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ABSTRACT

The safe and efficient delivery of CRISPR/Cas9 remains a major challenge in advancing clinical
gene-editing applications. This study investigates the use of extracellular vesicles (EVs) coated
with VSV-G for CRISPR/Cas9 ribonucleoprotein complexes targeting the eGFP gene. HEK293T
cells were engineered to produce EVs co-expressing mCas9/sgRNA and VSV-G. The isolated EVs
achieved 14.67%=7.02 gene editing efficiency in HEK293T-eGFP cells. Notably, compared with
VSV-G, SARS-CoV-2 spike(D614G-A21) protein inhibited the encapsulation of mCas9/sgRNA
into EVs. SCID mice expressing EGFP or carrying EGFP xenograft tissues were administered EVs
co-expressing VSV-G and mCas9/sgRNA targeting the eGFP gene by intravenous injection. No
observable weight loss was detected, suggesting their safety and biocompatibility. Next-generation
sequencing revealed 2% insertions and deletions in lung tissue and 1% in xenograft tissues. These
results highlight EVs expressing VSV-G, but not spike protein, as an effective approach for
CRISPR/Cas9 delivery; however, the delivery route needs further optimization of gene-editing
efficiency in vivo.
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CHAPTER 1
INTRODUCTION

Genome editing has emerged as a transformative technology that allows for precise modification
in the genomic sequence through insertions, deletions, or substitution of specific DNA sequences.!
This approach holds particular promise for treating a range of diseases, especially genetic disorders
and cancers linked to single-gene mutations,? aiming to introduce targeted changes into cellular
DNA using its own repair mechanisms. While various delivery methods have been explored,
including physical techniques, viral vectors such as lentiviruses or adeno-associated viruses
(AAV), and non-viral carriers like lipid-based systems and nanoparticles®, these approaches still
face considerable limitations. EVs have emerged as a highly promising alternative for delivering
CRISPR/Cas9 components, effectively overcoming many of the limitations posed by traditional
delivery systems. Due to their modifiability, low immunogenicity, and efficient uptake, EVs are
considered a safe and practical option for delivering a wide array of therapeutic molecules*®. In
this study we have studied EVs as the delivery system for CRISPR machinery to target the eGFP
gene in both in vitro and in vivo models.

1. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Associated
Protein 9 (Cas9) System

The CRISPR/Cas9 system is a greatly promising cutting-edge technology for advancing gene
therapy. The CRISPR/Cas9 system was originally identified as part of a bacterial adaptive immune
response to viral infections ®’ and has been reengineered into a highly effective RNA-guided

genome editing platform.



Discovery of CRISPR/Cas9 system. The origins of the CRISPR-Cas9 system trace back to 1987
when a team of Japanese researchers led by Ishino et al. discovered an unusual repetitive DNA
sequence at the 3’ end of the iap gene in Escherichia coli.® This sequence consisted of five nearly
identical repeats, each 29 nucleotides long and separated by unique 32-nucleotide sequences. 8 The
biological significance of these clustered repeats remained unclear until 1995, when Spanish
molecular biologist Francisco Mojica identified similar sequences in the archeal genome of
Haloferax mediterranei, despite having the challenges in sequencing at that time’. Mojica proposed
that these DNA repeats might be part of the bacteria and archaea immune system®. In 2002, the
acronym CRISPR—short for Clustered Regularly Interspaced Short Palindromic Repeats—was
introduced by Jansen and colleagues,'® who also noted the presence of CRISPR-associated (Cas)
genes, including Casl to Cas4. In 2005, researchers discovered that the spacers between the
palindromic repeats (ranging from 17 to 84 bases) were fragments of viral DNA, while the repeats
themselves (typically 23 to 50 bases)!! were palindromic in nature and likely derived from
bacteriophages®!2. In 2007, scientists demonstrated that these viral DNA fragments were acquired
and stored at CRISPR loci, enabling bacteria to mount adaptive immune responses against phage
infections®®. John van der Oost’s group at Wageningen University in 2008 discovered that these
loci are transcribed into CRISPR RNAs (crRNAs), which contain the spacer and repeat
sequencest®. Then in 2011, Emmanuelle Charpentier’s team identified another RNA component,
known as trans-activating CRISPR RNA (tracrRNA), essential for the maturation and function of
crRNAs®. This discovery ultimately led to the development of a simplified single-guide RNA
(syRNA), created by fusing crRNA and tracrRNA, dramatically improving the efficiency and

applicability of the CRISPR-Cas9 system in in vitro research?® that work led to a Nobel Prize.



Based on genetic and structural differences, CRISPR-Cas systems are divided into two classes,
and Cas9, the most widely studied and utilized enzyme, belongs to Class 11*"8, While Class |
systems rely on large multi-protein complexes to cleave DNA, Class Il systems like Cas9 achieve
this with a single effector protein. In 2013, researchers including Cong and Mali demonstrated the
successful use of the Type Il CRISPR-Cas system for targeted gene editing in mammalian
cells!®?, This achievement opened the door for the application of CRISPR-Cas9 system in genome
modification.

Mechanisms of CRISPR-Cas9 system. Many bacteria and the majority of archaea have developed
advanced RNA-guided adaptive immune systems encoded by CRISPR loci and associated Cas
genes, to defend against bacteriophage attacks and plasmid-mediated gene transfer?: 23, These
CRISPR systems work by integrating short sequences of foreign DNA, known as protospacers,
from invading bacteria into the CRISPR locus?*. Following integration, these protospacer
sequences are transcribed and enzymatically processed into short mature CRISPR RNAs
(crRNAs), which form complexes with a trans-activating CRISPR RNA (tracrRNA) and a Cas
effector protein, pairing with both the target DNA and tracrRNA 4. One of the key features of
CRISPR—Cas systems is the formation of a crRNA—Cas protein complex, which actively scans for
complementary DNA sequences and degrades matching foreign nucleic acids?®>?’. This defense
mechanism begins with the RNase Ill-mediated processing of crRNA and tracrRNA into a
functional RNA duplex. This duplex then associates with the Cas9 protein, facilitating R-loop
formation and initiating endonuclease activity. Cas9, guided by this RNA complex, introduces a
double-stranded break (DSB) at DNA sequences complementary to a 20-nucleotide spacer

adjacent to a protospacer-adjacent motif (PAM)'®28, a short conserved sequence of 2 to 5 base



pairs located close to the crRNA-targeted sequence, %2%3! critical for DNA target recognition and
cleavage.

The CRISPR system has been further simplified by engineering a single-guide RNA (sgRNA) that
combines both crRNA and tracrRNA into a single RNA molecule. This chimeric guide maintains
full functionality and streamlines the use of Cas9 for targeted genome editing®. By simply altering
the spacer region of the sgRNA, the CRISPR-Cas9 system can be programmed to recognize
virtually any DNA sequence, allowing for precise targeting and generation of site-specific blunt-
ended double-strand break (DSB)!. The CRISPR-Cas9 protein derived from Streptococcus
pyogenes (SpCas9) contains two critical nuclease domains, HNH and RuvC, which cleave the
complementary and non-complementary strands of the target DNA32-34, The mechanism of Cas9
activity can be divided into three key stages: target recognition, DNA cleavage, and repair.
Initially, the guide RNA binds to the target DNA sequence and directs Cas9 to the specific genomic
site. The Cas9-sgRNA complex scans for the presence of a PAM sequence, and upon recognition,
Cas9 introduces a DSB at the target location. Once the DSB is formed, the cell attempts to repair
the damage via one of two primary mechanisms: non-homologous end joining (NHEJ)®, or
homology directed repair (HDR)*®. NHEJ is a rapid but error-prone repair pathway that often
results in small insertions or deletions (indels) at the cleavage site, leading to disruption of gene
function, while HDR, on the other hand, is a more accurate repair process that uses a homologous

DNA template to precisely restore the sequencel®2037-39,
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Figure 1 Mechanism and cellular delivery of CRISPR-Cas9 gene editing system.

(A) The CRISPR is consisted of Cas9 protein and single-guide RNA (sgRNA). The sgRNA guided
Cas9 acts as molecular scissors to introduce a double-strand break (DSB) in the targeted DNA
sequence using its RuvC and HNH nuclease domains. Together, the sgRNA and Cas9 form a
ribonucleoprotein complex (RNP). The DSB can then be repaired by either nonhomologous end
joining (NHEJ) or homology-directed repair (HDR). ((B) CRISPR components can be delivered
in three main formats: plasmid DNA, Cas9 mRNA with sgRNA, and Cas9-sgRNA RNP complex.
With plasmid DNA delivery, Cas9 is transcribed into Cas9 mRNA in the nucleus, transported with
SgRNA to the cytoplasm for translation into Cas9 protein, and then The resulting Cas9-sgRNA
RNP returns to the nucleus for editing. When delivering Cas9 mRNA with sgRNA directly, only
translation is required before editing begins. In contrast, delivery of the Cas9-sgRNA RNP
complex enables immediate gene editing upon entry into the cell, bypassing both transcription and

translation steps. (Adapted from Alsaiari S.K. et al.*°)



2. CRISPR-Cas9 System Delivery Methods

While the CRISPR-Cas9 system has become a highly effective tool for genome editing, delivering
its components into target cells remains a major obstacle. CRISPR/Cas9 can be delivered in three
main forms: plasmid DNA (pDNA), messenger RNA (mRNA), or as a preassembled
ribonucleoprotein (RNP) complex, each with distinct pros and cons*. Delivering pDNA or mRNA
requires the host cell to perform transcription and/or translation before the CRISPR components
become active, leading to a delayed onset of editing. Moreover, pDNA delivery often leads to
persistent expression, which increases the risk of off-target effects and unintended genomic
integration at double-strand break (DSB) sites***2, In contrast, Cas9 RNPs become active
immediately after entering the cell and have a shorter half-life, minimizing the risk of off-target
edits while enabling more precise and rapid genome editing****. Because of these advantages,
numerous delivery platforms have been developed to transport Cas9 RNPs, with EVs standing out
as a high-potential option for translational use.

3. Carriers for Delivering CRISPR Technology

In vitro, plasmids or mMRNA encoding CRISPR/Cas gene-editing components can be introduced
into cells using conventional methods such as transfection reagents, viral vectors, or other standard
delivery techniques. Similarly, RNPs are typically delivered into cells via electroporation.
However, these approaches are often not well-suited for in vivo applications. For CRISPR tools to
be effective in vivo, they must successfully navigate a complex, multi-step delivery process. First,
the delivery vehicle must remain stable in the bloodstream, avoiding enzymatic degradation and
immune system clearance. Second, it must selectively accumulate in the target tissue and promote
cellular uptake through endocytosis. Finally, the CRISPR components must escape the

endolysosomal pathway into the cytoplasm, where they can access the genome to induce edits or



regulate gene expression. Among these steps, targeted accumulation in the desired tissue is
especially critical for achieving efficient and specific gene editing.

Viral delivery methods. Adeno-associated virus (AAV) is among the most widely used viral
vectors for gene delivery due to its ability to efficiently cross species barriers and its low
immunogenicity, which reduces the likelihood of provoking an inflammatory response®.
However, one of the major limitations of using AAV for delivering CRISPR/Cas9 is its limited
packaging capacity, only about 4.7 kb, which is insufficient for the relatively large CRISPR/Cas9
components*. While co-transfection strategies can be used to express Cas9 and sgrRNA within the
cell to regulate gene expression, this approach carries a higher risk of off-target effects. Lentiviral
vectors, derived from retroviruses, are also commonly used for CRISPR delivery because they can
infect both dividing and non-dividing cells*’. With a larger packaging capacity of approximately
10 kb, lentiviruses are capable of carrying the entire CRISPR/Cas9 system, but their tendency to
integrate randomly into the host genome raises safety concerns, including the potential for immune
responses and oncogenesis*. Baculoviruses have also been explored as delivery vectors for
CRISPR/Cas9. These are insect-specific viruses with a much larger cargo capacity (~38 kb)*%,
Non-viral delivery methods. As alternatives to viral vectors for CRISPR-Cas9 delivery, non-viral
delivery methods, including nanoparticles, electroporation, and microinjection, are being actively
investigated.

Lipid nanoparticles (LNPs) consist of a lipid bilayer structure that mimics cell membranes and
encapsulates an aqueous core. These systems can be engineered to improve target specificity and
minimize off-target effects. However, their effectiveness is highly dependent on the cell type and

may be hindered by limited stability and low transfection efficiency.



Polymer-based nanoparticles are another promising nonviral approach. They are typically made
from biodegradable materials such as poly(lactic-co-glycolic acid) (PLGA), polyethyleneimine
(PEI), PEG, or chitosan. These nanoparticles offer a range of advantages like low immunogenicity,
good biocompatibility, and excellent encapsulation efficiency for nucleic acids. Their structure is
highly customizable, allowing researchers to fine-tune size, surface charge, and drug release
profiles to optimize delivery®!. Particle size plays a crucial role in tissue penetration and cellular
uptake, with smaller particles generally showing better performance. Surface charge can be
adjusted to promote membrane interaction, while surface modifications can improve targeting
specificity, further enhancing CRISPR-Cas9 delivery.

Electroporation delivers CRISPR components into cells by applying electrical pulses that create
temporary pores in the cell membrane. While it offers high efficiency and enables delivery of large
components like Cas9 protein and long guide RNAs, it can be harsh on cells and is less suitable
for fragile or sensitive cell types®. Despite its drawbacks, electroporation remains a versatile tool
with strong potential for applications requiring the delivery of complex gene-editing constructs.
Exosomes, naturally occurring membrane-bound vesicles (30-100 nm in size), originate from
multivesicular bodies and have emerged as a promising CRISPR delivery platform®®®, These
vesicles can directly package Cas9 and sgRNA, reducing the risk of off-target effects during
transport. As endogenous carriers, exosomes are biocompatible and less likely to be cleared by the
immune system compared to viral vectors, lipid-based systems, or synthetic nanoparticles.
However, to effectively target specific cell types, particularly those that secrete few exosomes,
exogenous modifications are often required. Technologies like genome editing with designed
extracellular vesicles (GEDEX) have been developed to improve the delivery efficiency and

precision of dCas9-based constructs such as dCas9/VPR,



Gold nanoparticles (AuNPs) also hold promise for CRISPR delivery due to their customizable
size, excellent stability, and high biocompatibility. Their surfaces are easily modifiable, making
them suitable carriers for gene-editing therapeutics®®.

Biomimetic nanomaterials are gaining interest due to their potential to enhance CRISPR-based
therapies by remaining stable in circulation and accumulating at targeted tissue sites®’. However,
synthetic carriers, whether organic or inorganic, are often partially cleared by the immune system

in vivo. To address this, researchers are now exploring materials derived directly from the body.
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Figure 2 Overview of various delivery vectors used for in vivo CRISPR system
administration.

The diagram illustrates three primary formats of CRISPR delivery at the center, including plasmid
DNA (pDNA), messenger RNA (mRNA), and ribonucleoproteins (RNPs). Surrounding this center

are examples of commonly used delivery carriers. The outermost ring highlights the origin,



production methods, or structural components of these carriers. SU denotes surface envelope
protein, and TM refers to transmembrane envelope protein. (Adapted from Li et al.*®)

4. Limitations of Targeted Delivery

Off-target effects. Although CRISPR-Cas9 is engineered to edit specific genes, it can occasionally
alter unintended genomic regions, raising serious concerns for its use in in vivo therapeutic
applications®®°. These unintended edits, known as off-target effects, are influenced by several
factors, including the length and design of the guide RNA, the sequence of the target DNA, and
the efficiency of the Cas9 enzyme. Research has shown that even highly specific guide RNAs can
sometimes lead to off-target activity, and different variants of the Cas9 enzyme display distinct
off-target profiles®.,

Delivery efficiency and targeting. An ideal delivery system for CRISPR/Cas9 should be efficient,
cause minimal immune responses, and successfully direct the Cas9/sgRNA complex to specific
target cells or tissues. However, existing methods, such as viral vectors, electroporation, and
lipofection, each present certain limitations, including inefficiency or cellular toxicity. Plasmid-
based delivery systems also face challenges, particularly limited targeting capabilities and
suboptimal control over Cas9 activity. In the case of adeno-associated viruses (AAVS), the primary
drawback is their restricted cargo capacity®2. Lentiviral vectors, while capable of delivering larger
genetic material, are associated with safety risks and immunogenicity, which limit their suitability
for therapeutic applications®®®4. Nanoparticle-based systems offer a non-viral alternative but often
suffer from low gene-editing efficiency®. Among non-viral techniques, methods such as
microinjection, transfection, and electroporation show promise as delivery platforms for gene

editing.
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Large DNA fragment insertion and deletion. One of the key challenges of CRISPR-Cas9
technology is its limited ability to efficiently insert or delete large DNA fragments, typically
beyond 1-2 kilobases. While the system performs well for small genetic edits, such as point
mutations or short insertions and deletions, its effectiveness decreases significantly with larger
modifications. This is primarily because it becomes more difficult for the Cas9 enzyme to
accurately locate and cleave the intended site within the genome®. Additionally, when working
with larger DNA sequences, there is an increased risk of off-target activity, where Cas9 may
inadvertently modify unintended regions of the genome, potentially leading to undesired genetic
changes.

Mosaicism and heterogeneity. When applying CRISPR-Cas9 for gene editing, it's common for
different cells within the same tissue or organism to exhibit varying levels of genetic modification,
a phenomenon known as mosaicism. Mosaicism occurs when an organism contains more than one
genetically distinct cell population. While it can occur naturally, it can also be unintentionally
induced by gene-editing techniques like CRISPR-Cas9%. This variability can lead to unintended
genetic mutations, potentially undermining the precision of CRISPR edits and causing
unpredictable outcomes, including the risk of disease development. Mosaicism complicates the
ability to achieve uniform and consistent gene editing across all target cells, often resulting from
differences in the timing, efficiency, or delivery of the CRISPR-Cas9 components.

In contrast, heterogeneity refers to broader genetic variation within an organism’s genome. This
genomic diversity can also impact the reliability of CRISPR-Cas9 by introducing unintended
mutations, especially when genetic variability is influenced by factors such as age, environment,

or underlying genetic conditions. Research indicates that such heterogeneity can compromise the
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accuracy of CRISPR-based editing, making results less predictable and increasing the likelihood
of off-target effects or unwanted genetic alterations®’.

Immune response and immunogenicity. One of the key concerns with CRISPR-Cas9 is its potential
to trigger an immune response, which can reduce the effectiveness of gene editing and pose risks
if the system is reintroduced into the bloodstream. To address this challenge, researchers have
proposed several strategies to minimize CRISPR-Cas9’s immunogenicity and the associated
immune limitations. One of the methods involves modifying the Cas9 protein itself to make it less
recognizable to the immune system, thereby reducing immunogenicity while maintaining or
enhancing its editing efficiency.

5. Extracellular Vesicles (EVs) to Deliver CRISPR/Cas9

Extracellular vesicles (EVs) are nano-sized, lipid bilayer-enclosed particles that are naturally
released by nearly all types of cells. They play a vital role in intercellular communication, helping
maintain essential physiological processes by transporting a wide range of biological molecules®.
The lipid bilayer structure protects their cargo from damaging external factors, such as digestive
enzymes, preserving the integrity of their contents during transport®. Due to their unique
properties, EVs are being actively explored both as diagnostic biomarkers and as potential
therapeutic tools for a variety of diseases.

Biogenesis of EVs. EVs are generally categorized into three main types based on their origin and
biogenesis: exosomes, ectosomes, and apoptotic bodies’. Exosomes are small vesicles, typically
ranging from 30 to 150 nanometers in diameter, and are formed within multivesicular bodies
(MVBs). These are released when MVBs fuse with the plasma membrane™. In contrast, ectosomes
also known as microvesicles are larger, usually between 100 and 1,000 nanometers, and are

generated by direct outward budding and shedding from the cell’s plasma membrane®® /2", The
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tetraspanin family of proteins plays a key role in the formation of these vesicles, although their
involvement varies between exosome and ectosome production’®. Apoptotic bodies, the third
category, are produced during the process of programmed cell death (apoptosis), and consist of
membrane-bound fragments released as cells break down™.

Exosomes. Exosomes are formed through the inward budding of the endosomal membrane, a
process that generates MVBs’®. These MVBs follow one of two fates: they can either fuse with
lysosomes for degradation or merge with the plasma membrane to release their intraluminal
vesicles, called exosomes, into the extracellular environment’?, The formation of exosomes is
orchestrated through multiple pathways, which are generally grouped into two main mechanisms:
ESCRT-dependent and ESCRT-independent. In the ESCRT-dependent pathway, the formation of
intraluminal vesicles (ILVs) is driven by a series of protein complexes—ESCRT-O0, -1, -11, and —
111 along with associated proteins such as ALIX, TSG101, and VPS4"’. In contrast, the ESCRT-
independent route involves the contribution of tetraspanin-enriched microdomains (TEMs) and
lipid raft structures. Tetraspanins such as CD9, CD81, and CD63 are key components of these
domains and play essential roles in selecting and sorting cargo for exosome packaging’®. Recent
research has also highlighted the involvement of the endoplasmic reticulum (ER) in exosome
biogenesis. At membrane contact sites between the ER and late endosomes, the ER helps regulate
endosome movement and maturation, a process closely linked to the action of small GTPases.
These interactions are essential for the eventual fusion of MVBs with the plasma membrane and
the release of exosomes’®. Small Rab GTPases, including RAB27a/b, RAB11, RAB7, and RAB35,
are pivotal in regulating vesicle budding, trafficking, and movement, thus enabling MVBs to reach
and fuse with the plasma membrane. Additionally, proteins such as SNAREs (e.g., VAMP7,

YKT6) are crucial for the membrane fusion process®’. Other important contributors include
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syndecan heparin sulfate proteoglycans, phospholipase D2 (PLD2), ADP ribosylation factor 6
(ARF6), and syntenin, all of which play regulatory roles in exosome biogenesis and release®’.
Ectosomes. Ectosomes, a distinct class of extracellular vesicles, are generated through the outward
budding of the plasma membrane. Their formation involves complex remodeling of both the
membrane structure and cytoskeletal components®283, During the initial budding phase, proteins
carrying lipid anchor modifications, such as myristoylation and palmitoylation, accumulate within
the budding site, promoting membrane curvature necessary for vesicle formation®*. In parallel,
transmembrane proteins and specific lipids aggregate within defined membrane microdomains,
while subunits of the ESCRT-1 complex are actively recruited to these budding sites on the plasma
membrane®. The small GTPase ARF plays a regulatory role in organizing cargo selection and
driving ectosome secretion®. As the budding process advances, ectosomes must be severed from
the plasma membrane. This final step involves cytoskeletal loosening, which aligns with the
incorporation of cytosolic proteins and RNAs into the forming vesicles®. Intracellular calcium
(Ca?") levels are known to trigger membrane reorganization and cytoskeletal disassembly, while
ESCRT-IIl complexes are essential for the membrane scission required to release mature
ectosomes®’:88,

Other types: apoptotic bodies, exomers, etc. In addition to exosomes and ectosomes, other types
of extracellular particles include apoptotic bodies and nonvesicular nanoparticles such as
exomeres. Apoptotic bodies are released by cells undergoing the final stages of programmed cell
death (apoptosis) and were once considered to be simply cellular debris®. These vesicles vary
widely in size, typically ranging from 50 nanometers to 3 micrometers, and may carry fragmented
DNA, histones, or immature glycoepitopes. When taken up by recipient cells, apoptotic bodies can

elicit anti-inflammatory or immunotolerant responses®. Although the detailed mechanisms and
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genetic regulators behind apoptotic body formation remain unclear, recent studies suggest that they
arise through a controlled process known as apoptotic cell disassembly, which involves a sequence
of well-orchestrated morphological changes®. More recently, researchers have identified
exomeres and supermeres as novel nonvesicular nanoparticles, generally smaller than 50
nanometers in diameter. Exomeres are distinguished by their unique protein composition and tissue
distribution, setting them apart from small extracellular vesicles. Similarly, supermeres are rich in
RNA content and demonstrate greater accumulation in tissues compared to both exomeres and

small EVs®2.
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Figure 3 Overview of EVs biogenesis and cellular uptake mechanisms.
(A) EVs are primarily classified into three categories: (a) exosomes, (b) ectosomes, and (c) other

vesicle types such as apoptotic bodies and exomeres. Exosome formation involves two main

16



pathways: (a-i) an ESCRT-dependent route and (a-ii) an ESCRT-independent mechanism. PM:
plasma membrane. (B) Cellular internalization of exosomes can occur through several uptake
pathways: (a) direct membrane fusion, (b) clathrin-mediated endocytosis, and (c) clathrin-
independent mechanisms, which include (c-i) caveolin-mediated uptake, (c-ii) macropinocytosis,
(c-iit) phagocytosis, and (c-iv) lipid raft-dependent internalization. Abbreviations: PSGL-1 = P-
selectin glycoprotein ligand-1; PS = phosphatidylserine; AP2 = adipocyte protein 2; TIM4 = T-
cell immunoglobulin and mucin domain-containing protein 4. (Adapted from Yu et al.*3).

6. Extracellular Vesicles Delivery

The method by which EVs are taken up is influenced by both the type of EVs and the
characteristics of the recipient cell. Generally, EVs uptake occurs through one of three main routes:
membrane fusion, clathrin-mediated endocytosis, and clathrin-independent endocytosis, which
includes pinocytosis and phagocytosis. Additionally, lipid rafts and specific protein—protein
interactions have been found to facilitate and regulate the internalization process®*.

Cell membrane fusion. One of the simplest and most direct ways that extracellular vesicles (EVSs)
are internalized is through membrane fusion, where the EVs membrane merges directly with the
plasma membrane of the recipient cell. This pathway allows for the immediate delivery of both
internal and membrane-bound cargo into the target cell without passing through endocytic or
lysosomal routes®.

Clathrin-dependent endocytosis. This process begins at the plasma membrane, where clathrin-
coated pits are formed. EVs are then internalized within clathrin-coated vesicles through a scission
event mediated by the large GTPase dynamin, which separates the neck of the budding vesicle®.
Once inside the cell, the clathrin coat is shed, allowing the EVs-containing vesicles to merge with

endosomes and continue through the endocytic pathway 7.
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Caveolin-mediated uptake. Caveolin-mediated uptake operates through the formation of small
invaginations in the plasma membrane known as caveolae. These structures are formed through
the expression of caveolin, a small integral membrane protein. Each caveola contains caveolin-1
molecules that function by forming dimers and recruiting cavin proteins (CAVIN1, CAVIN2,
CAVIN3, and CAVINA4) to stabilize and support the caveolar structure. Additionally, caveolin-1
has a strong affinity for cholesterol, facilitating its transport to the cell surface and its role in
intracellular trafficking. Caveolar vesicles are notably well-organized and are rich in specific
membrane lipids, including saturated phospholipids, sphingolipids, plasmenylethanolamines, and
cholesterol®,

Macropinocytosis. Macropinocytosis is a form of endocytosis characterized by the creation of
large, actin-driven membrane ruffles known as macropinosomes. These protrusions extend
outward from the cell membrane to engulf surrounding extracellular fluid and materials, forming
large vesicles that are brought into the cell. Once inside, macropinosomes fuse with endosomes,
enabling the internalized contents to be processed and used by the cell. This pathway is particularly
active in certain cell types, such as macrophages and microglia, which are essential for immune
defense and the removal of cellular debris.

Phagocytosis. Phagocytosis is a receptor-mediated cellular process that enables the uptake of large
particles without the need for direct interaction with the cargo or the formation of membrane ruffles
and is also used for the internalization of EVs®. Phagocytic cells are particularly efficient at
internalizing EVs via this mechanism!®, and their efficiency largely depends on the differentiation
state of the phagocytes!®t. One of the key factors aiding in EVs uptake through phagocytosis is
phosphatidylserine (PS), a phospholipid that is enriched on the outer surface of EVs membranes

and thought to play a significant role in facilitating entry into recipient cells®2, Additionally,
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phosphoinositide 3-kinases (PI3Ks) are crucial for enabling membrane insertion during
phagosome formation.

Lipid raft-mediated internalization. Lipid rafts are specialized, detergent-resistant microdomains
within the plasma membrane % that are rich in cholesterol, glycosphingolipids, and glycosyl-
phosphatidylinositol (GPIl)-anchored proteins. These domains serve as key platforms for
organizing signaling molecules'® and have been implicated in the uptake of EVs.

7. CRISPR/Cas9 Delivery via EVs

EVs have emerged as a highly promising alternative for delivering CRISPR/Cas9 components,
effectively overcoming many of the limitations posed by traditional delivery systems. Their natural
biocompatibility and structural stability stem from their phospholipid bilayer membranes, which
help protect cargo molecules, and from the presence of abundant surface signaling molecules. This
protective structure helps the cargo avoid rapid degradation and clearance, allowing for prolonged
circulation time in the body®*1%. Due to their modifiability, low immunogenicity, and efficient
uptake, EVs are considered a safe and practical option for delivering a wide array of therapeutic
molecules*®. Targeted delivery can be achieved by exploiting naturally occurring surface ligands
or membrane proteins present on EVs?’. Additionally, stimuli-responsive cargo release offers
precise spatial and temporal control, making EVs suitable for fine-tuned therapeutic
applications®. Furthermore, cell adhesion molecules on the EVs surface facilitate their movement
across biological barriers and into tissue regions with limited blood supply, which enhances both
targeting accuracy and bioavailability!®1°, Thus, EVs show great potential as natural carriers for
the delivery of CRISPR/Cas9 components. However, efficient transport to specific target sites
remains a challenge, as both internal and external biological barriers can limit their effectiveness.

Despite their in vivo advantages over viral vectors like AAVs and synthetic systems like lipid
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nanoparticles (LNPs), EVs-based delivery of CRISPR systems remains in the preclinical stage.
Nevertheless, the clinical success of AAVs and LNPs for CRISPR delivery has encouraged the
exploration of EVs for therapeutic applications in human diseases.

In terms of loading cargo into or onto EVs, there are generally three strategies, (1) Pre-loading
(cell-based or pre-isolation method): This involves introducing cargo into parent cells, which then
package and release it within EVs. Techniques like transfection'!! or co-incubation!'? are used.
Although relatively simple and reproducible, this method often suffers from low loading
efficiency, and outcomes vary depending on the parent cell type, cargo properties, and
concentration gradients. (2) Post-loading (direct or post-isolation method): In this approach, EVs
are first isolated and then loaded with cargo through techniques such as co-incubation?,
electroporation®®, sonication, extrusion!4, transfection reagents?®, or freeze—thaw cycles!'®. This
method offers greater control over the loading process and reduces contamination from unwanted
cellular components. (3) Other innovative techniques include the use of cellular nanoporation
biochips!®, enveloped protein nanocages (EPNS), and synthetic or artificial EVs, which are being
actively explored to improve precision and efficiency.

This study aims to evaluate the potential of extracellular vesicles (EVs) as a safe and effective
delivery system for CRISPR/Cas9 ribonucleoprotein complexes to achieve in vitro and in vivo
gene editing. Using EVs, especially those coated with viral envelope proteins like VSV-G, but not
spike protein, may overcome current delivery barriers, offering a biocompatible, non-viral

alternative vehicle for precise genome editing applications.
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CHAPTER 2

EXPERIMENTAL METHODS
1. Cell Culture
The HEK293T (293T) cell line was obtained from the American Type Culture Collection (ATCC)
and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Cytiva, Cat No: SH30243.01).
The growth medium was supplemented with 5% fetal bovine serum (FBS; Omega Scientific, Cat
No: FB-01), 1% penicillin-streptomycin (Cytiva, Cat No: SV30010), and 1% GlutaMAX™-1
(100X; Thermo Fisher, Ref: 35050-61) to maintain optimal cell growth conditions. All cell cultures
were incubated at 37°C in a humidified atmosphere containing 5% CO-, and cells were used for
experiments up to 20 passages.
To generate 293T-eGFP cells that stably express enhanced green fluorescent protein (eGFP),
parental 293T cells were transduced with the eGFP gene using a FUCGW lentiviral vector,
generously provided by Dr. Owen Witte’s laboratory. These transduced cells were cultured under
the same conditions in DMEM supplemented with 5% FBS, 1% penicillin-streptomycin, and 1%
GlutaMAX™-1, and maintained at 37°C with 5% COa.
2. Plasmids Preparation
Lentiviral and non-lentiviral plasmid constructs encoding N-myristoylated, modified Cas9
(mCas9) were previously generated'’. The SARS-CoV-2 spike protein sequence containing the
D614G mutation and a 21-residue deletion at the C-terminus [designated as spike(D614G-A21)]
was obtained from Addgene (plasmid #158762)'811° The plasmids including pMDL (8,895 bp)

and VSV-G (7,631 bp) were generously provided by Dr. Owen Witte’s laboratory. For plasmid
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amplification, all constructs were transformed into One Shot™ TOP10 chemically competent E.
coli (Invitrogen, Cat No: C4040-10). Transformed bacteria were plated onto LB agar plates
containing 100 pg/mL carbenicillin and incubated overnight at 37°C. Single colonies were then
selected and grown in 250 mL LB broth with 100 pg/mL carbenicillin under shaking conditions
(250 rpm at 37°C overnight). Plasmid DNA was isolated and purified using the E.Z.N.A.® Plasmid
DNA Maxi Kit (OMEGA BIO-TEK, Cat No: D6922-04). The DNA concentration and purity were
measured using a NanoDrop™ Lite Spectrophotometer (Thermo Scientific™, ND-LITE-PR), with
A260/A280 ratios between 1.80 and 1.90, indicating high purity. All plasmid preparations were
stored at -20°C until further use.

3. Protein Extraction and Western Blotting

Protein lysates were prepared from cultured cells using RIPA buffer (composition: 50 mM Tris-
HCI, pH 7.4; 150 mM NaCl; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS; Biosciences®,
Cat#: 786-489), supplemented with a protease inhibitor cocktail in a 100:1 ratio (RIPA:PI). Cells
were incubated on ice for 20 minutes to lyse, then vortexed for 5 minutes to ensure complete
disruption. Lysates were centrifuged at 21,000 x g for 15 minutes, and the supernatants were
collected. Protein concentrations were measured using 5 puL of each lysate via the detergent-
compatible (DC) colorimetric protein assay (Bio-Rad, Cat#: 500-0114), following the
manufacturer’s guidelines. Remaining lysates were mixed with 6X Laemmli buffer and denatured
by heating at 95°C for 5 minutes. For EVs protein analysis, the samples were directly lysed in 6X
Laemmli buffer and similarly boiled. Equal protein amounts from cell lysate (20 ug per lane) and
equal number of EVs particles were resolved by SDS-PAGE using a 10% resolving gel with a 4%
stacking gel. Electrophoresis was run at 80 V for 30 minutes, followed by 120 V for 80 minutes in

Tris-glycine-SDS running buffer. Proteins were transferred onto nitrocellulose (NC) membranes
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via wet transfer (Bio-Rad system) using a transfer buffer (25 mM Tris, 192 mM glycine, 20%
methanol) at 98 V for 90 minutes. Membranes were blocked in 5% non-fat dry milk in TBS for 1
hour at room temperature, then incubated overnight at 4°C with primary antibodies diluted in the
same blocking buffer with gentle agitation. Primary antibodies were diluted as described below in
5% milk TBS. The following primary antibodies were used as recommended by the manufacturer:
Rabbit anti-calnexin (Cat#: 2679, 1:1000), and mouse anti-Cas9 (Cat#: 14697, 1:1000) were
purchased from Cell Signaling Technology. Mouse anti-VSV-G (Cat#: EB0010, Kerafast, 1:1000),
rabbit anti-syntenin (Cat#: ab19903, Abcam, 1:1000), mouse anti-CD63 (Cat#: 556019, BD
Pharmingen, 1:1000), and mouse-anti-c-SRC (Cat#: 60315-1-1g, Proteintech, 1:5000. The next
day, the membranes were washed 5 times over 25 minutes with TBST (TBS + 0.1% Tween 20).
The secondary antibodies were diluted in 5% milk TBS as described below and the membranes
were incubated for 1 h at room temperature with gentle agitation. Secondary antibodies anti-rabbit
IlgG HRP (Cat#: 7074, 1:2000) and anti-mouse 1gG HRP (Cat# 7076, 1:2000) were purchased
from Cell Signaling Technology. Following secondary antibody incubation, membranes were
washed three times over 30 minutes with TBST. Protein bands were visualized using Cytiva
Amersham ECL chemiluminescence reagents (Cat#: 45-000-878) and X-ray film exposure.

4. Polymerase Chain Reaction (PCR) and DNA Sequencing

Cells from both EVs-treated and untreated control groups were harvested by trypsinization,
followed by centrifugation at 1100 RPM for 5 minutes at 25°C. The resulting cell pellets were
washed with sterile 1X phosphate-buffered saline (PBS) to remove residual media. Genomic DNA
(JDNA) was extracted using the GeneJET Genomic DNA Purification Kit (Thermo Fisher, Cat#
K0721), following the manufacturer's instructions. The extracted gDNA was then used as a

template for PCR amplification targeting the sSgRNA-eGFP binding region. The following two
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primers, eGFP forward primer 5° — GGTCTTGTAGTTGCCGTCGTCCTT — 3* and 5° —
GATCGCCTGGAGACGCCATC - 37, and eGFP  reverse  primer 5’ -
AGCTCGTTTAGTGAACCGTCAGAT — 3’ were used for PCR amplification. PCR reactions
were performed using Q5® High-Fidelity DNA Polymerase (New England Biolabs, Cat#
MO0491S). Each 25 uL reaction contained 1 pg of genomic DNA and 2 U/uL of polymerase,
prepared according to the manufacturer's protocol. Amplification was carried out using a Bio-Rad
C1000 Touch™ Thermal Cycler under conditions specified by the enzyme manufacturer.

After amplification, PCR products were purified using the QIAquick® PCR Purification Kit
(Qiagen, Cat# 28104). For Sanger sequencing, the purified PCR product was sequenced using the
eGFP forward primer (5 — GGTCTTGTAGTTGCCGTCGTCCTT - 3 or 5 -
GATCGCCTGGAGACGCCATC — 3°). For Next Generation Sequencing (NGS), amplified
products were first separated on a 1% agarose gel, and the desired DNA band was excised and
purified using the QIAquick® Gel Extraction Kit. Both Sanger and NGS analyses were performed
by Azenta Life Sciences to evaluate the efficiency of eGFP gene editing.

5. T7 Endonuclease Assay

T7 endonuclease assay was performed using the GeneArt™ Genomic Cleavage Detection Kit
(Thermo Fisher Scientific, Cat# A24372) following the manufacturer’s protocol to evaluate
genome editing efficiency. Purified PCR products surrounding the sgRNA-eGFP target site were
first subjected to melting and reannealing process to allow heteroduplex formation. Following
reannealing, the DNA was incubated with T7 endonuclease (10 U/uL) enzyme at 37°C for 60
minutes in a total reaction volume of 20 puL. Cleavage products were separated by electrophoresis
on a 2% agarose gel containing a DNA stain (ethidium bromide) and visualized under UV

illumination. The presence of cleavage bands indicated insertions or deletions (indels).
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6. Production and Isolation of EVs Encapsulating mCas9/sgRNA-eGFP and Coated
with VSV-G and/or Spike(D614G-A21)

A total of 6.25 x 10® HEK293T cells were seeded into a 15-cm culture dish, respectively and
maintained in Dulbecco's Modified Eagle's Medium (DMEM) as recommended by ATCC,
supplemented with 5% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1%
GlutaMAX™-1 (100X). The cultures were incubated at 37°C in a humidified 5% CO- atmosphere.
The following day, the medium was refreshed with DMEM containing 5% FBS and 1%
GlutaMAX™-1 and cells were returned to the incubator. For EVs production, cells were co-
transfected with 50 pg of mCas9/sgRNA-eGFP plasmid and 10 pg of pCMV-VSV-G or
spike(D614G-A21) plasmid using the calcium phosphate transfection method. Approximately 16
hours’ post-transfection, the transfection media was replaced with fresh medium [supplemented
with 5% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% GlutaMAX™-1 (100X)].
The conditioned medium was collected and sequentially centrifuged to eliminate cellular debris—
first at 2,000 x g for 15 minutes, followed by 10,000 x g for 35 minutes at 4°C. The resulting
supernatant was passed through a 0.80-um pore-size filter to further remove residual debris. For
concentrated EVs, the filtered medium was ultracentrifuged at 100,000 x g for 2 hours at 4°C using
a SW32Ti rotor (Beckman Coulter). After centrifugation, approximately 100 pL of the supernatant
was carefully removed, and the EVs pellet was gently resuspended in the remaining medium
following overnight storage at 4°C. The freshly isolated EVs were either used immediately for
downstream applications, characterized, or stored at —80°C for up to two months for future use.
7. EVs Characterization and Size Distribution

To characterize the EVs, each isolated sample was diluted 1:1000 in sterile 1X phosphate-buffered

saline (PBS, pH 7.4). The diluted samples were gently vortexed for 10-15 seconds to ensure
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uniform mixing before analysis. The size distribution and particle concentration of the EVs were
evaluated using the NanoSight Pro Nanoparticle Tracking Analysis (NTA) system (Malvern
Panalytical, UK), operated with its dedicated software. The diluted EV suspension was loaded into
the instrument’s sample chamber using a sterile syringe. For each sample, five individual video
recordings were captured, and the median particle size along with the particle concentration
(particles/mL) was determined by averaging the results from all five videos.

8. EVs Mediated Genome Editing in HEK293T-eGFP Cells

The eGFP gene knockout efficiency of the EVs coated with VSV-G and encapsulating
mCas9/sgRNA targeting eGFP was determined in vitro. HEK293T-eGFP cells were seeded at a
density of 5 x 10* cells per well in 12-well plates and cultured in 2 ml of DMEM media with 5%
FBS. Cells were maintained at 37°C in a humidified incubator with 5% CO: overnight to allow for
attachment prior to treatment with EVs. Next day, the media was replaced with 500 pl of fresh
DMEM media containing polybrene (8 pg/ml), and 100 pl of EVs (containing 1 x 10! EVs
particles) added to each well. After 24 hours of incubation at 37°C, 500 pL of additional fresh
DMEM was added to each well, and the cells were incubated for another 24 hours. The confluent
cells were then passaged, and re-seeded for a second round of EV treatment under identical
conditions. HEK293T-eGFP cells were imaged by fluorescent microscopy after 7 days’ post-
treatment. Cells were harvested by trypsinization, centrifuged at 1100 rpm for 5 minutes at 25°C,
washed with sterile 1X PBS (pH 7.4), and the cell pellets were stored at —80°C for further analysis.
9. In Vivo Endogenous eGFP Gene Editing in Various Organs of NOD-SCID-EGFP
Mouse Using EV-Encapsulated CRISPR/Cas9 RNPs

To evaluate the eGFP gene knockout efficiency of the EVs coated with VSV-G and encapsulating

mCas9/sgRNA targeting eGFP for in vivo gene editing, we utilized the NOD.Cg-Prkdc®d
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H2rg™Wil Tg(CAG-EGFP)10sb/SzJ (NSG-EGFP) mouse strain (Strain #:021937, Jackson
Laboratory). These immunodeficient mice are characterized by the features of the NOD/ShiLtJ
background, the severe combined immune deficiency mutation (SCID) and IL2 receptor gamma
chain deficiency and a transgene harboring an enhanced green fluorescent protein (EGFP). The
absence of functional T cells, B cells, and natural killer (NK) cells, as well as impaired cytokine
signaling allows them for efficient engraftment of human cells.

This group aimed to evaluate the genome editing capacity of EVs in non-tumor tissues to target
endogenous eGFP gene in various organs. The in vivo study consisted of four independent
experiments. In each experiment, two NOD-SCID EGFP mice were used: one control (n=1) and
one treatment (n=1). At least two months old mice were used for the experiments. The NSG-EGFP
mice were intravenously administered EVs coated with VSV-G and encapsulating mCas9/sgRNA
targeting the eGFP (treatment group) or EVs expressing only VSV-G (control group). Each mouse
received 200 pL of EVs solution via tail vein injection. The dosing schedules were every other
day injection over 11 days (total 6 doses) and 14 days (total 7 doses) for Experiment 1 and 2,
respectively, and daily injection over 16 days (total 16 doses) and 24 days (total 24 doses) for
Experiment 2 and Experiment 3, respectively.

After a 7-day observation period of post-treatment after the final dose, mice were euthanized, and
major organs were harvested, including the liver, lung, heart, brain, kidney, pancreas, prostate, and
small intestine. The organs were washed thoroughly with 1x PBS. Approximately one-third of
each organ was snap-frozen and stored at —80°C for downstream genomic analysis. The remaining
tissues were fixed in 10% buffered formalin phosphate (fisher chemical, Lot# 235853) for 72
hours, then transferred to 70% ethanol (DLI, Lot#2062411) and stored at room temperature.

Genomic DNA from liver and lung tissues was extracted using GeneJET Genomic DNA
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Purification Kit (thermos scientific, Lot# 3119304), quantified using NanoDrop™ Lite
Spectrophotometer (Thermo Scientific™, ND-LITE-PR), with A260/A280 ratios between 1.80
and 1.90, indicating high purity, and submitted for both Sanger sequencing and Next Generation
Sequencing (NGS) to determine INDEL formation at the eGFP locus.

10. In Vivo eGFP Gene Editing in Xenograft Tissues in NOD-SCID-EGFP Mouse Using
EVs Encapsulated CRISPR/Cas9 RNPs

To explore eGFP gene editing efficiency of EVs Encapsulated CRISPR/Cas9 RNPs, same as
described above NOD-SCID-EGFP mice were used. The study consisted of one experiment.

The subcutaneous xenograft models were implanted by injecting eGFP expressing 293T or C4-2B
cells into NOD-SCID-EGFP mice. Both control and treatment mice received subcutaneous
injections of 1x10° 293T and C4-2B eGFP cells. Once visible tumors formed, mice were treated
with the EVs encapsulated mCas9/sgRNA plasmid targeting eGFP gene and enveloped with VSV-
G (treatment) or EVs with only VSV-G (control). All injections were administered intravenously
at a volume of 200 pL per dose. Treatment schedules were daily injection over 08 days. After
treatment, the mice were euthanized. Xenograft tissues and major organs were harvested, washed
with 1x PBS, and processed similarly as described above. A portion of each xenograft tissue and
organ was frozen at —80°C, while the remainder was fixed in 10% buffered formalin phosphate
(fisher chemical, Lot# 235853) for 72 hours, then transferred to 70% ethanol (DLI, Lot#2062411)
and stored at room temperature. Genomic DNA was extracted from xenograft tissues and analyzed
by Sanger sequencing and NGS to evaluate the gene editing efficiency.

11.  Statistical Analysis

The data of particle size distribution was obtained from NanoSight Pro Nanoparticle Tracking

Analysis (NTA) system (Malvern Panalytical, UK), operated with its dedicated software. Then
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the data were subjected to statistical analysis by Prism 9.5.1. Paired t-test was carried out (*: p <

0.05; **: p < 0.01; ***: p < 0.001; ns: not significant).
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CHAPTER 3
RESULTS

1. mCas9/sgRNA Plasmid Targeting the eGFP Gene Induced Efficient Gene Editing in
HEK?293T-eGFP Cells

To assess CRISPR/Cas9-mediated gene editing efficiency targeting the eGFP gene in vitro,
HEK293T-eGFP cells were transfected with a plasmid expressing mCas9 and sgRNA-eGFP
(Figure 4A). After transfection, eGFP fluorescence was evaluated in recipient cells using
fluorescence microscopy. A noticeable loss of green fluorescence was observed in cells receiving
the mCas9/sgRNA-eGFP plasmid, suggesting disruption of the eGFP gene expression (Figure 4B).
In contrast, untransfected control cells showed no loss of eGFP expression (Figure 4B). To confirm
the genome editing, genomic DNA was isolated from transfected cells and analyzed by Sanger
sequencing. The sequencing results showed insertion-deletion (INDEL) mutations at the Cas9
target site with an overall editing efficiency of 34% (Figure 4C). No INDELs were identified in
the control group (Figure 4C), confirming the specificity of the mCas9/sgRNA plasmid. These
results demonstrate that transfection with the mCas9/sgRNA-eGFP plasmid leads to efficient gene

editing in HEK293T-eGFP cells.
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Figure 4 eGFP gene knockout in HEK293T-eGFP cells using mCas9/sgRNA plasmid.

(A) HEK293T-eGFP cells were transfected twice, 48 hours apart, with a total of 17 pg of non-
lentiviral plasmid encoding mCas9 and sgRNA targeting eGFP. (B) The transfected cells were
subjected to fluorescent microscopy analysis at seven days’ post-transfection. The cells with absent
green fluorescence, indicative of gene knockout, are marked with red asterisks. (C) The extracted
genomic DNA from transfected cells was amplified via PCR and analyzed by Sanger sequencing.
2. Isolation and characterization of EVs and confirmation of VSV-G and mCas9
expression in the EVs.

HEK293T cells were transfected with VSV-G alone and in combination with mCas9/sgRNA
vectors (Figure 5A). The average of the median diameter of the isolated EVs were at 109.2+6.06
nm for the VSV-G group and 105.8+8.66 nm for the VSVG + mCas9/sgRNA group, which had
no significantly difference (p<0.05) Figure 5B).

As expected, Cas9, myristoylated Cas9, and VSV-G were detected only in the VSVG +
mCas9/sgRNA groups (isolated by UC or Exodus), but not in 293T cell lysate (Figure 5C).
Notably, UC-isolated EVs displayed higher expression levels of syntenin, Cas9, and myristoylated
Cas9 compared to Exodus-isolated EVs. The detection of positive EVs protein biomarkers such as

syntenin and CD63, and by the absence of the endoplasmic reticulum protein calnexin suggests
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the purity of the EVs (Figure 5C). TEM of EVs isolated by both methods showed the expected
cup-shaped morphology (Figure 5D). Overall, the data indicate that VSV-G and mCas9/sgRNA

are co-incorporated into EVs.
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Figure 5 Production and characterization of EVs coated with VSV-G and encapsulating
mCas9/sgRNA.

(A) Experimental schematic for producing EVs enveloped with VSV-G and encapsulating
mCas9/sgRNA. HEK293T cells were co-transfected with 10 ug of VSV-G plasmid with/without
50 pug of mCas9/sgRNA plasmid in a 15cm-diameter plate. EVs from the transfected cells were
harvested from the conditioned medium three days’ post-transfection by ultracentrifugation or the
Exodus machine. The transfected cells were expected to produce EVs expressing VSV-G
with/without encapsulating mCas9/sgRNA. (B) The size distribution and concentration (particle
number/mL) of EVs were measured using NanoSight Pro machine. The median diameter of EVs
in the VSV-G group (n=6) and VSV-G + mCas9/sgRNA group (EVs encapsulating mCas9/sgRNA
and expressing VSV-G, n=9) was determined. (C) EV lysates isolated from ultracentrifugation or
the Exodus machine were subjected to Western blot analysis. Expression levels of Cas9,

myristoylated Cas9, VSVG, syntenin and CD63 (the positive EVs protein biomarkers), and
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calnexin (a negative EVs protein biomarker) were determined. The protein lysate from 293T cells
was served as a control. (D) The isolated EVs were subject to TEM analysis.

3. EVs Coated with VSV-G and Encapsulating mCas9/sgRNA Knocked out the eGFP
Gene in HEK293T-eGFP Cells

We investigated the ability of the EVs coated with VSV-G and encapsulating mCas9/sgRNA
targeting eGFP, isolated using both ultracentrifugation (UC) and the Exodus machine, could
mediate gene editing in recipient cells. HEK293T-eGFP cells were subsequently treated with the
EVs obtained from both isolation approaches as previously described. After treatment, we assessed
the reduction in eGFP fluorescence in the recipient cells as an indicator of gene editing by the
delivered EVs. A clear loss of green fluorescence was observed under fluorescence microscopy in
cells treated with concentrated EVs coated by VSV-G and encapsulating mCas9/sgRNA from both
isolation methods (Figure 6A). In contrast, recipient cells treated with EVs containing only VSV-
G, without the CRISPR components, showed no evident of loss of eGFP expression, indicating
that the observed gene knockout was specifically mediated by the CRISPR/Cas9 RNPs (Figure
6A). To further verify Cas9-mediated genome editing, a T7 endonuclease | (T7E1) mismatch assay
was conducted. DNA cleavage within the sRNA-eGFP target region was detected only in cells
treated with CRISPR-loaded EVs, while no cleavage was observed in the control groups (Figure
6B).

To support these findings at the molecular level, we performed Sanger sequencing across three
independent experiments, which revealed insertion-deletion (INDEL) mutations at the Cas9 target
site in all treated groups. Specifically, HEK293T-eGFP cells treated with EVs isolated by UC
showed the gene editing efficiency of 20% and 7%, respectively, while 13% of gene editing

efficiency was detected in cells treated with EVs from the Exodus system (Figure 6C). Notably,
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no INDELSs were observed in the cells treated with VSV-G only EVs (Figure 6C). Taken together,
these results confirm that VSV-G—enveloped EVs carrying CRISPR/Cas9 RNP complexes can
effectively mediate precise and efficient gene editing in HEK293T-eGFP cells. Statistical analysis
showed significantly higher editing in the EVs co-expressed VSV-G + mCas9/sgRNA group

compared to the control (p<<0.05).
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Figure 6 EVs encapsulating mCas9/sgRNA RNP complex coated with VSV-G mediated
eGFP gene knockout in HEK293T-eGFP cells.

HEK293T-eGFP cells were treated twice, 48 hours apart, with EVs coated with VSV-G alone or
with EVs co-expressing mCas9/sgRNA and VSV-G. After treatment, cells were evaluated for
eGFP gene knockout. (A) The above treated cells were imaged by a fluorescent microscope to
visualize eGFP expression. Cells treated with VSV-G + mCas9/sgRNA-eGFP EVs exhibited loss
of green fluorescence, indicated by red asterisks, suggesting gene knockout. Cells treated with
VSV-G-only EVs retained normal fluorescence, serving as a negative control. (B) A T7
endonuclease | (T7E1) mismatch cleavage assay was performed to validate genome editing. The
PCR products were reannealed and digested with or without 10 U/uL T7E1 for 1 hour. If genome
editing occurred, the PCR product should be digested into fragments as visualized on an agarose

gel, and the cleaved bands were marked by red arrows. (C) Genomic DNA was extracted from the
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treated cells and PCR was performed to amplify the sRNA-eGFP target locus and was subjected
to the Sanger sequencing from three independent experiments.

4. Spike Viral Protein Inhibited EVs Production and mCas9 Encapsulation Efficiency
We compared the role of a mutated viral membrane spike protein (D614G-A21) (derived from
SARS-CoV-2) and vesicular stomatitis virus glycoprotein (VSV-G) in EVs production and
Cas9/sgRNA cargo-loading efficiency. HEK293T cells were transfected with/without vectors
encoding VSV-G or spike(D614G-A21) and with/without mCas9/sgRNA. The average of the
median diameter in control (293T without transfection), VSV-G, spike, mCas9/sgRNA, VSV-G +
mCas9/sgRNA, and spike + mCas9/sgRNA groups was 100£6.45 nm, 95£6.45 nm, 104+10.41
nm, 101+12.58 nm, 105+2.89 nm, and 108+8.16 nm, respectively (Figure 7A). These data suggest
that co-transfection with the CRISPR RNP components with/without viral protein did not affect
the vesicle size.

To determine whether these viral proteins influence EVs production, we analyzed four independent

batches of EVs. A significant reduction (p < 0.05) in EVs production was observed in the spike-

only group compared to the VSV-G control group (Figure 7B). Similarly, the total number of EVs
in spike + mCas9/sgRNA group was also significantly lower than that in VSVG + mCas9/sgRNA
group (p < 0.05) (Figure 7B). The data suggest that the spike(D614G-A21) protein may negatively
impact EVs biogenesis.

Next, the detected expression of syntenin, CD9, and CDG63, as well as the negative expression of
calnexin in EVs suggested the quality of the concentrated EVs preparations (Figure 7C). As
expected, the spike protein was detected in the EVs by the anti-S1 antibody and anti-S2 antibody
in spike group and spike + mCas9/sgRNA. We next examined whether Cas9 protein enrichment

in EVs was also observed when the spike viral protein was co-expressed. The expression levels of
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Cas9 and mCas9 were significantly higher in the VSVG + mCas9/sgRNA group than those in
spike + mCas9/sgRNA group, suggesting that spike protein is not favorable for the encapsulation
of mCas9 into EVs (Figure 7C). Interestingly, myristoylated Src kinase levels were also inhibited
in the spike + mCas9/sgRNA group. The total protein transferred to the membrane in western
blotting was visualized using Ponceau S staining. Similar amount of protein was observed in all
groups containing the EVs lysate (Figure 7C). Together, the data suggest that spike protein might
inhibit EVs biogenesis, thereby influencing the myristoylated protein including Src and mCas9

being expressed in the EVs.
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Figure 7 Spike(D614G-A21) viral membrane protein inhibited EVs production and mCas9

encapsulation efficiency compared to VSV-G.

HEK?293T cells were transfected with/without VSV-G or spike(D614G-A21) and

with/without mCas9/sgRNA. The size distribution of EVs isolated from the above was measured
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by NanoSight Pro., and the average of the was compared. (B) Total EVs numbers isolated from
the conditioned medium were calculated based on the particle concentration measured by
NanoSight. The total EVs number of the particles from VSV-G-only group were set as 1. Four
independent experiments were conducted. (C) Expression levels of positive EVs protein
biomarkers (syntenin, CD9, CD63), negative EVs protein biomarker (calnexin), Cas9,
myristoylated Cas9 (mCas9), myristoylated Src, Src, VSVG, and viral envelope proteins (S1 and
S2) in the EVs lysates were analyzed by Western blot. 293T cell lysate was served as a negative
control. Western blot membranes were stained with Ponceau S to visualize the total protein
transferred to the membrane.

5. In Vivo Evaluation of Endogenous eGFP Gene Editing in Various Organs Using EVs
Encapsulating mCas9/sgRNA RNPs in NOD-SCID-EGFP Mouse Models

To explore the therapeutic potential of EVs-based delivery of CRISPR/Cas9 components for in
vivo genome editing, we used an immunodeficient transgenic mouse model (NOD-SCID-EGFP)
expressing enhanced green fluorescent protein (eGFP). The mice were administered EVs
encapsulating mCas9/sgRNA-eGFP RNPs and coated with the fusogenic protein VSV-G to
evaluate eGFP gene disruption in both systemic organs and tumor tissues (Figure 8A). We
monitored body weight changes in all NOD-SCID-EGFP mice throughout the in vivo experiments.
There was no significant weight loss or gain by comparing those before and after treatment
(p>0.05) (Figure 8B). This observation suggests that repeated systemic administration of EVs,
regardless of CRISPR cargo loading, was well tolerated by the animals, as weight loss is often
used as a surrogate marker for systemic toxicity. The weight variation analysis supports that VSV-

G-—coated EVs serve as a non-toxic and safe delivery platform for CRISPR RNPs in vivo.
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The mice were intravenously injected with CRISPR-loaded EVs to target the eGFP gene in various
organs. The liver and lung tissues in Experiment 4 were subjected to both Sanger sequencing and
Next Generation Sequencing (NGS) analysis (Figure 8C). Sanger sequencing results revealed no
detectable INDELSs in either the control or treatment groups in the analyzed experiment (Figure
8C, upper panel). This indicates that the editing efficiency was below the sensitivity threshold of
the Sanger sequencing method. The experiment was further analyzed by Next Generation
Sequencing, a more sensitive technique capable of identifying low-frequency mutations. 2%
INDEL was detected in the targeted EGFP gene editing locus, corresponding to the sgRNA
sequence, in the lung tissue of the treatment group (Figure 8C, lower panel). This low editing
efficiency observed in systemic organs may reflect several biological barriers inherent to in vivo
CRISPR delivery, including low EVs uptake by target cells, limited biodistribution, and inefficient
nuclear delivery of the CRISPR RNPs. Nonetheless, the detection of editing through NGS
confirms that the system is biologically active in vivo.
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Figure 8 In vivo genome editing using EVs encapsulating mCas9/sgRNA-eGFP RNPs and
coated with VSV-G in NSG-EGFP mouse models.

(A) Schematic representation of the in vivo experimental design. The in vivo study is comprised
of four independent experiments to target endogenous eGFP gene in various organs. SCID mice
were intravenously injected with EVs encapsulating mCas9/sgRNA-eGFP RNPs and coated with
VSV-G (treatment) or EVs coated with VSV-G alone (control) to evaluate genome editing in
targeting eGFP gene in various organs. In Experiment 1, six doses (200 pL/dose/mouse) were
injected into the SCID-eGFP mouse by every other day. The total treatment was 11 days before

the mouse was sacrificed. In Experiment 2, seven doses (200 pL/dose/mouse) were injected into

42



the SCID-eGFP mouse by every other day. The total treatment was 14 days before the mouse was
sacrificed. In Experiment 3, sixteen doses (200 pL/dose/mouse, 4.20x10/mL) were injected into
the SCID-eGFP mouse daily. The total treatment was 16 days before the mouse was sacrificed. In
Experiment 4, twenty-four doses (200 pL/dose/mouse, 8.46x10'/mL) were injected into the
SCID-eGFP mouse daily. The total treatment was 24 days before the mouse was sacrificed. (B)
The change of the body weight of SCID mice was monitored before and after EVs treatment. (C)
Genome editing analysis of EGFP INDEL in lung and liver tissues was conducted in Experiment
4. The target region of EGFP was PCR-amplified and subjected to Sanger sequencing (upper
panel) and Next Generation Sequencing (NGS) (lower panel).

6. In Vivo Evaluation of eGFP Gene Editing in Xenograft Tissues Using EVs
Encapsulating mCas9/sgRNA RNPs in NOD-SCID-EGFP Mouse Models

We investigated the gene editing effect of EVs encapsulated mCas9/sgRNA-eGFP RNP in
xenograft tissues expressing eGFP gene in SCID mice. The xenografts were established using
either 293T-eGFP or C4-2B-eGFP cells. The EVs were intravenously injected to the mice to target
the eGFP gene in xenograft tissues (Figure 9A). The xenograft tissues were collected and subjected
to genomic analysis as described. Sanger sequencing did not detect any INDELS in the tissues
from either the control or treatment groups (Figure 9B, upper panel). However, 1% INDEL was
detected by Next Generation Sequencing at the targeted EGFP gene editing locus, corresponding
to the sgRNA sequence, in both xenograft tissues of the treatment group (Figure 9B, lower panel),
indicating low but measurable CRISPR-mediated disruption of the eGFP gene in xenograft tissues.
Although the editing efficiency was exceedingly low, at only 1%, the fact that any editing was

observed demonstrates proof of concept that EVs can function as delivery vehicles for genome-
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editing cargos in xenograft tissues, highlighting the need for remarkable optimization for future
gene therapy applications.
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Figure 9 In vivo genome editing in xenograft tissues using EVs encapsulating
mCas9/sgRNA-eGFP RNPs and coated with VSV-G in SCID mouse model.

(A) Schematic representation of the in vivo xenograft experimental design. The xenograft in vivo
study is comprised of one independent experiment to target eGFP gene in xenograft tissues. SCID
mice were intravenously injected with EVs encapsulating mCas9/sgRNA-eGFP RNPs and coated
with VSV-G (treatment) or EVs coated with VSV-G alone (control) to evaluate genome editing in
targeting eGFP gene in xenograft tissues. Eight doses (200 pL/dose/mouse, 1.40x10'/mL) were
injected into the xenograft SCID mouse daily. The total treatment was 08 days before the mouse
was sacrificed. (B) Genome editing analysis of EGFP INDEL in xenograft tissues was conducted.
The target region of EGFP was PCR-amplified and subjected to Sanger sequencing (upper panel)

and Next Generation Sequencing (NGS) (lower panel).
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CHAPTER 4

DISCUSSION
The CRISPR/Cas9 system represents a highly promising RNA-guided genome editing platform
capable of precise DNA targeting. While various delivery methods have been explored, including
physical techniques, viral vectors such as lentiviruses or adeno-associated viruses (AAV), and non-
viral carriers like lipid-based systems and nanoparticles®, these approaches still face considerable
limitations. Major challenges stem from the large molecular size of the CRISPR/Cas9 components
(around 160 kDa), the distinct surface charges of Cas9 and single guide RNA (sgRNA), difficulties
in encapsulation, the potential for triggering immune responses in the host, and the instability of
the Cas9/sgRNA ribonucleoprotein (RNP) complex in circulation!?’, EVs offer an attractive
alternative due to their innate capacity to transport diverse biomolecules, low immunogenicity,
and natural targeting ability. Their diagnostic and therapeutic value is further enhanced by their
ability to carry cell-specific cargo, circulate widely through biological fluids, and elicit minimal
immune reactions®?.
In this study, we investigated EVs as a delivery vehicle for CRISPR/Cas9 machinery aimed at
editing the eGFP gene in both in vitro and in vivo models. We also compared VSVG and the spike
protein as functional moieties to enhance EV-mediated CRISPR RNP delivery. Our findings prove
that EV-based delivery of CRISPR/Cas9 can knock out the eGFP gene in vitro and in vivo.
Additionally, we demonstrate that spike protein inhibits EVs biogenesis and reduces its

encapsulation efficiency of Cas9 compared to the VSV-G.
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1. CRISPR/Cas9-Mediated Gene Editing Efficiency in HEK293T-eGFP Cells

The in vitro experiment to validate the effectiveness of the CRISPR/Cas9 system demonstrated
that plasmid-encoded Cas9 and sgRNA targeting the eGFP gene achieved substantial gene editing
in transfected HEK293T-eGFP cells. The results are consistent with earlier studies indicating that
plasmid-based delivery allows for extended Cas9 and sgRNA expression, which facilitates
efficient genome modification!®44. Mechanistically, the sgRNA guides the Cas9 protein to the
target DNA site via complementary base pairing between its 5" CRISPR RNA (crRNA) sequence
and the genomic target. Cas9 then identifies a protospacer adjacent motif (PAM), specifically the
5'-NGG-3' sequence, where “N” represents any nucleotide. Upon PAM recognition, Cas9 induces
a double-strand break (DSB) at the target locus'?2. Our Sanger sequencing data further confirm
this principle by revealing the introduction of site-specific mutations within the eGFP gene
following CRISPR treatment (Figure 1C). Although plasmid-based delivery offers a
straightforward and effective strategy for demonstrating proof-of-concept genome editing, it also
presents inherent limitations. The sustained expression of Cas9 from plasmid DNA can prolong
nuclease activity, increasing the risk of off-target DNA cleavage!?®. Persistent Cas9 activity has
been associated with activation of DNA damage response pathways and cellular toxicity, raising
safety concerns for therapeutic applications. To address these issues, alternative delivery
approaches such as direct delivery of ribonucleoprotein (RNP) complexes or Cas9 mRNA have
gained attention.

2. Production and Characterization of VSV-G Coated EVs Encapsulating
mCas9/sgRNA

In our study, we utilized EVs as a vehicle for delivering Cas9 ribonucleoprotein (RNP) complexes.

The EVs were modified with the viral envelope protein VSV-G to enhance cellular uptake and
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improve EVs-mediated fusion with recipient cell membranes. Nanoparticle tracking analysis TEM
images revealed that the VSV-G enveloped EVs maintained a uniform size and cup-shaped
morphology, typically ranging from 105.8+8.66 nm to 109.2+6.06 nm in diameter, regardless of
VSV-G modification or Cas9 cargo loading. Notably, EVs isolated by ultracentrifugation (UC)
demonstrated higher levels of syntenin, Cas9, and N-myristoylated Cas9 compared to those
isolated using the Exodus system. This is likely due to the EVs preparation isolated using the
Exodus system retaining other proteins, most probably from the FBS containing medium used to
suspend the EVs from the Exodus filter. These residual proteins may hinder proper lysis of the
EVs, thereby limiting exposure of their internal materials. A key strategy in our study involved the
use of N-myristoylation of Cas9 (mCas9) that enhances Cas9’s association with membrane
compartments, leading to more stable RNP formation within EVs!’.

3. Genome Editing Activity of EVs-Delivered CRISPR RNPs in HEK293T-eGFP Cells
We investigated the gene-editing efficiency of the EVs encapsulated mCas9/sgRNA and coated
with VSV-G by treating HEK293T-eGFP cells targeting eGFP gene. Following EVs treatment,
expected gene editing was observed in recipient HEK293T-eGFP cells. The ultracentrifugation
(UC) isolated EVs achieved a higher gene editing efficiency (22%) compared to Exodus-isolated
EVs, which reached only 14%. Our data also demonstrate that EVs isolated using the Exodus
system expressed lower levels of Cas9 and mCas9 than those isolated by UC. This may be due to
residual particles or proteins from the suspension medium used in the Exodus machine, which
might interfere with the proper release of EVs cargo. This observation is further supported by TEM
analysis, although EVs isolated by both methods show cup-shaped morphology, UC isolated EVs
appear clearer, whereas Exodus isolated EVs are surrounded by and aggregated with other

particles. However, these findings highlight the importance of EVs isolation techniques in
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achieving functional delivery and biological efficacy of EVs preparations. This is because different
isolation methods produce EVs with varying degrees of purity, integrity, cargo content, and size
uniformity and all of which directly influence their uptake by recipient cells and their ability to
deliver bioactive molecules such as proteins, RNAs, or CRISPR/Cas9 complexes?+12°,

In terms of the utilization of EVs as a vehicle to deliver Cas9/sgRNA RNP, the data in this study
are consistent with previous reports that the VSVG-mediated delivery of Cas9/sgRNA RNP leads
to the knock out of the eGFP gene in recipient cells!*’2”. The editing efficiency, although lower
than plasmid-based transfection, is promising given the biological complexity of RNP delivery
and the transient nature of EVs-RNP complexes. Limited editing may be attributed to challenges
such as endosomal entrapment, inefficient nuclear translocation of the RNP, and dilution during
cell division.

4. Spike(D614G-A21) Inhibits the EVs Biogenesis and Cas9 Encapsulation Efficiency
Compared with VSV-G

A comparative study was conducted to explore insight into optimizing EVs-based delivery systems
with viral proteins, including spike protein and VSV-G for more effective and targeted gene
therapy applications.

Virus membrane proteins have been integrated into the EVs as selective moieties to improve the
delivery of various therapeutic cargos, including the Cas9/sgRNA RNP. VSV-G is one of the most
commonly used as EVs enveloped protein. This VSV-G protein is particularly advantageous for
gene therapy applications for its ability to facilitate endosomal escape after endocytosis®?,
overcoming a major barrier in intracellular delivery of macromolecules. The ability of the SARS-
CoV-2 spike protein to selectively target pulmonary epithelial cells'?® offers its potential the

possibility for expanding the list of viral membrane proteins that can be repurposed for targeted
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EVs delivery. The spike protein facilitates viral entry to the host cells by selectively binding to the
ACE2 receptort3013L,

However, our experimental data clearly demonstrate that the spike protein significantly (p< 0.05)
inhibits the generation of total EVs compared to VSV-G. As expected, the VSV-G co-expressed
group showed a significant (p< 0.05) increase in both EVs production and the encapsulation
efficiency of CRISPR/Cas9 RNP complexes compared to the Spike (D614G-A21) co-expressed
group. Moreover, VSV-G has been associated with increased levels of established EVs biomarker,
including CD63 and CD9, as well as enhanced encapsulation of myristoylated Cas9, which may
be due to its role in facilitating EVs biogenesis, including microvesicle formation through budding
from the plasma membrane. Mechanistically, VSV-G is efficiently transported to the plasma
membrane, where it supports vesicle formation by inducing membrane curvature and recruiting
the ESCRT (endosomal sorting complexes required for transport) machinery'32133, This process
enables the efficient incorporation of protein cargos into EVs. In contrast, the spike protein may
not engage these cellular mechanisms as effectively, which could explain its lower performance
in facilitating EVs generation and cargo loading. Our data show a decrease of EVs numbers in the
spike-transduced group, suggesting that the spike protein might inhibit the EVs biogenesis in the
293T cells. This result is consistent with the report by Cummings et al.*3*, which demonstrated
that expression of the wild-type SARS-CoV-2 Spike protein significantly reduced CD63 and CD9
levels in EVs derived from the transfected 293T, as shown by both flow cytometry and Western
blot analyses, while the median diameter of EVs did not change. However, we did not observe
significant decrease of CD63 or CD?9 levels in EVs of the Spike mutant group by Western blot. It

is unclear that the inconsistency was due to the spike wild type in their study versus the spike

50



mutant in ours. The comparison between the wild type spike and the spike mutant in the EVs
biogenesis should be further carried out to resolve the inconsistency.

Interestingly, levels of myristoylated Src, a membrane-associated tyrosine kinase that plays a role
in vesicle trafficking and membrane remodeling, were lower in the spike group. This reduction
may reflect impaired vesicle formation or altered signaling pathways triggered by spike
expression. Collectively, these findings suggest that while the spike protein incorporation may
interfere with EVs biogenesis, VSV-G facilitates both vesicle formation and the efficient
encapsulation of therapeutic cargos, thereby the therapeutic utility of EVs-based CRISPR delivery
systems.

5. Systemic Delivery of CRISPR RNP Loaded EVs Demonstrates In Vivo Genome
Editing

NOD.SCID-EGFP mice served as a model in our in vivo study to assess whether systemically
administered CRISPR-loaded EVs could effectively deliver CRISPR/Cas9 ribonucleoprotein
complexes into target tissues and facilitate gene editing. This approach allowed us to examine
genome-editing efficiency of EVs-mediated CRISPR delivery in vivo.

No observable body weight loss was recorded throughout the course of the study, even after
repeated intravenous administrations of CRISPR-loaded EVs. This absence of physiological
abnormalities suggests that the EVs formulations used were well tolerated in vivo and do not elicit
systemic toxicity, even with repeated dosing conditions. These findings provide important
evidence supporting the biocompatibility of EVs as a safe vehicle for delivering genome-editing
tools. Such outcomes support the ongoing development of EVs as a safe carrier for delivering

genome-editing agents like CRISPR/Cas9 in clinical settings.
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Liver and lung tissues were selected for DNA sequencing to evaluate in vivo gene editing
efficiency following systemic administration of CRISPR-loaded EVs. These organs were chosen
based on their known role as primary accumulation sites for systemically delivered nanoparticles,
including EVs following intravenous administration and are well tolerated in vivo without inducing
toxicity or organ damage®®>*’. Therefore, analyzing these tissues provides for a reliable
assessment to evaluate the in vivo gene-editing activity mediated by CRISPR RNPs delivered
through EVs.

Sanger sequencing of liver and lung tissue samples did not reveal detectable INDELS (insertions
or deletions) at the targeted genomic loci (eGFP). This result implies that either the EVs-delivered
CRISPR RNPs failed to induce gene editing at the target site, or that CRISPR-mediated genome
modifications occurred at frequencies too low for detection by Sanger sequencing. Sanger
sequencing has a comparatively low sensitivity for detecting rare editing events, particularly in
heterogeneous tissue samples where edited cells represent only a small proportion of the total
population, including tumor and organ tissues'*¢1%°, Therefore, the absence of visible INDELS in
the sequencing chromatograms does not necessarily imply that editing did not occur, but rather
that the frequency of edited alleles might be too low for reliable detection using this method. This
limitation is particularly relevant in in vivo experiments where delivery efficiency, cellular uptake
of CRISPR components, and editing activity may vary significantly between tissues and among
individual cells.

While Sanger sequencing fails to detect any insertion or deletion (INDEL) mutations in liver and
lung tissues, Next Generation Sequencing (NGS) offers for a much higher sensitivity and was able
to detect low-frequency genome editing events. This makes it particularly well-suited for

quantifying genome editing in heterogeneous tissues where only a small subset of cells may have
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undergone successful CRISPR-mediated modifications. Using NGS, low-frequency INDELS were
identified in both lung tissues (2%) and xenograft tissues (1%) following systemic administration
of CRISPR-loaded EVs. These findings suggest that the CRISPR/Cas9 RNPs encapsulated within
EVs were able to reach the target tissues, enter cells, and induce genome modifications, although
the overall editing rates were modest. Importantly, the presence of INDELS in both normal and
tumor tissues highlights the versatility of EVs for delivering genome-editing tools across different
tissue types through systemic routes.

These low editing efficiencies reflect several known challenges associated with in vivo EVs-based
delivery. The delivery efficiency of EVs in vivo is inherently limited due to physiological barriers.
After intravenous injection, a significant portion of EVs is rapidly cleared by the
reticuloendothelial system, primarily in the liver and spleen, which limits the availability of EVs
in peripheral tissues such as the lungs'**-1%3, Moreover, effective delivery requires EVs to cross
the vascular endothelium, navigate through tissue barriers, avoid nonspecific uptake, and
successfully fuse with target cells to release their cargo into the appropriate intracellular
compartment for gene editing to occur. These hurdles reduce the number of target cells that receive
a sufficient dose of functional CRISPR/Cas9 ribonucleoprotein complexes!*+4. Furthermore,
within tissues such as the lung and xenograft, cellular uptake of EVs can vary significantly across
different cell types'#®14’. Heterogeneity in receptor expression, endocytic pathways, and
intracellular trafficking mechanisms influences whether CRISPR components reach the nucleus
and induce genome editing.

Despite these obstacles, the detection of editing through NGS confirms that systemically delivered
EVs can achieve functional gene editing in vivo. Although the editing frequencies were low, these

results validate the potential of EVs as a delivery system for genome-editing applications.
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Continued efforts to enhance EVs targeting specificity, optimize cargo loading, and improve
dosing strategies will be essential to increase editing efficiency and fully realize the therapeutic
potential of this delivery system.

Systemically delivered EVs may not accumulate efficiently at the target site due to rapid
circulation clearance, biodistribution limitations, or lysosomal degradation or endosomal trap that
may limit the delivery of Cas9 RNPs to the nucleus!#10, Despite these challenges, this study is

among the few to demonstrate in vivo gene editing using non-viral EVs-encapsulated Cas9 RNPs.
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CHAPTER 5
LIMITATIONS AND FUTURE DIRECTIONS

Although this study highlights the promise of VSV-G enveloped EVs as a non-viral delivery
system for CRISPR/Cas9-based gene editing, several limitations must be addressed before this
platform can be translated into clinical applications. One of the key challenges is the natural
heterogeneity of EVs populations and the inconsistent loading of therapeutic cargo, which can
affect reproducibility and overall efficiency. Future approaches may benefit from the use of
engineered EVs with improved control over cargo encapsulation and uniformity to enhance
delivery consistency.

Another crucial area for development is the ability to direct EVs to specific tissues. In the current
study, EVs were systemically administered, and although gene editing was detected in certain
tissues, the delivery remained nonspecific. Incorporating targeting elements and utilizing real-time
imaging with labeled EVs could refine dosing strategies and offer deeper insights into their
pharmacokinetics and biodistribution in vivo.

Moreover, all in vivo experiments in this study were conducted in immunodeficient mouse models,
which do not fully reflect the complexity of an intact immune system. Evaluating the performance
of EVs-based CRISPR delivery in immunocompetent and tumor-bearing models will be essential
to assess immune compatibility, off-target effects, and long-term safety. This will also provide
critical insights into how the host environment influences EVs uptake, clearance, and genome-

editing activity.
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CHAPTER 6
CONCLUSION

Our findings present a strong proof-of-concept evidence supporting the use of VSV-G coated EVs
as a non-viral carrier for delivering CRISPR/Cas9 RNPs. Through a combination of in vitro and
in vivo models, we demonstrated that EVs can mediate functional genome editing to target the
eGFP gene. In vitro, efficient knockout of eGFP confirmed the delivery and activity of the
CRISPR/Cas9 system, while in vivo experiments showed functional but limited gene editing
efficiency in lung and xenograft tissues. Notably, compared with VSV-G mediated gene editing,
the spike (D614G-A21) protein significantly inhibited both the production of EVs and the
encapsulation of Cas9 in EVs, which exhibited inferior performance. These results highlight the
spike protein inhibits EVs biogenesis and cargo loading despite that spike protein has the
specificity in targeting the ACE2 -expressing cells.

Although VSVG mediated gene editing efficiencies remained relatively low in vivo, this was
expected given the biological complexity of systemic delivery and the known limitations of
extracellular vesicles in crossing biological barriers, evading clearance, and targeting specific
tissues. Still, the ability to observe gene editing in both normal and tumor tissues demonstrates that
EVs can deliver functional CRISPR components to diverse in vivo environments. The study also
reaffirmed the safety of EV-mediated delivery, with no signs of toxicity observed in treated
animals. These findings align with previous research highlighting the biocompatibility and

tolerability of EVs in systemic applications.

56



Overall, this study lays a strong background for the advancement of EV-based delivery systems
for CRISPR/Cas9 therapeutics. With continued innovation in engineering and targeting, EVs-
mediated gene editing holds significant promise for future clinical applications, particularly in

treating genetic disorders and cancer.
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