Molecular Therapy

Nucleic Acids
Original Article

In vivo genome editing using 244-cis
LNPs and low-dose AAV achieves
therapeutic threshold in hemophilia A mice

Jeong Pil Han,"° Yeji Lee,”° Jeong Hyeon Lee,! Hye Yoon Chung,! Geon Seong Lee,! Yu Ri Nam,®> Myeongjin Choi,*
Kyoung-Sik Moon,* Haeshin Lee,” Hyukjin Lee,” and Su Cheong Yeom!-

!Graduate School of International Agricultural Technology and Institute of Green BioScience and Technology, Seoul National University, Pyeongchang, Gangwon 25354,

Korea; 2College of Pharmacy, Graduate School of Pharmaceutical Sciences, Ewha Womans University, Seodaemun-gu, Seoul 03760, Korea; 3Deartment of Chemistry, Korea

Advanced Institute of Science and Technology (KAIST), Yuseong-gu, Daejeon 34141, Korea; “Department of Advanced Toxicology Research, Korea Institute of Toxicology,

Yuseong-gu, Daejeon 34114, Korea; SWCU Biomodulation Major, Department of Agricultural Biotechnology, Seoul National University, Gwanank-gu, Seoul 08826, Korea

Gene therapy and rebalancing therapy have emerged as prom-
ising approaches for treating hemophilia A, but there are lim-
itations, such as temporary efficacy due to individual differ-
ences. Genome editing for hemophilia has shown long-term
therapeutic potential in preclinical trials. However, a cautious
approach is necessary because genome editing is irreversible.
Therefore, we attempted to induce low-level human factor 8
(hF8) gene knockin (KI) using 244-cis lipid nanoparticles and
low-dose adeno-associated virus to minimize side effects and
achieve a therapeutic threshold in hemophilia A mice. We
selected the serpin family C member 1, SerpinCl, locus as a
target to enable a combined rebalancing strategy with hF8 KI
to augment efficacy. This strategy improved blood coagulation
activity and reduced hemophilic complications without adverse
effects. Furthermore, hemophilic mice with genome editing
exhibit enhanced survival for 40 weeks. Here, we demonstrate
an effective, safe, and sustainable treatment for hemophilia
A. This study provides valuable information to establish safe
and long-term genome-editing-mediated treatment strategies
for treating hemophilia and other protein-deficient genetic dis-
eases.

INTRODUCTION

Hemophilia A, a coagulation disorder, is caused by a deficiency of the
coagulation factor 8 (FVIII) protein resulting from a genetic defect in
coagulation factor 8 (F8) and is prevalent in 1 of 5,000 males.' Pro-
phylaxis is the most common treatment strategy for hemophilia
and involves the intravenous administration of deficient clotting fac-
tors to maintain appropriate levels of these coagulation factors.”
However, recombinant FVIII (rFVIII) has a short half-life, with an
average of 12 h,” and patients with hemophilia A are typically
required to inject rFVIII every 2 days." To date, efforts to extend
the half-life of rFVIII have been limited, with an average half-life of
18 h.” Additionally, rFVIII administration can lead to the develop-
ment of FVIII inhibitors in approximately 30% of patients with he-
mophilia A after treatment.” The acquisition of FVIII inhibitors is a

significant limitation of prophylaxis therapy using rFVIII, rendering
replacement therapy ineffective, thereby increasing the risk of
bleeding and leading to an early onset of progressive arthropathy.*’
Therefore, there is a pressing need to develop new treatments to
address the short-lasting therapeutic effects and the risk of inhibitor
development associated with rFVIII therapy for hemophilia A.

Next-generation treatment strategies for hemophilia A, such as gene
therapy and rebalancing therapy, are under clinical trials.*” Gene
therapy includes an ex vivo strategy that integrates a protein-coding
sequence into the host chromosome of a cell and delivers it to the
body and an in vivo strategy that directly delivers genetic material
to the body.“] Adeno-associated virus (AAV) is a viral vector
commonly used for in vivo gene therapy owing to its low immunoge-
nicity, serotype-specific tropism, and low-integration characteristics.®
A single administration of AAV shows a long-lasting therapeutic ef-
fect for several months to years. Global pharmaceutical companies,
including BioMarin, Sangamo, Sanofi, and Spark, are conducting
clinical trials for AAV-mediated gene therapies for hemophilia A
with ongoing developments.® However, a clinical trial reported a
43% decrease in human FVIII (hFVIII) expression within 2 years of
AAV transduction.'’ Repeated AAV transduction may be required,
but it could reduce the therapeutic effect owing to the production
of neutralizing antibodies against the AAV capsid."”

Rebalancing therapy restores the blood-clotting ability by downregu-
lating the anticoagulant pathway and can be applied to patients with
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hemophilia A and B with inhibitors.'® Tissue factor pathway inhibi-
tor, activated protein C, and serpin family C member 1 (SerpinCI)
have been studied as candidate targets for rebalancing therapy.'* '
SerpinCl1 encodes antithrombin (AT), which inhibits thrombin gen-
eration and is a promising target for rebalancing therapies. Fitusiran,
a small interfering RNA for hemophilia treatment targeting SerpinClI,
decreased bleeding episodes in clinical trials.'® However, fitusiran was
ineffective in restoring activated partial thromboplastin time (aPTT),
indicating an insufficient hemostatic effect on acute bleeding, such as
trauma'’; therefore, an additional recombinant clotting factor should
be used.

Genome editing is a valid option for effective hemophilia treatment as
it restores the ability to produce endogenous blood-clotting factors.
The ribonucleoprotein (RNP) complex of clustered regularly inter-
spaced short palindromic repeats (CRISPR)-CRISPR-associated pro-
tein 9 (CRISPR-Cas9) and a single guide RNA (sgRNA) induces tar-
geted double-stranded DNA breakage (DSB). Therapeutic gene
knockin (KI) is feasible using a DNA repair mechanism that generates
CRISPR-Cas9-mediated DSB and provides an appropriate donor
template.'® The KI of the FVIII coding sequence can be applied uni-
versally to patients with different variants of hemophilia A. The ther-
apeutic gene KI alleviates coagulopathy in hemophilia A and B
mice.'””” For therapeutic gene KI in a mouse model, multiple
AAVs have been used to encode the Cas9 protein, sgRNA, and donor
templates.””*' The application of dual or triple AAVs can cause trans-
duction interference,?! which contributes to low KI efﬁciencyzz’23
increases the total amount of AAV administered, potentially
increasing side effects. High-dose AAV transduction can induce an
immune response, and there have been cases of patient death in clin-
ical trials.”**> In addition, the risk of transgene integration into the
host chromosome using AAV vectors is constantly raised. There-
fore, to develop an in vivo therapeutic gene, KI, it is necessary to mini-
mize the AAV dose and discover alternative delivery tools for
CRISPR-Cas9 and donor templates.

and

Lipid nanoparticles (LNPs) are a non-viral delivery option that can
deliver genetic material to different target organs based on their
formulation and show lower immunogenicity than viral vectors.””
They mediate the targeted delivery of Cas9 mRNA and sgRNA to
the cytosol. After Cas9 protein synthesis on ribosomes, the nucleus-
localizing signal on the Cas9 protein enables the movement of the
Cas9 RNP complex into the nucleus via the nuclear pore complex.
The Cas9 RNP produced after LNP-mediated delivery of Cas9
mRNA and sgRNA rapidly degrades within a few days,” reducing
the likelihood of undesirable events such as off-target DSB formation
or immune response. Our previous study demonstrated the safe and
sustainable rebalancing of therapeutic effects of Serpincl targeting us-
ing LNP-encapsulated Streptococcus pyogenes Cas9 (SpCas9)
mRNA." This study used a novel engineered 244-cis LNP that in-
duces lower immune responses than the responses evoked by previ-
ously used LNPs. The 244-cis ionizable lipid has been developed for
the targeted in vivo delivery of mRNA therapeutics; its unique char-
acteristics such as minimal immune stimulation upon systemic
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administration as well as the feasibility of repeat doses of mRNA/
LNP without losing potency have been highlighted.*

This study aimed to develop a hemophilia A therapy through human
F8 (hF8) KI into the Serpincl locus, utilizing a combination of LNP
and AAV as a genetic material delivery tool. The traditional goal of
prophylaxis therapy has been specified as a blood concentration of
FVIII greater than 1% of the normal levels, and a recent clinical study
suggested that it needs to be set between 8% and 12% for effective pro-
phylaxis.”® Thus, even low levels of FVIII induced by an inefficient
therapeutic gene KI could remain valid and efficacious for hemophilia
A treatment. Therefore, we attempted to achieve a low therapeutic
threshold using low-dose AAV and 244-cis LNP. Our results demon-
strate a sustainable, safe, and effective gene therapy for hemophilia A
combining Serpincl targeting and hF8 KI using viral and non-viral
vectors.

RESULTS

AAV-donor and liver-specific 244-cis LNP

The hF8 gene (accession no. NM_000132) encodes the hFVIII pro-
tein, which comprises A1-A2-B-A3-C1-C2 domains. The hF8 coding
sequence spans 7.1 kb, exceeding the payload capacity of AAV vec-
tors. The B-domain of hFVIII can be removed without compromising
the FVIII function, and B-domain-deleted hFVIII (hFVIII-BDD) has
been utilized for rFVIII production.”’ This study aimed to establish
an hF8 KI in the SerpinClI locus of hemophilia A mouse liver cells.
Splicing acceptor sequences were incorporated to employ the endog-
enous promoter signal of SerpinCl, and the 4,314-base pair (bp)
hFVIII-BDD coding sequence was packed in the AAV-donor tem-
plate. Additionally, we applied a homology-mediated end-joining
(HME]) strategy, which combines homology-independent targeted
integration (HITI) and homology-directed repair (HDR) to enhance
the efficiency of in vivo KI.>* The sgRNA sequences were designated
as 5-TGTGCATTTACCGCTCCCCTGGG-3/, located in the third
exon of the SerpinCI gene. The 70-bp homology arms and the sgRNA
sequences were positioned at both ends of the donor template (Fig-
ure 1A). The AAV serotype 8 (AAV8) was used as a tool for donor
delivery in our previous in vivo therapeutic KI study.”" After verifying
liver tropism in a luciferase (Luc) transduction experiment (Fig-
ure 1B), AAV8 was selected as the hF8 vector for donor delivery
(AAV-donor).

The LNPs used in this study included the ionizable lipid 244-cis. This
ionizable lipid contained three ester structures and three unsaturated
bonds based on a piperazine heterocyclic structure (Figure 1C). In the
microfluidic system, phospholipids, e.g., dioleylphosphatidyl ethanol-
amine, polyethylene glycol (PEG) lipids, e.g., C16-PEG2000 cer-
amide, cholesterol, and ionizable lipids, were introduced on one
side, and SpCas9 mRNA and sgRNA were loaded at a 1:1 (w/w) ratio
on the other side. The LNPs were formulated by flowing both solu-
tions at a constant rate (12 mL/min). In a previous study, 7.0 mM cit-
rate with 20 mM NaCl was used as a buffer for SpCas9 mRNA and
sgRNA, using a pH 5.0 condition (higher than the common condition
of pH 3) to increase ionic strength."” We adopted this buffer
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Figure 1. Adeno-associated virus (AAV) vectors and lipid nanoparticles (LNPs) were prepared for liver-targeted in vivo genome editing

(A) Schematic representation of in vivo human B-domain-deleted F8 Kl in the third exon of SerpinC1. Thunder symbol, DSB site; blue letters, sgRNA binding sequences; red
letters, protospacer adjacent motif sequences; HA, homology arm; SA, splicing acceptor; pA, polyadenylation; LNP-CRISPR, Lipid nanoparticle packed SpCas9 mRNA
and sgRNA. (B) The biodistribution of AAV vectors in the body was analyzed by in vivo bioluminescence imaging using 1 x 102 vector genomes per kilogram of body weight
(vg/kg) of luciferase-encoded AAV serotype 8 (AAV8-Luc). Two weeks after AAV8-Luc transduction, a luminescent signal was detected in live mice and their organs. (C)
Schematic of 244-cis LNP. LNP encapsulating SpCas9 mRNA and sgRNA comprised four lipids, including ionizable lipids. 244-cis ionizable lipid contains three ester
structures and three unsaturated bonds based on the piperazine heterocyclic structure. (D) The biodistribution of LNPs was analyzed by measuring luciferase signal intensity
6 h after intravenous injection of 0.1 mg/kg (mpk) of 244-cis LNP into C57BL/6 (B6, wild type; WT). (E) Serum aspartate aminotransferase (AST) and alanine transaminase
(ALT) concentrations 24 h after the injection of WT mice with 2.0 mpk 244-cis LNP. Each dot represents data from an individual mouse and is presented as mean + standard

error of the mean (SEM) (n = 3 for each group).

condition. Consequently, LNPs with a high encapsulation efficiency
of 96.5%, size of 79.84 + 22.26 nm, and polydispersity index (PDI)
of 0.074 + 0.031 were formulated. The results of measuring the
size of the 244-cis LNP encapsulated with Cas9 mRNA/gRNA using
a Zeta sizer are presented in Table SI.

The 244-cis LNPs encapsulated with firefly Luc (fLuc) mRNA were
used to examine the in vivo distribution of LNPs. Bioluminescence
was observed using an in vivo imaging system (IVIS) 6 h after intra-
venous injection of a 0.1 mg/kg dose, with higher luminescence values
observed in mice injected with 244-cis LNPs than in mice adminis-
tered PBS. An ex vivo analysis of the liver, lungs, spleen, heart, and

kidneys revealed that the liver showed the highest luminescence
values. The 244-cis LNPs targeted the liver when administered sys-
temically (Figure 1D). This observation is consistent with the
currently understood mechanism that when LNPs are injected into
the circulatory system, PEG lipids are uncoated, and the ApoE protein
in the blood attaches to the surface of the LNPs, interacting with low-
density lipoprotein receptors in hepatocytes.’** As LNPs target the
liver, we compared 244-cis LNPs with ALC-0315 and SM-102 LNPs
used in the COVID-19 vaccine produced by Pfizer and Moderna.
Aspartate aminotransferase (AST) and alanine transaminase (ALT)
levels, which indicate liver toxicity, were compared at 24 h after a sin-
gle administration of 2 mg/kg fLuc mRNA (Figure 1E). Compared
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with the PBS group, the 244-cis group showed comparable values of
AST and ALT, which were lower than those of the ALC-0315 and
SM-102 groups. Therefore, hepatotoxicity could not be observed,
despite administering a high dose of 244-cis LNP. The results of eval-
uating the fLuc mRNA expression efficiency, as well as gene editing
efficacy and biodegradability of 244-cis, ALC-0315, and SM-102
have been presented in the supplementary data (Figures S1 and S2).

Two-week interval between low-dose AAV and LNP transfection
for in vivo Ki

This study utilized the C57BL/6.F8 intron 22 inversion (F8'220
mice,”” which mimic the most common and severe bleeding clinical
phenotype in patients with hemophilia A. Targeted DSB and the de-
livery of donor templates are necessary to achieve KI. Providing
donor templates to the nucleus before DSB formation is crucial for
generating KI.°>*” DNA template could not pass the nuclear pore
complex efficiently,’® and the liver consists mostly of non-dividing
cells in the GO/G1 phase with intact nuclear pore complex.*® Synthetic
lipids efficiently deliver genetic materials into the cytosol, but do not
efficiently deliver DNA templates into the cellular nucleus. AAV is a
single-stranded DNA virus and could deliver its genome into the nu-
cleus of dividing or non-dividing cells.”” Therefore, we selected an
AAV vector to deliver DNA templates into the nucleus for the gener-
ation of KI.

The AAV is a single-stranded DNA virus, converted into double-
stranded DNA after transduction into the cell nucleus. Seven days af-
ter transduction, AAV was enriched in non-dividing cells.””
ingly, LNP exhibits prompt and vigorous translation within 1-2 days
of administration.”® Considering the kinetics of AAV and LNP, AAV
transduction is required before the transfection of LNP encapsulated
with Cas9 mRNA and sgRNA. Therefore, we placed a 2-week interval
between AAV and LNP administration in the mice.

Contrast-

In addition, the dosages of AAV and LNP were considered. In our
previous study, the insertion and deletion (indel) frequency was
approximately 20% in hepatocytes without detectable side effects
in three times repeated dosing with 1.2 mg/kg (mpk) LNP-
CRISPR."”” As we intended to reduce the number of LNP adminis-
trations, 1.5 mpk 244-cis LNP was administered once (Figure 2A).
Additionally, a phase 3 clinical trial for gene therapy of human he-
mophilia A was conducted recently using a viral dose of 6 x 10"
vector genomes per kilogram (vg/kg) of body weight for the treat-
ment*' (ClinicalTrials.gov: NCT03370913). To lower the possibility
of side effects, including immune response and random integration
using AAV, we determined the AAV dose to be 1 x 10'* vg/kg
(2.5 x 10" vg/mouse), which is 60 times lower than that used in
the clinical trial (Figure 2A).

Combined use of AAV and LNP-induced liver-specific SerpinC1
targeting and decreased blood at levels

The generation of indels at the SerpinCI locus using LNP-CRISPR
was analyzed using polymerase chain reaction (PCR) and T7 endonu-
clease I (T7E1) analysis of liver tissues. Indels were not detected in the
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wild-type (WT), F8"**', and AAV-donor groups. There were 7.4% in-
dels in the LNP-CRISPR group and approximately 30% indels in the
AAV-donor and LNP-CRISPR combined groups (AAV-LNP). The
AAV-LNP group developed an indel frequency nearly four times
higher than that in the LNP-CRISPR group, despite administering
the same amount of LNP-CRISPR (Figures 2B and S3). As AAV
does not produce DSBs, we hypothesized that AAV donors interfere
with the repair process after DSB formation using LNP-CRISPR and
induce a relatively high indel frequency. Similarly, partial AAV se-
quences can be integrated into DSBs.*

A primary goal of this study was to downregulate the blood AT con-
centration by targeting the Serpincl locus. Therefore, the high indel
frequency in the AAV-LNP group was beneficial. The LNP-CRISPR
and AAV-LNP groups showed decreased blood AT concentrations
by 13% and 30%, respectively, compared with the F8122I group (Fig-
ure 2C). Fitusiran clinical trials reported a gradual increase in
thrombin generation by AT inhibition.'” Thus, this downregulation
of AT was expected to induce the recovery of thrombin generation.
Additionally, indels were not detected in other organs, such as the
heart, lungs, spleen, kidneys, and testes, indicating that LNP-
CRISPR targeting was specific to and effective in the liver (Figure S4).

Human factor 8 gene Kl recovered hFVIIl production in vivo

The presence of KI induced by the AAV-donor at the DSB site of the
Serpincl locus was verified by PCR using the liver tissue. Only the
AAV-LNP group exhibited KI in PCR result (Figure 2D). To accu-
rately assess KI efficiency in the SerpinClI locus, droplet digital PCR
(ddPCR) was conducted using the liver tissue. Similar to the KI
PCR results, the ddPCR results were positive only in the AAV-LNP
group (0.13%), and were not detected in the other groups
(Figures 2D and S5).

As 70-bp homology arm sequences were placed at the 5" and 3’ ends of
the AAV-donor, both HITI and HDR could potentially occur. Sanger
sequencing using the KI PCR amplicons revealed that all KIs at the 3’
end seemed to be caused by HITI, whereas KIs at the 5" end were pro-
duced through different integration mechanisms underlying HITI
(71%, 10 of 14), HDR (14%, 2 of 14), AAV-trap (7%, 1 of 14),”' or
through an unknown mechanism (Figures 2E and S6). The HME]
strategy appeared to induce various types of KI; however, HITT was
dominant. The directional characteristics of KI were not analyzed
thoroughly in this study. However, we inferred that DNA fusion first
occurred at the 3’ end through HITI, followed by fusion at the 5 end.
The KI was not detected in organs other than the liver in the AAV-
LNP group (Figure S4), indicating that detectable KI was induced
only in the liver, wherein sufficient amounts of the AAV-donor and
LNP-CRISPR were delivered simultaneously.

The hF8 Kl in the liver leads to hFVIII production. Therefore, we con-
ducted an enzyme-linked immunosorbent assay (ELISA) to verify the
expression of hFVIII using liver and blood samples. The average con-
centration of hFVIII was 25 ng/mL in the liver lysate (1 mg) of the
AAV-LNP group. However, two mice in the AAV-LNP group
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(A) A schematic displaying information on the experimental groups and injection schedules for genetic materials. IV, intravenous injection; F8'%, C57BL/6 mice F8 intron 22
inversion. (B) Identification of insertions and deletions (indels) using T7E1 and indel rate calculation using image analysis. Red triangle: band cut by T7E1. (C) Mouse blood AT
concentrations in each group were measured using an enzyme-linked immunosorbent assay (ELISA) (n = 4 per group). (D) PCR-based genotyping for the Kl analysis. Primers
were designed for both sides of the expected Kl region (left). Droplet digital PCR (ddPCR) was conducted to analyze accurate Kl efficiency in mouse liver tissues of the 8-week
post-injection group (right; WT, F822', LNP-CRISPR, AAV-donor; n = 2; AAV-LNP; n = 4). (E) Sanger sequencing was conducted using 9-14 randomly selected clones from
each Kl-positive amplicon of F82?-AAV-LNP. HITI: Homology-independent targeted integration. (F) Concentrations of hFVIIl in the liver and blood were measured using
ELISA (n =4 for each group). (G) Western blotting for hFVIIl and a-tubulin using liver tissue protein. (H) Immunofluorescence images showing liver hFVIIl expression (100X). The
yellow scale bar represents 200 pm. Statistical analyses were performed using one-way analysis of variance (ANOVA). Each dot represents data from an individual mouse and

is presented as mean + SEM. *p < 0.05, ****p < 0.0001.

showed low levels of hFVIII in the blood (Figure 2F). We reasoned
that the hFVIII secreted into the bloodstream was consumed and re-
mained at a lower concentration below the detectable range. Next,
hFVIII synthesis in the liver was analyzed by western blotting, and
an approximately 160-kDa anti-hFVIII antibody reactive band,
consistent with the expected size of FVIII-BDD, was detected (Fig-
ure 2G). Immunofluorescence confirmed the expression of hFVIII
in the liver tissue (Figure 2H).

Human factor 8 gene Kl restored enhanced the coagulation
phenotype in in vitro coagulation assays

Human patients with F8'2*! hemophilia express nonfunctional FVIII
with a truncation of the C-domain.*? Similarly, F822! mice also pro-
duce FVIII but lack FVIII activity, which causes coagulopathy. There-

fore, we assessed plasma concentrations of activated FVIII (FVIIIa) to
determine whether therapeutic hFVIII improved blood coagulation.
The plasma concentrations of FVIIIa were restored in the AAV-
LNP group to approximately 10% of that in WT mice (Figure 3A).
The production of FVIIIa could not be detected in the F8*' control
and LNP-CRISPR groups, but a small amount of FVIIIa was detected
in the AAV-donor group, presumably because of random AAV inte-
gration or episomal expression promoted by the inverted terminal
repeat (ITR) sequence.44

The final goal of hemophilia therapy is to re-establish coagulation ca-
pabilities. The aPTT test and calibrated automated thrombogram
(CAT) could be utilized to analyze the hemostatic function and assess
the recovery of coagulation activity for a combination of rebalancing
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Figure 3. Combination of rebalancing therapy and hFVIII production improved coagulation activity

(A) Factor Vil activity (FVIlla) in the plasma was measured through chromogenic analysis of the 8-week post-injection group (n = 4 for each group). The ratio values of FVllla
were calculated by comparison with the mean value from the WT and are shown in blue text. (B) The coagulation activity in each group was analyzed based on activated
partial thromboplastin time analysis (aPTT) (n = 4 for each group). (C) The thrombin generation potential was analyzed using a calibrated automated thrombogram (CAT) (n =4
per group). (D) The thrombin peak and area under the curve were calculated using the manufacturer-supplied software (n = 4 for each group). Each dot represents the data
from an individual mouse. Data are presented as mean + SEM, calculated using one-way ANOVA. **p < 0.01, ***p < 0.0001.

and hF8 KI therapies. The aPTT test evaluates early-stage coagulation
function by measuring the coagulation response for 480 s, whereas the
CAT assay measures overall thrombin generation through continued
measurement for 120 min.*> The aPTT test recorded 480 s in the
F8%' control, LNP-CRISPR, and AAV-donor groups, suggesting
no improvement in the initial formation of fibrin. In contrast, the
aPTT test resulted in an average of 150 + 28 s in the AAV-LNP group,
approximately 70% shorter than in the F8"*' control group (Fig-
ure 3B). These results showed that hFVIII production restored the
initial blood-clotting ability in the AAV-LNP group. The LNP-
CRISPR group was expected to have enhanced the coagulation func-
tion through the downregulation of AT; however, it did not exhibit
any effect in the aPTT test, which was consistent with observations
reported in the fitusiran clinical trial.'”

The CAT assay revealed a slight improvement in thrombin gener-
ation in the LNP-CRISPR and AAV-donor groups. In contrast, the
AAV-LNP group demonstrated an apparent restoration of
thrombin generation (Figure 3C). The peak value for thrombin
represented the capability for the maximum production of
thrombin, recovering to 5.5%, 7.8%, and 35.8% of the WT value
for thrombin in the LNP-CRISPR, AAV-donor, and AAV-LNP
groups, respectively (Figure 3D). The area under the curve
(AUC) value, which indicates the total amount of thrombin pro-
duced during CAT, recovered to 8.1%, 9.6%, and 64.8% of the
WT value for AUC in the LNP-CRISPR, AAV-donor, and AAV-
LNP groups, respectively (Figure 3D). These observations demon-
strated that the downregulation of AT and hFVIII production in
the AAV-LNP group impacted the restoration of coagulability
and raised the possibility of improving the clinical symptoms of
hemophilia A.

Combined use of rebalancing and hF8 KI therapies reduced
bleeding lesions and prolonged survival in mice

The F8™*' mouse model develops spontaneous liver and lung
bleeding and kidney edema.’ Therefore, restoring blood coagula-
tion ability through AT inhibition and hFVIII production is ex-
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pected to alleviate the clinical symptoms of hemophilia. First, liver
and lung tissues were embedded in paraffin, followed by the prep-
aration of tissue slides. The bleeding frequency was calculated using
the autofluorescence of red blood cells detected at a wavelength of
530 nm.'” In the liver tissue, the AAV-LNP group exhibited a
67% reduction in bleeding frequency compared with the bleeding
frequency in the F8™*' control group (p < 0.001) and recovered
to the WT levels. However, spontaneous bleeding in the liver did
not decrease in the LNP-CRISPR or AAV-donor groups (Figure 4A).
In the lungs, the relative frequency of spontaneous bleeding
decreased by 41%, 30%, and 31% in the AAV-LNP, LNP-CRISPR,
and AAV-donor groups, respectively, compared with that in the
F8"*' control group (p = 0.012).

Although edematous kidney lesions are not a common complication
in patients with hemophilia, kidney edema was observed in the Bow-
man’s capsule of F8**' mice. As our previous study confirmed that
the occurrence of edematous kidney lesions decreased with the resto-
ration of blood coagulation ability,'” this study also selected it as a pri-
mary criterion for assessing the recovery of blood coagulation ability.
The number of edematous Bowman’s capsules was estimated after he-
matoxylin and eosin (H&E) staining of kidney tissues. The frequency
of edematous Bowman’s capsules decreased by 61% in the AAV-LNP
group (p = 0.0002), and the LNP-CRISPR group showed significantly
reduced kidney edema (p = 0.031) (Figure 4B). Briefly, hF8 KI into the
SerpinCI locus induced clear clinical improvement. However, the
LNP-CRISPR and AAV-donor groups seemed to show slight im-
provements in the lung and kidney lesions, but these improvements
were insufficient.

As severe hemophilia can shorten the lifespan, the survival rate was
estimated to assess the long-term therapeutic effect. During the
60-week study period, 83% of mice in the AAV-LNP group survived,
whereas only 37% of mice in the F8"*' group survived (Figure 4C).
Therefore, we concluded that the co-occurrence of low-level produc-
tion of hFVIII and the downregulation of AT improved clinical symp-
toms, such as reduced spontaneous bleeding and prolonged survival.
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Figure 4. Improved blood coagulation activity, reduced spontaneous bleeding, and secondary complications

(A) Spontaneous bleeding was assessed in paraffin-embedded liver and lung tissues by detecting the autofluorescence signal of red blood cells (RBCs) at 530 nm. Three
areas of each tissue were selected randomly from each mouse, and the dimensions of autofluorescence were calculated using Imaged (left panel, scale bar, 200 pm). Values
from each mouse were normalized to those of WT mice and subjected to RBC frequency analysis (right panel, n = 4 for each group). (B) Paraffin-embedded kidney tissues
were collected to analyze hemophilic phenotypes (left panel, scale bar, 200 um). The number of abnormally shaped glomerular capsules (black triangles) was estimated from
three randomly selected areas in the cortex (right panel, n = 4 per group). Each dot represents the data from an individual mouse. Data are presented as mean + SEM,
calculated using one-way ANOVA. *p < 0.05, **p < 0.001, ****p < 0.0001. (C) Survival rates were analyzed in the F8'%%, LNP-CRISPR, AAV-donor, and AAV-LNP groups over
60 weeks of monitoring (F8'%?', n = 8; LNP-CRISPR, n = 9; AAV-donor, n = 7; and AAV-LNP, n = 6). (D) Sustainability of therapeutic effect was assessed by CAT using
60-week follow-up mice (F8'%?', n = 3; LNP-CRISPR, n = 5; AAV-donor, n = 2, AAV-LNP, n = 5). Each dot represents data from an individual mouse. Data are presented as

mean + SEM, calculated using one-way ANOVA. *p < 0.05.

The AAV-donor and LNP-CRISPR groups exhibited survival rates of
42% and 66%, respectively, suggesting a poor therapeutic effect in
AAV-donor and a slight therapeutic effect in LNP-CRISPR. Consid-
ering the 13% decrease in blood AT concentration caused by LNP-
CRISPR (Figure 2C), the improved clinical symptoms and reduced
mortality in the LNP-CRISPR group appeared to develop a weak re-
balancing-mediated therapeutic effect (Figure 4C). The AAV-LNP
group showed a two-time reduction in blood AT concentrations
compared with that in the LNP-CRISPR group; therefore, a relatively
more enhanced therapeutic effect of rebalancing in the AAV-LNP
group is expected.

No detectable prothrombotic events and anti-hFVIIl antibody
production using hF8 KI

After confirming the efficacy of in vivo hF8 KI at the SerpinClI locus,
we analyzed its safety. Although the hF8 gene KI increased the blood
coagulation ability, a cautious approach is necessary because genome
editing is irreversible. As this study applied a strategy combining the
rebalancing and hF8 KI therapies, it was essential to analyze the pos-
sibility of excessive blood clotting and thrombosis, as reported in the
fitusiran clinical trial.'® Concentrations of D-dimer and thrombin-
antithrombin (TAT) complexes were estimated to analyze the exces-
sive formation of blood clots. There were no significant differences in
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Figure 5. Undetectable prothrombotic status and the production of anti-hFVIIl IgG

(A and B) Blood concentrations of thrombin-antithrombin complex (TAT) and D-dimer were measured using ELISA (n = 4 for each group). (C) The presence of fibrin clots in the
liver was analyzed by immunofluorescence (scale bar, 200 um). (D) Blood concentrations of anti-hFVIIl IgG were measured by indirect ELISA using plasma samples from 8-
and 60-week follow-up mice (n = 4 for each group; F82?, n = 3; LNP-CRISPR, n = 5; AAV-donor, n = 2, AAV-LNP, n = 5). (E) Atomic force microscopy (AFM) images of anti-
hFVIIl antibody (Ab) binding to F8 in plasma. White triangle: Ab-binding agglutinations. Observations of the strong Ab-binding agglutinations are shown in elevated complex
sizes (bright spots in the second and third images), which were truncated to be normal, similar to the WT results (first, fourth, and fifth images). Scale bar, 500 nm.

the levels of the D-dimer and TAT complexes in all 8-week post-in-
jection groups of mice, including the WT and F8™*' controls
(Figures 5A and 5B). Additionally, immunofluorescence staining
for fibrin revealed no excessive fibrin clots or thrombosis in the liver
(Figure 5C). Thus, our strategy, which combined the rebalancing and
hF8 KI therapies, was confirmed to be safe regarding prothrombotic
effects.

One expected concern for prophylaxis is the production of inhibitors
of therapeutic proteins. The development of FVIII inhibitors has been
reported in approximately 30% of patients under replacement ther-
apy, and these inhibitors have been shown to reduce the therapeutic
effects.” Therefore, AAV-based hemophilia A gene therapy has been
applied to patients without FVIII inhibitors or after the inhibitors
have been eradicated by inducing immune tolerance.*>*” Endogenous
hFVIII production using the hF8 KI was similar to that obtained using
gene therapy or continuous prophylaxis. Thus, it is crucial to evaluate
the formation of inhibitors of the newly generated hFVIIL. The pres-
ence of anti-hFVIII antibodies in the plasma was examined using
ELISA and atomic force microscopy (AFM)*® to assess the develop-
ment of hFVIII inhibitors. The F8"?' mice not producing hFVIII
showed approximately two times higher blood anti-hFVIII immuno-
globulin (Ig)G titers than those in WT mice. As hFVIII was synthe-
sized newly in the body (AAV-donor or AAV-LNP groups), the con-
centration of anti-hFVIII IgG was similar to or lower in both 8- and

60-week post-injection groups, compared with that in the F8"*" con-
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trol group (Figure 5D). Additional AFM analysis confirmed relatively
strong agglutination in the F8"*' and LNP-CRISPR groups and
moderately weaker responses in the AAV-donor and AAV-LNP
groups (8 weeks post injection). This observation was similar to the
inhibitor detection results obtained by ELISA (Figure 5E). In previous
AAYV gene therapy studies using the hemophilia A murine model, the
occurrence of anti-hFVIII IgG varied based on complex differences,
such as enhancer/promoter combination or AAV serotype.*’ Howev-
er, low-level production of hFVIII using in vivo hF8 KI did not acti-
vate the development of hFVIII inhibitors in F8"*' mice.

DISCUSSION

This study demonstrated the availability of in vivo hF8 KI into Ser-
pincl for the combined therapy of rebalancing and hFVIII supple-
mentation, improving blood coagulation activity and clinical symp-
toms. This strategy can utilize knockouts (KO or loss of function)
to lower plasma concentrations of AT and KI to increase the synthesis
of hFVIIL Considering the irreversible characteristics of genome-ed-
iting therapy, we combined highly efficient LNP-CRISPR and low-
dose AAV as tools to induce low-level rebalancing and minimal levels
of hFVIII production. Thus, we demonstrated an apparent rescue of
coagulopathy and sustainable therapeutic effects in vivo.

In the present study, we utilized the SerpinClI locus as a targeted KI
site. Liver sinusoidal endothelial cells are the natural site of FVIII pro-
duction,™ but SerpinCI is expressed in the hepatocyte. F8 gene KI
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into the Albumin locus showed a 2-year-long therapeutic effect,”’ and
hF8 KI into the SerpinCI locus showed a clinically sufficient and sus-
tainable therapeutic effect without marked side effects. Combining
SerpinCl1 targeting and hF8 KI strategies in vivo has several advan-
tages for achieving therapeutic effects. First, CRISPR-Cas9-induced
DSBs at the target site followed by KO or KI could restore hemostatic
function. Targeting the exon of the SerpinCI gene led to KO-mediated
rebalancing, and KI helped in regaining the hFVIII activity, implying
that all DSBs generated by CRISPR-Cas9 can be utilized to restore
blood coagulation ability. Second, LNP-CRISPR can be repeatedly
administered in cases of insufficient efficacy to achieve a desirable
therapeutic threshold. Our previous studies demonstrated that the
decrease in blood AT concentrations is proportional to the number
of administrations without detectable side effects.'” This finding im-
plies that after recovering blood coagulation ability through rebalanc-
ing and FVIII production using a single dose of AAV-LNP, additional
LNP-CRISPR administration could add a rebalancing effect in cases
of insufficient hemostatic efficacy.

Previous clinical trials of fitusiran demonstrated decreased bleeding
episodes with reductions in AT concentration to 70%-90% of normal
values. However, side effects such as cerebral sinus thrombosis have
emerged in patients with AT levels reduced by more than 85% of
the normal values.”” A subsequent phase 3 clinical trial was completed
after protocol adjustment for setting the AT suppression target to 15%
of normal values to address these safety concerns™ (ClinicalTrials.
gov: NCT03974113). We aimed to secure efficacy and safety by
inducing a 30% downregulation of AT concentrations in blood.
Despite this relatively low inhibition of AT production, we achieved
an adequate hemostatic effect by compensating for approximately
10% of the FVIIIa activity through low-frequency hF8 KI. Further-
more, there was no evidence of excessive blood clot formation or in-
hibitor production and a long-term sustained therapeutic effect of
more than 10 months. These results suggest that our combined strat-
egy of low-level rebalancing and therapeutic gene KI is a valid treat-
ment option for hemophilia.

The toxicity profile of LNPs is crucial for mRNA administration using
LNPs. MC3, an ionizable lipid of Onpattro, the first US Food and
Drug Administration (FDA)-approved drug, has a long half-life, re-
sulting in unexpected side effects and making it unsuitable for
long-term treatment.”* A biodegradable ester group is introduced
to minimize ionizable lipid toxicity. The ester bond is hydrolyzed
by esterases or lipases found in tissues or intracellular components.>*
The ester can also be hydrolyzed into alcohol and a carboxylic acid,
wherein the negative charge of the carboxylate neutralizes the nega-
tive charge of the amine head or converts the amine head into a posi-
tively charged moiety such that mRNA can be released away from the
lipid into the cytoplasm.>

Several studies have been conducted on ionizable lipids that introduce
esters into the amine tail. Alnylam, the company that invented
MC3, created L319 (di([Z]-non-2-en-1-yl) 9-([4-(dimethylamino)
butanoyl]oxy)heptadecanedioate), a relatively more advanced version

of MC3. The ionizable lipid L319 introduces an ester into the hydro-
phobic alkyl chain of MC3, and the hydrolyzed metabolite of L319 is
water soluble and easily removed from the body.”* Moderna Thera-
peutics has developed lipid 5 with an ester tail in ethanolamine. Lipid
5 has a higher protein expression efficiency than MC3 and degrades
quickly in the body.” Ionizable lipids used in Moderna (SM-102)
and Pfizer (ALC-0315) COVID-19 vaccines, approved by the FDA,
are also expected to have a biodegradable effect, as they contain ester
bonds. Several studies have investigated the usage of biodegradable
ionizable lipids in CRISPR-Cas9 mRNA therapy. Dong et al. synthe-
sized lipids with biodegradable esters for CRISPR-Cas9-mediated
genome editing. Biodegradable lipids facilitate gene editing as they
are tolerated at high doses.”” Another study showed that a biodegrad-
able LNP-based CRISPR-Cas9 delivery system produces >97%
knockdown of serum levels of transthyretin after a single injection
and that the biodegradable lipid and CRISPR-Cas9 components are
transient and well tolerated in vivo.”®

The AAV vectors are used widely as gene delivery tools in vivo; how-
ever, there are limitations in capsid-mediated immune responses and
the possibility of random integration.”*”® Notably, safety consider-
ations for using AAV's have emerged as relatively more critical after
reported deaths due to high-dose AAV gene therapy in clinical tri-
als.>” The AAV can induce a humoral immune response; therefore,
immunomodulation has been used to diminish the immune response
to AAV gene therapy.”” AAV integration can lead to genotoxicity,
and increased cancer risk is an important consideration. Transgene
integration has been observed during AAV transduction in humans®’;
however, no evidence of hepatocellular carcinoma (HCC) associated
with AAV integration has been reported in humans.’® However, AAV
integrated into the Rian locus has been shown to lead to HCC devel-
opment in a murine liver injury model.”’ Another study showed a
positive correlation between the random integration of AAV and
intracellular vector copy number.®> Thus, low-dose AAV may be a
practical strategy for reducing random integration and mitigating
other side effects. This study utilized AAV as a gene donor for tar-
geted integration rather than for the episomal expression of a trans-
gene. We induced sufficient levels of FVIII activity using a low-dose
AAV, which was 30-60 times lower than that used in conventional
gene therapy for hemophilia (ClinicalTrials.gov: NCT02576795,
NCT03061201). Furthermore, this study utilized recombinant AAV
(rAAV), which does not contain a separate promoter sequence; there-
fore, unexpected random AAV integration would not markedly in-
crease the expression of a specific gene.

Genome editing is a notable option for sustainable therapy of severe
genetic or chronic diseases. Intellia Therapeutics demonstrated the
therapeutic potential of an in vivo KO strategy using CRISPR-Cas9
for Transthyretin amyloidosis®® (ClinicalTrials.gov: NCT04601051).
However, this KO or protein reduction strategy may not be suitable
for treating all genetic diseases. The therapeutic gene KI strategy
could be relatively more effective for treating protein-deficiency ge-
netic disorders, including hemophilia A. Non-viral vectors are effec-
tive for preventing genotoxicity in vivo in therapeutic gene KI but
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exhibit a limitation in that they cannot deliver DNA templates into
the cell nucleus with intact nuclear envelopes. Therefore, combining
viral and non-viral vectors could be an acceptable approach for con-
ducting in vivo gene KI. Viral and non-viral vector-mediated delivery
of genome-editing materials has advantages over existing in vivo KI
strategies using dual or triple AAVs. First, the total amount of
AAVs injected is reduced because the vector is delivered to the cell
nucleus without the transduction interference that occurs when mul-
tiple AAVs are used. Second, CRISPR-Cas9 synthesized by LNP-
packed Cas9 mRNA works rapidly and disappears quickly, mini-
mizing the immune response and unintended off-target editing.
Third, it enables organ-specific genome editing by matching AAV
tropism with LNP targeting.

This study attempted to reduce the viral dose to minimize the adverse
effects caused by AAV and used LNP instead of other viral vectors to
deliver the CRISPR system. Despite strategies using low-dose AAV, a
weak improvement of CAT and FVIIIa was measured in the AAV-
donor group. It remains unclear whether it was caused by AAV
random integration or ITR-mediated expression. The DSBs generated
using CRISPR-Cas9 are not perfectly precise. This leads to unpredict-
able off-target events, which we confirmed were undetectable in pre-
vious study,'” and did not analyze in this study. Therefore, such as
whole genome sequencing or linear amplification-mediated PCR
should be performed to accurately analyze in further study. Neverthe-
less, genome editing is a valuable treatment option as it can sustain
long-term therapeutic effects by eliminating problematic genes or
supplementing deficient proteins. Therefore, developing a novel tech-
nology that can deliver a donor DNA template to the nucleus of a
quiescent cell using a non-viral vector or a safe delivery tool is needed.

In conclusion, we demonstrate a safe and sustainable genome-editing
treatment using hemophilia A animal models. We combined the two
existing strategies by complementing hFVIII with rebalancing,
achieving a therapeutic threshold without any detectable side effects.
The total AAV dose could be reduced using viral and non-viral vec-
tors together, and an in vivo KI in the liver could be accomplished by
AAV-mediated donor delivery and CRISPR delivery using LNPs.
In vivo gene editing strategies could develop long-term therapeutic ef-
fects compared with those induced by gene therapy through transient
gene expression; however, securing safety is relatively more important
than other factors. This study provides valuable information to estab-
lish safe and long-term genome-editing-mediated treatment strate-
gies for treating hemophilia and other protein-deficient genetic
diseases.

MATERIALS AND METHODS

Recombinant AAV vector design and production

The vector for rAAV production was prepared by DNA synthesis to
be an ITR-sgRNA binding sequence-homology arm-splicing
acceptor-hF8-BDD-pA-homology arm-sgRNA binding sequence-
ITR (AAV-donor). The WT hF8 sequences were encoded with
B-domain deletion. Next, ~70 pg each of the AAV-donor vector,
AAV8-rep/cap plasmid, and helper plasmid was co-transfected into
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1 x 10® human embryonic kidney cells of the 293T cell line using cal-
cium phosphate. Viral particles were collected 3 days after co-trans-
fection and purified by cesium chloride centrifugation. After titration
using quantitative RT-PCR, the rAAV was stored at —80°C until use.
The AAV vector preparation and recombinant AAV production steps
were performed by Vector Builder (Chicago, IL, USA).

Preparation of genome-editing materials

The Cas9 mRNAs were purchased from Trilink Biotechnologies
(Cat.L-7606-1000, San Diego, CA, USA). The SerpinCl targeting
sgRNAs were purchased from Axolabs (Kulmbach, Germany).
The sgRNAs were chemically modified, and specific modifications
of sgRNAs were described in the previous report.”* The sequences
of sgRNAs were selected through targeted deep sequencing in the
previous report.'” The sgRNAs were diluted using Tris-EDTA buff-
ered solution (Sigma, St. Louis, MO, USA).

Preparation of LNPs

To formulate LNPs, an ethanol phase containing lipid components
and an aqueous phase with RNA were combined using a microfluidic
mixing device (Nanoassemblr Ignite, Precision Nanosystems, Can-
ada). The lipid components used to formulate LNP are 244-cis ioniz-
able lipids, DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine),
cholesterol, C16 PEG2000 ceramide (N-palmitoyl-sphingosine-1-
{succinyl[methoxy(polyethylene glycol)]})2000. For the ethanol
phase of the LNPs, the molar ratio of the lipid components was
244-cis:DOPE:cholesterol:C16-PEG ceramide = 26.5:20:52:1.5. The
weight ratio of the SpCas9 mRNA to sgRNA was 1:1. The mRNAs
and sgRNAs were diluted using 7.0 mM citrate with 20 mM NaCl
buffer. The final volume ratio of lipids to the sum of SpCas9
mRNA and sgRNA was 1:3 and weight ratio was 10:1. The two solu-
tions were mixed at a rate of 12 mL/min using a microfluidic device.
The obtained LNPs were diluted 40 times in 1X PBS before being
concentrated by ultrafiltration (Amicon Ultra-15 Centrifugal Filter
Unit, UFC9010). The RiboGreen assay (ThermoFisher Scientific,
Waltham, MA, USA) was used to analyze the concentration and
encapsulation efficiency of the LNP. The size and PDI were measured
using a DLS instrument; Zetasizer Nano ZS90 (Malvern Instruments,
Malvern, UK) at 0.01 mg/mL concentration.

In vivo Luc detection

For the biodistribution analysis of LNPs, 7-week-old C57BL/6 female
mice were purchased from Orient Bio, Inc. (Seongnam, Gyeonggi,
Korea). The fLuc mRNA-loaded LNPs were administered via retro-
orbital intravenous injection to mice at 0.1 mg/kg mRNA dose. Six
hours later, the mice were injected intraperitoneally with 200 pL of
30 mg/mL day-luciferin (VivoGlo uLuciferin; Promega, Madison,
WI, USA). Five primary organs (heart, lungs, liver, spleen, and kid-
ney) were collected 15 min later, and luminescence was validated us-
ing an IVIS Lumina system (PerkinElmer, Waltham, MA, USA). This
study was approved by the Institutional Animal Care and Use Com-
mittee at Ewha Womans University (EWHA TACUC, past-122-14).
For the biodistribution analysis of AAV, 1 x 10" vg/kg of Luc-en-
coded AAV8 was injected into 8-week-old Institute of Cancer
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Research mice via the intravenous route. Two weeks after AAV trans-
duction, a luminescent signal was detected in the live mice and their
organs. This study was approved by the Institutional Biological Safety
Committee (SNUIBC-P210218-4) and Institutional Animal Care and
Use Committee at Seoul National University (SNU-210317-4-1),
Korea.

In vivo AAV transduction and LNP injection

The C57BL/6 mice (B6, wild type; WT) were purchased from
KoaTech (Pyeongtack, Gyeonggi, Korea), whereas F8"2%!
generated using CRISPR-Cas9-based gene editing.’® Eight- to
10-week-old WT and F8™*" male mice were subjected to in vivo de-
livery of genetic material. The WT and F8"*' mice were divided
randomly into the WT control, F8'?% control, LNP-CRISPR, AAV-
donor, and AAV-LNP groups. Approximately 1 x 10'* vg/kg was in-
jected into the AAV-donor and AAV-LNP groups, whereas 1.5 mpk
of LNP-CRISPR was injected once into the LNP-CRISPR and F8"'-
AAV-LNP groups (2 weeks after AAV-donor injection in the AAV-
LNP group). Injection solution was injected via the intravenous route
by mixing AAV or LNP with saline making up the final volume to
200 pL. The mice were euthanized 8 weeks after the first AAV injec-
tion to analyze the therapeutic effect. The blood and organs were
collected without perfusion. The mice were maintained, with episodes
of death recorded to assess the survival rate.

mice were

PCR, T7E1 analysis, and Sanger sequencing

Genomic DNA was extracted from the organ tissues using a G-DEX
IIc Genomic DNA Extraction Kit (Intron Biotechnology, Gyeonggi,
Korea). For indel analysis, PCR was conducted using a primer set
covering DSB. The PCR amplicons were then subjected to heterodu-
plex hybridization and incubated with T7E1 endonuclease (New En-
gland Biolabs, Ipswich, MA, USA) for 30 min. The presence of a cut
band in gel electrophoresis was designated as an indel formation. To
detect the evidence of KI, a primer set that binds hF8 and the host Ser-
pinCI genome sequences was designed in the 5" and 3’ KI expected
region. After the KI PCR, the amplicons were subjected to Sanger
sequencing to define the KI pattern. For HDR, KI is mediated by
HA of the mouse SerpinCl1 locus; therefore, sgRNA sequence in the
donor template was not integrated into the DSB site. We determined
by HDR that KI clones without the sgRNA binding sequences were
KL In case of HITI, a DSB occurs in the sgRNA binding site at the
5" and 3’ ends of the AAV and host genome. Then, the donor template
is integrated into the host DSB site by microhomology integration.
Therefore, we determined HITI with duplicated HA and partial
sgRNA sequences. The primer sequences used in this study are listed
in Table S2.

Primer and probe design

Primer and probe were designed based on AAV sequences down-
loaded from the Nucleotide-NCBI program and aligned using
SnapGene software. The aligned sequences were manually analyzed
to determine the conserved region that was a suitable target. Primers
and probe sequences were generated and then adjusted manually
following the instructions of the Droplet Digital PCR Applications

Guide (Bio-Rad). Fam- and BHQ-labeled probes were used for the
amplification of the Tagman. The primer sequences used in this study
are listed in Table S2.

Droplet digital PCR

For the ddPCR, Bio-Rad’s QX200 ddPCR system (Bio-Rad Hercules,
CA, USA) was used according to the manufacturer’s instructions. The
reaction was performed in a final volume of 20 pL. In particular, 10 uL
of ddPCR Supermix for probes (1863026, Bio-Rad), 0.5 puL of 250 nM
AAV probe (TagMan probe labeled with Fam), 1.8 uL each of the
900 nM forward and reverse AAV primer, and DEPC-water to reach
the final volume were used. Each ddPCR assay mixture was loaded
into a disposable droplet generator cartridge (Bio-Rad). Then,
70 pL of droplet generation oil for probes (1863005, Bio-Rad) was
loaded into each of the eight oil wells. The cartridge was then placed
inside the QX200 droplet generator (Bio-Rad). When droplet gener-
ation was completed, the droplets were transferred to a ddPCR
96-well PCR plate (12001925, Bio-Rad) using a multichannel pipet.
The plate was heat-scaled with foil and placed in a T100 Thermal
Cycler (Bio-Rad). Thermal cycling conditions were as follows: 95°C
for 10 min, then 40 cycles of 94°C for 30 s and 55°C for 1 min, and
98°C for 10 min, and a 4°C indefinite hold. After amplification, the
plate was loaded on the droplet reader (Bio-Rad) and the droplets
from each well of the plate were read automatically. QuantaSoft soft-
ware was used to count the PCR-positive and PCR-negative droplets
to provide absolute quantification of target DNA. The quantification
measurements of each target were expressed as the copy number per
1 pL of reaction.

ELISA (AT, hF8, ALT, AST, TAT, D-dimer)

Approximately 450 pL of fresh blood was collected from the inferior
vena cava using a syringe prefilled with 50 pL of 3.2% sodium citrate
(Medicago, Durham, NC, USA), and plasma was collected after
centrifugation at 3,000 x g. Liver tissues were collected and lysed in
RIPA buffer (Intron Biotechnology) containing proteinase inhibitors,
followed by protein extraction. The plasma concentrations of mouse
AST, ALT, AT, human FVIII, active FVIII, TAT, and D-dimer were
measured using a commercial ELISA kit following the manufacturer’s
instructions. Detailed information on the ELISA kits and the reaction
conditions is listed in Table S3.

Western blotting

Approximately 20 pg of liver tissue proteins were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis. The pro-
teins were then electrotransferred onto polyvinylidene fluoride mem-
branes (EMD Millipore, Billerica, MA, USA). The membranes were
incubated in a blocking buffer (1X TBS and 5% w/v non-fat milk)
for 2 h at room temperature (RT). After 16 h of incubation with
the primary antibody at 4°C, the membranes were washed with
Tris-PBS with 0.1% Tween 20. Immunoreactive proteins were de-
tected using enhanced chemiluminescence (ECL kit; Abclon, Seoul,
Korea) after incubation with horseradish peroxidase-conjugated sec-
ondary antibody for 1 h at RT. Information on the antibodies and
conditions used in this study is provided in Table S4.
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Immunofluorescence

Liver tissues were collected after anesthetization, subjected to precip-
itation in 15% sucrose for 6 h and 30% sucrose for 1 day, and
embedded in an optimal cutting temperature compound (Sakura Fi-
netek, Tokyo, Japan) with gradual freezing to —80°C. Approximately
15-um-thick cryosections were prepared using a Cryostat microtome
(Leica, Wetzler, Germany). Immunofluorescence analysis for detect-
ing hFVIII was conducted by incubating the cryosections with pri-
mary antibodies at 4°C overnight, followed by incubation with corre-
sponding secondary antibodies. Expression of hFVIII was detected
using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Wi-
nooski, VT, USA). Information on the antibodies and conditions
used in this study is provided in Table S4.

Measurement of FVIII activity

The activity of FVIII in blood was measured using a Factor VIIIa Ac-
tivity Assay Kit (Abcam, Waltham, MA, USA). Briefly, 10.0 uL of
diluted plasma, enzymes I and II from the kit, and phospholipids
were mixed and incubated for 15 min at 37°C in 96-well plates,
and then, 2.0 puL of FXa substrate-AMC was added into each well.
Next, fluorescence intensity (excitation/emission = 360/450 nm)
was measured every 2 min for 60 min at 37°C using Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek), and FVIII activity was esti-
mated by applying the measured fluorescence values to the standard
curve of FVIII activity.

Analysis of aPTT and CAT

For aPTT analysis, approximately 30 pL of plasma collected from
mice and 30 pL of the aPTT reagent (Thermo Fisher Scientific)
were mixed in each well of a 96-well microplate and incubated at
37°C for 5 min. Next, 30 puL of 26 uM calcium chloride was added
to each well. Absorbance was measured at 405 nm every 10 s for
8 min after shaking for the first 10 s using a Tecan Sunrise Microplate
Reader (Tecan, Méannedorf, Switzerland). The delta optical density
(AOD, i.e., OD value of each time point — OD value 10 s ago) was
calculated, and the time point with the highest AOD value was desig-
nated as the aPTT. The CAT experiment measured thrombin gener-
ation activity using the Technothrombin TGA kit (Diapharma, West
Chester Township, OH, USA). A reaction mix, comprising 10 puL of
reagent C low buffer, 50 uL of the substrate, and 40 pL of diluted
plasma, was added to each well of a 96-well plate. Fluorescence inten-
sities were measured for 120 min at 1-min intervals using Cytation 5
Cell Imaging Multi-Mode Reader (BioTek). The thrombin generation
curves, peak heights, and peak times were determined using the soft-
ware provided by the manufacturer (Diapharma).

Histological analyses

Liver, lung, and kidney tissues were fixed in a 4% paraformaldehyde
solution (Thermo Fisher Sientific). For H&E staining, deparaffinized
tissues were stained with 0.1% Mayer’s H&E solution. The deparaffi-
nized liver and lung tissues slides were stained using 4', 6-diamidino-
2-phenylindole (Thermo Fisher Scientific) to detect bleeding lesions
and fluorescence signals were detected at 530-nm wavelengths using
Cytation 5 Cell Imaging Multi-Mode Reader (BioTeK). All images
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were converted to 8-bit grayscale, and the total fluorescence signals
were measured using ImageJ software, as described previously."’

Anti-hFVIII antibody detection

For the indirect ELISA experiment, 96-well microplates were coated
using recombinant hFVIII (Prospec Bio, Rehovot, Israel) at
1.0 pg/mL in PBS overnight at 4°C. After washing and blocking using
5% skimmed milk for 2 h at RT, 100 pL of diluted plasma was added
and incubated for 2 h at RT. Next, horseradish peroxidase-conjugated
goat anti-mouse IgG antibody (Thermo Fisher Scientific) was added
and incubated for 1 h at RT. The 3,3,5,5 -tetramethylbenzidine was
used as a substrate, followed by a comparison of the OD values
measured at 459 nm for each group.

Atomic force microscopy

Dry-state tapping mode AFM (NX-10; Park Systems, Suwon, Korea)
imaging was performed to visualize the presence of anti-hFVIII anti-
bodies. For sample preparations, 20 pL of the sample was dropped
onto a freshly cleaned silicon substrate and then air-dried for
5 min. The deposited sample surfaces were washed twice with distilled
water. AFM imaging was performed using a silicon SPM cantilever
(NCHR-50, Nanosensors, Neuchatel, Switzerland) with a resonance
frequency of 320 kHz. The scan rate for each image was set to
0.7 Hz. The XEI program was used to analyze the AFM images.

Statistical analyses

Statistical analyses were performed using the unpaired Student’s t test,
one-way analysis of variance, and Kaplan-Meier survival analysis in
GraphPad Prism (Version 9.5.1; GraphPad, San Diego, CA, USA).
Statistical significance was set at p < 0.05.
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