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Gene editing provides a promising alternative approach that
may achieve long-term FVIII expression for hemophilia A
(HemA) treatment. In this study, we investigated in vivo correc-
tion of a mutant factor VIII (FVIII) gene in HemA mice. We
first developed MC3-based LNPs for efficient mRNA delivery
into liver sinusoidal endothelial cells (LSECs), the major site
of FVIII biosynthesis. To target a five base pair deletion in
FVIII exon 1 in a specific HemA mouse strain, we injected
LNPs encapsulating Cas9 mRNA and specifically designed
sgRNAs intravenously for in vivo gene editing of the mutant
FVIII. Indel variants generated at the mutant site contained
mostly a single base-pair deletion, resulting in frameshift
correction of FVIII gene. Sustained endogenous FVIII activity
up to 6% was achieved over 26 weeks in treated HemA mice.
Sequencing data indicated an average gene editing rate of
15.3% in LSECs. Our study suggests that optimized MC3 LNP
formulations, combined with CRISPR-Cas9 technology, can
effectively correct the mutant FVIII gene in LSECs and restore
FVIII activity for therapeutic treatment of HemA.

INTRODUCTION
Hemophilia A (HemA) is a bleeding disorder caused by a deficiency
of factor VIII (FVIII) due to a variant in the F8 gene on the X chro-
mosome. The severity of HemA depends on the residual FVIII activ-
ity, which can result in a range of symptoms from mild to severe. Pa-
tients with severe HemA exhibit less than 1% of FVIII activity and are
prone to prolonged bleeding after trauma, as well as spontaneous
bleeding in soft tissues such as joints and muscles.1,2 Current treat-
ment options, such as frequent infusions of therapeutic recombinant
FVIII protein to maintain FVIII activity above the normal trough
level of >1% are expensive, inconvenient, short-term, and frequently
insufficient. Gene therapy is an emerging field that offers great prom-
ise as an alternative method to treat HemA patients. Most current
gene therapy trials for HemA aim to introduce the FVIII gene into he-
patocytes using adeno-associated viral (AAV) vectors. Although
recent clinical trials using AAV vectors have yielded promising re-
sults, pre-existing immune response against AAV can diminish the
efficacy of gene therapy and repeated administration of treatment is
currently impossible in patients with pre-existing anti-AAV
antibodies.3,4
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Direct correction of the mutant F8 gene in HemA patients can result
in long-term improvement of symptoms, making it a promising alter-
native to gene replacement therapy. A precise gene editing method
developed recently involves clustered regularly interspaced short
palindromic repeats (CRISPR) that utilizes CRISPR-associated endo-
nuclease 9 (Cas9) and single guide RNA (sgRNA) to induce double-
strand break (DSB) in specific DNA sequences.5 This technique
triggers the error-prone DSB repair mechanism including non-ho-
mologous end-joining (NHEJ), which introduces insertion-deletion
mutations (indels) at the targeting site. By inducing indels, it is
possible to alter the reading frame, enabling not only gene knockout
but also correction of diseases caused by frameshift variants via indel-
mediated repair.6 This powerful gene editing tool is effective in both
in vitro and in vivo systems.

Lipid nanoparticles (LNPs) offer a promising nonviral approach for
gene therapy, as they can efficiently transport nucleic acids (mRNA,
DNA, and siRNA) to targeted organs or cell types while protecting
them from degradation.7,8 Using mRNA encapsulated LNPs to
deliver gene editing tools offers several advantages, including the
short half-life of mRNA that allows for rapid and transient gene edit-
ing while preventing off-target effects resulting from prolonged Cas9
expression by plasmid or viral vector. Additionally, unlike DNA,
mRNA does not pose a risk of oncogenic mutagenesis via insertion
into the genome. Previous studies have successfully utilized LNPs
to deliver therapeutic siRNA or mRNA for treating various diseases.9

In fact, the first Food and Drug Administration (FDA)-approved LNP
drug, Onpattro, which contains small interfering RAN (siRNA), was
authorized for the treatment of hereditary ATTR amyloidosis in
2018.10,11 More recently, mRNA LNPs encoding the viral spike
protein have been authorized as vaccines to prevent SARS-CoV-2
(COVID-19) infection.12,13 Upon systemic injection, LNPs are known
to preferentially accumulate in the liver due to its high blood perfu-
sion rate to take up the majority of circulating lipids. The serum
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apolipoprotein E (ApoE) on the surface of the LNPs contributes to
their preferential targeting of hepatocytes that express low-density li-
poprotein (LDL) receptors.14,15 Previous studies have demonstrated
that routine administration of FVIII mRNA encapsulated in LNPs
significantly enhances clotting activity in Hem A mice, which is
more effective than FVIII protein replacement therapy.16 Addition-
ally, the delivery of anti-CD3 antibody mRNA encapsulated in
LNPs, following FVIII gene therapy, has been shown to reduce the
immune response against FVIII, which affects 30% of HemA patients
receiving protein replacement therapy.17 However, achieving long-
term therapeutic effect via LNP delivery of FVIII mRNA remains
challenging. Alternatively, a nonviral in vivo gene editing approach
can provide permanent correction of the F8 gene that is regulated
in its native site. Liver sinusoidal endothelial cells (LSECs) are the pri-
mary source of FVIII synthesis.18 They play a significant role in the
scavenging system of the liver and have the highest endocytic ability.
This high endocytic ability, coupled with their contribution to FVIII
production, makes LSECs an attractive target for gene editing strate-
gies aimed at restoring functional FVIII levels in HemA patients.
Thus, identifying appropriate vehicles for gene delivery into LSECs
is essential for developing more effective and lasting HemA
treatments.

In this study, we synthesized D-Lin-MC3-DMA (MC3)-based LNPs
encapsulating reporter mRNAs and verified their biodistribution in
LSECs. Additionally, we successfully delivered Cas9 mRNA and
sgRNA using LNPs to induce indel mutations in the mutant F8
gene and correct the associated nonsense mutation in HemA mice.
The treated mice exhibited indel repair at the mutant site and resto-
ration of endogenous plasma FVIII activity in vivo. This restored
FVIII activity was sustained for over 26 weeks, resulting in improved
function of clot formation in HemA mice.

RESULTS
Synthesis and optimization of LNP formulations

In this study, we synthesized mRNA LNPs using ionizable cationic
lipids, specifically MC3, which is the same lipid used in the first
FDA-approved LNP-based RNA interference (RNAi) drug.10,11

Ionizable cationic lipids exhibit positive charges in low pH environ-
ments and can therefore bind to the negative charges of phosphate
backbones in nucleic acids such as mRNA, siRNA, and DNA. At
physiological pH 7.4, only a portion of the amides in ionizable lipid
remains protonated, leading to a weak negative surface, which can
reduce the cell toxicity.19,20 In addition, the positive charge of ioniz-
able lipids enables the nucleic acids to be released from the endosome
by binding to the negatively charged endosomal membrane. Cationic
lipid is the most important component in LNPs, as it determines the
potency of LNPs. LNPs composed of MC3 cationic lipids have been
reported to have liver-targeting ability after systemic delivery.21,22 Be-
sides ionizable cationic lipid, the ratio between other lipid compo-
nents, including cholesterol, helper lipid and lipid-conjugated poly-
ethylene glycol (PEG) is also important. We incorporated the
helper lipid DOPE and DMG-PEG2000 into MC3 LNP formulation
to facilitate and stabilize the formation of LNPs. Cholesterol was
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also used to enhance LNP stability and help LNP escape from
endosome.

To optimize LNP formulation, we synthesized the luciferase mRNA
encapsulated MC3 LNP (Luc LNP). We used a microfluidic system,
NanoAssemblr Benchtop, to mix the luciferase mRNA aqueous phase
with the lipid ethanol phase containing MC3, cholesterol, DOPE, and
DMG-PEG2000 at ratios of 50:10:39:1, respectively. After synthesis of
the LNP, all the materials were diluted with PBS (pH 7.4) and concen-
trated to an appropriate volume by Amicon centrifugal filter. Since
the charge ratio between nitrogen group of cationic lipid and
phosphate group of nucleic acid significantly affects encapsulation
efficiency and size,23,24 we optimized the Luc LNPs according to
N/P ratio of 3–8. Results showed that a higher N/P ratio allowed
for enhanced encapsulation efficiency and in vivo transfection effi-
ciency (Figures 1A–1C). Since the N/P of 8 resulted in a higher yield
compared with N/P of 6 (61.7% vs. 47.5%), we selected N/P 8 for the
following experiments. The size of the formulated LNPs was validated
prior to injection (Figures 1D and 1E). The mean particle size of LNPs
was approximately 163 nm. We assessed potential liver damage by
evaluating plasma transaminase levels in mice treated with 1 mg/kg
Luc LNPs. None of the treated mice showed elevated alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) levels
compared with the untreated mice (Figures 1F and 1G). These data
suggested that treatment with a high dose ofMC3 LNP did not induce
any significant liver damage, indicating that MC3 LNPs are suitable
for in vivo treatment.

Biodistribution of MC3 LNPs

To investigate the liver distribution of MC3 LNP, we intrave-
nously injected 1,10-Dioctadecyl-3,3,30,30-tetramethylindocarbocyanine
perchlorate (DiI)-labeled LNPs (0.4mg/kg) intomice. DiI is a lipophilic
dye that can diffuse and target cells. One hour after injection, mouse
livers were harvested and stained with FITC-Isolectin B4 as a vascular
stain after cryosection to confirm the in vivo distribution. The staining
images revealed that most of DiI-labeled liver cells were hepatocytes.
Interestingly, DiI-labeled cells also colocalized with Isolectin B4-labeled
LSECs suggesting that LNPs have LSEC-targeting ability (Figure 2A).
To further confirm the targeting specificity and efficiency, we encapsu-
lated GFP mRNA into LNPs (GFP LNP) and intravenously injected
them into mice at a dosage of 1.2 mg/kg. Six hours after injection,
we euthanized the treated mice and collected their livers to perform
immunostaining. We used lymphatic vessel endothelial hyaluronan
receptor-1 (LYVE-1) as a marker for LSECs. The immunostaining im-
ages showed colocalization of LYVE-1 and GFP signals, indicating that
LSECs not only uptake LNPs but can also express GFP protein (Fig-
ure 2B). Next, we used Luc LNPs to evaluate mRNA expression levels
in hepatocytes and LSECs, respectively. Livers of the treated mice
were perfused, and the harvested cells were centrifuged to separate
parenchymal (hepatocytes) and non-parenchymal cells.We further iso-
lated LSECs from non-parenchymal fraction using anti-CD146 beads.
The purified cells were stained with the endothelial cell marker, anti-
CD31 antibody to confirm their LSEC lineage specificity (Figure S1).
Luciferase activity was examined using in vitro luciferase assay



Figure 1. Optimization of MC3 lipid nanoparticles

(A) Gel electrophoresis analysis of MC3 lipid nanoparticles (LNPs) at different N/P ratios. Arrowheads and arrows indicate nicked form and supercoiled form of double-strand

DNA, respectively. (B) Encapsulation efficiency of luciferase mRNA LNP (Luc LNP) at N/P ratios of 3 and 8, determined by RiboGreen assay.

(C) Evaluation of luciferase expression 6 h after intravenous injection of 0.3 mg/kg Luc LNPs at N/P ratios of 3 and 8 using IVIS imaging. (D) Quantification of luciferase

expression from IVIS imaging, presented as mean luciferase signals ± standard deviations, expressed in bioluminescence light units (BLUs), N/P 3, n = 3; N/P 8, n = 6.

Characterization of LNP: (E) size distribution and (F) average size at N/P ratio = 8 was analyzed using qNano. Examination of plasma (G) AST and (H) ALT levels 1 day after

intravenous injection of 1 mg/kg Luc LNP.
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Figure 2. Cell distribution of MC3 LNPs after intravenous injection in mice

(A) One hour after intravenous injection of DiI-labeled LNPs (red) in mice, liver tissues were harvested and stained with FITC-Isolectin-B4 (green) to mark vascular cells.

Colocalization of LNPs and vascular cells were indicated bywhite arrowheads. (B) To determine the LSEC-targeting ability, mice were intravenously injected with 1.2mg/kg of

GFP LNPs. Liver sections harvested 6 h after LNP injection were stained with anti-GFP (green) and anti-LYVE-1(red) antibodies. Co-stained cells were highlighted using white

arrowheads. Enlarged images of the staining within white squares are presented below. (C) Mice were treated with 0.2 mg/kg Luc LNPs. Livers of treatedmice were perfused

with Liberase to obtain single cell suspensions. The total liver cells were subsequently purified to isolate hepatocytes (HPCs) and LSECs. Luciferase expression of HPCs and

LSECs were determined by luciferase assay and normalized by total protein, respectively. Data are presented as average experimental values ± standard deviation.
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(Figure 2C). The results indicated that high levels of luciferase
expression were obtained from both hepatocytes and LSECs with
about 17-fold higher expression in hepatocytes than LSECs. These
data indicate MC3 LNPs can efficiently transfect both hepatocytes
and LSECs.

Animal model for in vivo gene editing

To assess the in vivo gene editing efficacy, we established a colony of
hemophilia A mouse model on an immunodeficient NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG) background (NSG HemA).
The mice carry a five base-pair deletion in mouse exon 1, leading to
a premature stop codon (Figure 3A) with only 37 amino acids being
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
translated. Since LSECs are the primary source of plasma FVIII pro-
tein, our aim was to induce an indel mutation into the mutant mouse
FVIII gene in LSECs to corrects the reading frame. Either insertion or
deletion that rescues the reading frame from the nonsense variant can
help restore expression of the endogenous mouse F8 gene. To achieve
this, we designed two different sgRNAs for Cas9 nuclease targeting
the mutant mouse F8 gene. One of these sgRNAs, mF8sgRNA, can
target both wild-type (WT) F8 gene and mutant F8 gene in NSG
HemA mice (Figure 3A), while the other, NSGHAsgRNA specifically
targets the mutant FVIII gene in NSG HemA mice. We separately
delivered Cas9 protein with these two sgRNAs to mouse fibroblast
NIH3T3cells. The genomic DNA was extracted from the cells



Figure 3. In vitro gene editing efficiency of two

sgRNAs in mouse fibroblast NIH3T3cells

(A) Representative genomic DNA sequence of wild-type

(WT) andmutant mouse F8 (mF8). Two sgRNA sequences

against mutant mF8 are shown within red and green

arrows. The sequence in the black square represents the

deleted sequence in mutant mF8. Premature Stop

codon resulted from frameshift mutation in mutant mF8

was labeled by an asterisk. (B) In vitro gene editing

efficiency of two sgRNAs in NIH3T3cells was determined

by T7 endonuclease 1 (T7E1) assay, respectively. Blue

arrow represents uncut DNA and red arrow represents

cut DNA. (C) The pattern of indel mutations after

mF8sgRNA-mediated gene editing in NIH3T3cells was

analyzed by online genomic DNA analysis tool TIDE.

Data are presented as average experimental values ±

standard deviation.
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3 days after transfection to estimate overall gene editing efficiency
using T7 endonuclease (T7E1) assay. The result indicated that
mF8sgRNA could induce an indel variant into mouse F8 exon 1
with a 23% of indel mutation rate (Figure 3B). We subsequently iden-
tified the indel pattern at the mutation site via the Sanger sequencing
and Tracking of indels by Decomposition (TIDE) online tool,
showing insertion and deletion rates of 3.5% and 28.5%, respectively.
Among all the deletion patterns, approximately 60% were one base-
pair deletions that can restore the 50 base-pair deletion to normal
reading frame (Figure 3C). As expected, NSGHAsgRNA showed no
editing activity in WT F8 gene.

Evaluation of in vivo gene editing of mutant F8 in HemA NSG

mouse model

It was previously demonstrated in our lab that following hydrody-
namic injection of plasmid DNA, transfection occurred predomi-
nantly in hepatocytes; however, lower transgene expression was
also observed in LSECs. Therefore, as a preliminary test to assess
the in vivo gene editing efficacy of NSGHAsgRNA on mutant
F8, we first employed hydrodynamic injection to deliver a co-ex-
pressing plasmid encoding Cas9 and NSGHAsgRNA into NSG
HemA mice to correct the five base-pair deletion in exon 1 of
the F8 gene. Following injection, we measured endogenous FVIII
activity in the treated mice using activated partial thromboplastin
time (aPTT) assay. Our results indicated that delivery of Cas9/
NSGHAsgRNA plasmid led to an increase in FVIII activity in
NSG HemA mice. Specifically, after two injections, treated NSG
HemA mice displayed approximately 2.6% FVIII activity (Fig-
ure 4A). To further assess the in vivo gene editing efficacy of
two sgRNAs, we separately delivered plasmids encoding Cas9
and either NSGHAsgRNA or mF8sgRNA. Following injection,
we euthanized the treated mice and extracted genomic DNA
Molecular The
from their liver tissue. We then amplified
and sequenced the mutant mouse F8 exon 1
region to determine the extent of gene editing.
Our data showed that the in vivo gene editing
efficiency of NSGHAsgRNA was comparable to that of
mF8sgRNA, with both sgRNAs resulting in a gene editing effi-
ciency of around 5% in genomic DNA extracted from whole liver
(Figure 4B).

Sustained expression ofmouse FVIII followingCas9/sgRNA LNP

injection

In the last section, we demonstrated two sgRNAs exhibited similar
in vivo gene editing efficacy through hydrodynamic injection.
Following these results, we selected NSGHAsgRNA for subsequent
gene editing experiments via LNP-mediated delivery of Cas9
mRNA/sgRNA. The NSGHAsgRNA was encapsulated with Cas9
mRNA into MC3 LNP and intravenously injected into NSG HemA
mice at a dosage of 4 mg/kg of Cas9/sgRNA LNP. Post-treatment,
FVIII activity was measured by aPTT, and our results indicated
that the treated mice generated an average of 3.30% ± 0.68% of
FVIII activity over a span of 26 weeks (Figure 5A). To further validate
endogenous FVIII restoration, we performed rotational thromboelas-
tometry (ROTEM) assay to monitor the clot formation using fresh
whole blood collected from treated mice. Clotting time (CT) is the
time when the clotting starts, and clot formation time (CFT) is the
time when the clot firmness of 20 mm is detected. Results indicated
that Cas9/sgRNA LNP-treated mice exhibited shorter CT and CFT
durations compared with untreated mice, displaying a clotting ability
better than controls containing 1% of normal whole blood. This result
suggested an improved coagulation due to targeted correction of the
mutant F8 gene (Figures 5B and 5C).

We further analyzed genomic DNA from treated mice using deep
sequencing to identify the gene editing rate. Administration of
Cas9/NSGHAsgRNA LNP resulted in a gene editing rate of about
52.7% in total liver cells. We further isolated hepatocytes and
rapy: Nucleic Acids Vol. 35 December 2024 5
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Figure 4. In vivo gene editing efficiency of two specific

Cas9/sgRNAs using hydrodynamic injection in NSG

HemA mice

(A) Plasmid expressing Cas9 and NSGHAsgRNA was

delivered to NSG HemA mice through hydrodynamic

injection. FVIII activity was evaluated by aPTT assay.

Arrows indicate the injection days. (B) After hydrodynamic

injection of Cas9/NSGHAsgRNA and Cas9/mF8sgRNA

expression plasmid, the in vivo gene editing rate was

analyzed by online genomic DNA analysis tool TIDE,

respectively. Data are presented as average experimental

values ± standard deviation.
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LSECs to identify the respective gene editing rate. The data indicated
that the F8 gene was edited in 60.54% ± 11.65% of hepatocytes,
whereas LSECs showed gene editing rates of approximately
16.50% ± 2.96% (Figure 6A; Table S1). No indel variants were found
at five top predicted potential off-target sites when compared with un-
treated mice using next generation sequencing (NGS) analysis (Fig-
ure 6B). The investigation of gene editing patterns in LSECs revealed
that one base-pair deletions constitute the highest editing pattern
(around 46.5% of total deletions), together with four base-pair dele-
tions, which can help rescue the five base-pair deletion in NSG
HemA, accounting for 50%–60% of all the deletions (Figures 6C
and 6D). We also analyzed the +2 and +5 insertion patterns among
indel variants, but their frequencies were significantly lower (0.78%
and 0%, respectively) compared with deletion variants (Table S2).
These results suggested that Cas9/sgRNA LNP treatment induced in-
del repair in LSECs and restoration of the endogenous FVIII expres-
sion permanently in NSG HemA mice.

DISCUSSION
LSECs are the primary source of FVIII biosynthesis. Previous research
of LNP-mediated gene delivery has primarily focused on the hepato-
cyte-targeting capability of MC3-based and other LNPs to correct he-
patocyte-related diseases.25,26 While the Fah mutant mouse model
has been commonly utilized to demonstrate in vivo gene editing effi-
cacy in hepatocytes, there is a lack of reported studies on LSEC-
related disease genes for in vivo gene editing experiments.27,28 In
this study, we optimized MC3 LNPs with various N/P ratio and
demonstrated their ability to target different cell types in vivo
including hepatocytes and LSECs. Our results align with previous
findings, confirming the LSEC-targeting potential of MC3-based
LNPs.22 To demonstrate the in vivo gene editing capacity of LSECs
in a disease model, we utilized a novel NSG HemA mouse model
characterized by a five base-pair deletion in F8 exon 1. Unlike conven-
tional HemA mouse models featuring disruption of F8 exon 16 by
insertion of a neo cassette, this NSG HemA model presents a specific
target for gene editing to restore FVIII expression by inducing
indel mutations of F8 gene in LSECs. This model mimics the genetic
variant seen in approximately 16% of severe HemA patients with
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
small deletion and insertion variants.29 To
edit the mutant F8 gene in NSG HemA mice,
we selected two sgRNAs, mF8sgRNA and
NSGHAsgRNA, targeting the mutant F8 sequence. Since both
sgRNAs exhibit similar gene editing efficiencies and to avoid repeated
targeting of the corrected F8 gene by mF8sgRNA, which also targets
the WT F8 gene, we chose NSGHAsgRNA for the subsequent gene
editing experiments. Based on our findings, we successfully employed
LNPs to deliver Cas9 mRNA and sgRNA to LSECs. The indel variants
were generated at the deletion site to facilitate the repair of the frame-
shift variants in the mutant F8 gene in vivo. The corrected mutants
exhibited endogenous FVIII expression and effectively restored the
coagulation activity in NSGHemAmice. NGS sequencing analysis re-
vealed an approximately 16.5% deletion frequency in LSECs following
Cas9/sgRNA LNP treatment. Of the deletions, �1 (7.68%) and �4
(1.38%) deletion were able to restore the reading frame, potentially
aiding in the recovery of FVIII expression.While +2 and +5 insertions
can also restore the reading frame, <1% insertion frequency was
observed. In addition, we did not detect indel variants at five top pre-
dicted potential off-target sites. The off-target effect should be care-
fully examined when other FVIII variants will be repaired using the
indel correction strategy. With improvements in editing efficiencies,
effective levels to prevent bleeding in patients with hemophilia A
could be achieved. This indel repair strategy can be applied to
HemA patients with frameshift mutations, in particular, for patients
whose reading frames can be rescued by a one base-pair deletion
using gene editing.

The advantage of in situ correction of mutant F8 in LSECs is the resto-
ration of its original and physiological function. FVIII is an acute
phase protein, and its transcriptional regulation responds to various
physiological conditions, such as infection, surgery, pregnancy, and
inflammatory states.30–33 Additionally, the release of FVIII occurs
following acute exercise and increases during the recovery period in
both healthy individuals and mild-moderate HemA patients.34–37

Additionally, it offers great benefit to restore F8 gene expression via
gene editing in LSECs, where it undergoes unique post-translational
modifications, storage, and secretion.38 Ectopic expression of FVIII
in hepatocytes, which have different post-translational modification
processes than LSECs, may impact protein folding, trafficking,
and release, leading to endoplasmic reticulum (ER) stress.25,39,40 In



Figure 5. Recovery of endogenous FVIII activity after

Cas9/sgRNA LNP injection

(A) FVIII activity following Cas9/sgRNA LNP treatment.

NSG HemA were injected with 4 mg/kg of Cas9/

NSGHAsgRNA LNP (n = 2–8) to correct the mutant F8

gene. FVIII activity was measured by aPTT assay. The

effect of LNP treatment showed significant improvement

of FVIII activity. (F1,95) = 28.14, p < 0.0001. (B)

NSG HemAs were treated with 4 mg/kg of Cas9/

NSGHAsgRNA LNPs. Representative ROTEM graphs of

coagulation activities are shown. Negative control

(untreated NSG HemA) and positive controls (1% WT

whole blood added to NSG HemA whole blood)

were included. (C) Clotting time (CT) and clot formation

time (CFT) of untreated negative control and Cas9/

NSGHAsgRNA LNP-treated mice are shown. Data are

presented as average experimental values ±standard

deviation. Statistical comparisons were performed using

two-way ANOVA in (A) and t test in (C). **p < 0.01,

****p < 0.0001.
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addition, von Willebrand factor (VWF) plays a crucial role as an
FVIII carrier protein, preventing premature clearance and proteolytic
degradation of FVIII.41 VWF is mainly produced in capillary endo-
thelial cells and also expressed in LSECs.38,42 Evidence suggests that
VWF can influence FVIII biosynthesis by affecting intracellular traf-
ficking in endothelial cells and may mitigate the immune response to
FVIII in the presence of anti-FVIII antibodies.43,44 VWF is stored in
Weibel-Palade bodies, and it has been observed that FVIII can be sys-
tematically or locally released along with VWF upon physiological or
pharmacological stimulation.38,45–47 However, when using hepato-
cytes to produce FVIII, the protein is solely localized in the cytoplasm
without the accompaniment of VWF, and the controlled release of
stored FVIII, as seen in LSECs, may not be achieved. Furthermore,
LSECs play a crucial role as organ-resident antigen-presenting cells
capable of inducing tolerance.48 They contribute to the establishment
of hepatic tolerance through the induction of regulatory T-cells
(Tregs).49,50 Studies have demonstrated that FVIII expression
controlled by an LSEC-specific promoter or the F8 naive promoter
Molecular The
can sustain long-term FVIII expression and
induce immunotolerance.51,52 These factors
highlight the potential benefits of utilizing
LSECs as a target for F8 gene repair to promote
effective and immune-tolerant gene therapy
for HemA.

Currently, HemA gene therapy primarily re-
lies on AAV viral vector-based gene therapy.
Patients undergoing this treatment achieved
a high level of FVIII expression initially; how-
ever, the FVIII expression decreases year over
year after treatment.53 Some treated patients
need to revert back to prophylactic protein
replacement therapy.54 Furthermore, both
pre-existing anti-AAV antibodies and newly generated antibodies
following gene therapy restrict the potential for multiple treat-
ments with AAV gene therapy. It is essential to carefully evaluate
various limitations associated with this approach in HemA
treatment.

On the other hand, LNP-based gene therapy offers several distinct
advantages. First, LNPs exhibit low immunogenicity, enabling the
possibility of repeated treatments without significant immune re-
sponses.16,55,56 Second, the delivery of mRNA-based CRISPR-Cas9
gene editing via LNPs ensures transient expression of Cas9, thereby
mitigating the risk of prolonged Cas9 presence that could otherwise
trigger immune responses against Cas9-expressing cells and lead to
their elimination by the immune system. Third, mRNA-based ther-
apy eliminates the risk of oncogenic mutagenesis, as mRNA remains
in the cytoplasm and does not integrate into host genome. This con-
trasts with viral vector-based gene therapy, where the integration of
vector DNA fragments into genomic DNA poses a heightened risk
rapy: Nucleic Acids Vol. 35 December 2024 7
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Figure 6. Gene editing efficiency of isolated HPCs and LSECs

After Cas9/sgRNA LNP injection, HPCs and LSECs were isolated from treated NSG HemA mice, respectively. (A) Gene editing rate of Cas9/NSGHAsgRNA from genomic

DNA of whole liver, isolated HPCs and LSECs were evaluated by deep sequencing, respectively (n = 3). (B) Indel frequencies at five top predicted potential off-target sites

were analyzed by next generation sequencing. (C and D) Percentage of deletion patterns in HPCs and LSECs after treatment of Cas9/NSGHAsgRNA LNPs are shown. Data

are presented as average experimental values ±standard deviation.
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of tumorigenesis.57–63 In addition to integrative lentiviral vectors,
there is increasing evidence that AAV vectors can also integrate
into the host genomic DNA at a low frequency following transduction
in various animal models, including mice,57,58 dogs,59,60 non-human
primates,61–63 and humans.62

Furthermore, gene editing results in the biosynthesis of full-length
FVIII at its natural site. In contrast, most gene transfer therapies
including AAV and lentivirus-based therapy employ vectors express-
ing B-domain deleted (BDD) FVIII, which poses challenges in folding
and secretion.64 The accumulation of BDD FVIII protein may exceed
hepatocytes’ capacity for proper folding and secretion, leading to an
increase in ER stress both in vitro and in vivo.25,65,66 Additionally,
the accumulation of misfolded BDD FVIII in the ER can trigger cyto-
toxic responses and potentially contribute to tumorigenesis when
subjected to a high-fat diet (HFD). These findings highlight the
importance of careful consideration for gene transfer of BDD
FVIII.67,68 Although we showed that delivery of CRISPR-based
gene editing tools by LNPs also produced a high rate of gene correc-
tion in hepatocytes, it does not result in functional ectopic FVIII
expression, which, if present, could potentially cause cellular toxicity.
However, it neither impacted functional FVIII expression in LSECs
nor induced any toxicity in mice.
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Targeted gene delivery and editing specifically aimed at LSECs hold
significant promise for addressing changes related to LSECs in liver
diseases. In physiological conditions, LSECs regulate hepatic vascular
tone andmaintain the quiescence of hepatic stellate cells, thereby pre-
venting intrahepatic vasoconstriction and fibrosis. In pathological
states, LSECs are pivotal in the initiation and progression of chronic
liver diseases and hepatocellular carcinoma. Moreover, LSECs play
crucial roles in aging, inflammation, and infection.69 Increasing
evidence underscores the growing importance of LSEC-targeting
therapeutics. Protecting LSECs from apoptosis not only mitigates
hepatocyte apoptosis but also effectively treats acute liver failure.
Previous studies have shown that the delivery of Bax siRNA can
inhibit LSEC apoptosis, while LOX-1 siRNA delivery can reduce
fenestration diameter and porosity in LSECs, which are phenomena
associated with the progression of aging-related diseases and LSEC
dysfunction.70,71

In conclusion, the gene correction of mutant F8 to rescue endogenous
FVIII expression using Cas9 mRNA LNP offers several significant ad-
vantages. LNPs as therapeutic delivery vehicles are suitable for most
HemA patients without the need for screening for antibodies against
viral vectors. The use of target-specific Cas9 protein allows for the
identification and prevention of off-target effects. Furthermore,
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transient expression of Cas9 protein through Cas9 mRNA further re-
duces the risk of off-target events. Moreover, the rescued endogenous
FVIII protein can be stored and released via physiological pathways in
a controlled manner, avoiding misfolding issues associated with BDD
FVIII and reducing ER stress. To further enhance gene editing effi-
ciency, incorporating base editing or prime editing tools with LNP
technology holds great promise for expanding the range of F8 gene
corrections, including missense, nonsense, and frameshift variants
in HemA patients. This avenue of research represents the next step
in advancing precision gene therapy for HemA, offering the potential
for more comprehensive and effective treatments.

MATERIALS AND METHODS
Reagent

Luciferase, GFP, and Cas9 mRNA were purchased from TriLink Bio-
technologies (San Diego, CA, USA) or GeneScript (Piscataway, NJ,
USA). mF8sgRNA and NSGHAsgRNA were purchased from
Integrated DNA Technologies (San Diego, CA, USA). 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K), and
cholesterol were purchased from Avanti Polar Lipids (Alabaster,
USA). D-Lin-MC3-DMA (MC3) was purchased from Chemscene
(Monmouth Junction, NJ, USA) or MedKoo (Morrisville, NJ, USA).
Antibodies against GFP (A10262, Thermo Scientific, WA, USA),
CD31 (102510, BioLegend, San Diego, CA, USA), CD45 (103133,
BioLegend, USA), CD146 (130-118-407, Miltenyi Biotec, USA), and
LYVE-1 (AF2125, R&D Systems, MN, USA). 1,10-Dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI) was pur-
chased from Sigma-Aldrich. Fluorescein Griffonia Simplicifolia Lec-
tin I Isolectin B4 (Fluorescein-IB4, FL-1201-.5) was purchased from
Vector Laboratories (Newark, NJ, USA). T7 endonuclease I was pur-
chased from New England Biolabs (M0302S).

Synthesis of LNP

All the lipid components (MC3:DOPE:cholesterol:DMG-PEG2K =
50:10:39:1) were dissolved in ethanol. mRNAs were diluted in
50-mM sodium citrate buffer (pH = 3). Organic and aqueous solutions
were assembled using NanoAssemblr system (Precision NanoSystems,
San Francisco, CA, USA) at a 1:3 volume ratio to synthesize mRNA
LNPs. Encapsulation efficiency of mRNA LNPs was determined by
Quant-it RiboGreen RNA Assay Kit (Thermo Fisher, USA). The par-
ticle size distribution and average size were measured using the qNano
instrument with an NP200 membrane (Izon Science, NZ).

Animal

HemA mice with disruption of FVIII exon 16 were used in 129/
SV � C57BL/6 mixed genetic background. NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ mice (NSG mice) were purchased from Jackson Labo-
ratory (Sacramento, CA, USA). NSG HemA mice were purchased
from Gene Knockout Mouse Core Facility of NTU Center of
Genomic and Precision Medicine (Taipei, Taiwan). All the experi-
mental mice were housed at a specific pathogen-free (SPF) facility
in Seattle Children’s Research Institute according to the animal care
guidelines of National Institutes of Health and Seattle Children’s
Research Institute. The experimental protocols used in this study
were approved by the Institutional Animal Care and Use Committee
of Seattle Children’s Research Institute.

T7E1 assay

NIH3T3cells were transfected with Cas9 protein (1081059, IDT) and
two sgRNAs using CRISPRMax (Invitrogen, CA, USA), respectively.
At 72 h post-transfection, genomic DNA was extracted from trans-
fected cells using DNeasy Blood & Tissue Kit (Qiagen). The mouse
FVIII region targeted by sgRNA was amplified using CloneAmp
HiFi PCR Premix (Takara Bio, USA) with primers mF8-VF1:
50-TGCTCTGCAAAATATTTAGGACT-30 and mF8-VR1: 50-TTA
CACTAAGAAACACCTAGTAG-30 yielding a PCR fragment of 426
base pairs in WT mouse FVIII and 421 base pairs in mutant FVIII,
respectively. PCR fragments were purified using NucleoSpin Gel and
PCR Clean-Up kit (Takara) and quantified using a Nanodrop Spectro-
photometer (Nanodrop One, Thermo Fischer, USA). For the T7E1
assay, 100 ng of PCR products were heated, following cooling down
to room temperature as follows: 95�C for 5 min, from 95�C to 85�C
at � 2�C per second, from 85�C to 25�C at � 0.1�C per second. After
heteroduplex formation, 10 units of T7E1 enzyme (New England Bio-
labs, USA) were added to the samples and incubated at 37�C for
15 min. PCR fragments were analyzed by gel electrophoresis. The
gene editing rate was estimated according to the following formula:

Amount of digested products
Total amount of digested products and undigested parental band

� 100%

LNP injection and samples collection

Different mRNA LNPs were intravenously injected to mice through
retro-orbital plexus. Blood samples were collected from retro-orbital
plexus and centrifuged immediately to obtain sera. Samples were
stored at �80�C for further experiments.

Live imaging of experimental mice using an intravital imaging

system

Mice were subcutaneously injected with 200 mL/20 g of D-Luciferin
(PI88293, Fisher Scientific) 10 min before imaging. All the images
were monitored by Image Studio Software for Pearl Trilogy Imaging
System (LI-COR, USA).

Immunofluorescent staining and flow cytometry

Mouse liverswere harvested,fixed in 4%paraformaldehyde (RT-15710,
Electron Microscopy Sciences, PA, USA) for 1 h at room temperature
and cryoprotected in PBS (phosphate-buffered saline)with 30% sucrose
at 4�Covernight. Liver sectionswere blocked in 0.5% fetal bovine serum
in PBS and stained with anti-GFP (A10262, Thermo Scientific, WA,
USA), CD31 (14-0311-81, Thermo Scientific) and LYVE-1 (AF2125,
R&D Systems, MN, USA) at 4�C overnight, followed by application
of the secondary antibodies conjugated with Alexa Fluor 488 or 594
(Invitrogen). For vascular staining, PBS containing 20 mg/mL Isolectin
GS-IB4 (I21411, ThermoScientific)withAlexa Fluor 488 conjugatewas
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added to sections and stained at roomtemperature for 2 h. Sectionswere
mounted with mounting medium containing DAPI (H-1200-10, Vec-
tor Laboratories, CA, USA) for nuclear staining. Images were examined
on a fluorescentmicroscope (DM6000B, Lecia). To verify cell-type-spe-
cific gene editing, the livers of treated mice were perfused with HBSS
buffer containing 0.5 mM EDTA and 25 mM HEPES, followed by
digestion with a buffer containing Liberase (5401119001, Sigma-
Aldrich). Hepatocytes were isolated by centrifugation at 50 � g for
2 min. LSECs were further isolated using mouse CD146 MicroBeads
(130-092-007, Miltenyi Biotec). The isolated cells were stained with
APC-labeled anti-CD31, (102510, BioLegend), BV421-labeled, anti-
CD45 (103133, BioLegend), and PE-labeled anti-CD146 (130-118-
407, Miltenyi Biotec). Finally, the labeled cells were analyzed using an
LSRFortessa (BD Biosciences) or CytoFLEX (Beckman Coulter) flow
cytometer.

In vitro luciferase assay

Liver lobes were homogenized using Bead Ruptor Elite (OMNI, US)
in passive lysis buffer (E1941, Promega, USA). Total protein of iso-
lated hepatocytes and LSECs were directly extracted using passive
lysis buffer. Luciferase activity in the extracted protein fraction was
evaluated by Luciferase Assay System (Promega) and measured by
a Victor 3 plate reader (PerkinElmer, USA). Luciferase expression
was normalized by total protein, measured by BCA assay kit (Bio-
Rad, USA), and reported as RLU/mg.

aPTT assay

Plasma mouse FVIII was examined using activated partial thrombo-
plastin time (aPTT) assay.16,55 Mouse FVIII activity was evaluated ac-
cording to a standard curve obtained from serially diluted normal hu-
man pooled plasma.

AST and ALT assays

Liver injury was evaluated using alanine aminotransferase (ALT) re-
agent kit (Teco diagnostics, Anaheim, CA) and aspartate aminotrans-
ferase (AST) commercial enzyme kit (Randox, London, United
Kingdom) at indicated time points after LNP injection, respectively.

Hydrodynamic injection

For the hydrodynamic injection of sgRNA and Cas9 plasmids, we
incorporated mF8sgRNA and NSGHAsgRNA, respectively into the
pL-CRISPR.EFS.tRFP plasmid (a gift from Benjamin Ebert, Addgene
plasmid # 57819; http://n2t.net/addgene:57819; RRID: Addg-
ene_57819). These constructs were hydrodynamically injected into
NSG HemA mice at a concentration of 50 mg/mL and a volume
(mL) equal to 9% the mouse’s body weight (g). Blood samples were
collected weekly via retro-orbital bleeding, with one-tenth volume
of 3.8% sodium citrate added to each sample. A second hydrodynamic
injection was performed in week 5, and blood samples were collected
weekly up to week 10.

Thromboelastography

Coagulation function of experimental mice treated with Cas9 mRNA
LNPs was examined at indicated time points after treatment. Un-
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treated NSG HemA mice were served as control. Whole blood was
collected by submental bleeding and mixed with anticoagulant 3.8%
citric acid at a ratio of 1:9 (anticoagulant: whole blood). CT and
CFT were directly measured using NATEM (Non-Activated Throm-
boelastometry) kit assay by rotational thromboelastometry (ROTEM
delta, Instrumentation Laboratory, Bedford, MA).

Sanger sequencing and deep sequencing

Genomic DNA of treated mice was extracted from transfected cells
using DNeasy Blood & Tissue Kit (Qiagen) at indicated time points.
The mouse FVIII region targeted by sgRNA was amplified using
CloneAmp HiFi PCR Premix (Takara Bio) with primers mF8-VF1
and mF8-VR1. PCR fragments were purified using NucleoSpin Gel
and PCR Clean-Up kit (Takara) and quantified using Nanodrop
Spectrophotometer. To identify the gene editing rate, purified PCR
amplicons were shipped to Azenta Life Sciences (Seattle, WA, USA)
for Sanger sequencing or deep sequencing. The Sanger sequencing
data were analyzed using Tracking of indels by Decomposition
(TIDE) (http://shinyapps.datacurators.nl/tide/) or Synthego ICE
analysis (https://ice.synthego.com/#/). Next generation sequencing
(NGS) data were analyzed by Azenta or Cas-Analyzer (Rgen tool,
http://www.rgenome.net/cas-analyzer/#!).

Statistical analyses

All the statistical analyses were carried out utilizing GraphPad Prism
7 software. The data were compared using two-tailed unpaired Stu-
dent’s t test and one-way analysis of variance (ANOVA) followed
by post hoc Bonferroni’s multiple comparison tests; p values <0.05
were considered statistically significant.
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