
Vol.:(0123456789)

Molecular Diagnosis & Therapy 
https://doi.org/10.1007/s40291-024-00705-1

LEADING ARTICLE

In vivo LNP‑CRISPR Approaches for the Treatment of Hemophilia

Jeong Hyeon Lee1 · Jeong Pil Han1 

Accepted: 13 March 2024 
© The Author(s) 2024

Abstract
Hemophilia is a genetic disorder that is caused by mutations in coagulation factor VIII (hemophilia A) or IX (hemophilia B) 
genes resulting in blood clotting disorders. Despite advances in therapies, such as recombinant proteins and products with 
extended half-lives, the treatment of hemophilia still faces two major limitations: the short duration of therapeutic effect and 
production of neutralizing antibodies against clotting factors (inhibitor). To overcome these limitations, new hemophilia 
treatment strategies have been established such as gene therapy, bispecific antibody, and rebalancing therapy. Although these 
strategies have shown promising results, it is difficult to achieve a permanent therapeutic effect. Advances in the clustered 
regularly interspaced short palindromic repeat (CRISPR) technology have allowed sustainable treatment by correcting 
mutated genes. Since genome editing generates irreversible changes in host genome, safety must be ensured by delivering 
target organs. Therefore, the delivery tool of the CRISPR system is crucial for safe, accurate, and efficient genome editing. 
Recently, non-viral vector lipid nanoparticles (LNPs) have emerged as safer tools for delivering CRISPR systems than other 
viral vectors. Several previous hemophilia pre-clinical studies using LNP-CRISPR showed that sufficient and sustainable 
therapeutic effects, which means that LNP-CRISPR-mediated genome-editing therapy can be a valid option for the treat-
ment of hemophilia. In this paper, we summarize the latest advancements in the successful treatment of hemophilia and the 
potential of CRISPR-mediated genome-editing therapy using LNPs.

Key Points 

The current standard of care for hemophilia is replace-
ment of deficient clotting factors, which has numerous 
limitations, most significant of which being that it pro-
vides only temporary efficacy.

Genome editing using the clustered regularly interspaced 
short palindromic repeats (CRISPR) system has the 
potential to cure genetic diseases long-term by correcting 
gene variants.

For in vivo genome editing for therapeutic purposes, a 
safe and efficient delivery tool is important, and lipid 
nanoparticles (LNPs) are suitable non-viral vectors for 
the safe delivery of the CRISPR system, as demonstrated 
in COVID-19 vaccine applications.

The LNP-CRISPR system is a combination of two Nobel 
Prize-winning technologies, from 2020 (CRISPR) and 
2023 (LNP as part of the mRNA-LNP platform), respec-
tively, which can be used in future therapy strategies.
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1  Introduction

Hemophilia is a representative loss-of-function inherited 
disease caused by mutations in coagulation genes that 
result in the loss of coagulant function and failure of coag-
ulation cascades [1]. Hemophilia is an X-linked recessive 
disorder due to mutation in factor VIII (hemophilia A) or 
IX (hemophilia B) genes causing loss of function of these 
coagulation proteins affecting the generation of thrombin 
and thus blood clotting ability.

Hemophilia can be classified according to the concen-
tration of coagulation proteins in the blood, mild type > 
5–< 40%, moderate type 1–5%, and severe < 1% of normal 
levels [2]. Severe hemophilia causes persistent internal 
bleeding as well as blood clotting disorder, and treatment 
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to prevent spontaneous bleeding is important. Approxi-
mately 40% of patients with hemophilia A and 30% of 
patients with hemophilia B have severe hemophilia [3]. 
The prevalence of hemophilia is 1 in 5,000–10,000 males 
with hemophilia A, and 1 in 25,000 males with hemophilia 
B [4]. The World Federation of Hemophilia (WFH) has 
estimated there are approximately 815,100 cases of hemo-
philia worldwide. Of these, 347,026 have been confirmed 
by diagnosis, of which 276,900 cases have been classified 
as severe hemophilia [5].

Hemophilia has various unmet needs and as yet there is 
no permanent cure for this disease. The classic treatment 
for hemophilia symptoms involves the injection of clotting 
proteins isolated from healthy blood, which has evolved 
into injections of recombinant proteins synthesized in the 
laboratory [6]. The development of recombinant factor 
VIII or IX has increased the life expectancy of patients 
with concentrates devoid of the risk associated with the 
use of plasma-derived products before the era of virucidal 
technologies and blood donor screening for HIV or hepa-
titis C [6]. Currently, almost all patients with hemophilia 
are recommended to receive prophylaxis, which involves 
periodic injections of deficient clotting factors to maintain 
minimal clotting capacity. Prophylaxis consists of intrave-
nous (IV) injections of recombinant proteins, and because 
of their short half-lives, averaging 12 and 18 h for FVIII 
and FIX, respectively, patients require frequent therapy 
two to three times a week [7]. Such frequent treatments 
increase the financial burden on patients and reduce their 
quality of life. Additionally, IV injection at short intervals 
for babies and children has risks of venous access. Many 
researchers have attempted to address these limitations 
by developing recombinant proteins with extended half-
lives (EHL) in the human body. Despite a 1.5- to 4.5-fold 
increase in half-life compared to conventional proteins, 
EHL products are not long-lasting; therefore, patients still 
need to be treated once or twice a week [8–10]. Another 
problem is that prophylaxis or treatment can lead to the 
development of inhibitors. These inhibitors recognize the 
injected recombinant protein as a foreign protein in their 
bodies, which greatly decreases or abolishes the efficacy 
of prophylaxis or treatment [11].

Researchers have developed gene therapies using viral 
vectors with long-lasting therapeutic effects to overcome the 
short half-lives for the current hemophilia treatments [12]. 
Adeno-associated virus (AAV) is one of the most promising 
viral vectors and is being investigated for the gene therapy of 
many inherited diseases, including hemophilia [13]. Simi-
lar to prophylaxis, AAV gene therapy does not provide a 
permanent cure [14]. Clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated protein 9 
(Cas9) can insert or delete target genes permanently, making 
them a valuable tool for correcting mutated genes in genetic 

diseases [15]. The CRISPR system is being explored in both 
pre-clinical and clinical studies on the treatment of hemo-
philia. The selection of a delivery tool is critical for efficient 
and safe delivery of CRISPR systems to target organs, and 
AAV is preferred for use as a gene carrier because of its high 
transduction efficiency [16]. Recently, researchers have been 
working on non-viral vectors, such as lipid nanoparticles 
(LNPs), to deliver CRISPR systems [17]. LNPs are consid-
ered as safer options because they have less immune induc-
tion than AAV or other viral vectors [17, 18], many applica-
tions are expected as delivery tools of the CRISPR system. 
Here, we summarize the latest hemophilia drugs and new 
research trends with a focus on the CRISPR system using 
LNPs for the development of new hemophilia treatments.

2 � Adeno‑Associated Virus Gene Therapy 
for the Treatment of Hemophilia

Gene therapy is a treatment strategy in which a thera-
peutic gene is delivered to a cell, causing the cell to pro-
duce its proteins. In gene therapy for hemophilia, a gene 
cassette expressing the therapeutic gene is transferred to 
the patient, enabling the body to produce normal clot-
ting factors and restore the ability of blood to clot [19]. 
Unlike previous therapies, gene therapy is an attractive 
option because it allows the patient's body to produce the 
necessary proteins directly, thereby improving hemophilia 
severity [20]. Two drugs have been approved by the US 
Food and Drug Administration (FDA) for gene therapy, 
both of which are based on a viral vector, AAV [19, 21]. 
AAV is currently one of the most popular viral vectors 
and has the advantage of reaching the desired target organ 
because of its high cell transduction rate and the unique 
tropism of the serotype [22]. AAVs have safety advan-
tages over other viral vectors such as lentiviruses and 
adenoviruses because they cannot replicate without helper 
viruses, rarely integrate randomly into host genes, and 
induce less of an immune response [13]. In the case of 
hemophilia B, the DNA-encoding FIX is approximately 
1.4 kb; it has been actively investigated since the early 
phase of AAV gene therapy research [19, 23]. After dis-
covering that the FIX protein variant, Padua (R338L), 
has a stronger blood clotting ability than the WT protein, 
pharmaceutical companies have developed gene therapies 
using it [24]. In hemophilia A, the encoded DNA of FVIII 
is approximately 7 kb, which exceeds the AAV packaging 
limit, making the development of gene therapy for hemo-
philia A challenging. The B domain, the largest FVIII 
protein domain, is non-functional, and its deletion has 
been reported to have no significant effect on the physi-
ological function of FVIII [25]. Therefore, much research 
is underway on gene therapy for hemophilia A, which 
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encodes the F8 B-domain-deletion (F8-BDD) DNA in 
AAV [26–29].

Although gene therapy using AAV is a promising 
approach for supplementing deficient proteins, sev-
eral issues remain unresolved. Despite having a lower 
immune response than other viral vectors, three patients 
injected with AAV at doses higher than 1 × 1014 vg/kg 
died in clinical trials [30]. The cause of death in deceased 
patients remains unclear; however, it appears to be related 
to high doses [30]. AAV has genotoxicity, and can be 
randomly integrated into the host gene locus. The exact 
mechanism of the random integration of AAV into the 
host genome is still unknown, but random integration 
is known to be dose-dependent [31, 32]. Therefore, it is 
important to ascertain the lowest dose of AAV to ensure 
sufficient efficacy with safety. Another limitation is 
that administration of AAV can induce the production 
of anti-capsid antibodies [14], resulting in patients hav-
ing difficulty receiving AAV therapy for another disease 
of the same serotype. Recently, Mcintosh et al. reported 
long-term persistence of anti-AAV antibody up to 10 
years [33]. No inhibitors have been produced in previ-
ous hemophilia gene therapy studies [34–36], which is a 
positive safety result. However, it is not certain whether 
gene therapy is effective in patients with inhibitors, as 
patients with pre-existing inhibitors or a high probability 
of developing an inhibitor were excluded from clinical 
trials [19]. Studies have shown stable protein expression 
in AAV gene therapy in clinical trials for the treatment 
of hemophilia. However, the long-term therapeutic effi-
cacy may not be maintained in all patients. A clinical 
trial in hemophilia A reported a sharp decline in FVIII 
expression in some patients by approximately 40% within 
2 years [34]. Therefore, although AAV gene therapy can 
show relatively long-term therapeutic effects compared to 
prophylaxis, it is difficult to achieve a permanent thera-
peutic effect.

3 � Non‑Replacement Therapy 
for the Treatment of Hemophilia

Replacement therapy showed diminished therapeutic effi-
cacy in patients who develop inhibitors. To overcome this 
problem, a bispecific antibody mimicking activated FVIII 
has been developed [37]. The bispecific antibody recognizes 
both activated FIX (FIXa) and activated factor X (FXa) and 
promotes FIXa-catalyzed activation of FX in the absence 
of FVIII [38]. Emicizumab is a remarkable bispecific 

monoclonal antibody for the treatment of hemophilia A, 
which received FDA approval in 2018 [39]. Emicizumab 
prophylaxis significantly reduced the annualized bleeding 
rate in patients with hemophilia A with or without inhibitors 
[40]. Next generation FVIII mimetic bispecific antibody des-
ignated Mim8 showed 15-fold more potency in correcting 
hemostasis compared with a sequence identical analogue of 
Emicizumab in pre-clinical studies [41, 42]. Mim8 is cur-
rently in phase 3 clinical trials (NCT05053139). These treat-
ments offer the advantage of preserving therapeutic efficacy 
and consequently mitigating immune reactions in the pres-
ence of FVIII inhibitors. Emicizumab and Mim8 showed a 
prolonged elimination half-life of approximately 4 weeks 
to reduce the frequency of treatments, but still necessitate 
periodic injection [43, 44].

Blood coagulation is essential for preventing excessive 
blood loss during bleeding. However, excessive coagulation, 
as with inherited antithrombin deficiency [45], can cause 
thrombosis [46]. Anticoagulant proteins help maintain the 
“delicate balance” of blood coagulation and prevent exces-
sive thrombin generation during hemostasis (Fig. 1). The 
inhibition of anticoagulant proteins increases thrombin 
generation, which can induce thrombosis [47–50]. Based 
on this mechanism, rebalancing therapy is an alternative to 
replacing deficient coagulation factors by suppressing the 
expression and function of anticoagulants in the blood to 
restore the blood coagulation ability [51]. As rebalancing 
therapy does not directly inject clotting proteins, antibody-
antigen reactions with FVIII or FIX inhibitors do not occur. 
It enables to treatment of patients with pre-existing inhibi-
tors and is applicable to patients with hemophilia A or B 
[51]. Anticoagulants that can be targeted for hemophilia 
therapy include tissue factor protein inhibitor (TFPI), acti-
vated protein C (APC), and antithrombin (AT) [52]. Two 
monoclonal antibodies with anti-TFPI activity, concizumab, 
and marstacacin, are currently undergoing phase 3 clinical 
studies [53, 54]. SerpinPC is a specific APC inhibitor cur-
rently in phase 1/2a clinical trials, and fitusiran is a siRNA-
based drug that inhibits AT expression and is currently in 
ongoing FDA phase 3 trials [55, 56].

The clinical trial results of this rebalancing therapy 
showed a significant reduction in all bleeding and sponta-
neous joint bleeding events. Thus, rebalancing therapy has 
the advantage of being used as a prophylactic treatment 
for hemophilia and can be used broadly in patients with 
hemophilia A or B, with or without inhibitors. However, 
it requires treatment once a week or even once a month, 
which is similar to conventional prophylaxis.
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4 � In vivo Lipid Nanoparticle‑Clustered 
Regularly Interspaced Short Palindromic 
Repeat Approaches for the Treatment 
of Hemophilia

Genome editing technology can correct or remove disease-
causing variant genes to address the fundamental problems 
associated with genetic disorders and achieve permanent 
therapeutic efficacy [57]. Therefore, it has the potential to 
become one of the best treatment options for genetic diseases 
in the near future. However, nucleases, such as CRISPR/
Cas9, can generate undesirable off-target effects. As genome 
editing is irreversible, it is necessary to prevent off-target 
effects and unexpected side effects to ensure safety [58]. 
To overcome these limitations of the CRISPR system, it is 
important to develop a delivery tool that can accurately and 
efficiently deliver the CRISPR system to target organs.

Lipid nanoparticles (LNPs), an improved form of cati-
onic liposomes, are non-viral vectors that are currently 
receiving significant attention. LNPs typically consist 
of ionizable cationic lipids, polyethylene glycol (PEG) 
lipids, zwitterionic phospholipids, and cholesterol, pro-
viding ideal vector characteristics [59]. Zwitterionic 
phospholipids render LNP neutral at physiological pH 
(pH 7.4), enhancing biocompatibility by reducing inter-
actions with the anionic membranes of blood cells and 
facilitating the delivery of cargo such as mRNA [60]. 
Conversely, exposure to an acidic environment during 
endocytosis makes zwitterionic phospholipids posi-
tively charged, promoting membrane destabilization of 
the endosome and the quick release of cargo into the 

cytosol [60]. In previous studies by Han et al. and Kenjo 
et al., high LNP-delivered luciferase mRNA expression 
was confirmed at 3–4 h after injection [61, 62]. In com-
parison, PEG lipids decrease opsonin adsorption and 
prevent nanoparticle (NP) recognition and absorption by 
macrophages. This leads to low immunogenicity, ena-
bling the repeated administration of LNPs [63]. The low 
immunogenicity of LNPs makes them an ideal vector for 
genome editing in the skin or muscle, allowing for mul-
tiple injections, as these organs are large and compart-
mentalized within the fascia. Kenjo et al. demonstrated 
that in the case of Duchenne muscular dystrophy (DMD) 
treatment with CRISPR Cas9, unlike AAV, the delivery 
of Cas9 mRNA to the muscle with LNP is repeatable 
[62]. Moreover, adjusting the type and ratio of the com-
ponents allows for target cell-specific delivery. Kim et al. 
manufactured hepatocyte- or liver sinusoidal endothe-
lial cell (LSEC)-specific LNPs by adjusting the physical 
size, PEG-lipid content, and inclusion of active targeting 
ligands [64]. In addition to liver, studies on mRNA and 
siRNA delivery using lung-, bone-, and spinal-specific 
LNPs are ongoing [65–68].

This characteristic makes LNPs suitable delivery 
vectors for the CRISPR system. In addition to the rapid 
delivery of cargo, low immunogenicity, and sophisticated 
target targeting, the use of guide RNA containing vari-
ous chemical modifications can increase genome-editing 
efficiency [69]. Yin et al. achieved a significantly high 
efficiency of over 80% of indels in the liver by deliver-
ing chemically modified and in vivo-stabilized sgRNAs, 
referred to as enhanced sgRNAs, using LNPs [70]. In 

Fig. 1   Brief overview of the 
blood coagulation cascade. 
Recombinant protein VIII 
(rVIII) or IX (rIX) is used for 
patients with hemophilia A or 
B, respectively. Tissue factor 
protein inhibitor, activated 
protein C, and antithrombin are 
representative anticoagulant 
proteins that can be utilized for 
rebalancing therapy regardless 
of anti-FVIII or IX inhibitor
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contrast, using the same sgRNA sequence, unmodified 
sgRNA delivered by LNPs induced 5% and 24% indels 
when using AAV [70, 71]. Additionally, LNP-delivered 
mRNA shows less likelihood for off-target effects com-
pared to the CRISPR-Cas9 gene cassette delivered by 
viral vectors, because mRNA is expressed in cells for a 
much shorter duration [72].

As a delivery tool, LNPs are known to exhibit low 
immunogenicity. However, even though the frequency of 
severe anaphylaxis observed with COVID-19 vaccines is 
very low (approximately five cases per million), LNPs 
have been shown to have a potential risk [73–75]. The 
major components of mRNA-encapsulated LNPs that 
trigger an immune response are RNA, empty LNPs, and 
PEG lipids [76]. RNA activates TLR3, TLR7, and TLR8 
to secrete IL1β, which again secretes the proinflam-
mation cytokines IL-6 and TNF [77]. Empty LNP can 
act as adjuvants by activating follicular helper T cells, 
and the anti-PEG lipid antibodies generated by repeated 
injections can cause anaphylaxis [76]. Anti-PEG lipid 
antibodies accelerate blood clearance of LNP, rapidly 
reducing their therapeutic efficacy, and these side effects 
adversely affect not only the safety of LNPs but also their 
therapeutic efficacy.

Currently, CRISPR-mediated clinical trials using AAV 
or LNPs as vectors are actively underway (Table  1). 
Among the drugs currently under development at Intel-
lia Therapeutics, NTLA-2001 and NTLA-2002 are LNP-
CRISPR-based drugs designed to target the TTR​ gene 
(encoding transthyretin) for transthyretin amyloidosis 
and KLKB1 gene (encoding kallikrein B1) for hereditary 
angioedema, respectively, to prevent the accumulation of 
misfolded proteins and improve the symptoms of genetic 
diseases. Each trial was an FDA phase 1 and phase 1/2 

clinical trial [78, 86, 87]. Qiu et al. demonstrated a gene-
editing efficiency of 38.5% using a highly liver-specific 
LNP-CRISPR targeting Angptl3, which regulated plasma 
protein levels and effectively decreased blood triglyc-
eride and LDL-C levels [88]. Additionally, Rosenblum 
et al. used cancer-specific LNP to deliver PKL1 gene-
targeting sgRNA and Cas9 mRNA, achieving up to 80% 
editing efficiency in tumor cells in vivo, suppressing 
tumor growth, and increasing survival rates by 80% [89].

The ultimate therapy for loss-of-function diseases, 
such as hemophilia, is the restoration of deficient 
proteins. Therefore, a knockout (KO) strategy using 
CRISPR/Cas9 is inadequate to restore the function 
of a gene. However, as in the case of rebalancing, the 
knockout of an anticoagulant gene via CRISPR/Cas9 
is expected to have long-term therapeutic effects. Han 
et al. performed in vivo genome editing with a strategy 
to knockout SerpinC1 (gene encoding antithrombin III) 
using LNP-CRISPR, which encapsulates Cas9 mRNA 
and sgRNA into 246C10 LNP [61]. This study success-
fully generated liver-specific genome editing and stably 
suppressed AT protein expression for up to 45 weeks by 
a single IV injection, demonstrating that LNP-CRISPR 
is sustainable and efficient for in vivo genome editing. 
Furthermore, after three repeated injections of LNP-
CRISPR, no anti-Cas9 antibody production was found. 
This suggests that the number of injections administered 
in clinical trials should be adjusted to achieve the desired 
level of downregulation. While LNP-CRISPR-mediated 
rebalancing therapy enhanced thrombin generation, it 
showed insufficient efficacy against external injuries due 
to the absence of clotting factors. Therefore, therapeu-
tic gene knock-in should be considered a more effective 
treatment option.

Table 1   Summary of current CRISPR clinical trials

AAV adeno-associated virus, LNP lipid nanoparticle, CRISPR clustered regularly interspaced short palindromic repeat technology

Sponsor Disease Nuclease Phase NCT number Interventions References

LNP Intellia Therapeutics Transthyretin amyloidosis CRISPR-Cas9 I NCT04601051 NTLA-2001 [78]
Hereditary angioedema CRISPR-Cas9 I/II NCT05120830 NTLA-2002 [79]

Verve Therapeutics, Inc. Familial  
hypercholesterolemia

VERVE-44 (CRISPR-
Cas9 originated base 
editor)

I NCT05398029 VERVE-101 [80]

AAV Excision BioTherapeutics Human immunodeficiency
Virus infection

CRISPR-Cas9 I NCT05143307, 
NCT05144386

EBT-101 [81]

Editas Medicine, Inc. Leber congenital  
amaurosis

CRISPR-Cas9 I/II NCT03872479 EDIT-101 [82]

HuidaGene Therapeutics 
Co., Ltd.

Neovascular age-related 
macular degeneration

CRISPR-Cas13 I NCT06031727 HG202 [83]

Peking University Third 
Hospital

Retinitis pigmentosa CRISPR-Cas9 I NCT05805007 ZVS203e [84]

University of Siena Rett syndrome CRISPR-Cas9 N/A NCT05740761 MECPer-3D [85]
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5 � In vivo Gene Knock‑In Strategies 
for the Treatment of Hemophilia

To perform gene knock-in in vivo, the ribonucleoprotein 
(RNP) complex and the donor template must be simultane-
ously located in the nucleus [72, 90]. The endocytosis of 
LNPs proceeds in the following order: endosome escape, 
LNP degradation, and mRNA release into the cytosol [91]. 
Since it is physically difficult for negatively charged nucleic 
acids to pass through the nucleus, genetic materials such as 
donor templates in the cytosol are unlikely to be transmitted 
into the nucleus unless the cell divides after mitosis. While 
the normal condition of many human tissues, such as the 
brain and liver cells, remains in the G0 phase, the delivery 
of nucleic acids to the cell nucleus using LNPs remains chal-
lenging [92, 93].

Currently, viral vectors are the most efficient delivery 
tools for transferring genetic material into the nucleus. 
Previous studies have used AAV as an in vivo gene KI for 
hemophilia treatment. Even when AAV is used for gene 
delivery, the low in vivo efficiency of KI is a major hurdle. 
To overcome this limitation, researchers have selected the 
target loci for KI to be those with high protein expression. 
Two different types of AAV were used, AAV-CRISPR and 
AAV-donor, to induce the therapeutic gene KI at the Albu-
min or ApoC3 locus in hemophilia A or B mouse models [28, 
94, 95]. Despite low genome-editing efficiency, successful 
therapeutic effects have been demonstrated and maintained 
for a long time; however, several limitations have been iden-
tified. The simultaneous injection of multiple AAVs showed 
interference effects between viruses, which may be due to 
the competitive inhibitory effect between AAVs, as AAVs 
are transduced into cells using a common receptor, regard-
less of serotype [95]. Therefore, larger amounts of AAV may 
be injected for KI efficiency when using more than one type 
of AAV than when using a single AAV. Administration of 
high-dose AAV increases the risk of immune reactions and 
random integration [31, 96]. In addition, long-term expres-
sion of AAV allows the CRISPR system to function continu-
ously in the body. Ironically, long-term expression, one of 
the greatest advantages of AAV, increases the risk of off-
target events and unpredictable side effects [72].

Intellia Therapeutics reported the concept of utilizing 
the advantages of both LNPs and AAV. Cas9 mRNA and 
sgRNA were encapsulated in LNP, and donor template was 
encoded in AAV to achieve therapeutic efficacy by in vivo 
KI of the hF9 gene to the Albumin locus in a mouse model 
(Fig. 2) [97]. The strategy of using AAV and LNP in a 
hybrid form (AAV-LNP hybrid) has several advantages. 
First, AAV transduction interference is decreased, resulting 
in a decreased dose requirement of AAV. Secondly, LNP-
CRISPR minimizes off-target events because the CRISPR 

system acts and disappears rapidly, within a few days. 
Finally, genome editing can only occur in organs which the 
AAV tropism and LNP targets are matched. Lee et al. used 
a CRISPR system targeting the SerpinC1 gene locus and 
the hF9 AAV-donor to simultaneously achieve rebalancing 
therapy and therapeutic gene KI to maximize therapeutic 
efficacy [98]. The results of this study confirmed the thera-
peutic effect of aPTT, as well as an increase in thrombin 
generation, hFIX concentration measured approximately 
1000 ng/mL in blood. Interestingly, the results showed that 
the liver forced accelerated proliferation by hepatectomy 
(PHx), and the indel and KI rates in edited cells did not 
change significantly before and after PHx. This suggests that 
cells genetically edited using CRISPR can be maintained by 
dividing, even with turnover, and may sustain therapeutic 
effects. However, strong therapeutic effects were observed 
in the AAV-donor control group, using a viral dose of 2 × 
1013 vg/kg without the CRISPR system. In the present study, 
whole-genome sequencing confirmed that random integra-
tion occurred in the liver. In a follow-up study, the same 
strategy was used to KI the human F8-BDD sequence at the 
SerpinC1 locus in a hemophilia A mouse model [99]. In this 
study, the viral dose was lowered to 1 × 1012 vg/kg, 1/20 of 
the previous study, to minimize the random integration of 
AAV. However, this study also showed slight therapeutic 
effects in the AAV-donor group, indicating that a viral dose 
of 1 × 1012 vg/kg may be unsafe for random integration.

6 � Future Directions

The CRISPR/Cas9 system has developed remarkably over 
the last 20 years since it was first discovered as a nucle-
ase. Recently, the world’s first CRISPR therapy, Casgevy 
for the treatment of sickle cell disease, has been approved 
in the UK and the USA [100]. Due to the limitation of low 
genome-editing efficiency, many research teams have cho-
sen the strategy of KI at loci such as Albumin, ApoC3, and 
SerpinC1, which have higher gene expression than F8 or F9, 
for hemophilia therapy studies [28, 94, 95, 98, 99]. How-
ever, these loci do not follow the physiological signals of the 
coagulation mechanisms of the body when a bleeding event 
occurs. This can lead to side effects such as thrombosis if 
excessive amounts of therapeutic proteins are unnecessarily 
produced. Therefore, the best therapeutic strategy for hemo-
philia is to restore the original gene by inserting it into the 
defective locus of the clotting protein.

The AAV-LNP hybrid gene delivery strategy is 
expected to be safer and more efficient for genome editing 
than dual or triple AAVs, with a lower chance of exposure 
to anti-Cas9 antibodies, off-targets effects, or random inte-
gration. However, AAV is not completely free of capsid 
immunogenicity and the risk of random integration. For 
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the safe use of AAV, it is necessary to develop a chimeric 
AAV serotype that can more effectively transmit DNA to 
the target organ, so that even low doses are sufficient to 
achieve the desired effect. In addition, it is necessary to 
elucidate the causes of random integration of AAV and 
to study methods to suppress the occurrence of random 
integration. LNPs developed to date are not suitable for 
KI because it is hard to deliver cargoes into the nucleus. 
Non-viral vectors should be considered for safer in vivo 
gene KI that are rapidly cleared from the body. Therefore, 
the development of next-generation LNPs or novel non-
viral vectors research is needed.
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nucleoproteins, ssDNA single-strand DNA
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