
Original Article
In vivo genome editing for hemophilia
B therapy by the combination of rebalancing
and therapeutic gene knockin using a viral
and non-viral vector
Jeong Hyeon Lee,1 Jeong Pil Han,1 DongWoo Song,2 Geon Seong Lee,1 Beom Seok Choi,3 MinJeong Kim,4 Yeji Lee,5

Seokjoong Kim,3 Hyukjin Lee,5 and Su Cheong Yeom1,6

1Graduate School of International Agricultural Technology and Institute of GreenBio Science and Technology, Seoul National University, 1447 Pyeongchang-Ro, Daewha,

Pyeongchang, Kangwon 25354, Korea; 2Aavatar Therapeutics, Misadaero, Hanam, Gyeonggi-do, 12925, Korea; 3Toolgen, Inc., 172 Magokjungang-Ro, Gangseo, Seoul

07788, Korea; 4Department of Biochemistry, Simmons Comprehensive Cancer Center, The University of Texas Southwestern Medical Center, Dallas, TX, USA;
5College of Pharmacy, Graduate School of Pharmaceutical Sciences, Ewha Womans University, Seoul, 03760, Korea; 6WCU Biomodulation Major, Department of

Agricultural Biotechnology, Seoul National University, 1 Gwanak-ro, Gwanank, Seoul 08826, Korea
Received 14 November 2022; accepted 16 March 2023;
https://doi.org/10.1016/j.omtn.2023.03.008.

Correspondence: Su Cheong Yeom, DVM, PhD, Professor, Graduate School of
International Agricultural Technology, Seoul National University, 1447
Pyeongchang-Ro, Daewha, Pyeongchang, Gangwon 25354, Korea.
E-mail: scyeom@snu.ac.kr
Recent therapeutic strategies for hemophilia include long-term
therapeutic gene expression using adeno-associated virus
(AAV) and rebalancing therapy via the downregulation of anti-
coagulant pathways. However, these approaches have limita-
tions in immune responses or insufficiency to control acute
bleeding. Thus, we developed a therapeutic strategy for hemo-
philia B by a combined rebalancing and human factor 9 (hF9)
gene knockin (KI) using a lipid nanoparticle (LNP) and AAV.
Antithrombin (AT; Serpin Family C Member 1 [Serpinc1]) was
selected as the target anticoagulation pathway for the gene KI.
First, the combined use of LNP-clustered regularly interspaced
short palindromic repeats (CRISPR) and AAV donor resulted
in 20% insertions or deletions (indels) in Serpinc1 and 67%
reduction of blood mouse AT concentration. Second, hF9 cod-
ing sequences were integrated into approximately 3% of the
target locus. hF9KI yielded approximately 1,000 ng/mL human
factor IX (hFIX) and restored coagulation activity to a normal
level. LNP-CRISPR injection caused sustained AT downregula-
tion and hFIX production up to 63 weeks. AT inhibition and
hFIX protein-production ability could be maintained by the
proliferation of genetically edited hepatocytes in the case of
partial hepatectomy. The co-administration of AAV and LNP
showed no severe side effects except random integrations.
Our results demonstrate hemophilia B therapy by a combina-
tion of rebalancing and hF9 KI using LNP and AAV.

INTRODUCTION
Hemophilia is a genetic disorder involving a coagulation factor defi-
ciency, along with spontaneous and excessive bleeding associated
with surgery or trauma.1HemophiliaB is causedby adeficiencyof coag-
ulation factor IX (FIX),2 and its prevalence is 1 in 25,000 male births.
Various hemophilia treatments have been developed, but there are still
unmet needs in terms of efficacy, safety, ease of treatment, and cost.3
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General treatment for hemophilia involves the use of recombinant
proteins, but repeated administration is required. Recently, recombi-
nant coagulation factors with extended half-lives have been devel-
oped. However, the reported maximum half-life of recombinant
FIX is still approximately 100 h, insufficient to solve the limitation.4

Therefore, advanced therapies are being developed to overcome the
short-term therapeutic effect of recombinant clotting factors. Ad-
eno-associated virus (AAV)-mediated gene therapy has reduced
bleeding events and prolonged blood coagulation factor synthesis
for several years.5–7 AAV has been used for gene therapies because
of its high tissue-specific tropism and efficient transduction potential.
However, the immune response to its capsid and the possibility of
random integration are safety issues that need to be considered.8,9

Alternatively, rebalancing therapy via downregulation of three repre-
sentative anticoagulant pathways, namely those of tissue factor
pathway inhibitor (TFPI), antithrombin (AT), and activated protein
C, has been attempted.10 Inhibition of gene expression using small
interfering RNA (siRNA) ormonoclonal antibody (mAb) was applied
for rebalancing. A therapeutic AT siRNA (such as fitusiran)11,12 and a
mAb against TFPI (such as concizumab)13 showed hemostatic effects
on hemophilia, with or without inhibitors. Various types of coagula-
tion disorders can be treated by rebalancing against AT through
weekly or monthly subcutaneous injections.10 However, as shown
in clinical trials for AT siRNA, rebalancing might be insufficient to
control acute bleeding.14 Therefore, it needs to be combined with
another therapeutic method.
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To this end, therapeutic gene knockin (KI) is considered a next-gen-
eration strategy for restoring protein synthesis ability.15 The clinical
trial was terminated for in vivo human factor 9 gene (hF9) KI using
zinc finger nuclease (ClinicalTrials.gov: NCT02695160). In vivo
genome editing is carried out by inducing breakage in the targeted
DNA using a nuclease and then knocking the therapeutic gene into
the target site. The clustered regularly interspaced short palindromic
repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) technology
has made targeted gene editing easier.16 However, the difficulty in
delivering CRISPR-Cas9 and donor templates to target cells and
low in vivo KI efficiency continue to pose challenges to gene editing.17

To improve the in vivo KI efficiency, the strategy of knocking a ther-
apeutic gene into a locus with high expression can be adopted. For the
development of in vivo therapeutic gene KI, CRISPR-Cas9 and donor
templates should be delivered into the nucleus of target cells. AAV
could deliver nucleic acid templates across the nuclear pore complex,
making it a suitable tool for donor delivery for in vivo KI.18 Recent
studies have used AAVs for CRISPR-Cas9 and donor template deliv-
ery in vivo, but they exhibited low KI efficiencies.19,20 Furthermore,
AAV-packed CRISPR-Cas9 could induce long-term expression as
an episomal persistence,21 and this property might cause long-lasting
double-stranded DNA breakage (DSB) and off-target effects. In
contrast, lipid nanoparticles (LNPs) are rapidly activated and
degraded within 1–4 days after in vivo transfection.22 Our previous
work has demonstrated safe and highly efficient in vivo gene targeting
with LNP-incorporated CRISPR-Cas9.23

We attempted to establish a strategy for hemophilia treatment by
combining rebalancing anticoagulation pathways and therapeutic
gene KI. Hemophilia B was selected as a candidate disease to prove
this concept. F9 is a small-sized gene encoding coagulation FIX in he-
patocytes and is easy to pack with AAV. After selecting the target lo-
cus among the rebalancing-related genes, hF9 was knocked into this
locus in vivo using a hybrid system of LNP-packed CRISPR (LNP-
CRISPR) and AAV-packed hF9 donor templates. Here, we demon-
strate that recovery from hemophilia is possible through a combina-
tion of rebalancing therapy and therapeutic gene KI in amousemodel.

RESULTS
Serpin Family C Member 1 was selected as the target locus for

therapeutic gene KI

Since we intended to knock the therapeutic gene into the locus of an
anticoagulant pathway gene, it was necessary to select the optimal
target locus (Figure 1A). Expression of liver tissue-derived Serpin
Family C Member 1 (Serpinc1; encoding AT), Tfpi, and Protein C
was compared, and Serpinc1 was found to show a significantly higher
expression than the others (p < 0.001) (Figure 1B). Therefore, Ser-
pinc1 was selected as the target locus for hF9 KI for inducing higher
therapeutic gene expression, even under a low KI frequency.

AAV-trap strategy with a bidirectional AAV donor efficiently

induced hF9 KI

Since we previously developed a highly efficient LNP-CRISPR for AT
targeting,23 LNP-packed single guide RNA (sgRNA) and Cas9 mRNA
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(LNP-CRISPR) targeting the third exon of Serpinc1 locus were used in
this study. As the next step, we needed to select a strategy for in vivo
hF9 KI. Recently, we reported a dual AAV introduction strategy with
hF9 KI into apolipoprotein C3 (Apoc3) for hemophilia B therapy.18 In
this study, AAV8-packed Campylobacter jejuni Cas9 was applied to
induce targeted DSB. In addition, three different AAV8-packed do-
nors for homologous recombination (HR), homology-independent
targeted integration (HITI), and AAV trap were prepared to compare
KI efficiency in different targeted integration strategies. The AAV trap
with a bidirectional strategy induced the highest hFIX blood concen-
tration.18 Similarly, target gene integration using bidirectional AAV
has been applied to other KI studies of therapeutic genes.24–26 There-
fore, we used the bidirectional AAV donor, which can trap the endog-
enous Serpinc1 promoter signal after integration into the KI locus
(Figure 2A). The LNP-CRISPR and AAV donor were transfected
into a primary hepatocyte or mouse hepatocyte cell line (AML12),
and hF9 KI and hFIX production were confirmed in cells treated
with LNP-CRISPR and AAV donor simultaneously (Figure 2B).
This observation suggested that the AAV-trap strategy with the bidi-
rectional AAV donor could be applied for in vivo hF9 KI through the
combined use of LNP-CRISPR.

Combined use of LNP-packaged CRISPR-Cas9 and AAV donor

decreased at concentration efficiently

We expected that AAV donor transduction before LNP-CRISPR in-
jection could reduce the dose of genetic material and provide the
time for delivering the donor template in the nucleus before DSB for-
mation by LNP-CRISPR. Hence, transgene expression after AAV
transduction was analyzed weekly using AAV8 luciferase and hairless
mice. Since high luciferase expression was observed at 2–3 weeks after
AAV transduction (Figure S1), we decided on 2 weeks as a time of
AAV transduction for donor preparation. We injected AAV donor
and LNP-CRISPR into F9Mut mice after a 2 week interval (Figure 2C).
LNP-CRISPR-injected groups (F9Mut-LNP and F9Mut-AAV-LNP) re-
sulted in approximately 22% and 27% insertion or deletion (indel)
formation in the liver, respectively, but other mouse groups (wild
type [WT], F9Mut, and F9Mut-AAV) did not show any evidence of in-
del formation (Figure 2D). In addition, there was a difference in the
reduction in blood AT concentration between F9Mut-LNP and
F9Mut-AAV-LNP mice, at 34% and 67%, respectively, compared
with that in the F9Mut control group. It has been reported that
when DSB occurred by AAV-packed SpCas9, the AAV sequence inte-
gration in the DSB site was up to 47%, but AAV integration at the off-
target site did not increase.26 Thus, we reasoned that the frequency of
error-free DNA repair or non-frameshift deletion might be reduced
by AAV-donor integration into the DSB site, which led to a relatively
reduced AT concentration of F9Mut-AAV-LNP compared with
F9Mut-LNP (Figure 2E). Thus, this implied that the combined use
of LNP-CRISPR and AAV donor was effective for inducing rebalanc-
ing through potent AT targeting.

Therapeutic hF9 was knocked into the targeted Serpinc1 locus

The combination strategy aims to induce rebalancing and hFIX
expression simultaneously. This study applied two different delivery



Figure 1. Serpinc1 was selected as the target locus

for hF9 gene knockin (KI)

(A) Candidate rebalancing genes for therapeutic hF9 KI

(blue letters: anticoagulant genes, red line: inhibition signal,

blue and gray arrows: coagulation cascade). (B) Relative

gene expression of Serpin Family C Member 1 gene (Ser-

pinc1), tissue factor pathway inhibitor (Tfpi), and Protein C

in the liver tissue (wild-type [WT]: n = 4). Each gene

expression was normalized to that of Gapdh. Each dot

represents data from an individual mouse. Data are pre-

sented as mean ± standard error of mean, calculated using

one-way ANOVA (***p < 0.001).
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vectors, which could lead to target-organ-specific hF9 KI by overlap-
ping the biodistribution of these vectors. The biodistributions of
AAV8 were evaluated using AAV8-delivered luciferase, and AAV8
shows high delivery efficiency to the liver (Figure S1). The hF9
AAV-donor level in the liver was highest among other organs (Fig-
ure S2). Consistently, indels were observed only in the liver (Fig-
ure S2), leading to liver-specific KI of the therapeutic gene. Since
AT targeting in the liver was confirmed, the production of hFIX
needed to be verified. hF9 integration into the liver tissue was
analyzed 10 weeks after AAV-donor transduction (Figure 2C). Tar-
geted hF9 integration was observed only in the group co-transfected
with LNP-CRISPR and AAV donor (F9Mut-AAV-LNP). Sanger
sequencing results revealed that partial sequences of the inverted ter-
minal repeat (ITR) were fused into the target Serpinc1 locus (Fig-
ure 3A). Genomic DNA (gDNA)-based quantitative PCR showed
amplification of the KI sequence solely in F9Mut-AAV-LNPmice (Fig-
ure 3B). In addition, detectable KI was only observed in the liver (Fig-
ure S2). hF9 KI yielded approximately 1,000 ng/mL hFIX in plasma
(Figure 3C). Active hFIX in plasma was detected to be high in the
WT and AAV-LNP groups, supporting the therapeutic effect of the
AAV-LNP treatment (Figure 3D). The sequencing-based analysis re-
ported possibly fragmented or full-length AAV integration,26 but
hFIX production suggested that full hF9 coding sequences were
knocked in in the Serpinc1 exon region. Therapeutic hF9 KI was
confirmed by detecting hFIX expression in hepatocytes (Figures 3E
and S3). Further, low levels of hFIX were detected in the F9Mut-
AAV group (Figures 3C and 3E). In brief, combined use of AAV
donor and LNP-CRISPR efficiently induced targeted hF9 integration
by ITR sequence fusion into the Serpinc1 locus and produced active
plasma hFIX.

Combination of rebalancing and therapeutic gene KI restored

coagulation activity

Since each AT-targeting and hF9 KI could exert therapeutic effects in
hemophilia B mice,18,23 the improvement of blood coagulation activ-
ity by F9Mut-AAV-LNP was analyzed. The results of activated partial
thromboplastin time (aPTT) analysis revealed a marked improve-
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ment in coagulation activity in the F9Mut-AAV-
LNP group. The F9Mut-AAV group showed an
improvement in coagulation activity as well.
Moreover, restored coagulation activity was ex-
pected in F9Mut-LNP mice by rebalancing as a result of reduced
Serpinc1 expression and blood AT concentration (Figure 2E).11 How-
ever, as per the results of the aPTT analysis, the enhancement in coag-
ulation activity was not seen in the F9Mut-LNP group (Figure 4A).
This might have resulted from a limitation of the aPTT analysis,
which can evaluate only the initiation phase of coagulation.27

Alternatively, the calibrated automated thrombogram (CAT) could
evaluate the entire coagulation process, which could better reflect
bleeding and thrombotic risks that occurred in vivo.27 Therefore,
further CAT analysis was conducted to analyze the thrombin-forma-
tion ability. As expected, the F9Mut-AAV-LNP group showed
thrombin-generation activity similar to that of the WT mice with re-
gard to the peak time and peak height. Peak height refers to the
maximum level of thrombin generated, and peak time refers to the
time for reaching peak height. Both indexes represent the restoration
of coagulation ability in the F9Mut-AAV-LNP group. The F9Mut-AAV
and F9Mut-LNP groups also showed improved thrombin-generation
activity (Figure 4B). Summarizing the results of aPTT and CAT ana-
lyses, blood coagulation activity can be restored to a level almost com-
parable to that of WT through combined therapeutic gene KI (hF9 in
this case) and AT level reduction.

Prolonged therapeutic protein expression was observed after

in vivo gene editing

A goal of CRISPR-mediated gene editing is to bring about sustainable
therapeutic effects. WT mice were used to analyze the long-term
reduced AT and hFIX synthesis with repeated blood sampling. Two
weeks after AAV donor and LNP-CRISPR injection, AT and hFIX
concentrations in the blood weremeasured every 4 weeks (Figure 5A).
A single LNP-CRISPR injection decreased blood AT concentration to
approximately 35% in control mice and was maintained for 20 weeks.
In addition, a combination of AAV donor and LNP-CRISPR sig-
nificantly lowered the blood AT concentration compared with the
LNP-CRISPR control (p = 0.003). This observation was consistent
with results from the F9Mut mice (Figure 2E) and indicated that the
AAV-donor template decreases the rate of precise repair or non-
Therapy: Nucleic Acids Vol. 32 June 2023 163
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Figure 2. In vivo human F9 gene KI into the Serpinc1 locus decreased antithrombin concentration in the blood

(A) Brief schematic representation of in vivo human (h)F9 KI into the third exon of Serpinc1 (thunder symbol: DSB site, blue letters: sgRNA binding sequences, red letters:

protospacer adjacent motif [PAM] sequences; SA, splicing acceptor; hF9, coding sequence of hF9; pA, polyadenylation; LNP-CRISPR; lipid nanoparticle-packed SpCas9

mRNA and sgRNA). (B) Polymerase chain reaction (PCR) for KI and enzyme-linked immunosorbent assay (ELISA) for human factor IX (hFIX) was conducted after hF9 KI into

the Serpinc1 locus using a primary hepatocyte and AML12 cell line (n = 4). (C) Brief information on experimental groups and injection schedule of genetic materials. (D)

Identification of indel by T7E1 and calculation of indel rate using Sanger sequencing and algorithm-based analysis. (E) Mouse antithrombin (AT) concentration in the blood of

different treatment groups, measured using ELISA. Each dot represents data from an individual mouse. Data are presented as mean ± standard error of mean, calculated

using unpaired one-way ANOVA (**p < 0.01, ***p < 0.001, and ****p < 0.000).
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frameshift indels. Similarly, blood hFIX concentrations were
increased to more than 500–700 ng/mL after AAV and LNP injection
and were stably maintained for 20 weeks. An additional analysis at
63 weeks after LNP-CRISPR injection revealed sustained AT downre-
gulation and hFIX production. Increased hFIX concentration was
observed in the AAV- and LNP-injected groups; thus, we reasoned
that hF9 was integrated into the Serpinc1 locus and that gradually
increased Serpinc1 expression according to age would affect hF9
gene expression. Although AAV therapy is known to overcome pre-
existing inhibitors,28 we used WT mice for repeated blood sampling;
therefore, short-term therapeutic effects against the inhibitor could
not be analyzed in this study. In addition, there was a low hFIX level
in the AAV-donor control group (Figure 5B).

The therapeutic effect was sustained even under partial

hepatectomy

We assumed that a sustained therapeutic effect of hF9 KI into the Ser-
pinc1 locus might be obtained by direct division of the genetically edi-
ted cells. Since 2/3 partial hepatectomy (PHx) facilitates hepatocyte hy-
perplasia,29 2/3 PHx after in vivo therapeutic gene KI could be a useful
tool for analyzing clonal expansion. Thus, 2/3 PHxwas conducted after
co-injection of AAV-donor and LNP-CRISPR. Following this, blood
was collected from these mice every 2 weeks (Figure 5C). Twenty weeks
after PHx, the liver mass was restored to 88% of that of control mice
164 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
(4.56% vs. 4% of liver to body weight in control vs. PHx), and the
size of the remaining right and caudate lobes after PHx was increased
(Figure 5D). Next, the concentrations of AT and hFIX were measured
using plasma. First, there was no decrease in blood AT concentration
by PHx in mice without AT targeting, but mice with in vivo AT target-
ing showed a rapid decrease in blood AT concentration to approxi-
mately 55% of the control after PHx and gradually recovered afterward
(Figure 5E). We interpreted that the AT concentration was affected by
the reduction in liver mass by additional PHx upon AT inhibition by
gene targeting. Second, hFIX concentration in the blood was not
different between the control and PHx groups (Figure 5F). This obser-
vation indicated that the plasma concentration of hFIX after in vivo KI
was not affected by the decrease in liver mass caused by PHx, similar to
previous reports.30,31 hFIX and Ki67 co-expressed cells were observed
in liver tissue from mice with PHx (Figure 5G). Ki67 is a marker for
proliferating cells and is poorly expressed in quiescent cells.32 The
co-expression of FIX-Ki67 in cells is indicative of hF9 KI hepatocytes
undergoing differentiation. In particular, there was no significant dif-
ference in the indel and KI rates in the hepatocytes of the control
and PHx groups (Figure 5H). A previous PHx study reported that
most of the residual hepatocytes were differentiated to induce mass re-
covery.33 Therefore, we reasoned that AT inhibition and hFIX protein-
production ability can be maintained by the proliferation of genetically
edited hepatocytes in the case of PHx.



Figure 3. Knocked in hF9 produced hFIX in hepatocytes

(A) PCR and Sanger sequencing-based genotyping for analyzing KI and its integration pattern. Primers were designed for both sides of the KI-expected regions. Sequencing

was conducted using 10 randomly selected clones from each KI-positive amplicon of F9Mut-AAV-LNP (red bar: KI sequence,mSerpinc1: endogenous sequence ofSerpinc1;

ITR, inverted terminal repeat; SA, splicing acceptor; yellow bar: unexpected indel). (B) Relative KI rates, as analyzed using quantitative PCR in the 30 site of the expected KI

locus. The KI rate was normalized to that of the F9Mut-AAV-LNP group. (C) hFIX concentration in the blood, measured using ELISA (n = 4 per group). Each dot represents data

from an individual mouse. Data are presented as mean ± standard error of mean, calculated using one-way ANOVA. (**p < 0.01 and ****p < 0.0001. (D) Active hFIX in the

blood was measured using a FIX activity assay kit (Fluorometric) (n = 4 per group). (E) Immunofluorescence images showing liver hFIX expression (100�). Yellow scale bar:

200 mm.
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The AAV-LNP hybrid system did not exert severe side effects

In the CRISPR-Cas-mediated therapeutic gene KI approach, safety is-
sues should be assessed in depth. LNP is a safe delivery tool for genetic
materials,34 and we reported the safety of LNP-CRISPR for AT target-
ing.23 In addition, the expression of proinflammatory genes such as
interferon-g, tumor necrosis factor a, and interleukin 1b was
analyzed using liver tissues, and there was no significant difference
between groups (Figure S4). Similarly, we assessed the possibility of
liver toxicity by measuring alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) concentrations in the blood after
combined use of AAV and LNP; results indicated the absence of
any remarkable long-term side effects (Figure 6A). In addition, there
were no remarkable clinical symptoms in mice after AAV or LNP
injection.

Most of all, this study used CRISPR-Cas9 and AAV, and thus off-
target DSB and random integration by AAV donor were critical is-
sues. Off-target DSB analysis can be performed through in silico
off-target site selection and targeted deep sequencing, but random
integration analysis can be conducted using whole-genome seq-
uencing (WGS). We performed WGS with more than 30� resolution
using liver gDNA from one control (F9Mut) and three KI (F9Mut-
AAV-LNP) mice (Table S1). After aligning WGS reads to the KI-ex-
pected gene map, soft-clipped reads with KI sequences and host
genomic sequences were extracted. Next, the KI position and rate
were calculated by alignment to the mouse genome assembly
GRCm39 (mm39) (Figure 6B). The indel rate at the on-target site
was approximately 20% (Figure 6C). Moreover, WGS analysis re-
vealed that hF9 coding sequences were integrated into approximately
3% of the target locus in hepatocytes. When the KI/indel rate was
calculated for each individual, KI appeared to occur in approximately
15% (3/20) of the indels (Figure 6C).

Next, off-target DSB was analyzed. There were no detectable indels in
the ten off-target candidate sites selected by Digenome-seq or
harboring the three base-pair mismatches selected through in silico
analysis (Table S2).23 Although WGS with 30–40� resolution could
not detect every random integration, random integration was
observed in analyzing the soft-clipped reads at three genomic sites.
The soft-clipped reads and predicted sequence of the random integra-
tion site showed no similarity to the sgRNA sequence of the on-target
site (Figure 6D; Table S3). This suggests that the bidirectional AAV
donor was integrated by itself rather than incorporated at the DSB
site induced by LNP-CRISPR. Two of the three detected random inte-
gration sites were identified on a CpG island that was associated with
frequent AAV integration.35 However, the off-target soft-clipped read
sequence also contained an “NGG” sequence; therefore, DSB induced
by LNP-CRISPR could not be ruled out. It is still unclear whether
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 165
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Figure 4. In vivo hF9 gene KI into the Serpinc1 locus restored coagulation activity

(A) Coagulation activity of different groups analyzed based on aPPT (n = 7–8 per group). (B) Thrombin-generation potential, analyzed using a calibrated automated

thrombogram (n = 3 per group). Each dot represents data from an individual mouse. Data are presented as mean ± standard error of mean, calculated using one-way

ANOVA. (***p < 0.001, ****p < 0.0001).
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bidirectional AAV facilitates random integration. AAV random inte-
gration could induce genotoxicity such as hepatocellular carcinoma
(HCC).36 Thus, we analyzed the occurrence of HCC in the liver after
26 months of AAV and LNP treatment, and there was no evidence of
HCC development (Figure S5). Briefly, the combined use of LNP-
CRISPR and AAV bidirectional donors did not induce a remarkable
inflammatory response. In addition, AAV integration was observed in
approximately 20% of DSB sites, which resulted in hF9 coding
sequence integration in approximately 3% of total hepatocytes.

DISCUSSION
This study demonstrates an efficient therapeutic strategy for hemo-
philia by combining the existing concepts of anticoagulant pathway
rebalancing and therapeutic gene KI. Co-transfection with AAV
donor and LNP-CRISPR resulted in a long-term, sufficient coagula-
tion activity restoration by AT inhibition and hFIX production in a
hemophilia mouse model.

Among the anticoagulant pathway components, Protein Cmight not
be suitable for gene targeting because of its antiinflammatory and
antiapoptotic function.37 Further, since TFPI is synthesized in endo-
thelial cells or platelets, targeting efficiency using LNP or AAV is ex-
pected to be low.38 In contrast, Serpinc1 (AT) has been proven to be
an efficient target for restoring blood coagulation ability by reducing
its gene expression through a clinical trial.39 Nevertheless, the lack of
hemostatic effects on acute bleeding remains a challenge. In this
regard, it was confirmed that knocking the therapeutic gene into a tar-
geted locus of the rebalancing gene may produce the desired coagula-
tion effect.

The liver produces various proteins and is considered the primary
target organ for AAV- and non-viral-vector-mediated gene ther-
apy.40,41 Therefore, we reasoned that therapeutic gene KI in the
endogenous chromosome of hepatocytes is an efficient approach.
The first consideration for in vivo gene KI is to choose a strategy be-
tween HR and non-homologous end joining (NHEJ)-mediated KI.
HR may be preferred because it can induce precise KI. However,
166 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
HR is a pathway dependent on the G2/S phase of the cell cycle,42

and hepatocytes are predominantly in a quiescent state.43 Thus, it is
challenging to ensure highly efficient KI in hepatocytes. As an alter-
native, cell cycle-independent NHEJ-mediated KI can be expected
to have relatively high in vivo KI efficiencies and could be more suit-
able when integration of the therapeutic sequence itself is more
important than precise gene editing. We applied bidirectional
AAV-donor-mediated integration, and it seemed to incorporate
intact coding therapeutic genes along with a partial ITR sequence
into the DSB site. Although the underlying mechanism is still uncer-
tain, the bidirectional AAV-donor strategy may be applicable to
in vivo KI of various genes.

The second consideration is the method of introduction of the donor
template and nuclease into hepatocytes. Classically, the dual-AAV
strategy was applied in such studies on atherosclerosis, hemophilia
A, and hemophilia B.30,44,45 However, a high dose of AAV transduc-
tion in humans can cause severe liver toxicity and death.46 In this
regard, the AAV-LNP hybrid strategy can reduce the dose of the de-
livery tool by separating the viral and non-viral vectors. The LNP is
suitable for delivering CRISPR-Cas9 mRNA and sgRNA into cells
in vivo.47 In a previous study, LNP-CRISPR showed a high potential
to induce DSB in vivo.48 Consistent with this finding, in this study,
LNP-CRISPR for Serpinc1 also resulted in a DSB rate of 25%. How-
ever, the LNP delivers DNA or RNA to the cytoplasm,49 which
does not satisfy one of the most important requirements in KI: the
delivery of donor template to the nucleus at the time of DSB. Donor
nucleotides are difficult to move to the nucleus via the nuclear pore
complex,50 and in vivo hepatocytes are in a quiescent state with a nu-
cleus membrane. A recent study reported that conjugating a 3NF
sequence to the plasmid could enhance intranuclear delivery,51 but
intranuclear delivery using LNPs has not yet been reported. In tar-
geted integration, the amount and preexistence of donor templates
around the DSB site are critical,52 and AAV would be the best candi-
date for delivering donor templates to the nucleus of the target
cell.53,54 AAV requires a certain period to be enriched in vivo and
can be maintained in the form of double-stranded DNA (dsDNA)



Figure 5. In vivo hF9 KI induced a long-term and sustained therapeutic effect

(A) Brief schematic representation of long-term analysis of hFIX and AT concentrations in blood. AAV donor and LNP-CRISPR were injected at 2 week intervals via the

intravenous route, and blood was collected every 4 weeks (red triangle: time point of blood collection). (B) Long-term concentration of AT and hFIX in the blood, measured

using ELISA (n = 4 per group). (C) Information on PHx and blood sampling. Each number represents an individual lobe (1: right median lobe, 2: left median lobe, 3: left lobe,

4-1: right lobe, 4-2: right renal fossa, and 5: caudate lobe). White lobes indicate those removed by PHx. Red triangles indicate the time points of blood sampling. (D)

Comparison of the shape and weight of the liver of control and PHxed mice 20 weeks from the surgery. The liver weight was normalized by body weight. (E and F) Con-

centrations of AT and hFIX in the blood were measured (blue arrow: time point of PHx; n = 4 per group). (G) Immunofluorescence images for hFIX and Ki67 expression in

control and PHx groups (400�). White triangles indicate Ki67 and hFIX co-expressed cells. Yellow scale bar: 50 mm. (H) Indel rate in Serpinc1 locus, analyzed using Sanger

sequencing and algorithm analysis, and relative hF9 KI rate, analyzed using quantitative PCR (control: n = 3, PHx: n = 4). Data are presented as mean ± standard error of

mean, calculated using unpaired Student’s t test. (ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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for a long time within hepatocytes.55 We suggest that delivery of the
AAV donor and LNP-CRISPR for an interval of a few weeks can help
improve KI efficiency and minimize toxicity.

The most significant advantage of the rebalancing approach is its
applicability in treating all types of hemophilia, with or without inhib-
itors.12 The combined strategy utilizing LNP-CRISPR and AAV
donor restored the thrombin-generation capacity to normal and led
to improved aPTT results. This strongly supports the positive effect
of combining rebalancing and therapeutic gene KI. Moreover, the
AAV and LNP combination approach used in this study resulted in
a high KI efficiency, thus showing its high potential for use. Although
our results might be confined to a mouse model, stable inhibition of
AT and hFIX production was sustained for more than a year through
a single AAV-donor and LNP-CRISPR treatment. Therefore, this
combined strategy of in vivo hepatocyte gene editing would not
require repeated injection. In addition, considering the aPTT result,
hF9 KI has a stronger effect on controlling acute bleeding than AT in-
hibition.Moreover, our combined strategy would be beneficial (1) as a
low-dose in vivo KI strategy or (2) when inhibitors are a concern.

A therapeutic approach should secure safety. It is known that the
capsid of AAV elicits a humoral immune response. This study utilized
AAV serotype 8, which has a lower seroprevalence in humans.56

Thus, an advantage in reducing the neutralizing effect in clinical trials
is expected compared with other AAV serotypes. In addition, AAV
and CRISPR-Cas9 could activate a T cell response57,58; therefore,
repeated delivery of genetic materials would trigger a strong immune
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 167
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Figure 6. Combined in vivo KI using AAV donor and LNP-CRISPR did not exert severe side effects

(A) Blood samples from long-term screening (samples same as those mentioned in Figure 5B) were subjected to an enzyme-linked immunosorbent assay for measuring

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) concentrations (blue arrow: timing of the final delivery of genetic materials). (B) Whole-genome

sequencing was conducted to identify hF9 integration (F9Mut or control: n = 1, F9Mut-AAV-LNP group: n = 3). (C) Rate of on-target indel and KI and the ratio of KI/indel. Each

dot indicates data from individual mice. Data are presented as mean ± standard error of mean. (D) Identification of the off-target integration pattern. Off-target soft-clipped

read: detected soft-clipped read containing KI sequence and off-target sequence.
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response. Previously, dual AAV with Staphylococcus aureus Cas9 and
HR donor template was applied to the F9 of hemophilia B mouse and
presented a therapeutic effect.59 In contrast, we observed therapeutic
effects for up to 63 weeks using single administration of LNP-CRISPR
transfection and AAV-donor transduction. Although the humoral
and T cell immune response could not be avoided, a single adminis-
tration with intervals could minimize the side effects caused by an im-
mune response. Consistently, stable ALT and AST concentrations
would suggest no significant or continuous hepatocyte damage in
the liver. This study confirmed the occurrence of random integration,
which seemed to be unavoidable in AAV use. AAV random integra-
tion potentially leads to the development of HCC under liver injury.36

However, this study did not find any evidence of HCC in AAV-trans-
duced mice. The combination use of AAV and LNP combination has
advantages over the use of dual AAV in therapeutic gene KI. First, the
overall AAV dose could be decreased, reducing the chance of AAV-
mediated immune response and AAV-random integration. Second,
the rapid biodegradability of LNPs is beneficial for minimizing the to-
tal amount of DSB and off-target effects by shorter CRISPR-Cas9
expression time.

Combined treatment of fitusiran and coagulation factors in patients
with hemophilia A could result in thrombotic adverse events.60

Consequently, the clinical trial protocol for fitusiran was recently
adjusted to keep the AT level between 15% and 30% to prevent throm-
botic events observed at less than 15%61; an adjustment of dosage is
required during a combined use with recombinant coagulation fac-
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tors. This study revealed an approximately 33% AT level induced by
single-time LNP-CRISPR injection and a sustained therapeutic effect
via the differentiation of the gene-edited hFIX-producing cells. This is
a potential advantage but could also cause irreversible adverse events
when too many cells are edited. In both strategies of AT targeting and
hF9 KI, a high dose would increase both the therapeutic effect and the
risk. Therefore, we suggest that our combined strategy could induce
complementary therapeutic effects and lower the dose. Further in vivo
studies of the dose, injection number, and interval for reaching the
target AT level would be needed to broaden the scope of this study.

In conclusion, this study confirmed the restoration of coagulation ac-
tivity resulting from combination strategy of AT targeting and hF9
KI. A high rate of in vivo therapeutic gene KI was achieved with the
use of an AAV and LNP hybrid, and the therapeutic effect seemed
to be sustained for 63 weeks. In addition, the AAV-LNP combination
could be beneficial for reducing the AAV dose compared with that
employed in the dual-AAV strategy and could serve as a basis for
developing gene editing-based advanced therapeutic strategies for
protein deficiency-related genetic disorders.

MATERIALS AND METHODS
Quantitative reverse transcription PCR

Total RNA was extracted from liver tissues of WT mice using Trizol
reagent (Thermo Fisher Scientific, Waltham, MA, USA), and cDNA
was synthesized using a cDNA synthesis kit (Thermo Fisher Scie-
ntific). Quantitative reverse transcription PCR (qRT-PCR) was
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performed using PowerUp SYBR Green Master Mix and the
StepOnePlus Real-Time PCR System (both from Thermo Fisher Sci-
entific). All reactions were conducted in triplicate, and the average
value of each sample was used for further analyses. The expression
of target gene was normalized to that ofGapdh. The primer sequences
used in this study were obtained from the primer bank62 or in silico
design and are listed in Table S4.

LNP preparation

LNPs were synthesized using the Nano Assemblr instrument
(Precision Nanosystems, Vancouver, BC, Canada) as previously re-
ported.23,63 Streptococcus pyogenes (SpCas9) mRNA (TriLink Bio-
technologies, San Diego, CA, USA) and highly modified sgRNA (Ax-
olabs, Kulmbach, Germany)64 were dissolved in 10 mM citrate at a 1:1
weight ratio. The lipid components (ionizable lipid, dioleoylphospha-
tidylethanolamine, cholesterol, and PEG-lipid at a 26.5:20:
52:1.5 M ratio) were dissolved in ethanol. The final weight ratio of
ionizable lipid to RNAwas 10:1, and LNPs were formulated bymicro-
fluidic mixing of ionizable lipid and RNA at a 12 mL/min flow rate.
Then, the produced LNPs were dialyzed against 1� phosphate-buff-
ered saline using dialysis cassettes with a 3,500 molecular weight cut-
off (Life Technologies, Carlsbad, CA, USA). Next, LNPs were
characterized by dynamic light scattering, polydispersity index, and
zeta potential (Table S5). The encapsulation efficiency was calculated
by Quanti-iTTM Ribogreen Assay (Life Technologies).

Recombinant AAV preparation

The AAV vector for the donor was designed to be bidirectional (ITR-
splicing acceptor [SA]-hF9-pA-pA-hF9-SA-ITR: AAV donor) and
prepared via DNA synthesis.18 Next, 70 mg each AAV vector, helper
plasmid, and AAV8-specific rep/cap plasmid was co-transfected into
1� 108 HEK293T cells using calcium phosphate. Three days after co-
transfection, the viral particles were collected and purified through
cesium chloride centrifugation. After titration using qRT-PCR, the
AAV was stored at �80�C until use. The AAV vector and recombi-
nant AAV were produced using a commercial service (Vigene, Rock-
ville, MD, USA).

In vivo luciferase detection on systemic AAV transduction

The AAV vector for luciferase expression (ITR-CMV promoter-lucif-
erase-pA-ITR: AAV-luciferase) was prepared, and recombinant AAV
was produced. Next, 2 � 1010 vg/kg AAV8 luciferase was diluted in
200 mL sterilized saline and injected via the tail vein in hairless
mice. The intensity of luciferase expression in the liver region was
determined using Lumina caliper IVIS III (PerkinElmer, Waltham,
MA, USA) after injecting 150 mg/kg D-luciferin (PerkinElmer) under
anesthesia. The luciferase intensities of each mouse were compared
with the total normalized flux (photons/s/cm2/radian) at the same
exposure condition.

In vitroAAV transduction and LNP transfection into hemophilia B

mice

Primary hepatocytes were isolated from a C57BL/6 (B6, WT) mouse.
Briefly, the mouse was anesthetized, and the liver was collected after
transcardiac perfusion using PBS. The liver tissue was minced using a
microscissor in DPBS, followed by filtration of the cell suspension us-
ing a 70 mm cell strainer (Corning Life Sciences, Tewksbury, MA,
USA). After washing by centrifugation and resuspension, hepatocytes
were isolated. Next, 2 � 105 primary hepatocytes and mouse hepato-
cyte cell line (alpha mouse liver 12 [AML12]) were seeded into a
24-well culture plate and cultured for 24 h. Next, 3 � 1010 viral
genome AAV particles or 1 mg LNP was added. The cells were har-
vested 3 days after treatment and used for gDNA and protein prepa-
ration. hF9 KI and hFIX production were analyzed by PCR and
enzyme-linked immunosorbent assay (ELISA).

Indel analysis and sanger sequencing

Primer sets covering the on-target sites were designed, and PCR was
conducted using gDNA from liver tissues. PCR amplicons were used
for indel analysis using T7E1 analysis or algorithm-based indel pre-
diction. For T7E1 analysis, PCR amplicons were subjected to hetero-
duplex formation by gradually decreasing the annealing temperature;
T7 endonuclease (New England Biolabs, Ipswich, MA, USA) was
added to the amplicons, and the mixture was incubated for 1 h at
37�C. The cuts observed in the DNA bands upon electrophoresis
were considered an indication of the presence of indels. In algo-
rithm-based indel prediction, Sanger sequencing reads were subjected
to the “inference of CRISPR edit” tool, and the indel rate was calcu-
lated.65 For KI pattern analysis, primer sets were selected from Ser-
pinc1 and the incorporated hF9 gene, respectively. Then, PCR and
Sanger sequencing were conducted, and sequence reads were aligned
to the Serpinc1 gene. The primer sequences used in this study were
obtained from the primer bank62 or in silico design and are listed in
Table S4.

In vivo AAV transduction and LNP transfection

C57BL/6-F9em1 (F9Mut) mice were generated by CRISPR-Cas9-medi-
ated gene targeting, and their hemophilia B coagulopathies were
confirmed by aPTT analysis.23 Since hemophilia B is an X-linked
recessive genetic disorder, only male mice were subjected to in vivo
AAV transduction. Seven-to-eight-week-old WT and F9Mut mice
were randomly divided into five groups. AAV donor (2 � 1013 vg/
kg) or LNP-CRISPR (1.2 mpk) were mixed with warm saline up to
a total volume of 500 mL and injected intravenously. LNP-CRISPR
was injected 2 weeks after AAV-donor injection in the AAV and
LNP combined group. All mice were euthanized 10 weeks after
AAV transduction, while their blood and organ tissue samples were
collected. For long-term analysis of hFIX or AT blood concentration,
7-week-old male WT mice were subjected to AAV-donor or LNP-
CRISPR injection, and 50 mL blood was repeatedly collected from
the tail vein monthly. This study was approved by the Institutional
Animal Care and Use Committee of the Seoul National University
(SNU-200715-2).

ELISA

Concentrations of mouse AT, human FIX, active FIX assay kit, aspar-
tate aminotransferase (AST), and ALT were measured using a com-
mercial ELISA kit (Abcam, Waltham, MA, USA) according to the
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manufacturer’s instructions. Detailed information on the used ELISA
kits and reaction conditions are listed in Table S6.

Immunofluorescence analysis

After anesthetization using 2.5% avertin, prewarmed phosphate-buff-
ered saline and 4% paraformaldehyde were perfused via the heart.
Next, the collected liver tissues were subjected to precipitation in
15% and 30% sucrose for 6 h and 1 day and then embedded in an
optimal cutting temperature compound (Sakura Finetek, Tokyo,
Japan) with gradual freezing to �80�C. Cryo-sections were prepared
at 15 mm thick using a Cryostat microtome (Leica, Wetzler, Ger-
many). Immunofluorescence analysis for hFIX and Ki67 detection
was conducted by incubating the cryo-sections with target protein
reactive primary antibodies at 4�C overnight. This was followed by in-
cubation with a secondary antibody, and reactive protein expressions
were detected using the Cytation 5 Cell Imaging Multi-mode Reader
(BioTek, Winooski, VT, USA). Information on the antibodies and
conditions used in this study is provided in the Table S7.

aPPT analysis

After anesthetizing mice, 450 mL fresh blood was collected from the
inferior vena cava using a syringe prefilled with 50mL 3.2% sodium cit-
rate solution (Medicago, Durham, NC, USA), and plasma was
collected after centrifugation. For aPTT analysis, a mixture of 30 mL
plasma and 30 mL aPTT reagent (Thermo Fisher Scientific) was added
to each well of a 96-well microplate, which was then incubated at 37�C
for 5 min. Next, 30 mL calcium chloride (CaCl2; 26 mM) was added to
each well. The absorbance was measured at 405 nm wavelength every
10 s for 8 min after the first 10 s shaking using Tecan Sunrise Micro-
plate Reader (Tecan, Männedorf, Switzerland). DOD (OD value of
each time point – OD value from 10 s before) was calculated, and
the timepointwith the highestDODvaluewas designated as the aPTT.

CAT analysis

Thrombin-generation activity wasmeasured using the Technothrom-
bin TGA kit (Diapharma, West Chester Township, OH, USA). A
mixture of 40 mL diluted plasma, 10 mL reagent C low buffer, and
50 mL substrate was added to a single well, and fluorescence was
measured for 120 min at 1 min intervals. Fluorescence measurements
were performed in a 96-well plate using the Cytation 5 cell imaging
multi-mode plate reader (BioTek). The thrombin-generation curves,
peak height, and peak time were determined using the software pro-
vided by the manufacturer.

PHx

A 2/3 PHx was conducted as previously reported.66 Briefly, 8-week-
old B6 male mice were anesthetized using isoflurane, and the
abdominal cavity was opened by a midline abdominal incision after
disinfecting the skin using 70% ethanol. The xiphoid process was
lifted upward and backward using a stuck rubber band, and the falci-
form ligament or membrane was cut using curved microsurgery scis-
sors. The median and left lateral lobes were removed using scissors
after knotting using 4-0 silk thread. Subsequently, the abdomen was
closed by suturing.
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WGS

Low-quality bases below Q20 were trimmed using the Sickle software
(v.1.3.3). High-quality reads were then aligned to the reference
sequence using Burrows-Wheeler Aligner (BWA) (v.0.7.17), and
duplicate reads were further removed using Picard tools (v.1.98).
To determine the potential off-target sites, we predicted up to 3 bp
mismatches in silico (www.rgenome.net). Next, to identify therapeu-
tic gene insertion sites, the extracted soft-clipped nucleotides were
mapped using BWA. Soft-clipped nucleotides were determined using
a Smith-Waterman-like scoring scheme in the BWA software. The
hF9 insertion sites were inferred by analyzing the mapped patterns
in the soft-clipped sequences. Finally, hF9 insertion was confirmed
by manual inspection of the candidate site using the IGV soft-
ware v.2.9.4.

Statistical analysis

Statistical analysis was performed using unpaired Student’s t test and
one-way ANOVA in GraphPad Prism (v.5.02, GraphPad, San Diego,
CA, USA). p values under 0.05 were designated as statistically
significant.
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Figure S1. 1×1012 vg/kg of AAV8 -Luciferase was injected into a hairless mouse via tail vein, and 

time course in vivo imaging for luciferase was conducted. Images were acquired every week and 

normalized using the same exposure conditions. Luciferase intensity is shown as radiance 

(p/sec/cm2/sr). 
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Figure S2. Measuring AAV copy number, indel rate, and KI frequency in mice from the AAV-LNP 

group. A. Relative AAV titer was calculated using qPCR for the ITR of AAVs. AAV titration of each 

organ was normalized to that of the liver. B. Indel analysis was conducted using T7E1 and image 

analysis. C. Relative KI frequency was calculated using qPCR in the 3’ site of the expected KI locus. 

KI frequency of each organ was normalized to that of the liver. (n = 4 per group). Data are presented 

as mean ± standard error of mean, calculated using one-way ANOVA. (***: p < 0.001 and ****: p < 

0.0001.) 
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Figure S3. FIX detection after in vivo KI. The images confirm hFIX expression in different groups of 

mice, as detected using immunofluorescence. hFIX expression image of mouse 1 of each group is 

same as those shown in Figure 3E. Red color: hFIX, blue color: DAPI, yellow scale bar: 200 μm 

(100x). 

  



 

 

  

4 

 

 

Figure S4. Relative gene expressions of Interferon- γ (IFNg), Tumor necrosis factor-α (TNFa), and 

interleukin 1 (IL1) in liver tissue were calculated using qPCR. Gene expressions were normalized 

to that of the WT. (n = 4 per group). Data are presented as mean ± standard error of mean, calculated 

using one-way ANOVA. NS: Not significant 
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Figure S5. Screening of hepatocellular carcinoma. A. Mice after 26 months of AAV and LNP 

treatment were sacrificed, and blood hFIX concentration was analyzed for confirming in vivo hF9 KI. 

B. Comparison of the appearance of the liver of the control and AAV-LNP group. C. Hematoxylin-

eosin staining image of 3 different sites from each mouse of control and AAV-LNP group. Black 

scale bar: 500 μm (40x) 
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Table S1. Brief information regarding the whole genome sequencing and alignment 

 

Sequencing result 

Sample ID Total readsa Total basesb GC base (%)c Q20 (%)d Q30 (%)e 

Control_1 686,331,116   103,635,998,516  42.49% 96.79% 92.46% 

hF9_KI_1 669,210,436   101,050,775,836  41.78% 96.73% 92.42% 

hF9_KI_2 787,081,650   118,849,329,150  41.87% 96.61% 92.08% 

hF9_KI_3 810,478,736   122,382,289,136  44.24% 96.64% 92.29% 

 

Alignment result 

Sample ID Mapped reads (%) Average depth 1X (%) 10X (%) 20X (%) 30X (%) 

Control_1 580,937,079 (99.39%) 34.67 99.29% 98.61% 93.89% 69.93% 

hF9_KI_1 572,393,399 (99.45%) 33.42 99.29% 98.92% 95.94% 67.31% 

hF9_KI_2 668,750,747 (99.45%) 39.04 99.30% 99.05% 97.67% 87.06% 

hF9_KI_3 666,038,794 (99.31%) 41.36 99.00% 92.63% 82.07% 68.96% 
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Table S2. On-target and off-target indel analysis 

 

 
Targets Chr. Location 

(mm39) 

Sequence (5' to 3') Related gene Indel 

(WGS) 

On-target On 1 160817065  

TGTGCATTTACCGCTCCCCTGGG 

Serpinc1 20.12% 

Unbiased  

off-target 

candidate 

site 

Di-Off1 4 115780188 TGTACATTCACCTCTCCCCTTGGG Intron (Dmbx1) ND 

Di-Off2 9 56131003 GGCTCTCCGCACCGGACCCGGTC 

CCGACGGG 

Intron (Peak1) ND 

Di-Off3 10 69762079 TATGCAAATACCCCTCCCCTTGG Intergenic 

(Ank3) 

ND 

In silico 

off-target 

candidate 

site 

Off1 4 115780189  TGTaCATTcACCtCTCCCCTTGG Intron (Dmbx1) ND 

Off2 7 79730396  TGTGCAcTTACCGaaCCCCTGGG Intron (Zfp710) ND 

Off3 9 42703562  TaTGCATTTACtGCTCaCCTGGG Intron (Grik4) ND 

Off4 10 53628857  TGTGCATTTtCtGCTCCCtTAAG Intergenic ND 

Off5 14 60055947  TGTGCATTTAatGCTCCCCaTAG Intron (Atp8a2) ND 

Off6 18 53613104  TGaGCATTTACCGCctCCCTCAG Intron (Prdm6) ND 

Off7 18 86877140  TGTGCATTTACaGtTCCCaTGGG Intergenic ND 

Off-target candidate sites were selected by in silico design (www.rgenome.net/cas-offinder). Indel 

frequencies on the on- and off-target candidate sites were calculated based on the WGS experiment. 

(Bold lowercase letters: mismatch sequences with respect to the on-target sequence, ND: not 

detected). 
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Table S3. Random integration analysis 

 

Targets Chr. Location 

(mm39) 

CpG 

island 

Sequence (5' to 3') 

Predicted-KI sequence-Soft-clipped read 

Related gene 

Off1 18 88880155 CpG 

island 

 AAGTAGTGAC-hF9-AGCATACTAG Intergenic 

Off2 19 10282372 CpG 

island 

 GCCGTCGCCA-Fragmented hF9-

TGGTCACCGC 

Intergenic 

Off3 19 123564247 
 

ACATACAAGG-Fragmented hF9-

GGAGAATTTC 

Intergenic 

As sequencing reads could not cover the whole KI region, opposite sequences from detected clipped 

reads were predicted based on the hF9 integration site (blue letters). 
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Table S4 Sequences of primers used in this study 

 

Target gene  Sequence (5’-3’) 

Product 

size 

 

qPCR Serpinc1 F 5’- GGCTGCTGGTGAGAGGAAG-3’ 129 bp Fig. 1B 

  R 5’- GGATTCACGGGGATGTCTCG-3’   

 
Protein C F 5’- CCACCTGGGGAATATCTAGCA-3’ 101 bp Fig. 1B 

 
 

R 5’- GAAGCTGTTGGCACGTCTG-3’   

 Tfpi F 5’- CAGGCGTCGGGATTATCGTG-3’ 140 bp Fig. 1B 

  R 5’- TTCCCCCACATCCAGTGTAGT-3’   

 ITR for titration F 5’- GGAACCCCTAGTGATGGAGTT-3’ 62 bp Fig. S2 

  R 5’- CGGCCTCAGTGAGCGA-3’   

 Tnfα F 5’- CCCTCACACTCAGATCATCTTCT-3’ 61 bp Fig. S4 

  R 5’- GCTACGACGTGGGCTACAG-3’   

 Ifn γ F 5’- ATGAACGCTACACACTGCATC-3’ 182 bp Fig. S4 

  R 5’- CCATCCTTTTGCCAGTTCCTC-3’   

 Il1 F 5’- GAAATGCCACCTTTTGACAG-3’ 116 bp Fig. S4 

  R 5’- TGGATGCTCTCATCAGGACA-3’   

 Gapdh F 5’- AGGTCGGTGTGAACGGATTTG -3’ 231 bp Fig. 1B, S2, 

S4   R 5’- TGTAGACCATGTAGTTGAGGTCA -3’  

PCR Serpinc1 

(Indel analysis) 

F 5’- CATTCTCTTACCCATTTTCGCC -3’ 952 bp Fig. 2D 

 

Fig. 3A, 3B 

 R 5’- CTGTCTCTAACCCCACTTCC -3’  

PCR KI-Left F 5’- GGATGGGGAGTCATGGTT -3’ 987 bp 

  R 5’- GGTGCTCTGGGTGATGTT-3’  

 KI-Right F 5’- AAGCCAAAGGGACACCAA-3’ 1040 bp Fig. 3A,3B 

  R 5’- CTGTCTCTAACCCCACTTCC -3’  

F: Forward; R: Reverse 
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Table S5. Character information of LNP used in this study 

 

 
Encapsulation 

efficiency (%) 
Size (nm) PDI Zeta potential (mV) 

LNP 82.3   93.24  0.0095 -2.48 

PDI: polydispersity index  
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Table S6. Information on the ELISA kits used in this study 

 

 Name Sample type Sample dilution Company (Cat 

number) 

ELISA 

kit 

Human Factor IX  Cell protein 7.5μg protein per 

well loaded(PBS) 

Abcam(ab108831) 

 Plasma 1:400  

(Dilution buffer) 

 Mouse Antithrombin  Plasma 1:16000  

(Dilution buffer) 

Abcam(ab108800) 

Assay 

kit 

ALT Activity 

Colorimetric/Fluorometric  

Plasma 1:3  

(Dilution buffer) 

APExBIO 

(K2170-100) 

AST Activity Colorimetric  Plasma 1:3  

(Dilution buffer) 

APExBIO 

(K2171-100) 

Factor IXa Activity 

(Fluorometric) 

Plasma 1:5  

(Assay buffer) 

Abcam(ab204727) 
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Table S7. List of antibodies used in this study 

 

 

 

 
Target Clone Host Dilution Company (Cat number) 

Primary 

antibodies 

FIX/PTC Polyclonal Rabbit 1:150 (IF) Abcam(ab97619) 

Ki67 Monoclonal Rat 1:100 (IF) eBioscience(14-5698-82) 

Secondary 

antibodies 

Anti-Rabbit IgG 

(Alexa FluorTM 594) 

 Goat 1:400 (IF) Invitrogen(A11012) 

Anti-Rat IgG  

(Alexa FluorTM 488) 

 
Goat 1:200 (IF) Invitrogen(A11006) 
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