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G E N E T I C S

In vivo delivery of CRISPR-Cas9 using lipid 
nanoparticles enables antithrombin gene editing 
for sustainable hemophilia A and B therapy
Jeong Pil Han1†, MinJeong Kim2†, Beom Seok Choi3†, Jeong Hyeon Lee1, Geon Seong Lee1, 
Michaela Jeong2, Yeji Lee2, Eun-Ah Kim2, Hye-Kyung Oh3, Nanyeong Go3, Hyerim Lee3,  
Kyu Jun Lee3, Un Gi Kim3, Jae Young Lee3, Seokjoong Kim3, Jun Chang2, Hyukjin Lee2*,  
Dong Woo Song3*, Su Cheong Yeom1,4*

Hemophilia is a hereditary disease that remains incurable. Although innovative treatments such as gene therapy 
or bispecific antibody therapy have been introduced, substantial unmet needs still exist with respect to achieving 
long-lasting therapeutic effects and treatment options for inhibitor patients. Antithrombin (AT), an endogenous 
negative regulator of thrombin generation, is a potent genome editing target for sustainable treatment of 
patients with hemophilia A and B. In this study, we developed and optimized lipid nanoparticles (LNPs) to deliver 
Cas9 mRNA along with single guide RNA that targeted AT in the mouse liver. The LNP-mediated CRISPR-Cas9 
delivery resulted in the inhibition of AT that led to improvement in thrombin generation. Bleeding-associated 
phenotypes were recovered in both hemophilia A and B mice. No active off-targets, liver-induced toxicity, and 
substantial anti-Cas9 immune responses were detected, indicating that the LNP-mediated CRISPR-Cas9 delivery 
was a safe and efficient approach for hemophilia therapy.

INTRODUCTION
Hemophilia is a representative genetic disease with spontaneous 
bleeding caused by a loss of gene function related to the intrinsic, 
extrinsic, and common coagulation pathway (1). A fundamental 
treatment has not yet been developed, and hemophilia A and B are 
among the most prominent targets for gene therapy (2). The most 
commonly used treatment for hemophilia is prophylaxis, wherein 
deficient clotting factors are supplemented depending on the type 
of hemophilia. Adeno-associated virus (AAV) gene therapy has 
been clinically tested and has demonstrated efficacy in restoring 
deficient clotting factors. However, this approach is not suitable for 
patients with inhibitors for factor VIII (FVIII) or FIX, which 
comprise approximately 30 and 10% of cases for hemophilia A and 
hemophilia B, respectively (3). The inhibitor is neutralizing anti-
bodies, and 95% of patients with severe hemophilia develop inhibitor 
within the first 75 days of FVIII replacement therapy (4).

Recently, various treatment strategies have been suggested for 
patients with inhibitors. Emicizumab, a U.S. Food and Drug 
Administration (FDA)–approved bispecific antibody, has been used 
clinically for treating patients with inhibitors and involves the 
bypassing strategy to mimic the FVIII function linking FIX and FX 
for the downstream clotting pathway (5). However, this approach 
requires the patients to undertake repeated injections over their 
lifetime. Fitusiran is an RNA interference therapeutic that targets 

antithrombin (AT) (6), and it has been used in a treatment strategy 
that covers all patients with hemophilia A and B. AT is an endoge-
nous negative regulator of thrombin generation that is encoded by 
the serpin family C member 1 (SERPINC1) gene. Inhibition of AT 
using fitusiran has been demonstrated to be a potent bypassing 
method that restores the balance in the coagulation system with-
out the direct expression of clotting factors. This approach is an at-
tractive and versatile strategy as it is applicable to most patients 
with hemophilia regardless of the factors responsible for the disease 
or the occurrence of inhibitors. However, a limitation of this strate-
gy is the short-term therapeutic effects of fitusiran (6, 7).

To date, all the strategies that have been approved for treating 
hemophilia are known to exert a temporary therapeutic effect. 
However, repeated treatments are known to negatively affect the 
quality of life of patients with hemophilia. In recent times, the life 
expectancy of patients with hemophilia has increased, resulting in 
the need for a longer duration of periodic treatment (8, 9). Hence, 
attaining a long-term effect that is sustainable and safe has been one 
of the most critical considerations in the treatment of hemophilia. 
In this regard, gene therapy is suitable for maintaining long-term 
therapeutic effects. Notably, the therapeutic efficacy of AAVs has 
been reported for several years (10), and gene therapy studies using 
various AAV serotypes are being conducted. However, use of AAVs 
has been limited owing to immunogenicity and random integration 
(11, 12).

To date, genome editing is widely considered as an effective 
strategy for the long-term cure of several hereditary and some 
chronic diseases (13). Viral and nonviral vectors that deliver genome 
editing tools have been applied in preclinical models, and some 
pioneering in vivo genome editing approaches are being clinically 
tested (14–16). The use of nonviral vectors for the delivery of 
genome editing tools has relative advantages in terms of safety when 
compared with the viral vector approach (17). Notably, the nonviral 
approach is not hampered by the size of the payload, preexisting 
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immunity, or long-term Cas9 expression–associated immunogenicity, 
which are some of the main limitations encountered when using 
viral delivery systems. Cas9 protein could induce innate and cellular 
immune responses (18), and such immunogenicities have been 
associated with safety issues and prevents long-term therapeutic 
outcomes because of the lysis of edited cells, which are more threat-
ening in cells having an antigen-presenting function such as 
hepatocytes (19). In comparison, the nonviral delivery approach 
has reduced off-target effects because of the transient expression of 
CRISPR-Cas9. Although the expression of CRISPR-Cas9 is relatively 
brief, it is sufficient to edit on-target genomic sites. Therefore, 
recent studies have prominently focused on the nonviral delivery 
systems such as polymer- or lipid-based vehicles as more suitable 
delivery tools for in vivo genome editing therapeutics (20).

In this study, we hypothesized that CRISPR-Cas9–mediated AT 
editing may represent a long-term and versatile therapeutic option 
for treating hemophilia A and B. We developed and optimized lipid 
nanoparticles (LNPs) to deliver the Cas9 mRNA along with a potent 
single guide RNA (sgRNA) targeting mouse AT (mAT) to the 
mouse liver. Next, mAT gene editing–mediated thrombin genera-
tion was evaluated in hemophilia A and B mouse models to confirm 
the therapeutic efficacy of the developed system. Here, we demon-
strate that in vivo delivery of CRISPR-Cas9 using LNPs enables AT 
gene editing for sustainable hemophilia A and B therapy.

RESULTS
Potent sgRNA selection in the SERPINC1 gene by 
in vitro screening
For hemophilia therapy by mAT genome editing (Fig. 1A), sgRNA 
candidates targeting Serpinc1 exon 3 were selected on the basis of 
minimal off-target risk (fig. S1A). The 11 sgRNAs that did not 
contain up to 2–base pair (bp) mismatches were transfected with a 
ribonucleoprotein (RNP) formulation into the mouse C2C12 cell 
line. Insertion or deletion (indel) frequency was analyzed by targeted 
deep sequencing. Three sgRNAs were chosen by primary screening 
(fig. S1B), and the TS4 sgRNA was shown to be most potent in a 
subsequent comparison test (Fig. 1B). Although the C2C12 cell line 
was well transfected and convenient for sgRNA activity screening, it 
was not close to our target cell in the context of AT regulation. 
Thus, we proceeded to test the three sgRNAs in mouse primary 
hepatocytes, and TS4 sgRNA consistently led to the highest indels 
(fig. S1C). Accordingly, the TS4 sgRNA was selected for further 
LNP-mediated in vivo studies after the in vitro studies.

LNP optimization for in vivo hepatocyte transfection by 
buffer modification
For the in vivo delivery of Cas9 mRNA and sgRNA, LNPs were 
formulated using 246C10, dioleoylphosphatidylethanolamine (DOPE), 
cholesterol, and polyethylene glycol (PEG)–ceramide. A highly 
modified sgRNA was used in this study to induce targeted genome 
editing at desired doses efficiently. Phosphorothioate bond was intro-
duced at the 5′- and 3′-end of an sgRNA. In addition, 2′-O-methyl 
was introduced at the stem loops of an sgRNA as previously de-
scribed (16). A rapid microfluidic mixing system was used to 
formulate the LNPs with defined particle size and distribution 
(Fig. 2A). In the aqueous phase, Cas9 mRNA and mAT-targeted 
sgRNA were dissolved in a 1:1 weight ratio, in either sodium citrate 
(pH 3) or sodium acetate buffer (pH 5). Coencapsulation of Cas9 

mRNA and sgRNA was performed using a microfluidic system, and 
various buffer conditions were tested to confirm the encapsulation 
of the RNA molecules. We observed that the highly modified 
sgRNA contributed to poor encapsulation efficiency of RNA into 
the LNPs (fig. S2). In addition, depending on the extent of chemical 
modification in the sgRNA, the encapsulation efficiency of the 
sgRNA was quite different (Fig.  2B). A highly modified sgRNA 
demonstrated poor encapsulation efficiency (~50%), while an end-
modified sgRNA resulted in an encapsulation efficiency of nearly 
85% (P = 0.0002).

Previous studies have demonstrated that using a highly modified 
sgRNA results in superior genome editing than an end-modified 
sgRNA (16, 21). Hence, we attempted to optimize the buffer condi-
tion to ensure the encapsulation of highly modified sgRNA in the 
LNPs. Different buffer conditions, either citrate or acetate, were 
evaluated to optimize the encapsulation of sgRNA in the presence 
of varying concentrations of sodium chloride (NaCl). The ionic 
buffer strength and pH are important parameters during micro-
fluidic mixing. Citrate buffer at low pH (10 mM, pH 3) is often used 
to prepare RNA-encapsulated LNPs to decrease base hydrolysis of 
RNA. Moreover, most ionizable lipid amines in the citrate buffer 
are positively charged (pKa of 246C10 ionizable lipid is 6.9), giving 
ionizable lipids the advantage of electrostatically interacting with 
the negatively charged RNA. However, we sought to examine the 
effect of acetate buffer at high pH (50 mM, pH 5). Accordingly, we 
determined that highly modified sgRNA-encapsulated LNPs pro-
duced using citrate buffer had low encapsulation efficiency (68%) 
and were monodisperse [polydispersity index (PDI) < 0.1]. Con-
trastingly, highly modified sgRNA-encapsulated LNPs produced 
using acetate buffer had high encapsulation efficiency (96%) and 

Fig. 1. The AT locus was selected as the target gene for rebalancing. (A) Strategy 
for CRISPR-Cas9–mediated in vivo Serpinc1 (encoding AT) gene editing. The red 
line and “X” symbols indicate inhibition of gene expression or its function. (B) Single 
guide RNAs (sgRNAs) were selected in the second exon of the Serpinc1 gene, and 
double-stranded breakage potential was evaluated by deep sequencing after 
transfection of C2C12 cells with an RNP formulation. Transfection and sequencing 
were conducted in triplicates, and each dot indicates the double-stranded break-
age frequency from each experiment. TS, target site. Data were presented as 
mean ± SEM. ****P < 0.001.



Han et al., Sci. Adv. 8, eabj6901 (2022)     21 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 10

were relatively more heterodisperse (PDI  >  0.9) (Fig.  2C). Given 
that using citrate buffer during microfluidic mixing produced 
monodispersed LNPs, we selected citrate buffer during microfluidic 
mixing. In addition, we added NaCl during microfluidic mixing to 
increase ionic strength and encapsulation efficiency. Previously, 
Finn et al. (16) have incorporated NaCl during microfluidic mixing, 
giving high encapsulation efficiency of highly modified sgRNA. On 
the basis of the study, we optimized the amount of NaCl added to 
the buffer.

The amount of NaCl added to the buffer systems during the 
microfluidic mixing distinctly affected the encapsulation of sgRNA 
into the formulated LNPs (Fig. 2C). This effect was negligible when 
working only with Cas9 mRNA; however, a highly modified sgRNA 
required a certain amount of ionic strength to be encapsulated. At 
the optimized condition (7 mM citrate with 20 mM NaCl), co-
encapsulation of Cas9 mRNA and mAT sgRNA demonstrated over 
90% encapsulation efficiency with a narrow PDI. On the basis of 
these results, we selected this buffer condition with better RNA 
encapsulation efficiency (>90%) than the initial formulation for 
further studies. Next, the organ-specific delivery potential of LNP 
was confirmed by introducing a luciferase packed with LNP through 
the intravenous route. Notably, the mouse liver exhibited high trans-
gene expression, but the other organs did not show detectable lucifer-
ase expression (Fig. 2D).

Sustained down-regulation of mAT by LNPs packed 
with Spcas9 and sgRNA
In vivo mAT targeting was attempted after optimizing the LNP-
CRISPR-mAT for hepatocyte delivery. In humans, hemophilia A 
and B are the representative types of coagulation disorder, and 
down-regulation of mAT expression resulted in improved clinical 
symptoms in both hemophilia A and B (7, 22, 23). Hemophilia A, 
the most common type of hemophilia, is a severe coagulation 

disorder that results from an inversion of the 22nd intron of the 
FVIII gene (F8I22I) (24). On the other hand, hemophilia B is caused 
by the loss of function of the FIX gene (F9Mut). Hence, mice with 
F8I22I and F9Mut were used in this study; these mice were generated 
using CRISPR-Cas9–mediated gene editing and verified for the 
hemophilia phenotype. As a trial dose, we administered 1.2 mg/kg 
(mpk) per mouse of LNP-CRISPR-mAT via the intravenous route 
at an interval of 2 weeks (Fig. 3A). The bioluminescence signal was 
easily detected at a low luciferase mRNA dose; however, a higher 
dose was needed to produce therapeutically relevant Cas9 proteins 
in the target cells (25, 26). The LNP-CRISPR-mAT developed 
detectable indels only in the liver tissue (Fig. 3B and fig. S3), and an 
average of 22 and 38% indel frequencies were observed in the liver 
tissue of F8I22I and F9Mut, respectively (Fig. 3C). Also, LNP-CRISPR-
mAT developed a dominant 1 or 2 bp deletion with frameshift, 
thereby enhancing the loss of function of mAT (Fig. 3D).

Since double-stranded DNA breakage was observed in the liver 
tissue, the evaluation of mAT function was performed by assessing 
the blood mAT concentration. As we administered LNP-CRISPR-
mAT three times at an interval of 2 weeks, we analyzed the blood 
mAT concentration repeatedly during this duration using wild-type 
(WT) mice. The concentration of mAT declined with the repeated 
rounds of LNP-CRISPR-mAT injection but plateaued at 10 weeks 
after the first LNP-CRISPR-mAT injection (Fig. 3E). Thus, when highly 
modified sgRNA and SpCas9 mRNA were packed in LNPs and ad-
ministered repeatedly, Serpinc1 gene function was down-regulated 
by more than 70% compared with the average mAT values in 
control WT mice, and Serpinc1 down-regulation was maintained 
stably thereafter for 10 months. While the control WT mice were 
useful for analyzing gene expression changes through repeated sam-
pling, however, it is important to note that mAT expression may 
differ between the control WT and the hemophilia mouse model. 
Hence, LNP-CRISPR-mAT was administered to the mice with 

Fig. 2. LNPs for CRISPR-Cas9–mediated in vivo gene editing were prepared. (A) Schematic image of LNP formulation using a microfluidic mixing system. (B) Encap-
sulation efficiency (EE) was analyzed between end- and highly modified sgRNA at 7 mM citrate buffer (n = 5). In the sgRNA structure, the asterisks and red font indicate 
the phosphorothioate bond and 2′-O-methyl ribonucleotide, respectively. Data are exhibited as means ± SEM. ***P < 0.001. (C) EE, size, and PDI of LNPs were analyzed 
with different buffer conditions. The condition selected in this study has been indicated in blue. (D) Biodistribution was analyzed by in vivo bioluminescence imaging. 
mFlucLNPs were formulated using the Luc mRNA (0.1 mpk dose) and injected intravenously into C57BL/6 mice. Three hours after the injection, luminescence signal was 
detected in the live mice and in their organs.
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F8I22I and F9Mut, and the blood mAT concentration was assessed. 
We observed that the blood mAT concentration decreased by about 
40% in F8I22I and 70% in F9Mut mice (Fig. 3F).

Rescued thrombin generation activity using LNP-CRISPR-
mAT in mice with hemophilia
Among the various diagnostic methods that are available to assess 
the coagulation disorder, activated partial thromboplastin time 
(aPTT) test and calibrated automated thrombin (CAT) generation 
are widely used (27). However, aPTT is suitable for evaluating the 
initial phase of the clotting potential, and hence, it is not useful for 
analyzing the therapeutic effect of rebalancing (28). On the other 
hand, CAT can measure the thrombin generation over 100 min and 
is applicable for evaluating the rebalancing efficacy (6). Notably, the 
LNP-CRISPR-mAT treatment restored the thrombin generation 
potential in both the F8I22I and F9Mut mice. LNP-CRISPR-mAT 
reduced lag time, enhanced thrombin peak, and increased total 
thrombin generation (area under curve) in F8I22I and F9Mut. In 
addition, the LNP-CRISPR-mAT treatment resulted in thrombin 
peak enhancement of approximately up to 65% that of WT. On the 
basis of the thrombin peak and total thrombin formation ability 
identified using the thrombogram, we noted that LNP-CRISPR-mAT 
treatment enhanced thrombin generation ability in the mice with 
F8I22I and F9Mut (Fig. 4, A and B).

Reduced spontaneous bleeding and secondary hemophilia 
complication by enhanced thrombosis potential
The CAT analysis demonstrated the improvement in the coagulation 
ability due to the LNP-CRISPR-mAT–mediated rebalancing. How-
ever, it was also essential to assess for a reduction in spontaneous 

bleeding, which is a substantial complication of hemophilia. The 
most common spontaneous bleeding sites found in patients with 
hemophilia are the brain and joints (29, 30). However, we did not 
observe bleeding lesions in the brain and joints in the hemophilic 
mice (fig. S4). The histopathological analysis revealed spontaneous 
bleeding in the interstitial liver region in both groups of mice with 
hemophilia (Fig. 5A). The frequency or severity of bleeding was 
verified by measuring the total number of red blood cells (RBCs) 
detected in the tissue section. As RBCs exhibit autofluorescence (31), 
the false-colored yellow signal that produced by coexpression at 
470- and 530-nm wavelengths was defined as autofluorescence 
produced by RBC. Ten areas of the liver were randomly selected 
from each mouse, and the dimension ratio of the yellow fluorescence 
signal was quantified. As expected, treatment with LNP-CRISPR-mAT 
reduced the frequency of RBCs in the liver tissue, indicating a 
reduction in spontaneous bleeding. In particular, there was a sig-
nificant correlation between the mAT concentration and RBC 
frequency in each mouse (P = 0.0065) (Fig. 5A).

Renal lesions are not common in patients with hemophilia (32), 
but unexpected histological changes in the kidney were observed in 
this study. Both the F8I22I and F9Mut hemophilic mice exhibited 
characteristic edema symptoms in the Bowman’s capsule (Fig. 5B). 
However, these symptoms were not detected in the control WT mice. 
Hence, we assessed the therapeutic effect of LNP-CRISPR-mAT on 
the kidney as well. For this purpose, we analyzed the shape of the 
Bowman’s capsule by randomly selecting three sections from the 
kidney of each mouse. The LNP-CRISPR-mAT treatment reduced 
edema symptoms, and the overall ratio of the regular glomerular 
capsule in the F8I22I and F9Mut mice was similar to those of the 
control WT mice (Fig. 5B). Together, these observations confirmed 

Fig. 3. LNP-CRISPR-mAT induced a prolonged down-regulation of mAT expression. (A) Brief schematic for the in vivo gene targeting using LNP-CRISPR-mAT. C57BL6 
(B6, n = 4), B6.FVIII intron 22 inversion (F8I22I, n = 4 in each group), and B6.FIX knockout (F9Mut, n = 4 in each group) mice were used in this study. (B and C) Indel frequency 
was calculated by deep sequencing and confirmed using T7E1 analysis (number of each group, 2 or 4). Data are shown as means ± SEM. (D) Indel pattern was analyzed 
according to frameshift and indel size (number of each group, 3 or 4). Each dot indicates the percentage of each sized indel from the total sequencing result. (E) Prolonged 
AT down-regulation was screened by ELISA using B6 mice (n = 6 per group). Blood was collected from the tail vein using a sodium citrate–coated tube, and the plasma 
was subjected to mAT ELISA. ****P < 0.0001. (F) Blood mAT concentration was measured and compared between the LNP-CRISPR-mAT–treated and the control hemophilia 
mice group. Each dot indicates the mAT concentration of an individual mouse (number of each group, 3 or 4). Data are presented as means ± SEM. **P < 0.01 and 
***P < 0.001; ns, nonsignificant.
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Fig. 4. In vivo mAT targeting rescued thrombogenesis. (A and B) Plasma from F8I22I and F9Mut mice were collected from the inferior vena cava (control WT, n = 5; F8I22I, 
F8I22I-LNP, F9Mut, and F9Mut-LNP, n = 4). The thrombogenesis potential was calculated and analyzed for lag time, thrombin peak, thrombin peak time, and area under the 
curve. Each dot indicates data from one mouse and represents means ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001. Thrombogenesis in WT mice was assessed once and 
used for comparison with the F8I22I and F9Mut mice.

Fig. 5. Enhanced thrombosis reduced spontaneous bleeding and secondary hemophilia complication. (A) Paraffin-embedded liver tissues were prepared without 
perfusion to prevent the loss of evidence of spontaneous bleeding (WT, n = 3; F8I22I, F8I22I-LNP, F9Mut, and F9Mut-LNP, n = 4). RBCs in the interstitial liver tissue [marked by 
black triangles in the liver tissue using hematoxylin and eosin (H&E) staining] were measured by immunofluorescence staining by detecting the autofluorescence signal 
at 470 and 540 nm. The intensity of the coexpressions (yellow signals) were then calculated. Ten areas of the liver were randomly selected from each mouse, and each 
measured autofluorescence signal was subjected to the RBC frequency analysis. Each dot indicates a signal from one selected area. Correlation analysis was conducted using 
the mean yellow fluorescence values obtained from each mouse. Blue dot, LNP-CRISPR-mAT groups; red dot, control group. Scale bars, 100 m. (B) The whole kidney 
was formalin fixed, and gross histology was examined using H&E staining. The number of abnormally shaped glomerular capsules (black triangles) was calculated from 
three randomly selected regions of the cortex (1 mm2) per mouse and analyzed. **P < 0.01 and ***P < 0.001.
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that rebalancing through LNP-CRISPR-mAT treatment resulted in 
sustained and reduced mAT concentration and consequentially 
improved the clinical symptoms of hemophilia.

No detectable CRISPR-LNP–mediated side effect
The most critical complication in in vivo gene editing is the occur-
rence of undesirable off-target effects. Thus, we first used the in 
silico method to select the seven highest potential off-target sites 
that differed from the on-target sgRNA sequence by up to three 
nucleotides (table S1). In addition, a genome-wide detection using 
Digenome-seq (33) was performed, and we found three more po-
tential sites in which cleavage scores were substantially lower than 
that of the on-target site (Fig. 6A and table S1). Next the total 
10 off-target candidates were subsequently validated in mouse liver 
treated with LNP-CRISPR-mAT. Targeted deep sequencing analy-
sis using liver genomic DNA from the control WT, F8I22I, and F9Mut 
(n = 3, each) showed no meaningful indels at the potential off-target 
sites in both hemophilic models (Fig. 6B).

Another substantial safety issue by LNP-CRISPR is an immune 
response or inflammation. Plasma was applied to aspartate trans-
aminase (AST) and alanine transferase (ALT) analysis, and there 
was little difference between the groups. Thus, LNP-CRISPR-mAT 
administration did not induce liver injury (Fig. 6C). Next, inflam-
matory response to LNP-CRISPR was evaluated by measuring 
serum tumor necrosis factor– (TNF-) and interleukin-1 (IL-1) 
concentrations. There was no detectable increase in inflammatory 
cytokine production following LNP-CRISPR injection (Fig. 6D). In 
addition, we investigated systemic anti-Cas9 antibody response 

through enzyme-linked immunosorbent assay (ELISA) using sera 
from the LNP-injected mouse. Compared with the LNP empty 
treatment, anti-Cas9 immunoglobulin G (IgG) was not evoked by 
repeated LNP-CRISPR-mAT injection (Fig. 6E). However, when 
we treated the mice with AAV-Cas9 intravenously, systemically 
elevated anti-Cas9 IgG was detected after 6 weeks of treatment 
(Fig. 6E). This suggests that repeated LNP-CRISPR injection was a 
relatively less immunogenic approach than the persistent AAV-
mediated Cas9 expression. Next, we evaluated whether repeated 
administration of sgRNA/Cas9 mRNA–encapsulated LNPs would 
induce a cellular immune response against cells expressing Cas9 
protein. Since a cellular immune response is specifically mediated 
by CD8+ cytotoxic T lymphocytes, we confirmed the existence of 
anti-Cas9 T cells in mice splenocytes (34) by determining interferon- 
(IFN-) level after Cas9 protein challenge to mice splenocytes. 
Repeated LNP injection did not induce cellular immune responses 
in mice (Fig. 6F and fig. S5).

DISCUSSION
Hemophilia is an X-linked recessive genetic disease mainly caused 
by loss-of-function mutations in the FVIII or FIX gene (35). Although 
prophylaxis by supplying the deficient clotting factor proteins is 
widely used in the clinic, the need for frequent administration, high 
costs, and inhibitor incidence negatively affect the quality of life of 
patients (36). Hence, advanced therapeutic strategies are currently 
being developed to address this issue. In this study, we assessed 
whether genome editing of SERPINC1 encoding AT can be used as 

Fig. 6. Safety-related assessments of the LNP-CRISPR-Cas9. (A) Genome-wide Circos plot for in vitro cleavage sites in the absence (pink) or presence (blue) of the TS4 
sgRNA. Numbers in bracket: cleavage scores. Red arrow: on-target cleavage (B) Targeted deep sequencing results of the top seven homologous candidates (Offs) and the 
three candidates detected by the Digenome-seq analysis (Di-Offs) (n = 3). ND, not detected; ***P < 0.001. (C) Serum AST and ALT concentrations after injection with 
1.2 mpk of LNP-CRISPR-mAT thrice to WT at an interval of 2 weeks (n = 6). (D) Serum TNF- and IL-1 concentration after injection with 1.2 mpk of LNP or LNP-CRISPR-mAT 
thrice. Positive control group was injected 20 mpk of lipopolysaccharide (n = 4). (E) Serum anti-SpCas9 IgG concentration after repeated injection with LNP-CRISPR-mAT 
(n = 3). Mouse intravenously injected with AAV9-EFS-SpCas9 (5 × 1013 vg/kg) was also tested after 6 weeks of the treatment. The concentrations were calculated from the 
standard curve from ELISA (R2 = 0.989). (F) Representative flow cytometry plots illustrating IFN- expression in CD8+ T cells. IFN- expression in CD8+ T cells was evaluated 
after repeated injections of PBS, empty LNPs, and sgRNA/Cas9 mRNA–encapsulated LNPs to mice (n = 3). Detailed results are supplied in fig. S5.
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a potential advanced therapeutic option for treating patients with 
hemophilia. We demonstrated that LNP-mediated delivery of 
CRISPR-Cas9 resulted in the inhibition of mAT and improved 
thrombin generation and bleeding-associated phenotypes in both 
hemophilia A and B mouse models. Notably, the administration 
of LNP-CRISPR-mAT could provide flexible opportunities to treat 
patients with or without inhibitors, exerting long-term therapeutic 
effects even with a limited number of doses (7). Moreover, we also 
demonstrated that non–virally delivered SpCas9 and sgRNA effec-
tively targeted liver Serpinc1 without notable off-targeting effects. 
Hence, such a CRISPR-Cas9–compatible delivery tool may have 
potential clinical applicability as well. A similar approach using 
LNP-CRISPR-Cas9 recently underwent human trials using patients 
with transthyretin (ATTR) amyloidosis (NCT04601051). The results 
showed that LNP-CRISPR-Cas9 effectively inhibited pathogenic 
TTR expression by approximately 90% with only mild adverse events 
(37), demonstrating the translational feasibility of this approach.

The therapeutic application of rebalancing the clotting pathway 
is strongly encouraged because of the observation that bleeding 
phenotypes are substantially ameliorated in individuals with hemo-
philia who co-inherit the deficiency in anticoagulation factors, such 
as AT and tissue factor pathway inhibitor (TFPI) (38, 39). AT inhibits 
various coagulation-related genes such as Factor XIIa, XIa, IXa, Xa, 
VIIa, and thrombin (IIa) (40), while TFPI reversibly inhibits Factor 
VIIa and Xa (41). Thus, the loss of function of AT or TFPI could 
recover the impaired balancing by reducing their anticoagulant 
activity. TFPI-targeting approaches using monoclonal antibodies, 
including concizumab and marstacimab, have been clinically tested. 
However, the clinical regimens involved are daily and once-weekly 
injections for concizumab and marstacimab, respectively (42). 
Therefore, genome editing of TFPI appears to be a more long-lasting 
effective strategy, and some potent sgRNAs targeting TFPI were 
observed in the human genome (fig. S6). Notably, TFPI is expressed 
by diverse cell types (43), and development of a delivery method 
targeting multiple tissues may facilitate the clinical translation of the 
TFPI-editing approach. Instead, we suggest that translation of the 
SERPINC1-editing strategy may be a quicker approach, because 
the delivery tools developed in this study are very potent at targeting 
the liver, which is the primary source of AT secretion. Some of the 
sgRNAs targeting the human SERPINC1 resulted in effective indels 
and out-of-frame portions inducing a knockout through the 
nonsense-mediated decay mechanism (fig. S6). Hence, these sgRNA 
candidates can be considered for the next lead optimization stage.

Enormous efforts directed toward the development of new tech-
nology have contributed in curing patients suffering from diverse 
refractory diseases (44, 45). Specifically, AAV-mediated gene replace-
ment therapy is now widely accepted as an option for long-term 
therapy rather than protein replacement or antibody-mediated 
treatment. In hemophilia, clinical trials of AAV-FVIII have similarly 
demonstrated a decline in FVIII levels within a few years after 
dosing, while trials of AAV-FIX have shown a persistent effect for 
more than 10 years (46, 47). The reason for such decline is not proven, 
but expression or secretion of FVIII in the hepatocyte, not an 
endogenous source of FVIII, may be involved. Genome editing 
strategies that directly correct the common mutations such as 
inversion of intron 22 or intron 1 of FVIII have been proposed (48). 
However, requirements of a sinusoidal endothelial cell-targeting 
delivery system and high reversion efficiency may limit the applica-
tion of such an approach. Therefore, other bypassing strategies 

combined with long-term therapeutic approaches could help 
overcome the limitations associated with the short duration of the 
therapeutic effectiveness of current approaches. We hypothesize 
that the SERPINC1-editing strategy is an excellent therapeutic 
option that allows broad targeting of the patient population.

In this study, we applied LNPs to deliver CRISPR-Cas9. Three 
consecutive repeated dosing of LNP treatment inhibited AT expres-
sion by approximately 40 and 70% in the F8I22I and F9Mut mouse, 
respectively. In addition, the levels of inhibition were accompanied 
by phenotype recovery in both the hemophilic models. Accordingly, 
the therapeutic window of AT inhibition may be less than 50%; 
however, further studies are necessary to dissect the minimum 
effective regulation level in detail. One of the advantages of LNP is 
the ease of repeat dosing, which is not suitable for AAVs because of 
the high anticapsid immune response (49). Notably, onpattro, an 
FDA-approved LNP–short hairpin RNA inhibiting ATTR can be 
injected every 3 weeks (50). Several potent LNPs such as C12-200, 
MC3, and cKK-E12 have been reported to target the liver effectively 
(51), and these could be further optimized by the partial application 
of a biodegradable form of lipid (52). Similarly, our prototype LNPs 
can be further optimized with respect to the biodegradability or 
endosomal release of the particles, facilitating the development of a 
more clinically compatible delivery tool.

We did not observe any active off-target sites when assessing the 
candidate genomic sites selected using both the homology-based and 
genome-wide detection methods. Although we used Digenome-seq, 
other methods, including Circle-, Change-, and Guide-seq, are also 
applicable methods that involve in vitro or cell-based genome-wide 
cleavage together with next-generation sequencing (53). The com-
binations of the biased and unbiased methods to capture potential 
off-target loci have been used for IND (Investigational New Drug 
Application)  approval in recently conducted clinical programs using 
CRISPR-Cas9 (15,  37). Accordingly, site-specific validation using 
targeted deep-sequencing combined with more than one off-target 
detection method could be a standard protocol to validate the 
translational applicability of genome editing strategies. Meanwhile, 
considering the off-target reducing strategy, some engineered high-
fidelity versions of Cas9 such as HFCas9, eCas9, HypaCas9, and 
SniperCas9 can be used as alternatives to WT SpCas9 (53–55).

In conclusion, we provide a new, CRISPR-Cas9–based approach 
for treating hemophilia. To the best of our knowledge, no previous 
reports have demonstrated CRISPR-Cas9–mediated AT gene edit-
ing with nonviral vectors and a therapeutic effect on hemophilia. 
Our genome editing approach presents a versatile option for solving 
diverse unmet needs that persist in major advanced therapies, 
including gene replacement therapies or other bypassing therapies.

MATERIALS AND METHODS
sgRNA screening
Mouse C2C12 [American Type Culture Collection (ATCC), 
CRL-1722] cells or human Jurkat (ATCC, TIB-152) cells were main-
tained in Dullbecco’s Modified Essential Medium supplemented 
with 4 mM glutamine (4.5 g/liter), 1 mM sodium pyruvate, 10% fetal 
bovine serum, penicillin (100 U/ml), and streptomycin (100 mg/ml). 
For initial sgRNA screening, plasmids encoding human optimized 
SpCas9 and sgRNA or RNP complex formed by 4 g of Cas9 with 
1 g of sgRNA were subjected to electrical shock using 10-l tips on 
the Neon Transfection (Life Technologies, Carlsbad CA, USA) at 
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1150 V for 15 ms and two pulses. For additional comparison test, 
mouse primary hepatocytes (4 × 105 cells) were treated by 1 g of 
LNP for three selected sgRNAs (TS2, TS4, and TS11). After 3 days 
of transfection, the cells were harvested, and extracted genomic 
DNA using a DNeasy Blood and Tissue kit (Qiagen, Hilden, 
Germany) was subjected to targeted deep sequencing measuring 
indel frequencies.

LNP preparation
LNPs were prepared using NanoAssemblr Benchtop Instrument 
(Precision Nanosystems Inc., Vancouver, Canada) according to a 
previously described method (26). The lipid components (ionizable 
lipid, DOPE, cholesterol, and PEG lipid at 26.5:20:52:1.5 molar 
ratio) were dissolved in ethanol, and RNAs (Cas9 mRNA/sgRNA at 
1:1 weight ratio) were dissolved in 10 mM citrate buffer (pH 3). The 
final ionizable lipid:RNA weight ratio was 10:1, and the final 
volume ratio was 1:3. Then, LNPs were formulated by microfluidic 
mixing of the prepared solutions at a 12 ml/min flow rate. The 
resulting LNPs were dialyzed against 1X phosphate-buffered saline 
(PBS) with 3500–molecular weight cutoff dialysis cassettes (Life 
Technologies) for 16 hours to exchange buffer. To characterize the 
prepared LNPs, dynamic light scattering was used to confirm the 
size, PDI, and zeta potential of LNPs. The encapsulation efficiency 
of RNAs was measured by Quant-iTTM Ribogreen Assay (Life 
Technologies).

In vivo biodistribution analysis of LNPs
C57BL/6 mice with weights of 18 to 20 g were purchased from 
Orient Bio (Seongnam, Gyeonggi, Korea). LNPs with firefly luciferase 
encoding mRNA (dose of 0.1 mpk) were injected intravenously into 
mice. Three hours later, mice were injected with d-luciferin intra-
peritoneally and incubated for 15 min. Bioluminescence imaging of 
the whole body and ex  vivo organ was performed using an IVIS 
(Perkin Elmer, Waltham, MA, USA). All animal study procedures 
were approved by the Institutional Animal Care and Use Committee 
at the Ewha Woman’s University (Institutional Animal Care and 
Use Committee 19-022).

Animal experiment for LNP-CRISPR
C57BL/6 (B6) mice were purchased from Koatech (PyeongTaek, 
Gyeonggi, Korea). B6.FVIII intron 22 inversion (F8I22I) and B6.FIX 
knockout (F9Mut) were generated by CRISPR-Cas9–based gene 
editing (fig. S7) (56). Seven- to 9-week-old male mice were subjected 
to further experiments. B6 and each hemophilia mice were 
randomly divided, and half of them were injected LNP packed 
SpCas9 mRNA and highly modified sgRNA (LNP-CRISPR-mAT) 
three times with 2-week interval. Injection solution was prepared by 
mixing 1.2 mpk of LNP-CRISPR-mAT and warm saline up to 600 l 
and was injected via the intravenous route. The 600 l of injection 
solution could not induce hydrodynamic gene delivery in the liver 
(fig. S8). B6 mice have been subjected to repeated blood sampling 
via tail vein for 18 weeks. Hemophilia mice were euthanized at 
8 weeks after the first LNP-CRISPR-mAT injection. A total of 450 l 
of fresh blood was collected from the inferior vena cava and mixed 
with 50 l of 3.2% sodium citrate, and plasma was prepared by 
collecting supernatant after centrifugation. After blood sampling, 
each organ was collected without perfusion, a part of the tissues was 
fixed by formalin, and the remains were used for genomic DNA 
extraction. This study was approved by the Institutional Animal Care 

and Use Committees of Seoul National University (SNU-200715-2) 
and was conducted under approved guidelines.

Polymerase chain reaction, T7E1 analysis, and  
targeted deep sequencing
Genomic DNA was extracted from organ tissues by a G-DEX IIc 
genomic DNA extraction kit (Intron Biotechnology, Gyeonggi, 
Korea). Primers were designed for amplifying the LNP-CRISPR-
mAT–targeted genomic region. Next, in T7E1 analysis, polymerase 
chain reaction (PCR) amplicons were subjected to hetero-duplex 
hybridization and 30 min of T7E1 endonuclease (New England 
Biolabs, Ipswich, MA, USA) incubation. The presence of the cut 
band in gel electrophoresis was designated as indel formation. For 
targeted deep sequencing, interesting genomic regions were ampli-
fied by PCR from genomic DNA extracted from transfected cells or 
LNP-injected tissues. The produced amplicons were barcoded during 
subsequent PCR with Illumina TrueSeq adaptors. The products 
were purified with a PCR purification kit (Geneall, Seoul, Korea) 
and then were pooled in an equimolar ratio. The final libraries were 
paired-end sequenced using Illumina Miseq v2 (PE150) (Illumina, 
San Diego, CA, USA). Indel frequencies were quantified using 
Cas-Analyzer (www.rgenome.net). Indels in the region 3-bp upstream 
from the protospacer-adjacent motif sequence were considered 
mutations resulting from Cas9.

Enzyme-linked immunosorbent assay
Blood AT concentration was measured by an ELISA using an mAT 
III ELISA kit (Abcam, Cambridge, UK). ELISA was conducted 
using plasma according to the manufacturer’s instructions. Absor-
bance was measured by a spectrophotometer (Tecan, Zurich, 
Switzerland) at 450 nm, and AT concentrations were calculated by 
applying the measured optical density value to the standard curve. 
AST and ALT were measured by an AST/ALT activity assay kit 
(Apexbio, Houston, Texas, USA). Plasma was diluted with provided 
assay buffer 1:9 and 1:3 for AST and ALT analysis, respectively. 
AST/ALT assay was conducted according to the manufacturer’s 
instructions. Absorbance was measured by a spectrophotometer 
(Tecan, Zurich, Switzerland) at 450 and 570 nm for AST and ALT 
analysis, respectively. To analyze inflammatory cytokine production, 
WT mice were injected with 1.2 mpk of LNP or LNP-CRISPR-mAT 
thrice into the tail vein at a 7-day interval. Within 24 hours after the 
final injection, blood was collected from the anterior vena cava, and 
serum TNF- and IL-1 concentrations were measured using 
ELISA (Bioss, Woburn, MA, USA).

The calibrated automated thrombogram (CAT)
Thrombin generation was measured using a Technothrombin TGA 
kit (Diapharma, West Chester, OH, USA). Briefly, a mixture of 
40 l of plasma dilution, 10 l of reagent C low buffer, and 50 l of the 
substrate was added in a single well, and fluorescence at 360/450 nm 
(excitation/emission) was measured for 120 min with 1-min intervals. 
Fluorescence measurement of thrombin generation was performed 
in a 96-well plate using Cytation 5 (BioTek, Winooski, VT, USA). 
The thrombin generation curves were calculated by using a 
manufacturer’s provided software.

Histological analysis
In hematoxylin and eosin stain, deparaffinized tissues were stained by 
0.1% Mayer’s H&E solution. To detect autofluorescence, deparaffinized 

http://www.rgenome.net
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tissues were stained by 4′,6-diamidino-2-phenylindole (DAPI), and 
signals at 470- and 530-nm wavelengths were detected using Cyta-
tion 5 (BioTek). After image acquisition by a microscope, images 
were analyzed with the ImageJ program (NIH, Rockville Pike, MD, 
USA). All images were converted to 8-bit grayscale, and then 
“Image” under “Adjust > Threshold” commands were selected. All mean 
value of each image was measured automatically by ImageJ software.

Off-target analysis
Potential off-target sites were first identified using an in silico tool, 
Off-finder (www.rgenome.net). Mouse genomic sites containing up 
to 3-bp mismatches were considered off-target sites and further 
confirmed by targeted deep sequencing. Additional off-target can-
didates were obtained by Digenome-seq (33). Briefly, after in vitro 
cleavage of human genomic DNA (8 g) with SpCas9 (300 nM) 
and sgRNA (900 nM) in the proper buffer [100 mM NaCl, 50 mM 
tris-HCl, 10 mM MgCl2, and bovine serum albumin (100 g/ml)], 
the digested DNA was purified and used to generate an initial 
library using a Covaris system (Life Technologies) together with an 
End Repair Mix (Thermo Fisher Scientific, Waltham, MA, USA). The 
end of the DNA fragment was ligated with adaptors, and the final library 
was sequenced through WGS (whole genome sequencing)  using an 
Illumina HiSeq X Ten Sequencer (Illumina, San Diego, CA, USA). After 
mapping the sequenced reads to the mouse genome reference GRCm38, 
the produced BAM files were analyzed using Digenome-seq tools 
(www.rgenome.net). The loci showing cleavage scores of more than 
>2.5 were selected as potential off-target sites and further verified 
by targeted deep sequencing. Target site and primer information 
for off-target candidates are listed in table S1 and S2, respectively.

T cell stimulation and intracellular cytokine staining
Mice were injected thrice with empty LNPs, sgRNA/Cas9 mRNA–
encapsulated LNPs, and PBS. Twenty-four hours after the last 
injection, single-cell suspensions were prepared from mice spleens. 
Cells (1 × 106) were cultured with medium alone (negative control), 
2.5 g of recombinant Cas9 (Cas9), or phorbol 12-myristate 13-acetate 
(PMA) (50 ng/ml) and ionomycin (1 g/ml) (positive control) for 
18 hours. To measure the IFN-–producing cells, splenocytes were 
further treated with brefeldin A (eBioscience Inc., San Diego, CA, 
USA) for 5 hours. Cells were then permeabilized with fluorescence-
activated cell sorting (FACS) buffer containing 0.5% saponin 
(Sigma-Aldrich, St. Louis, MO, USA) and stained with markers. 
The stained cells were acquired using a CytoFLEX S flow cytometer 
(Beckman Coulter, Brea, CA, USA) and analyzed using FlowJo 
software (TreeStar Inc., Ashland, OR, USA). The antibodies used were 
antigen-presenting cell (APC)/Cy7 anti-mouse CD3 (BioLegend, 
San Diego, CA, USA, 100706), fluorescein isothiocyanate (FITC) 
anti-mouse CD8 (BioLegend, 100222), and phycoerythrin (PE) 
anti-mouse IFN- (BioLegend, 505808).

Measurement of anti-Cas9 antibody response
The anti-Cas9 antibody response was measured using ELISA. Briefly, 
a 96-well plate was coated with 0.1 g per well of SpCas9 protein 
(Aldevron, 9212) for 3 hours at 37°C. Subsequently, the plate was 
washed four times and then blocked by adding 100 l of assay diluent 
buffer (BioLegend, 421203) for 1 hour at 25°C. Sera from mice 
injected with LNP-CRISPR-mAT or AAV9-Cas9 were diluted 
40 times, and the plate was incubated with the samples for 2 hours 
at 25°C. After washing, the plate was incubated with anti-mouse 

IgG–conjugated with horseradish peroxidase (HRP; Sigma, A9044; 
Sigma-Aldrich), subsequently washed, and then treated with 
trimethylboron (TMB) substrate (BioLegend, 421101). After stopping 
the HRP/TMB reaction using stop solution (BioLegend, 423001), the 
plate was subjected to absorbance measurement at 450 nm. Com-
mercial mouse anti-Cas9 antibody (Abcam, 191468) was used for a 
standard curve test, and the standard curve (R2 = 0.989) was used for 
determining anti-Cas9 IgG concentrations of the tested samples.

Statistical analysis
Statistical analysis was performed with unpaired Student’s t test and 
correlation analysis using GraphPad Prism (Version 5.02, GraphPad, 
San Diego, CA, USA).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj6901
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