temperature showed the highest KO activity, indicating the importance of the
cytosolic release of RNPs. Two consecutive intravenous injections of the Tm optimized formulation achieved
approximately 70% and 80% transthyretin KO at the DNA and protein level, respectively, without any obvious
toxicity. These findings represent a significant contribution to the development of safe in vivo CRISPR/Cas RNP
delivery technology and its practical application in genome editing therapies.

Lipid nanoparticles

Single stranded oligonucleotides
Melting temperature

Liver

1. Introduction The lipid nanoparticle (LNP) is non-viral and chemically-synthesized

delivery system that has been widely studied for use in nucleic acid

Since 2012, the clustered regularly interspaced short palindromic
repeats (CRISPR)-associated (Cas) system has been the subject of much
research due to its simplicity of design and the experimental methods
needed [1]. Most of the current clinical trials of gene editing therapies
involve ex vivo gene editing, in which the therapeutic effect is achieved
by transplanting cells that had previously been edited in vitro into pa-
tients [2]. Ex vivo gene editing is advantageous in terms of efficacy as
well as safety because precisely edited cells can be expanded and used.
However, its application is limited to certain specific cells such as he-
matopoietic stem cells (HSC) and preparing these cells is a costly and
complicated task. On the other hand, in vivo gene editing, in which the
therapeutic effect is achieved by directly introducing genome editing
tools to patients either locally or systemically, is considered to be a
promising therapeutic strategy for the treatment of genetic diseases,
since a simple administration of a therapeutic drug can provide funda-
mental treatment.

* Corresponding authors.

delivery, and it is currently being used in three approved RNA-based
therapies [3]. In 2021, the first clinical trial of CRISPR/Cas genome
editing therapy using an LNP were conducted [4]. NTLA-2001, a unique
lipid nanoparticle containing an sgRNA targeting transthyretin (TTR)
and mRNA encoding Streptococcus pyogenes Cas9 (spCas9), was used to
treat patients with TTR amyloidosis and an 87% reduction in serum TTR
levels was achieved after a single injection at a dosage of 0.3 mg/kg.
There are three methods for delivering the CRISPR/Cas system,
namely, Cas9-encoded plasmid DNA (pDNA), mRNA or RNP [5]. In the
case of the delivery of pDNA or mRNA, the long-term presence of Cas9
protein or gRNA in the cell increases the possibility of off-target effects
[6]. Moreover, the long-term presence of the Cas9 protein may cause
unnecessary double-stranded breaks (DSBs) in DNA, resulting in
potentially harmful effects. Lots of DSBs has been reported to cause
chromothripsis and activate p-53 to induce cancer [7,8]. Therefore,
methods for delivering guide RNA (gRNA)-Cas9 protein complex (RNP)
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and genome editing technologies that do not induce DSBs such as base
editor, prime editor, RNA editor, CRISPR activation (CRISPRa) or
CRISPR interference (CRISPRi), and epigenome editor are also in prog-
ress [9-20]. In the case of delivering RNP, the RNPs that are released in
the cytosol can induce DNA cleavage through only one step, nuclear
transfer, which would permit many inefficient processes in case of
delivering pDNA and mRNA to be circumvented [21]. In addition, off-
target editing and harmful effects of DSBs could be reduced because
RNPs are only transiently present in the cells [22].

RNP delivery shows promise for efficient and safe genome editing,
but there are many challenges that need to be addressed, including high
cytotoxicity, loading efficiency, release efficiency, stability, and endo-
somal escape efficiency [23]. In order to solve these ploblems, many in
vivo RNP delivery systmems are currently being examined and reports of
in vivo gene editing, including genome editing in the liver and lung by
selective organ targeting (SORT) LNPs have recently appeared [24].
Many limitations such as low editing efficacy, low encapsulation effi-
cacy and high toxicity still remain with regard to the current in vivo RNP
delivery systems.

We report herein on the development of a lipid nanoparticle (LNP)-
based Cas RNP delivery system based on the optimal design of single
stranded oligonucleotides (ssODNs) that allow efficient in vivo genome
editing to be performed. The formation of sequence-specific RNP-ssODN
complexes was found to be important for the functional delivery of RNP.
In addition, the melting temperature (Tm) between sgRNA and ssODN
had a significant effect on in vivo gene knockout efficiency. The ssODN
with a high Tm resulted in limited knockout (KO) activity while that
with a Tm near room temperature showed the highest KO activity,
indicating the importance of the cytosolic release of RNPs. Two
consecutive intravenous injections of the Tm optimized formulation
achieved an approximately 70% and 80% transthyretin KO at the DNA
and protein level, respectively, without any obvious toxicity.

2. Materials and methods
2.1. Materials

pH-sensitive cationic lipids, CL4H6, was synthesized as described
previously [25]. Chol was purchased from SIGMA Aldrich (St. Louis,
MO). 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), and 2-dimirystoyl-rac-
glycero, methoxyethyleneglycol 2000 ether (PEG-DMG) were obtained
from the NOF Corporation (Tokyo, Japan). Recombinant spCas9
nuclease (TrueCut Cas9 Protein v2) was purchased from Thermo Fisher
Scientific (MA, USA). Single-guide RNA (sgRNA) and single-stranded
oligodeoxynucleotides (ssODNs) were purchased from Integrated DNA
Technologies, Inc. (Coralville, IA, USA). A microfluidic device, an iLiNP
device, was fabricated as described in a previous report.

2.2. Preparation of RNP-loaded LNPs

A solution of Cas protein (10 pM) was titrated to an equal volume of
sgRNA solution (10 pM) under vigorous mixing to produce 5 pM of an
RNP solution. The RNP solution was mixed with an equal volume of an
ssODN solution (5 pM) to obtain 2.5 pM of RNP-ssODN complex. For the
fluorescent labeling of the Cas9 proteins, the RNP-ssON solution was
mixed with a 3x molar amount of DyLight 650 NHS ester in DMSO and
the resulting solution was then incubated in the dark for 30 min at
ambient temperature. Unreacted DyLight 650 was removed by ultrafil-
tration using an Amicon Ultra-0.5 (MWCO 3 kDa, Millipore). An ethanol
solution containing a pH-sensitive cationic lipid, a phospholipid, chol,
and PEG-DMG at 50/10/40/3.5 M ratio was prepared at a concentration
of 8 mM total lipid. The RNP-ssODN was diluted to 160 nM in 20 mM
MES buffer (pH 6.0, 50 mM NaCl). RNP-loaded LNPs were prepared by
mixing the lipids in ethanol and RNP-ssODN (approximately equivalent
to 5 wt% of the RNP/lipid) in an aqueous solution using an iLiNP device
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at a total flow rate of 0.5 mL/min (0.050 mL/min for the lipid solution
and 0.450 mL/min for the RNP-ssODN solution). Syringe pumps (Har-
vard apparatus, MA, USA) were used to control the flow rate. The
resulting LNP solution was dialyzed for 2 h or more at 4 °C against PBS
(—) using Spectra/Por 4 dialysis membranes (molecular weight cut-off
12-14 kDa, Spectrum Laboratories, CA, USA) and was then concen-
trated by ultrafiltration using Amicon Ultra-15 (MWCO 100 kDa,
Millipore).

2.3. Characterization of the LNPs

The size ((-average), polydispersity index (PdI) and {-potential of the
LNPs were measured by means of a Zetasizer Nano ZS ZEN3600 in-
strument (Malvern Instruments, Worchestershire, UK). The LNPs were
diluted in D-PBS(—) and 10 mM HEPES buffer at pH 7.4 for size and
(-potential measurements, respectively. The encapsulation efficiency (%
encapsulation) and total concentration of RNP-ssODN were measured by
a Ribogreen assay.

2.4. Measurement of TTR KO activity

BALB/c mice (male, 4 weeks old) were intravenously injected with
Cas9/sgTTR RNP-loaded LNPs at the indicated dose. The mice were
euthanized one week after the injection, and blood was collected, and
serum was isolated by centrifugation. The TTR protein concentration in
serum was determined using a Prealbumin ELISA Kit (mouse) (Aviva
Systems Biology, CA, USA) according to manufacturer's protocol.

2.5. Evaluation of biodistribution

BALB/c mice were intravenously injected with DyLight 650-labelled
LNPs at a dose of 2 mg RNP/kg. At 1 h after the administration, blood
was collected and diluted with a 1% sodium dodecyl sulfate (SDS) so-
lution. Tissues were also collected, weighed and homogenized using a
Micro Smash MS-100R (TOMY Seiko Co., Ltd.) in a 1% SDS solution. The
resulting homogenates were transferred to black 96-well plates and the
fluorescence was measured using an VarioskanLux (Thermo Fisher Sci-
entific, MA, USA) with settings of Aex = 652 nm, Aey, = 672 nm. A
standard curve was prepared using the LNP solution and blood or tissue
homogenates from untreated mice. Biodistribution was expressed as the
percentage of the injected dose (%injected dose) per tissue or blood.

2.6. In vitro DNA cleavage activity

Purified genomic DNA (gDNA) was obtained from BALB/c mouse
liver tissues using a NucleoSpin Tissue (MACHEREY-NAGEL GmbH &
Co. KG) according to the manufacturer's protocol. The dsDNA from TTR
locus was amplified by PCR using KAPA HiFi HotStart DNA polymerase
(KAPA Biosystems) and was purified using an ISOSPIN PCR Product
(Nippon Gene Co., Ltd.). The ssODN (5 equiv. against RNP) was added to
TTR targeting Cas9 RNP to form RNP-ssODN complex. The RNP-ssODN
complex and the purified PCR product (0.2 equiv. against RNP) was
mixed in reaction buffer (50 mM Tris-HCl, 100 mM NaCl. 10 mM MgCl,,
1 mM DTT, pH 7.9) and incubated for 8 h at 37 °C for 30 min or 15 °C
(final RNP concentration: 31 nM). After heat inactivation of the Cas9
RNP at 65 °C for 5 min, 50 ng of the dsDNA was run in 3% agarose gel at
100 V for 40 min, stained with GelRed (Biotium, Inc) and visualized with
a Printgraph CMOS I (ATTO Corporation). The bands were quantified
using the Image J software. DNA cleavage was calculated using the
following formula:

DNA Cleavage = Intclmved/InlffulH("leaved

where Intg and Intceaveq indicate intensity derived from full length
(uncleaved) and cleaved DNA, respectively.
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2.7. Measurement of the polarization of ssODNs

A 20 nt 5’-FAM-labelled ssODN (1 equiv. against RNP) was added to
TTR or GFP targeting Cas9 RNP to form an RNP-ssODN complex. The
RNP-ssODNs were diluted to 25 nM in D-PBS(—). These mixtures (100
pL) were transferred to black 96-well plates and incubated at 25 °C or
37 °C for 10 min, and the fluorescence was measured using an infinite
200Pro (Tecan Group Ltd.) with settings of Aexy = 485 nm, Aepy = 535 nm.
The degree of polarization was calculated using the following formula:

_ Iyy — Glyy
Iyy + Glyy

G =1220

AP = P(RNP — ssODN) — P(ssODN)

/

AP = AP(TTR) — AP(GFP)

where VV denotes vertical excitation and vertical emission, VH denotes
vertical excitation and horizontal emission, the grating factor, G, is an
instrumental correction factor, AP and AP’ indicate the change in
polarizability of the ssODNs in the absence and presence of RNPs, and
variation of the ssODN polarization by the sgRNA sequence (ie.
sequence-dependency), respectively.

2.8. Measurement of Tm of RNP-ssODN complex

The 20 nt 3’-IowaBlack™FQ (IBFQ)-labelled ssODN (5 equiv. against
RNP) was added to TTR targeting Cas9 RNP with 5’-FAM-labelled
sgRNA (final RNP concentration: 2.5 pM) to form RNP-ssODN complex.
The resulting solution (10 pL) was incubated at 10 °C and the temper-
ature was then increased by 1 °C at 10 s intervals using a Thermal Cycler
Dice® Real Time System III (TaKaRa Bio Inc., Shiga, Japan). The fluo-
rescence intensity was measured at each temperature from 11 to 70 °C.
The temperature at which the fluorescence intensity reached a
maximum was defined as the measured Tm.

2.9. T7E1 assay

BALB/c mice (male, 4 weeks old) were intravenously injected with
Cas9/sgTTR-G211 RNP-loaded LNPs at a dose of 2 mg RNP/kg for 2
consecutive days. At 1 week after the last injection, the mice were
euthanized, and liver tissues were collected, snap frozen in liquid ni-
trogen and stored at —80 °C.

Purified gDNA was obtained from BALB/c mouse liver tissues using a
NucleoSpin Tissue (MACHEREY-NAGEL GmbH & Co. KG) according to
manufacturer's protocol. T7E1 assays were performed using an Alt-R®
Genome Editing Detection Kit (Integrated DNA technologies, Inc.). The
T7E1 treated dsDNA was run in 3% agarose gel at 100 V for 40 min,
stained with GelRed (Biotium, Inc) and visualized with a Printgraph
CMOS I (ATTO Corporation). The bands were quantified using the Image
J software. DNA cleavage was calculated using the following formula:

DNA cleavage = Il eavea / Intpuitscteaved

where Intgy and Intcleaved indicate intensity derived from full length
(uncleaved) and cleaved DNA, respectively.

2.10. Statistical analysis

Results are expressed as the mean =+ the SD of independent experi-
ments. For comparisons between the means of two variables, unpaired
Student's t-tests were performed. For comparisons between multiple
groups, one-way analysis of variance (ANOVA) followed by the Stu-
dent-Newman-Keuls post hoc tests or Dunnett's test were performed.
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3. Results
3.1. ssODN design strategy

In this study, single-stranded oligonucleotide (ssODN) complexes
with sgRNA in RNP via base pairing formation, which imparts a negative
charge to the RNP and enhances its efficient loading onto the LNPs
through electrostatic interactions. However, the strong binding of
ssODNs to sgRNAs may inhibit the binding of RNP to the target DNA,
possibly reducing genome editing efficiency (Fig. 1A). Actually, in our
previous report, a 20 nt-long ssODN that is fully complementary to the
sgRNA nearly completely suppressed target gene KO in a cultured cell
system [26]. In addition, oligonucleotide inhibitors targeting sgRNA
have also been developed to suppress the off-target effects of Cas9 [27].
These findings suggest that the ability of the ssODNs to dissociate from
RNPs in the cells is an important factor. Since RNP transfection effi-
ciency increases in a ssODN chain length-dependent manner, as found in
our previous study, we used a relatively long ssODN (132 nt) in this
study. In addition, in our previous study, we adopted ssODNs, that
consisted of sequences that match the genomic DNA containing the
target sequence of the sgRNA, to avoid the risk of unintended genetic
modification, but such a design is accompanied by the risk that ssODNs
could form various secondary structures with each sequence having a
different thermodynamic stability. The ssODN design has the potential
to cause inconsistent physical properties and transfection efficiency of
the LNP formulation among the different sgRNAs. Therefore, we con-
ducted the following two design strategies for the optimal ssODN
sequence. First, the sequences at both ends of the ssODN, except for the
region complementary to the sgRNA (20 nt in the middle), were changed
from a genomic sequence to a polyadenine (poly(A)) sequence to avoid
the unintended formation of secondary structures involving the se-
quences at both ends of the molecule. Both cytidine and guanine were
not used because of concerns regarding nonspecific binding to endoge-
nous RNAs due to their strong base pairing ability. Thymine (T) was also
not used because of concerns about interactions with the poly(A) se-
quences in endogenous mRNAs. Second, the thermal stability of the
heteroduplex formation between ssODN and sgRNA was reduced to
appropriate levels by replacing the mismatched bases at both ends of the
complementary region with sgRNA. The mismatched bases were desig-
nated adenine (A) if the corresponding sgRNA base was not uridine (U),
and T if it was U. Based on this strategy, we designed 7 ssODNs with
various complementation rates (0-100%) corresponding to the previ-
ously reported TTR-targeting sgRNA (sgTTR-G211) and poly(A) ssODN
as a negative control (Fig. 1B) [28]. Tm, an indicator of the binding
stability between ssODN and sgRNA, was then calculated. The most
commonly used methods for the calculation of Tm include the Wallace
method, the GC% method, and the nearest neighbor method. The
nearest neighbor method uses thermodynamic parameters and provides
relatively accurate results for PCR primer design. However, while the
concentration of Na® is in the equation assuming a PCR reaction solu-
tion, the electrolyte composition in the cytoplasm is very different and
more complex than that, so the accuracy would be greatly reduced. The
Wallace method, the simplest calculation method, was adopted in this
study. The calculated Tm for ssODNs with complementation rates of
30% to 100% was from 20 to 62 °C (Table 1).

3.2. Physicochemical properties of RNP-LNPs

In this study, RNP-loaded LNPs were synthesized using a microfluidic
device, and were composed of CL4H6, DSPC, cholesterol, and PEG-DMG
at molar ratio of 50/10/40/3.5 (Fig. 2). CL4H6 is a pH-sensitive cationic
lipid that was developed in our previous study, and it showed efficient
gene disruption in HeLa-GFP cells [25,26].

¢-Average of RNP-loaded LNPs with each ssODN were 120 to 140 nm
(Table 1). The LNP with poly(A) was comparatively large (181 nm at
C-average) and heterogeneous (PdI > 0.4). LNPs were aggregated when



H. Onuma et al.

A RNP-ssODN

SgRNA
Cas9
ssODN

unable to bind to
genomic DNA

B —COMplementary region
— iSMatch

genome sequence

ssODN

Journal of Controlled Release 355 (2023) 406-416

RNP

easily accessto
genomic DNA

genomic
DNA

complementary region

match P 56 nt

complementary
region
20 nt N 56 nt

genome

100%

80%

60%
50%

40%

40%

polyA
0%

mismatch

Fig. 1. Strategy for the design of ssODN. (A) Predicted target genomic DNA binding of RNP-ssODN complexes. (B) Schematic illustration of design of

ssODN sequences.

Table 1
Calculated Tm of ssODNs and physicochemical properties of RNP-LNPs.
sgRNA ssODN Tm (°C) (calculated) %Encapsulation { average (nm) Pdl ¢ potential (mV) Recovery ratio (%)
genome 62 41.6 140 0.082 2.3 86.9
100% 62 70.5 127 0.100 -0.9 74.9
80% 50 74.9 127 0.127 3.1 76.6
60% 38 75.4 124 0.165 2.5 87.8
G211 50% 32 66.6 132 0.225 -1.8 108.1
40% 26 78.9 140 0.198 2.7 91.2
30% 20 72.8 121 0.176 0.6 113.4
polyA - 82.2 181 0.478 1.3 101.0
0% - 84.1 130 0.233 2.9 98.4
- - -8.0 231 0.608 3.4 94.4
80% 48 69.4 110 0.111 3.0 89.4
60% 36 73.5 150 0.238 1.3 105.7
G269 50% 30 77.5 134 0.100 1.1 99.5
40% 24 78.3 136 0.199 1.8 105.8
30% 18 78.9 139 0.197 1.9 103.4

ssODN was not used. Thus, the formation of sequence-specific RNP-
ssODN complexes is important for the synthesis of size-controlled ho-
mogenous RNP-loaded LNPs. Regarding RNP encapsulation, LNPs with
ssODN with poly(A) at both ends showed higher encapsulation ratios
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from 66 to 84% in a complementation rate-independent manner while
an LNP with the ssODN of the genomic DNA sequence was found to be
42%. The result indicates that avoiding secondary structure formation is
important for the efficient s of RNPs into LNPs. It should also be noted,
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PEG-DMG

Fig. 2. Chemical structure of the lipids in the LNP.

however, that the RNP encapsulation ratio was measured by detecting
nucleic acids using Ribogreen and not the Cas9 protein. Quantification
of the encapsulation ratio of Cas9 proteins and evaluation of their
localization in LNPs are beyond the scope of this study and are issues
that need to be addressed in the future. The {-potential of the LNPs was
near neutral. Recovery ratio of nucleic acids were 75% at a minimum,
suggesting no significant loss of RNPs had occurred during their prep-
aration. We used another TTR-targeting sgRNA (sgTTR-G269) and
designed ssODNs with a complementation rate of 30-80% (calculated
Tm: 18-48 °C). The physicochemical properties of the LNPs were similar
to those with sgTTR-G211, and no clear difference in physical properties
were observed between ssODNs with different complementation rates.

3.3. Evaluation of TTR KO activity in vivo

RNP-loaded LNPs were administered intravenously to mice at a dose
of 2 mg RNP/kg, and TTR protein levels in serum were quantified 1 week
after the administration. For sgTTR-G211, the LNP with 40% comple-
mentary ssODN (calculated Tm: 26 °C) suppressed TTR the highest
(56%), and for sgTTR-G269, a 50% complementary ssODN (calculated
Tm: 30 °C) suppressed TTR the highest (34%) (Fig. 3A). Therefore, for
both sgRNAs (TTR-G211, G269), an ssODN with a Tm near room tem-
perature (25 to 30 °C) showed the highest KO activity. On the other
hand, LNPs with ssODNs with Tm values at some distance from the
appropriate Tm range showed significantly lower KO activity. These
results indicate that the Tm of ssODN had a significant impact on the in
vivo KO activity (Fig. 3B). Given the fact that Tm-dependent KO activity

was observed in two different sgRNAs, we conclude that this is a general
feature rather than an sgRNA-specific feature. The KO activity of LNPs
with a 30% complementary ssODN (calculated Tm: 20 °C) were similar
to that with 40% complementary ssODN (calculated Tm: 26 °C) in the
case where the LNPs were formulated by using a cooled RNP solution at
4 °C (Fig. S1). This finding suggests that the formation of sequence-
specific RNP-ssODN complexes during formulation is important for
producing potent LNPs. In order to investigate the impact of the location
of mismatched bases on KO activity, we further designed ssODNs with
mismatched bases at the 3’ or 5'-end of the complementary region of
sgTTR-G211 with three Tm values (10, 25 and 50 °C) and examined
their TTR KO activity. As a result, ssODNs with a Tm value of 25 °C
showed the highest KO activity of the three Tm values (Fig. S2), sug-
gesting that the Tm value of ssODN is a major factor for KO activity
regardless of the location of mismatched bases.

A combination of sgTTR-G211 and 40% complementary ssODN was
used in the following experiments. The 80% and 0% complementary
ssODNs were also used as negative controls because these would show
limited dissociation in the cells and a limited formation of sequence-
specific RNP-ssODN complexes, respectively.

3.4. Verification of ssODN design strategy

To investigate the effect of the Tm of ssODN on the delivery of RNPs,
the biodistribution of the DyLight 650-labelled RNP-loaded LNPs was
quantified at 1 h after intravenous administration. Both RNP-loaded
LNPs and free RNP migrated mainly to the liver (Fig. 4A). Intrahepatic

A 1200 ; i . § B 60 -
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: 50 - g A ° G269
1 ' o\
~ 900 - * ! 3 Y
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£ 600 - = | S 3 ?
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Fig. 3. Evaluation of TTR KO activity in vivo. (A) Evaluation of KO activity in vivo. RNP-loaded LNPs were administered to BALB/c mice at 2 mg RNP/kg and serum
TTR levels were measured 7 days later. n = 3-12. *p < 0.05, **p < 0.01 (Dunnett, vs. NT). (B) Relationship between calculated Tm of ssODN and TTR KO activity

in vivo.
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observations using confocal laser scanning microscopy (CLSM) revealed
that free RNPs were selectively taken up by liver sinusoidal endothelial
cells (Fig. S3). Compared to 0% complementary ssODN, both 40% and
80% complementary ssODN tended to accumulate to a greater extent to
the liver (no significant difference). On the other hand, the RNP-LNPs
accumulated to the spleen compared to the free RNP. As mentioned
above, the formation of RNP-ssODN complexes is important for the
synthesis of size-controlled LNPs. In other words, if an RNP-ssODN
complex does not form, the encapsulation of Cas9 protein inside the
LNP is low and Cas9 proteins may be only partially absorbed on the LNP
surface. It is possible that the Cas9 protein that was absorbed on the LNP
surface is recognized by certain phagocytic cells, thus increasing the
amount of migration to the spleen. These findings suggest that the for-
mation of sequence-specific RNP-ssODN complexes is important for
achieving hepatic accumulation.

Since in vivo experiments showed that the Tm of ssODN had a sig-
nificant impact on the hepatic delivery of RNPs and TTR KO activity, we
then conducted an in vitro validation to determine if the ssODN design-
based Tm regulation was functional. Cleavage of the target dsSDNA was
quantified after the incubation of dsDNA and the RNP-ssODN complexes
at 37 °C, which mimics temperature in vivo. As a result, the cleavage
activity of the 80% complementary ssODN was significantly inhibited,
while 40% complementary ssODN showed a comparable cleavage ac-
tivity to the 0% complementary ssODN (Fig. 4B, S4A). This, therefore,
suggests that 40% complementary ssODN (calculated Tm: 26 °C) does
not interfere with gene KO activity due to its efficient dissociation from
RNPs in the cells (~37 °C). On the other hand, the 80% complementary
ssODN (calculated Tm: 50 °C) failed to dissociate from the RNPs in the
cells and therefore inhibited the binding of RNPs to the target gDNA
followed by the induction of gene KO. The decreased cleavage activity in
the presence of 0% complementary ssODN compared to free RNP
(without ssODN) can be attributed to the sequence-independent
adsorption of ssODN on the positively charged Cas9 protein, which

S
1
0.1
0.01
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Fig. 4. The biodistribution of RNP-
loaded LNPs and the DNA cleavage ac-
tivity in vitro. (A) The biodistribution of
LNPs and free RNP. DyLight 650-labelled
RNP-loaded LNPs were administered to
BALB/c mice at 2 mg RNP/kg. RNPs
were quantified 1 h later. n = 3. *p <
0.05, **p < 0.01 (SNK). (B, C) Evalua-
tion of the DNA cleavage activity in vitro.
(B) RNP-ssODN and the target dsDNA
were incubated at 37 °C for 30 min and
the cleavage activity then evaluated. n
= 3. **p < 0.01 (SNK). (C) RNP-ssODN
and the target dsDNA were incubated
at 15 °C for 8 h and evaluated the
cleavage activity. n 3. **p < 0.01
(SNK).
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potentially inhibits the binding to target dsDNA and/or cleavage activ-
ity. As there are high concentrations of endogenous nucleic acids in the
cells, the nonspecific adsorption of nucleic acids to Cas9 proteins would
occur even in the absence of ssODN. Therefore, in actual cells, the
possibility of the inhibition of cleavage activity by the sequence-
independent adsorption of 0% complementary ssODN or 40% comple-
mentary sSODN co-transfected with RNP is considered to be unlikely.

To verify the temperature dependence of RNP-ssODN complexation,
we investigated the target DNA cleavage activity at 15 °C, near or below
room temperature, where 40% complementary ssODNs would be ex-
pected to complex with the RNPs. The cleavage activity of the 40%
complementary ssODN was significantly lower than that of the 0%
complementary ssODN (Fig. 4C, S4B), suggesting that 40% comple-
mentary ssODN (calculated Tm: 26 °C) can form RNP-ssODN complexes
at 15 °C. This result suggests that the formation and dissociation of
sequence-specific RNP-ssODN complexes was a temperature-dependent
process.

The formation and dissociation of the RNP-ssODN complex was
verified by measuring polarization using 5’-FAM-labelled ssODN
(Fig. 5A). The difference between the polarizabilities P of ssODN itself
and RNP-ssODN complexes was taken as AP. The faster the rotation of
FAM, the smaller is the polarizability P. Therefore, a larger AP indicates
the efficient binding of ssODN to RNP. In this experiment, 20 nt ssODNs
excluding the poly(A) regions at both ends were used so that FAM
rotational kinetics would reflect the binding of ssODNs to RNPs. For
sgRNA, in addition to sgTTR, which forms a complementary strand with
ssODN, sgGFP, which has an unrelated sequence, was used as a negative
control. The difference in AP for each sgRNA was defined as AP’. For the
80% complementary ssODN, a large change in polarizability between
ssODN and RNP-ssODN occurred only for sgTTR (AP and AP’ values
were highly positive) (Fig. 5B-D). No change in polarizability occurred
when 0% complementary ssODN or 40% complementary ssODN or
sgGFP was used. Moreover, the AP value became smaller with increasing
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Fig. 5. Measurement of RNP-ssODN mobility using polarimery. (A) Illustration of the experimental system. 20 nt ssODN modified with FAM at the 5' end was used to
measure polarization. (B, C) The difference between the polarizabilities P of ssODN itself and RNP-ssODN was AP. (B) AP with sgGFP. n = 3. **p < 0.01 (Dunnett, vs.
0%). (C) AP with sgTTR. n = 3. **p < 0.01 (vs. 0%) (Dunnett). (D) The difference between AP of sgGFP and sgTTR was AP’. n = 3. **p < 0.01 (Dunnett, vs. 0%).

temperature from 25 °C to 37 °C. Therefore, this suggests that the for-
mation and dissociation of sequence-specific RNP-ssODN complexes was
temperature-dependent. However, no sequence-dependent difference in
mobility was observed for the 40% complementary ssODN, which would
be the result of the presence of mismatched bases at the 5'-end of ssODN.

The above polarization experiment failed to detect the formation of
RNP-ssODN complexes for 40% complementary ssODN which can be
attributed to the unintended high flexibility of FAM due to mismatched
bases in ssODN. Thus, we measured the Tm of the RNP-ssODN complex
by measuring the difference in distance by fluorescence quenching using
5’-FAM-labelled sgRNA and 3’-IBFQ-labelled ssODN (Fig. 6A). In this
experiment, fluorescence is quenched by the proximity of FAM to IBFQ
only when ssODN forms a complementary strand with gRNA. In this

A 5 FAM sgRNA Free RNP

study, we used 20 nt ssODNs with the poly(A) regions at both ends
excluded because the proximity of fluorescence dye and quencher is
important for the efficiency of quenching. The fluorescence intensities of
FAM for RNP-ssODNs with 0%, 40%, and 80% complementary ssODNs
was monitored from 11 to 70 °C. The 40% and 80% complementary
ssODNs showed a substantial quenching of FAM at low temperatures and
the fluorescence increased with increasing temperature, indicating that
the dissociation of ssODNs from RNPs was temperature-dependent
(Fig. 6B). The temperature at which the change in fluorescence in-
tensity reached a maximum was defined as the “measured” Tm. The
measured Tm was 32 °C and 62 °C for the 40% and 80% complementary
ssODN, respectively (Fig. 6C), indicating that 40% complementary
ssODN dissociate from RNPs while the 80% complementary ssODN

RNP-ssODN
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Fig. 6. Verification of the formation of RNP-ssODN complex by fluorescence quenching. (A) Illustration of the experiments. 5’-FAM-labelled sgRNA and 3’-IBFQ-
labelled 20 nt ssODN were used to monitor the FAM fluorescence. (B) A plot of fluorescence intensity of FAM against temperature. Fluorescence of FAM was
monitored from 11 °C to 70 °C. n = 3. (C) Change in FAM fluorescence with temperature change. n = 3.
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remained fully bound to RNPs under an in vivo environment (~40 °C).
These data strongly support the conclusion that dissociation of ssODN
from RNP upon being delivered to the cytosol is a critical process for
gene KO. Compared to 80% complementary ssODN, the 40% comple-
mentary ssODN showed a smaller quenching extent (Fig. 6B). Similar to
the polarization experiment, this may be due to the large average dis-
tance between FAM and IBFQ because the 40% complementary ssODN
has a large number of mismatched bases at the 3’-ends. However,
although differences in quenching efficiency were observed between
80% and 40% complementary ssODNs, the formation of an RNP-ssODN
could be detected because quenching can occur even when FAM and
IBFQ are slightly distanced from one another.

3.5. Evaluation of KO activity in vivo by repeated administration

TTR KO activity of the ssODN-optimized LNPs (sgRNA: sgTTRG211,
ssODN: 40% complementary ssODN) was also evaluated. The RNP-LNPs
achieved a 56% reduction in serum TTR protein levels after a single
administration (Fig. 3A). We then examined the issue of whether its KO
effect is cumulative by repeated administration and whether the RNP-
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LNP is toxic when sufficient KO efficiency is achieved. The RNP-LNPs
were intravenously administered at a dose of 2 mg RNP/kg for 2 days.
Serum TTR protein levels and editing in the liver were examined at 1
week after the last dose. The results showed that the RNP-loaded LNPs
achieved an approximately 80% reduction in serum TTR protein level
(Fig. 7A). An approximate indel mutation of 27% was detected by a T7
endonuclease 1 (T7E1) assay (Fig. 7B). Negligible cleavage in the spleen
and lung was observed, suggesting that the RNP-loaded LNPs func-
tionally delivered RNPs specifically to the liver (Fig. S5). Furthermore,
the NGS showed that 70% of TTR genes in the whole liver were edited
(Fig. 7C). Single nucleotide insertion was dominant in the edited reads
(Fig. 7D).

The safety of RNP-loaded LNPs was evaluated after consecutive
administration. No significant difference in body weight was observed
between the LNP and PBS groups (Fig. S6). Analysis of hematological
parameters revealed no significant increase in indicators of hepatotox-
icity, alanine transaminase (ALT) and aspartate transaminase (AST)
(Table 2). The pH-responsive cationic lipid CL4H6 used in this study is
known to be rapidly degraded by esterase enzymes and only about 1%
remained in the liver after 24 h [25]. Therefore, we conclude that the
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Fig. 7. Evaluation of KO activity in vivo by the repeated administration of RNP-loaded LNPs. (A) RNP-loaded LNPs were intravenously administered to BALB/c mice
at a dose of 2 mg RNP/kg on two consecutive days, and serum TTR levels were measured 7 days after the last dose. n = 3. (B) DNA extracted from the liver was
evaluated by a T7E1 assay. n = 3. (C) Editing efficiency in the liver measured by NGS. n = 3. (D) The top seven alleles around the cleavage site in the LNP-

treated group.
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Table 2

Hematology of the administered RNP-LNP on consecutive days.
Parameters PBS LNP Parameters PBS LNP
TP (g/dL) 3; = 382 + ALT (IU/L) 300+ 1.6 f627 +
R ST T T G UL
e ok BTy B9s B0
Tomeoaixo U7E yeraun <3 <3
Na (mEq/L) f(l)ﬁ (1).459,;7 * E'SHO M8/ g0.0+5.9 2.75'3 +
K (mEq/L) ‘0‘5 + 42+03 TG (mg/dL) 1(5)727 + ;497 +
Cl (mEq/L) 10(9):3 107 £ 0.8 SIBL'C M8/ 480+ 2.9 ?.160 *
iy S35 sason TEO s 00
b 350 0 Suew m7e s
astauay  A3E 778

TP: total protein, ALB: albumin, BUN: blood urea nitrogen, CRE: creatinine, IP:
inorganic phosphates, AST: aspartate transaminase, ALT: alanine transaminase,
LDH: lactose dehydrogenase, AMY: amylase, y-GT: gamma-glutamyl trans-
peptidase, T-CHO: total cholesterol, TG: triglyceride, HDL—C: high density li-
poprotein cholesterol, T-BIL: total bilirubin, GLU: glucose. n = 3. *p < 0.05 (vs.
PBS).

RNP-loaded LNPs are quite safe and that this is due to the high biode-
gradability of the CL4H6 that is used in the formulation.

4. Discussion

In this study, the formation of sequence-specific RNP-ssODN com-
plexes was found to be important for the encapsulation of RNP into an
LNP and their migration to the target organ. In parallel, the efficient
dissociation of ssODN from RNP was critical for cleaving the target
gDNA by the RNPs. Therefore, the design of ssODNs that form and
dissociate sequence-specific complexes in a temperature dependent
manner should be a useful strategy for efficient in vivo genome editing by
enabling both complex formation during manufacture and intracellular
dissociation. In previous reports regarding the delivery of RNPs by DNA
Nanoclew, the authors indicated that the partial complementation of
Nanoclew and sgRNA was important for the efficient delivery of RNP
and the induction of efficient KO activity, but there is no report that
focused on the optimum complementation and Tm of ssODN and sgRNA
[29,30]. In this study, we established a method of determining the op-
timum complementation of ssODN for specific sgRNAs by designing
ssODNs based on Tm regulation. Moreover, this strategy is a versatile
strategy that can be applied to other RNP delivery carriers. Therefore, it
represents one useful approach to the current challenges of RNP delivery
by non-viral vectors, such as low loading efficiency and low stability in
vivo. The development of a selective organ targeting (SORT) LNP
allowed genome editing to be achieved, not only in the liver but also in
the lung by the delivery of RNP [24]. Combining this strategy is also
expected to achieve efficient genome editing in non-liver tissue.

In this study, we found a large difference in the KO activity of two
sgRNAs (TTRG211, TTRG269), which showed comparable activity in a
previous report (Fig. 3A) [28]. In the CRISPR/Cas system, RNPs need to
unravel the DNA double helix when searching for target sequences, and
their cleavage activity has been reported to be greatly reduced in the less
accessible heterochromatin regions [31-33]. Since the previous report
used CD-1 mice whereas BALB/c mice were used in the present study,
the difference in activity of the two sgRNAs may be due to differences in
nucleosome occupancy of the target sequence between the mice strains.

The fully (100%) complementary ssODN of sgTTR-G211 showed a

414

Journal of Controlled Release 355 (2023) 406-416

higher KO activity compared to the 80% complementary ssODN
(Fig. 3A). ssODN forms a secondary structure by intramolecular base
pairing based on hydrogen bonding in a sequence-dependent manner
[34]. The substantial activity of the 100% complementary ssODN of
sgTTR-G211 can be attributed to the presence of self-complementary
sequences within the ssODN, which may contribute to destabilizing
the formation of complementary strands with sgRNA (lower Tm), which
is not accounted for in the Wallace method. The secondary structure of
the 100% complementary ssODN was predicted using the Mfold online
server (http://www.unafold.org/) (Fig. S7) [35]. However, these results
were only predictions, and it is not possible to consider the complicated
environment in vivo. Therefore, although it is difficult to quantitatively
evaluate the impact of the secondary structure of ssODNs at this time,
this is a future task to be addressed. The 0% complementary ssODN and
polyA showed a low KO activity in spite of their high encapsulation
efficiencies (Fig. 3A, Table 1).

The ssODNs with the mismatched bases at the 3’ or 5'-end of the
complementary region with sgRNA showed a high KO activity compared
to the ssODNs with mismatched bases at both ends of the complemen-
tary region (Fig. S2). In particular, the 25 °C-3' and 25 °C-5’ ssODN
showed TTR KO activity that was comparable to that for the repeated
administration of 40% ssODN (Tm 26 °C) with mismatched bases at both
ends of the complementary region. This suggests that KO activity is
affected, not only by the Tm value of ssODN but also the location of
mismatched bases. The location of mismatched bases may affect the
formation of secondary structures of ssODNs, the encapsulation of Cas9
proteins and the internal structure of RNP-LNPs. This represents a sub-
ject that should be investigated in a future study.

The RNP-LNP with 0% complementary ssODN was significantly
heterogeneous compared with 40% and 80% complementary ssODNs
(Fig. S8). This suggests that the formation of sequence-specific RNP-
ssODN complexes can impart negative charges directly to the RNPs,
therefore contributing to the synthesis of homogenous RNP-LNPs.
Therefore, it is probable that the internal structure (e.g. the distribu-
tion of RNPs in LNP) of RNP-LNP with 0% complementary ssODN differs
from RNP-LNPs with ssODNs which have a high complementary ratio.
The difference in internal structure could affect the stability of RNP-
LNPs in vivo, such as binding to blood proteins and the efficiency of
delivery to the target cells, which may be one of the reasons for the low
KO activity of the 0% complementary ssODN and polyA. However, we
failed to identify any differences in these RNP-LNPs by evaluating the
encapsulation efficiencies, so it is important to evaluate the encapsula-
tion efficiency of the Cas9 protein and to examine the structure of RNP-
LNPs in the future.

The KO activity, as evaluated by a T7E1 assay, was lower than that
evaluated by ELISA and NGS. Of the indels induced by the RNP-loaded
LNP, 71% were insertions of T. However, as the T7E1 enzyme cannot
recognize single nucleotide mutations, the KO activity evaluated by a
T7E1 assay was significantly lower than the values for the other two
analyses [36,37]. The indels induced by spCas9 are most commonly
associated with single nucleotide insertions [38]. In a preclinical study
of mRNA-LNP (NTLA-2001) in Caique monkeys using CRISPR/Cas,
which is currently undergoing clinical trials, 99% of the mutations that
occurred were T insertions, and the results of our study are also
consistent with this finding [4].

By the repeated administration of RNP-LNPs, we achieved an
approximately 80% reduction in the serum levels of the TTR protein
(Fig. 7A). TTR is the causative gene in familial amyloid polyneuropathy
(FAP) and a target of FDA-approved nucleic acid-based medicines such
as patisiran and inotersen, which show promising therapeutic effects by
reducing serum TTR protein level [39,40]. These medicines have shown
clinical effects by an approximately 80% reduction in serum TTR protein
levels (patisiran: 81%, inotersen: 74%). Therefore, the double admin-
istration of the RNP-LNPs is expected to have considerable potential for
achieving therapeutic effects.

In this study, because both ends of the ssODN are poly(A) to avoid
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secondary structure formation, knock-in by homologous recombination
(HR) using the ssODN as a template is not possible. Our current strategy
ensures the consistency of the physicochemical properties of LNPs, the
efficiency of the introduction of RNPs, and the intracellular dynamics of
RNPs in the delivery of RNP aimed gene knockout. It is possible to
induce the knock-in of a short fragment or base substitution by using
ssODN with homology arms, as was demonstrated in our previous report
[26]. On the other hand, gene knock-in utilizing HR is difficult to apply
for non-dividing cells that make up most of the somatic cells in the body
because HR is known to occur only in the late S and G2 phases of the cell
cycle [41]. Gene knock-in methods such as Precise Integration into
Target Chromosome (PITCh) system utilizing microhomology-mediated
end-joining (MMEJ) and homology-independent targeted integration
(HITI) system utilizing non-homologous end joining (NHEJ) have been
reported recently [42,43]. In the future, these methods could be applied
to RNP-loaded LNP to achieve highly efficient gene knock-in by a
completely artificial non-viral delivery system.

Further modification of ssODN can also be considered. In this study,
both ends of the ssODN are poly(A), but it is possible that ssODNs, which
form compact higher-order structures only at both ends, may increase
the efficiency of incorporation of RNP into LNPs. The possibility of un-
intended genetic recombination occuring due to the use of ssODNs that
differ from the genomic DNA sequence is also a concern. Since both ends
of ssODN are poly(A), the possibility of genetic recombination is very
low in consideration of the affinity, but this was not verified in detail in
this study. In our previous report, we reported on the successful efficient
delivery and induction of gene knockout by complexing ssRNA with
both spCas9 and Cpfl RNPs [26]. The use of ssRNA as a negative charge
to RNPs enable the risk of unintended genetic recombination to genomic
DNA to be avoided and the safety of genome editing with RNP-loaded
LNPs to be improved.

A further prospect is the development of optimal lipids for RNP de-
livery. In this study, we used pH-responsive cationic lipids (CL4H6) that
were identified in a study of siRNA delivery [25]. It is possible that
cationic lipids suitable for the delivery of RNPs with complex properties
and diffuse charges on protein surfaces may be very different from those
that are suitable for siRNAs and mRNAs. It is quite possible that the gene
knockout activity of RNP-loaded LNP could be further enhanced by
developing cationic lipids that are more suitable for efficient RNP
delivery.

5. Conclusions

In this study, we report on a method for determining the optimal
complementation rate of ssODN for the in vivo delivery of any sgRNA
CRISPR/Cas RNPs by designing ssODNs based on Tm regulation. By
adding mismatches to ssODN based on Tm regulation, we succeeded in
both RNP-ssODN complex formation during formulation and dissocia-
tion in the cell. The ssODN-optimized formulation was shown to induce
robust gene disruption in vivo without any apparent toxicity. These
findings represent a significant contribution to the development of safe
in vivo CRISPR/Cas RNP delivery technology and its practical applica-
tion in genome editing therapies.
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