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ABSTRACT OF THE DISSERTATION 

 

Improving the Safety and Efficacy of CRISPR/Cas9-based Therapies for Duchenne 

Muscular Dystrophy 

 

by 

 

Michael Reza Emami 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

Professor Melissa J. Spencer, Chair 

 

 Duchenne muscular dystrophy (DMD) is an x-linked recessive lethal muscle 

wasting disease with no cure. DMD is often caused by out-of-frame mutations that result 

in a loss of dystrophin protein. However, there is an allelic and milder form of the 

disease, Becker muscular dystrophy (BMD), which is typically caused by in-frame 

mutations that result in somewhat functional dystrophin protein. Therefore, a promising 

strategy to treat DMD is to utilize gene editing tools such as the clustered regularly 

interspaced short palindromic repeats (CRISPR)-associated protein 9 (CRISPR/Cas9) 

system to convert a DMD mutation into a BMD mutation resulting in a clinically milder 

phenotype. However, achieving safe and efficient systemic delivery of the 

CRISPR/Cas9 system remains a significant challenge for DMD as skeletal muscle 

comprises ~40% of the total body mass. Here, we develop and optimize non-viral 
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nanoparticles and adeno-associated viral (AAV) carriers as approaches to achieve safe 

and efficient systemic CRISPR/Cas9 delivery.  

 We successfully demonstrate CRISPR/Cas9 delivery in vitro using iteratively 

optimized polymer-based nanoparticles. While these nanocarriers perform well in vitro, 

they inefficiently traffic to skeletal muscle after systemic delivery in vivo. In order to 

improve nanoparticle-mediated delivery to muscle and muscle stem cells, we developed 

and screened an AAV peptide display library for potential peptide motif ligands that may 

mediate skeletal muscle and muscle stem cell entry. We identify novel AAV variants 

highly enriched in skeletal muscle and muscle stem cells. Future work will focus on 

validating AAV variants and examining whether the muscle-specific peptide motif 

ligands may improve nanoparticle entry in muscle. 

 While nanoparticles are promising carriers of CRISPR/Cas9 due to their low 

immunogenicity, AAV carriers are typically administered at high viral doses and often 

lead to AAV-induced immunotoxicities that pose life threatening risks. Therefore, we 

characterize AAV-mediated immune responses that arise in response to double dosing 

AAV in a dystrophic mouse model, in which the first dose effectively immunizes the 

mice. We reveal the production of AAV-specific antibodies that leads to subsequent 

activation of the classical complement pathway and induction of pro-inflammatory 

cytokines only after the second administration of AAV. Single cell RNA-sequencing 

(scRNA-seq) similarly confirms pronounced activation primarily after the second dose of 

AAV. Future work will continue to understand and identify targetable genes, pathways, 

or immune cell subtypes that may facilitate development of mitigation strategies to 

improve the safety and efficacy of AAV-based therapies. 
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Chapter 1 – Introduction 

 

Duchenne and Becker muscular dystrophy 

 Duchenne muscular dystrophy (DMD) is a lethal X-linked disorder and one of the 

most common genetically inherited diseases of children, affecting ~1:5,000 live male 

births per year1. While newborns appear relatively healthy, DMD manifests clinically 

during childhood and is characterized by severe and progressive muscle wasting 

resulting in loss of ambulation in adolescence and premature death by the third decade 

of life. The degeneration of skeletal muscle is slightly delayed in young children as 

regeneration occurs through endogenous muscle stem (satellite) cells. However, the 

ability of satellite cells to facilitate repair eventually fails, leading to continued 

degeneration of skeletal muscle and resulting in fatty and fibrotic tissue replacement of 

skeletal muscle2-8. Eventually patients with DMD develop respiratory complications 

and/or cardiomyopathy9. Improvements in medical care, mobility aids and devices, and 

the use of corticosteroids have slightly altered disease course, improved standard of 

living, and lifespan10-15. Nevertheless, there is currently no cure for DMD. 

 Becker muscular dystrophy (BMD) is an allelic form of the disease and manifests 

a clinically milder phenotype compared to DMD. While DMD patients are wheelchair 

dependent by 13 years of age, patients with BMD often remain ambulatory until 16 

years of age or older14. DMD and BMD are caused by mutations in the DMD gene 

encoding dystrophin. Approximately 60% of mutations are deletion mutations that lead 

to loss of dystrophin protein16,17. The discrepancy in clinical phenotype between DMD 

and BMD is predominantly attributed to the “reading frame” hypothesis18. In the context 
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of deletion mutations, the reading frame hypothesis correlates genetic mutation to a 

DMD or BMD phenotype. DMD mutations tend to be out-of-frame mutations that disrupt 

the DMD reading frame and prevent expression of dystrophin protein, while BMD 

mutations are typically in-frame and result in the production of an internally deleted 

dystrophin that is semi-functional18. 

Dystrophin is a 427kDa cytoskeletal protein that localizes to the sarcolemmal 

(muscle) plasma membrane. Dystrophin stabilizes the sarcolemmal membrane and 

serves as a molecular shock absorber by linking the intracellular network of actin to the 

dystrophin-glycoprotein complex (DGC), which connects to the basal lamina and the 

extracellular matrix (ECM)19. For DMD patients, the absence of dystrophin destabilizes 

DGC components thereby preventing DGC formation and increasing the susceptibility to 

contraction-induced damage at the sarcolemma20,21. Over time, contraction-induced 

injury leads to abnormal calcium handling22,23, production of reactive oxygen species 

(ROS)24, muscle necrosis21, and increased sarcolemmal permeability25 as myoplasmic 

proteins leak out of skeletal muscle, namely creatine kinase (CK), which remains a 

diagnostic biomarker for DMD26.  
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Figure 1-1: Schematic of dystrophin and the dystrophin glycoprotein complex 
(DGC) in wildtype, DMD, and BMD. 
Wildtype dystrophin stabilizes the sarcolemmal membrane by linking the intracellular 
acting cytoskeleton to the DGC, which connects to the basal lamina and extracellular 
matrix (ECM). DMD mutations results in lack of dystrophin and loss of DGC assembly at 
the sarcolemmal membrane. The DGC is composed of a- and b-dystroglycan (DG), a-, 
b-, g-, and d- sarcoglycans, sarcospan (SSPN), dystrobrevin, syntrophins (Syn), and 
neuronal nitric oxide synthase (nNOS). Depending on the mutation, BMD dystrophin will 
retain some of the WT dystrophin’s function. Created with Biorender.com. 
 

The dystrophin protein consists of an actin-binding domain at the N-terminus, a 

central rod-domain containing 24 spectrin-like repeats with 4 hinge regions, a cysteine-

rich region and a C-terminus (Figure 1-1). The central rod domain contains an 

additional actin binding domain, a microtubule binding motif through spectrin repeats 

20-23, and neuronal nitric oxide synthase (nNOS) binding motif with spectrin repeats 16 

and 1727-29. The cysteine-rich region serves as an anchoring site with b-dystroglycan 

and the C-terminus binds with dystrobrevin and syntrophins30,31.   

Interestingly, there are portions of the central rod domain in the dystrophin 

protein that are partially redundant and somewhat dispensable. This is strongly 

supported by clinical evidence in BMD patients with in-frame deletion mutations 

encoding the central rod domain14,16. One of the clinically mildest BMD mutations 
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consists of an in-frame deletion of exons 45-55 encoding part of the central rod domain, 

spectrin repeats 17-22. Clinical phenotyping studies of BMD patients with an exon 45-

55 deletion revealed that most of these BMD patients remain ambulatory and 

asymptomatic into their 50-60s32-36. However, this mild phenotype in BMD patients with 

an exon 45-55 deletion contrasts to the clinical phenotype of BMD patients with exon 

45-47 deletion, encoding for part of the spectrin repeats 17-18, which have a more 

severe phenotype and become wheelchair dependent in their 30s33,37. The divergence 

in clinical phenotype is likely due to improper phasing of the spectrin repeats (Figure 1-

2). eDystrophin38 modeling of an exon 45-55 deletion is predicted to maintain phasing 

whereas an exon 45-47 deletion is out of phase (Figure 1-2). 

Figure 1-2: Predicted structure of a portion of dystrophin’s rod domain modeled 
using eDystrophin38. 

A) Spectrin-like repeat structure of wildtype dystrophin. 
B) Model of an exon 45-55 deletion that is predicted to maintain phasing of spectrin 

triple helix with repeat 17 (R17) in phase with repeat 22 (R22). 
C) Model of an exon 45-47 deletion that is predicted to be out-of-phase with repeat 

17 (R17) and repeat (R18), losing the spectrin triple helix. 
 

In addition, a great body of work has empirically determined that ~70% of the 

DMD gene can be deleted and when overexpressed, the truncated dystrophin protein 

can significantly improve muscle function in mice and canine animal models39-44. These 

highly truncated dystrophin species are referred to as mini- and micro-dystrophins and 
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are currently being tested in ongoing clinical trials for DMD as a gene replacement 

therapy (clinicaltrials.gov: NCT03368742, Solid Biosciences; NCT03375164, Nationwide 

Children’s Hospital; NCT03362502, Pfizer). 

 

Existing therapeutic strategies for DMD 

 To date, there are currently two main classes of FDA approved drugs for DMD: i) 

Emflaza and ii) antisense oligonucleotides. There is currently one FDA approved 

corticosteroid, Emflaza (aka deflazacort) is a corticosteroid that reduces inflammation in 

skeletal muscle tissue45,46. Although Emflaza is not a cure for DMD, it delays the loss of 

ambulation by ~2 years, delays the onset of cardiomyopathy, and improves pulmonary 

function45,46. The benefits of long-term steroid treatment outweigh the tolerable side 

effects, namely, obesity, cataracts and shorter height47. The second class of FDA 

approved drugs relies on delivering an antisense oligonucleotide to induce skipping of 

mutant exons during pre-mRNA processing in order to restore the DMD reading 

frame48. To date, there are four FDA approved exon skipping drugs targeting exons 51 

(Exondys 51), 53 (Vyondys 53 and Viltepso), and 45 (Amondys 45), and with 

applicability to ~13%, 8% and 9% of all DMD patients, respectively (Table 1-1). 

Exondys 51, Vyondys 53, Viltepso and Amondys 45 successfully demonstrated an 

increase of ~1%, ~1%, ~4%, and ~1.7% dystrophin by Western blot, respectively49-55. 

Despite the low levels of dystrophin by Western blot, functional improvement in timed 

function tests have been reported50-55, with the exception of Amondys 45, which is still 

ongoing in Phase III and expected to conclude in 2024. In addition, mouse studies have 
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shown that low levels of dystrophin can improve motor function, suggesting modest 

levels of dystrophin are needed for functional improvement56-58. 

Table 1-1: FDA approved exons skipping drugs for DMD. 
Name Target Exon Dystrophin levels (%) Applicability Year of 

approval 
Exondys 51 51 ~1% 13% 2016 
Vyondys 53 53 ~1% 8% 2019 

Viltepso 53 ~4% 8% 2020 
Amondys 45 45 ~1.7% 9% 2021 

 

 Another potential therapeutic therapy for DMD was briefly discussed earlier and 

relies on using adeno-associated viruses (AAVs) to deliver a highly truncated version of 

the DMD gene, referred to mini- and micro-dystrophin59. There are three ongoing clinical 

trials designed to determine safety and tolerability after systemic delivery to skeletal 

muscle (clinicaltrials.gov: NCT03368742, Solid Biosciences; NCT03375164, Nationwide 

Children’s Hospital; NCT03362502, Pfizer).  

 

CRISPR/Cas9 as a gene editing therapy for DMD  

 Many therapeutic strategies for DMD aim to re-frame the DMD gene, thereby 

converting an out-of-frame DMD mutation into an in-frame BMD mutation. Early gene 

editing systems include Transcription Activator-Like Effector Nucleases (TALENs) and 

Zinc-Finger Nucleases (ZFNs), which are difficult to design and can be expensive60-62. 

Alternatively, the clustered regularly interspaced short palindromic repeats and 

CRISPR-associated protein 9 (CRISPR/Cas9) system is inexpensive and user-friendly. 

In brief, the CRISPR/Cas9 system employs a guide RNA (gRNA) which directs the 

Cas9 endonuclease to a specific site in the genome, generating a double stranded DNA 

break (DSB)63-65. The cell can repair DSBs through the endogenous DNA repair 
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machinery via non-homologous end joining (NHEJ) or through homology directed repair 

(HDR) using donor template DNA in cycling cells66. 

CRISPR/Cas9-mediated reframing of the human DMD and murine Dmd gene 

has been validated successfully and abundantly in vitro using primary human DMD 

myoblasts62,67, DMD-derived induced pluripotent stem cells (iPSCs)68,69, mouse 

myoblasts70, and mouse muscle stem cells71,72. Additionally, CRISPR/Cas9-mediated 

gene editing has been extensively demonstrated in vivo in mdx and mdx4cv dystrophic 

mouse models73-76, humanized dystrophic mouse models containing the human DMD 

gene with an out-of-frame exon 45 deletion mutation77, dystrophic canine models with 

an exon 50 deletion mutation78 or exon 51 deletion mutation79, and dystrophic pigs with 

an exon 52 deletion mutation80. Although these studies highlight the various CRISPR-

based strategies that can be employed to treat DMD, strategies centered on achieving 

safe and efficient delivery of CRISPR/Cas9 in vivo remains a considerable challenge 

(discussed below).  

 

Nanoparticle-mediated delivery of CRISPR/Cas9 

 In vivo delivery of CRISPR/Cas9 remains a significant hurdle for neuromuscular 

diseases, such as DMD, in which all muscles are affected, a tissue that comprises 

~40% of the total body mass. Efficient delivery and gene editing with the CRISPR/Cas9 

system requires co-delivery of the gRNA and the Cas9 endonuclease within the same 

cell. These components may be co-delivered as a plasmid encoding Cas9 and gRNA, 

Cas9 mRNA and gRNA, or as a ribonucleoprotein (RNP) in which the Cas9 protein is 

pre-assembled with the gRNA (Figure 1-3). Non-viral carries, namely nanoparticles, 
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represent a promising vehicle for co-delivery of the CRISPR/Cas9 system in either 

format to skeletal muscle and muscle stem cells in order to achieve a sustainable 

therapy for DMD. Nanoparticles are typically nanometers in size and can be designed 

for colloidal stability, tissue specificity (e.g., to skeletal muscle and muscle stem cells), 

biodegradability and biocompatibility depending on the materials used for nano 

synthesis. Moreover, nanoparticles are largely non-immunogenic making them suitable 

for repeat dosing81. Currently, there are over 50 FDA approved nanomedicines with 

more than 40 in ongoing clinical trials82-84. The FDA approved nanomedicines and 

nanomedicines being tested in clinical trials are mainly for cancer immunotherapy. 

 

 

 

 

 

 

 

 

 

 
Figure 1-3: Non-viral nanoparticle-mediated delivery of CRISPR/Cas9 can be 
achieved in three formats. 
Efficient delivery and gene editing with the CRISPR/Cas9 system requires co-delivery of 
the gRNA and the Cas9 endonuclease within the same cell. These components may be 
co-delivered as a plasmid encoding Cas9 and gRNA (left), Cas9 mRNA and gRNA 
(center), or as a ribonucleoprotein (RNP, right) in which the Cas9 protein is pre-
assembled with the gRNA. Created with Biorender.com. 
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 Nanoparticles composed of lipids85-94, DNA nanoclews95, cationic polymers70,96-98, 

mesoporous silica99, gold100-103, exosomes104,105, metal-organic frameworks (MOFs)106 

and metal-organic cages (MOCs)107 have been used to deliver CRISPR/Cas9 in vitro 

and/or in vivo. The majority of in vivo nano-CRISPR studies rely on local and targeted 

injection to achieve gene editing, while systemic delivery of nano-CRISPR has been 

achieved for the lung89,108, liver86,87,90,92,93,108, brain85 and tumors85,97. To date, there are 

three studies that have shown successful nano-CRISPR delivery and gene editing of 

the murine Dmd gene in skeletal muscle using gold101 or lipid88,108 nano-formulations. 

Nevertheless, all the three studies relied on intramuscular injections to reframe the 

murine Dmd gene resulting in ~1% and ~4% dystrophin by Western blot for the gold and 

lipid nano-formulations, respectively. Current studies have not achieved systemic 

delivery of nano-CRISPR to skeletal muscle and/or muscle stem cells, yet additional 

exploration and optimization may position nanocarriers as a favorable vehicle for 

systemic gene therapies.  

 

AAV-mediated delivery of CRISPR/Cas9 and immunological considerations of AAV and 

Cas9 

 An alternative vehicle for CRISPR/Cas9 delivery, and one that is regularly 

employed, is adeno-associated viruses (AAVs). AAVs are small (~22nm) viruses with a 

limited packaging size (~4.7kb) and with relatively low immunogenicity when 

administered at lower doses109,110. Importantly, AAVs are naturally occurring viruses 

with distinct serotypes capable of tissue specific targeting111,112, making AAVs a 

promising vehicle for gene therapies, such as DMD in which all muscles are affected. 
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To date, systemic delivery of AAV-CRISPR to skeletal muscle using serotypes 6, 8, 9, 

and rh74 have demonstrated efficient CRISPR/Cas9-mediated restoration of dystrophin 

in dystrophic mice, canine, and pig models71,73-75,78-80,113-116.  

The success of systemic AAV-CRISPR delivery faces additional challenges that 

will likely delay clinical translation for DMD. First, AAV-CRISPR inefficiently targets 

muscle stem cells and three studies independently demonstrated MuSC gene editing 

efficiencies of 1-3% in the mdx model71,117,118. Additionally, two separate studies 

demonstrated that a single administration of AAV-CRISPR is unable to sustain 

dystrophin expression over the life-time of a mouse, and thus, efficient muscle stem cell 

targeting is likely required in order to achieve a long-lasting therapy116,119. Second, pre-

existing immunity in the form of humoral and/or cellular responses prevent AAV-

CRISPR administration as AAV and Cas9 are both naturally occurring. It is estimated 

that at least 50% of the general population has pre-existing immunity to AAV and 60% 

of the population has pre-existing immunity to Cas9120-123. One study found that AAV-

CRISPR gene editing was compromised in a mouse model with pre-existing immunity to 

Cas9, leading to cytotoxic CD8 T cells in the liver, liver hepatotoxicity, and a significant 

reduction of CRISPR-corrected cells124. Third, AAV-CRISPR would be limited to a single 

administration due to antibody formation and activation of antigen reactive T 

lymphocytes against AAV and/or Cas9, which will prohibit a second dose. Humoral 

antibody and cellular T cell responses against the AAV capsid has previously been 

reported following a single administration of AAV for hemophilia A and B gene transfer 

studies125,126. Moreover, one study observed AAV-CRISPR-mediated immunogenicity 

after a single administration resulting in muscle inflammation, loss of CRISPR/Cas9 viral 
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genomes, antibody formation against Cas9, activation of Cas9-specific T cells, and 

production of inflammatory cytokines79. Fourth, AAV DNA has been shown to persist for 

years as an episome in skeletal muscle tissue following AAV gene therapy127, which will 

increase the likelihood for Cas9-mediated off-target effects. Long-term expression of 

Cas9 may exacerbate humoral and cellular immune responses, posing additional safety 

concerns over AAV-CRISPR-based therapies. One strategy to overcome persistent 

Cas9-encoded AAV DNA is to co-deliver AAV-CRISPR with an inhibitor of Cas9, termed 

anti-CRISPRs128, however, this approach introduces additional foreign proteins that will 

likely worsen immune responses and anti-CRISPRs only inhibit and do not remove 

Cas9 in vivo. A second and more promising strategy centers on inactivating Cas9-

encoded AAV DNA using a gRNA targeted against the Cas9 transgene and driven 

under a weaker promoter, such as 7sk, which successfully removes Cas9 protein in vivo 

after AAV-CRISPR delivery129,130. Fifth, in the absence of pre-existing immunity, the 

innate immune system has been shown to detect unmethylated cytosine-phosphate-

guanine (CpG) AAV DNA via toll-like receptor 9 (TLR9) in human and mouse 

plasmacytoid dendritic cells (pDCs) eliciting type I interferon responses131. Strategies to 

overcome TLR9 sensing CpGs include depleting AAV DNA of CpGs to evade detection 

in vivo and integrating TLR9 inhibitory sequences in the AAV DNA vector, which 

similarly evades TLR9 detection132,133. 

 Lastly, AAV-CRISPR often requires a dual vector system since AAV has a small 

payload capacity (~4.7kb), which is too small to carry SpCas9 (~4kb), regulatory 

sequences and the gRNAs in a single vector (Figure 1-4). A dual vector system often 

requires higher viral doses in order to achieve efficient dystrophin restoration in vivo, 



 12 

however, higher viral doses increase the likelihood of AAV-induced toxicities79,134. The 

need for higher vector doses also poses significant challenges for large scale AAV 

production and scalability135. Many of the aforementioned concerns are being 

investigated in ongoing studies to improve the safety and efficacy of AAV-CRISPR in 

vivo.  

 

Figure 1-4: AAV-mediated delivery 
of CRISPR/Cas9 using a dual 
vector system. 
Due to the limited packaging size of 
AAV (~4.7kb), efficient delivery and 
gene editing with the CRISPR/Cas9 
system requires a dual vector 
approach. One AAV vector encodes 
the Cas9 endonuclease driven by the 
muscle-specific promoter, CK8e 
(left). The second AAV vector 
encodes the gRNA(s) for directing 
Cas9-mediated cleavage (right). 
Successful CRISPR/Cas9 gene 
editing requires co-delivery of the 
Cas9 and gRNA AAV vectors within 
the same cell. Created with 
Biorender.com. 
 

 
 

Significance 

 Current treatments for Duchenne muscular dystrophy are limited, and have a 

moderate impact on disease course. Thus, there remains a significant unmet clinical 

need for innovative and efficacious therapies for DMD. The overarching aim of this 

research was to develop strategies that would improve the safety and efficacy of 

CRISPR/Cas9-based therapies for neuromuscular disorders. 
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 Systemic delivery of CRISPR/Cas9-mediated gene therapies remain a 

substantial challenge for neuromuscular disorders, such as DMD, in which muscles 

comprise ~40% of the total body mass. While gene-editing strategies are expected to 

alter disease course, achieving systemic delivery poses additional obstacles. We 

successfully applied CRISPR/Cas9 delivery in vitro using polymer-based nanoparticles. 

While these nanocarriers performed well in vitro, they were not successful after 

systemic delivery in vivo. In order to improve nanoparticle-mediated delivery to muscle 

and muscle stem cells, we screened an AAV peptide display library for potential peptide 

motif ligands that may mediate muscle entry. These studies revealed that systemic 

delivery of CRISPR/Cas9 is significantly more efficient when AAV is used as the carrier 

compared to nanoparticles. However, AAV-CRISPR inefficiently targets MuSCs, and a 

single administration of AAV-CRISPR is unable to sustain life-long dystrophin 

expression. Therefore, we screened an AAV peptide-display library to identify novel 

AAV variants highly enriched in both muscle stem cells and skeletal muscle. Finally, 

because AAV-CRISPR is limited to a single administration due to its immunogenicity, 

we sought to identify immune effectors that arise after a single and double injection of 

AAV that may enable the development of specific immunosuppressive regimens to 

achieve AAV redosing. We comprehensively characterized AAV-CRISPR-mediated 

immune responses, which correlated with immune responses reported in ongoing DMD 

clinical trials. Ultimately, this work offers the potential to enhance CRISPR/Cas9 delivery 

to MuSC that may serve as a life-long therapy while simultaneously examining AAV-

CRISPR-mediated immune responses to enable the identification of targetable genes, 
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pathways, or immune cell subtypes that may facilitate the development of mitigation 

strategies to circumvent adverse AAV-induced immune responses. 
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Chapter 2 – Polyrotaxane Nanocarriers can Deliver CRISPR/Cas9 Plasmid to 

Dystrophic Muscle Cells to Successfully Edit the DMD Gene 

 

Abstract 

Gene editing with clustered regularly interspaced short palindromic repeats and 

CRISPR-associated protein 9 (CRISPR/Cas9) has shown promise in models of 

Duchenne muscular dystrophy (DMD); however, non-viral strategies to deliver CRISPR 

to muscle have not been widely explored or optimized. Most studies have relied on viral 

vectors, which are likely limited to single dosing due to their immunogenicity, thus 

reducing their therapeutic potential. Therefore, there is a need to develop non-viral 

approaches that allow for delivery and repeat dosing of CRISPR/Cas9 therapies to 

skeletal muscle. Here, biocompatible multi-arm polyrotaxane (PRX) nanocarriers, are 

iteratively optimized for packaging large plasmid DNA for delivery to muscle cells. The 

PRXs are optimized by addition of a disulfide-responsive linker that enhances plasmid 

release. Furthermore, conjugation of peptides leads to quicker uptake and improved 

transfection efficiency in humanized dystrophic muscle cells in vitro. Finally, in 

vitro delivery of PRXs complexed with a CRISPR/Cas9 platform demonstrates effective 

deletion of DMD exons 45–55, a therapeutic strategy with potential to restore the 

reading frame for half of DMD patients. This work represents the first PRX platform that 

is optimized and designed for delivery of large plasmid DNA, such as CRISPR/Cas9, to 

dystrophic muscle cells. 
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Introduction 

 Gene editing has wide-ranging possibilities for improving human life, such as 

modifying crop and livestock genomes, creating novel model organisms for research, 

and correcting disease mutations136. Early gene editing systems such as Transcription 

Activator-Like Effector Nucleases (TALEN) and Zinc-Finger Nucleases (ZFN) are 

effective, but are cumbersome in design and can be expensive to implement137. On the 

other hand, clustered regularly interspaced short palindromic repeats and CRISPR-

associated protein 9 (CRISPR/Cas9) is easier to exploit and relatively inexpensive. The 

CRISPR/Cas9 system utilizes a guide RNA (gRNA) which targets the Cas9 

endonuclease to a specific site in the genome which creates a double stranded DNA 

break (DSB)63-65. The cell can repair DSBs through the endogenous DNA repair 

machinery, non-homologous end joining (NHEJ), or through homology directed repair 

(HDR) using template DNA in cycling cells66. 

The application of CRISPR/Cas9 offers enormous possibilities for treating 

monogenic diseases such as the muscular dystrophies, which are a group of inherited 

muscle disorders. One of the most devastating lethal muscular dystrophies is Duchenne 

muscular dystrophy (DMD). DMD is caused by out-of-frame mutations in the DMD gene 

resulting in lack of the dystrophin protein, which leads to progressive muscle wasting 

and premature death138. Thus, a promising therapeutic approach for Duchenne is to 

restore the reading frame by converting an out-of-frame DMD mutation into an in-frame 

mutation, mimicking the milder, allelic disease, Becker muscular dystrophy139. This 

approach allows production of an internally deleted but functional dystrophin protein. 

We have developed a CRISPR/Cas9 platform with the intent to permanently restore the 
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DMD reading frame for mutations within this region68,77. The platform (hereafter referred 

to as CRISPR DMDΔ45-55) encompasses a single pair of gRNAs that flank DMD exons 

45-55, generating an in-frame, internally deleted protein after Cas9 cutting and NHEJ. In 

Becker patients, an exon 45-55 deletion is associated with one of the mildest clinical 

phenotypes, with some patients still asymptomatic into their 60s32-36. This region also 

encompasses a hotspot of DMD patient mutations and would be applicable to ~50% of 

the patient population32,33. Proof-of-principle that CRISPR DMDΔ45-55 can restore 

dystrophin protein was demonstrated in vitro and after local delivery to skeletal muscle 

in a humanized dystrophic hDMD del45 mdx mouse model in vivo68,77.  

Delivery of CRISPR/Cas9 to muscle has been accomplished in vitro and in vivo 

via both viral and non-viral strategies. Viral vectors, such as adeno-associated virus 

(AAV), have been used to deliver CRISPR/Cas9 to various tissues in vivo including 

muscle140. However, since AAV elicits an immune response, it is likely that AAV can 

only be delivered one time, unless additional procedures are implemented, thus 

compromising the efficacy of CRISPR-based therapies141. Additionally, it has been 

reported that up to 70% of patients could have pre-existing immunity to AAV, which may 

limit its efficacy as a therapy121. Moreover, the AAV vector genome has been reported 

to persist as an episome for years in post-mitotic muscle141,142. This sustained 

expression of bacterially-derived Cas9 has the potential to enhance off-target activity or 

to prompt an immune response against Cas9 and the muscle127,143. Lastly, because the 

AAV payload capacity is limited (~4.7kb), it is challenging to fit SpCas9 (~4kb) and 

gRNAs in the same vector, thus often necessitating a dual vector system, which 

effectively cuts the maximum dose in half144. Non-viral carriers, such as nanoparticles, 
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can overcome the challenges associated with AAV delivery and thus represent a 

promising alternative for CRISPR delivery145. Depending on the type of material used, 

nanocarriers have the ability to carry different types of cargo and can be chemically 

modified for colloidal stability, biodegradability, biocompatibility, and tissue specificity. In 

addition, they are largely non-immunogenic and are suitable for repeat dosing81. 

Nanoparticles composed of lipids, DNA (nanoclews), gold, cationic polymers, and 

metal-organic frameworks (MOFs) have been used to deliver CRISPR in vitro and in 

vivo, although reports of nanocarrier mediated delivery of CRISPR to skeletal muscle 

have been minimal85-87,89,91-96,98,101-103,106,146. One study achieved delivery of 

CRISPR/Cas9 to murine muscle cells in vitro using gold nanoparticles. They also 

carried out local intramuscular injection in vivo with an efficiency of less than 1%101. 

However, the translatability of this approach as a DMD therapy is low, as it did not 

utilize systemic delivery101.  

Additional studies have described nano-mediated approaches to deliver other 

types cargo to skeletal muscle. Liposomes, polymerosomes, polyethyleneimine (PEI), 

poly(methyl methacrylate) (PMMA), atelocollagen, perfluorocarbons, and silver 

nanoparticles have been used to deliver antisense oligonucleotides, rapamycin, siRNA 

against myostatin, or other genes to muscle91,147-161. However, these reports have been 

fairly limited, mainly showing proof-of-concept without much optimization and it is 

unclear whether the nanoparticles could be modified to carry a large payload, such as 

CRISPR/Cas9.  

The current work describes the iterative optimization of polyrotaxane (PRX) 

nanoparticles and demonstrates that PRXs can deliver a large plasmid carrying 
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CRISPR DMDΔ45-55 to dystrophic muscle cells in vitro. PRX is characterized as a 

mechanically interlocked molecule containing a polymer, such as a polyethylene glycol 

(PEG) backbone, with macrocycles, such as cyclodextrin rings, threaded onto the 

polymer and stabilized by bulky end groups162. The addition of cationic charge on the 

macrocycles allows for effective complexation of nucleic acid mediated by electrostatic 

interactions. We custom-designed a 4-arm PRX nanocarrier that was engineered for 

improved circulation and pharmacokinetics (PK) following intravenous (IV) injection163. 

This report demonstrates iterative improvements on the 4-arm PRX design to enhance 

plasmid delivery to primary muscle cells derived from a novel humanized dystrophic 

mouse model, which contains an out-of-frame human DMD gene77. Engineering the 4-

arm PRX with a redox-sensitive disulfide linker improves plasmid release and peptide 

conjugation enhances the rate and abundance of nanoparticle uptake, which leads to 

improved gene delivery in vitro. The data also demonstrate proof-of-concept that 4-arm 

PRX nanoparticles can deliver CRISPR/Cas9 to muscle cells and achieve a CRISPR-

mediated deletion of DMD exons 45-55. This highlights the potential of using 4-arm 

PRXs for a CRISPR-based therapy for DMD. 

 

Materials and Methods 

Mice 

All animal care and work were conducted under protocols approved by the UCLA 

Animal Research Committee in the Office of Animal Research Oversight. hDMD del45 

mdx mice were generated and genotyped as described77. 
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Cell culture  

Primary hDMD del45 mdx myoblasts were obtained from 11 – 13 day old pups by 

dissociation of muscle tissue using a 1:1 mixture of 1.5mg/mL dispase (neutral 

protease, Worthington) and 1600U/mL collagenase II (Worthington) in PBS at 200µl per 

100mg tissue. Muscles were minced, then incubated at 37°C with slow agitation for 30 

mins. Fibroblasts were removed by repeatedly pre-plating. Myoblasts were cultured on 

entactin-collagenIV-laminin cell attachment matrix (ECL, EMD Millipore) and maintained 

in F-10 HAM (Sigma) with 20% fetal bovine serum (FBS, Thermo Fisher), 5ng/mL basic 

fibroblast growth factor (bFGF, Promega) and 1% penicillin/streptomycin (P/S, Thermo 

Fisher). Myoblasts were differentiated to form myotubes (at >80% confluence) in DMEM 

(Thermo Fisher) supplemented with 2% horse serum (Thermo Fisher), 1% insulin-

transferrin, selenium (ITS, Thermo Fisher) and 1% P/S on Matrigel® basement 

membrane matrix (Corning). C2C12 murine myoblasts were maintained in DMEM 

supplemented with 20% FBS and 1% P/S. C2C12 myoblasts were differentiated to form 

myotubes (at >80% confluence) in DMEM supplemented with 5% horse serum and 1% 

P/S. B16 murine melanoma cells were maintained in DMEM supplemented with 10% 

FBS and 1% P/S. 

 

CRISPR plasmid  

gRNAs for the exon 45-55 deletion (44C4, 55C3) from68 were cloned into px333 

(Addgene 64073, Andrea Ventura164) in tandem using BbsI (New England BioLabs) and 

BsaI (New England BioLabs). Hereafter, px333 44C4+55C3 refers to the CRISPR 

plasmid encoding SpCas9 and the two gRNAs. 
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Chemicals 

α-Cyclodextrin (α-CD), triethylamine (TEA), Benzyloxycarbonyl-L-tyrosine (Z-L-

Tyr), Benzotriazol-1-yl-oxy-tris(dimethylamino) phosphonium hexafluorophosphate 

(BOP), 1-hydroxybenzotriazole (HOBt,) N,N-diisopropylethylamine (DIEA), 1,1′-

carbonyldiimidazole (CDI), N,N-dimethylethylenediamine (DMAE), 2-aminoethanethiol, 

1,4-dithiothreitol (DTT) dimethylformamide (DMF), dimethyl sulfoxide (DMSO) were 

purchased from Sigma Aldrich. Four-arm PEG tetra-amine hydrochloride salt (10kDa) 

and linear PEG-diamine hydrochloride salt (3.5kDa) were purchased from Jen Kem 

Technology. Di-orthopyridyl disulfide PEG (PEG-diOPSS) (3.5kDa) were purchased 

from Creative PEGworks. NHS-fluorescein and 4-succinimidyloxycaronyl-alpha-methyl-

α(2-pyridyldithio)toluene (SMPT) were purchased from Thermo Fisher. 2-(Dimethlamino 

ethanethiol) hydrochloride was purchased from Santa Cruz Biotechnology. 

Pyridyldithiol-cysteamine was synthesized as previously described165. Amicon Ultra-4 

Centrifugal Filter Units (MWCO=10kDa) were purchased from Millipore. 

 

PRX synthesis  

For the pristine linear PRX the following steps were completed as previously 

reported166. (i) Linear PEG-diamine was added to aqueous saturated solution of α-CDs 

to form a polypseudorotaxane inclusion complex. (ii) The polypseudorotaxane ends 

were blocked with a large blocking group, Z-L-Tyr, by mixing the inclusion complex with 

Z-L-Tyr, BOP reagent, HOBt and DIEA in DMF. (iii) The α-CDs in the polyrotaxane were 
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modified with positively charged amine groups by reaction with DMAE and CDI in 

DMSO. 

For the disulfide linear PRX the following steps were completed as previously 

reported167. (i) Linear PEG di(OPSS) was mixed with 2-aminoethanethiol to generate a 

diamino-PEG with disulfide linkages at both ends (SS-PEG-diamine). (ii) The SS-PEG-

diamine was added to aqueous saturated solution of α-CDs to form an SS-

polypseudorotaxane inclusion complex. (iii) The polypseudorotaxane ends were blocked 

with Z-L-Tyr, as done for the pristine linear PRX. (iv) The α-CDs in the SS-polyrotaxane 

were modified with positively charged amine groups by reaction with DMAE and CDI in 

DMSO. 

For the pristine 4-arm PRX the steps were performed as we described 

previously163. (i) Two arms of a 4-arm PEG tetra-amine were selectively blocked by 

NHS-Fluorescein. (ii) The 4-arm PEG diamine was then added to aqueous saturated 

solution of α-CDs to form a 2/4-arm polpypseudorotaxane inclusion complex. (iii) The 

amino ends of 2/4-arm polypseudorotaxane were blocked with Z-L-Tyr as described 

above. (iv) The α-CDs in the 2/4-arm polyrotaxane were modified with positively 

charged amine groups by reaction with DMAE and CDI in DMSO. 

For the disulfide 4-arm PRX the following steps were carried out. (i) Two arms of 

a 4-arm PEG tetra-amine polymer were selectively blocked with NHS-Fluorescein as 

mentioned above. (ii) The 4-arm PEG diamine was added to aqueous saturated solution 

of α-CDs to form a 2/4-arm polypseudorotaxane inclusion complex. (iii) The amino ends 

of 2/4-arm polypseudorotaxane were blocked with Z-L-Tyr as described above. (iv) The 

α-CDs in the 2/4-arm polyrotaxane were further functionalized with pyriyldithiol groups 
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by reacting with pyridyldithiol-cysteamine and CDI in DMSO, followed by precipitation in 

diethyl ether, and washed sequentially in excessive acetone and methanol. (v) The α-

CDs with cleavable positively charged amine groups were generated by thiol-exchange 

reaction between pyridyldithiol-4-arm polyrotaxane and dimethlamino ethanethiol in 

aqueous solution. The resulting disulfide 4-arm PRX was concentrated with DI water in 

Amicon centrifugal filter to remove excessive pyridyldithiol-cysteamine. 

For peptide conjugation to 4-arm PRX the following steps were carried out. (i) 

Two arms of a 4-arm PEG tetra-amine polymer were selectively blocked after a reaction 

with SMPT in DMF at a fixed feed ratio (4-arm PEG:SMPT=1:2, molar ratio). (ii) The 4-

arm PEG diamine-SMPT was added to aqueous saturated solution of α-CDs to form a 

2/4-arm polypseudorotaxane-SMPT inclusion complex. (iii) The amino ends of 2/4 –arm 

polypseudorotaxane-SMPT were blocked with Z-L-Tyr as mentioned above. (iv) The α-

CDs in the 2/4-arm polyrotaxane were modified with positively charged amine groups by 

reaction with DMAE and CDI in DMSO as done for pristine 4-arm PRX. (v) Peptides 

modified with cysteine and glycine spacers were conjugated to the ends of free PEG 

chains in DMAE-4-arm polyrotaxane-SMPT via thiol exchange chemistry. The peptide 

sequences are as follows: NCAM ASKKPKRNIKAGGC, PipB 

RXRRBRRXRRBRXBGGC168,169. Thiol groups from cysteine were introduced on the C-

terminus of the peptides to facilitate conjugation. An oligo glycine spacer was included 

at both ends of the functional sequence so that conjugation would not interfere with the 

binding efficiency. The modified peptides were mixed with DMAE-4-arm polyrotaxane-

SMPT at a molar ratio of 5:1 in aqueous solution and reacted for 2 hrs at room 

temperature. The excessive peptide and pyridine-2-thione was removed via repeated 
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concentration with DI water in Amicon centrifugal filter. The pyridine-2-thione was 

collected and quantified by UV-vis spectroscopy to determine the successful peptide 

conjugation. 

The synthesis schemes for PRX formulations (Figures 2-2 and 2-19 and 2-

15)166,167. For the list of average CD numbers per polymer and cationic charge density 

(Table 2-1), PRX samples were dissolved in d6-DMSO or deuterated water and 

examined on an AV400 spectrometer (Bruker). The integration of C1(H) peak (δa) from 

α-CD and -CH2CH2O- peak (δf) from PEG were used to calculate the total number of α-

CD per PRX polymer. The cationic charge density was determined via the integration of 

-N(CH3)2 peak (δg) from DMAE and C1(H) peak (δa) from α-CD in 1H-NMR spectra as 

we reported previously163. For peptide conjugated 4-arm PRX, UV-Vis spectroscopy 

was used to confirm peptide conjugation by the production of pyridine-2-thione (Figure 

2-16). The enhanced absorbance at 340-380nm demonstrated successful peptide 

conjugation. 

 

Physiochemical characterization and plasmid loading of PRX formulations 

CRISPR plasmid was complexed with different PRXs at various N/P ratios in 

aqueous solution with an equivalent plasmid concentration of 1μg/mL. The size and ζ-

potential of plasmid complexed with different PRXs were measured by ZETAPALS 

(Brookhaven Instruments Corporation). DNA gel retardation assay was performed with 

precast agarose gel (Sigma Aldrich). Samples (equivalent to 100ng plasmid) were 

loaded in gel loading buffer (Sigma Aldrich), ran in TBE buffer at 150V for 30 mins, 

followed by visualization on gel imager (MultiImage II AlphaImager HP, Alpha Innotech). 
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To demonstrate the reduction-responsive dissociation of plasmid, CRISPR plasmid 

laden disulfide 4-arm PRXs were incubated with 5mM DTT solution for 30 mins, before 

assessing size or DNA gel electrophoresis. The morphology of plasmid laden PRX was 

visualized by atomic force microscopy (AFM). Plasmid laden PRX was directly added to 

mica substrate (1cm×1cm), and free plasmid was premixed with 5mM MgCl2-HEPES 

buffer before addition to mica substrate. The equivalent concentration of plasmid was 

0.2μg/mL. The samples were dried with nitrogen gas and imaged on Bruker Dimension 

FastScan AFM.  

 

PRX delivery in vitro 

Myoblasts were seeded at 1.2 x 105 cells/cm2 for growth conditions or 1.7 x 105 

cells/cm2 for differentiation where the media was changed to differentiation media the 

following day. PRX complexed with a pCSCMV:tdTomato reporter plasmid (Addgene 

30530, Gerhart Ryffel170), or px333 44C4+55C3 CRISPR plasmid (see above) was 

added to the cells at various PRX to plasmid (N/P) ratios determined empirically and as 

follows: pristine linear PRX to plasmid: 10:1, disulfide linear PRX to plasmid: 5:1, 

pristine 4-arm and disulfide 4-arm PRX to plasmid: 3:1, peptide conjugated 4-arm PRX 

to plasmid: 5:1. For uptake and plasmid dissociation studies, PRXs were conjugated 

with FITC and plasmid labeled with Cy3 using LabelIT® Tracker kit (Mirus Bio). Imaging 

for uptake and lysosomal studies was done at time points between 40 mins and 24 hrs 

using a confocal microscope (SP8-SMD, Leica). Imaging for reporter expression was 

done at time points between 1 day and 7 days using an Axio Observer Z1 microscope 

(Zeiss) and 5 random images per well were taken for quantification in ImageJ software 
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(NIH). For CRISPR delivery, cells were harvested at days 5, 7 or 14 and pelleted for 

genomic DNA extraction using the Quick-gDNA miniprep kit (Zymo Research) and 

analyzed with the deletion PCR described below. 

 

PRX delivery in vivo 

 PRXs were complexed with px333 44C4+55C3 CRISPR plasmid (see above) 

based on the following (N/P) ratios: 5:1, pristine 4-arm and disulfide 4-arm PRX to 

plasmid: 3:1, and peptide conjugated 4-arm PRXs to plasmid: 5:1. px333 44C4+55C3 

CRISPR plasmid was labeled with Cy3 using LabelIT® Tracker kit (Mirus Bio). hDMD 

del45 mdx mice were intravenously (i.v.) dosed with 100μg of plasmid complexed with 

PRX. Muscles and off-target organs were harvested 24 hrs after i.v. delivery to assess 

biodistribution using the IVIS® Spectrum in vivo imaging system (PerkinElmer). After 

IVIS imaging, muscles were flash frozen in isopentane and cryosectioned at 10μm 

thickness throughout the majority of the muscle tissue. For immunofluorescent imaging 

of the Cy3-labeled plasmid, sections were stained for laminin to outline muscle fibers 

and DAPI. In brief, sections were incubated in TrueBlack (Biotium, 1:20 in 70% ethanol) 

for 30 sec – 1min, then incubated in blocking buffer (DPBS with 0.25% gelatin, 0.1% 

tween, and 3% BSA) for at least 1hr. Rabbit-anti-laminin (1:200, Millipore Sigma) was 

added in TBS and 1% goat serum overnight at 4°C. The next day goat-anti-rabbit IgG 

AlexaFluorTM647 (1:250, Thermo Fisher) were incubated for 1 hr and the slides were 

mounted with VECTASHIELD containing DAPI (Vector Laboratories) and imaged on the 

Axio Observer Z1 microscope (Zeiss). 
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Lipofectamine 2000  transfection 

Lipofectamine 2000 (Invitrogen) transfections were carried out in a 96-well plate 

according to the manufacturer’s instructions. In brief, complexes were prepared by 

mixing 0.2μg tdTomato plasmid DNA with 0.5μl Lipofectamine 2000 (2:5, w/v) per well 

for myoblasts and myotubes. 

 

CRISPR exon 45-55 deletion PCR 

To assay for the exon 45-55 deletion, individual PCR reactions containing 

primers flanking the deletion (purple arrows in Figure 2-20A) or internal to the deletion 

(red arrows in Figure 2-20A) were performed on genomic DNA using AccuPrime Taq 

High Fidelity (Thermo Fisher) or Herculase II Fusion Polymerase (Agilent Genomics) as 

described68. PCR products were blunt cloned with Zero Bunt TOPO according to the 

manufacturer’s instructions and sequenced by Laragen Inc. 

 

NCAM peptide administration in vitro 

A green fluorophore (5-FAM on N-terminus) labeled NCAM peptide (sequence 

ASKKPKRNIKAGGC168) was synthesized by Biomatik. 0.5, 1, 5, 10, 25, and 50µM 

NCAM peptide was incubated for 6 hrs on C2C12 and B16 cells before imaging. 

 

Intracellular uptake study of Cy-3 labeled CRISPR plasmid  

The following working antibody concentrations were used: anti-Lamp-1 antibody 

(Abcam, ab25245) at 1μg/mL, anti-myosin 4 antibody MF20 at 2μg/mL. Goat anti-rat 

IgG (H+L) Alexafluor 647 (Thermo Fisher, A21247) and goat anti-mouse IgG (H+L) 
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Alexafluor 647 (Thermo Fisher, A21235) were used as secondary antibodies, 

respectively. F-actin was stained with Phalloidin-iFluor 647 Reagent (Abcam, 

ab176759). The nuclei were counterstained with DAPI. The intracellular distribution of 

Cy3-labeled plasmid was visualized by confocal microscopy (SP8-SMD, Leica). For 

the image analysis, Pearson’s correlation coefficient was used to determine the level of 

co-localization between Lamp-1/Cy3-plamid or PRX/Cy3-plasmid171. Image Pro Plus 

(Media Cybernetics) software was used to determine Pearson’s correlation coefficient 

(n=5). To evaluate the intracellular level of Cy3-plasmid, the intracellular fluorescence 

intensity was analyzed by ImageJ software (NIH) (n=5). The fluorescence intensity per 

image was normalized to cell number in the case of myoblasts or cell spread area in the 

case of myotubes for comparison. 

 

MTS colorimetric assay 

Cell viability was measured using the CellTiter 96® Aqueous One Solution MTS 

assay (Promega) according to the manufacturer’s instructions. Measurements were 

taken 24 hrs post administration for myoblasts and 72 hrs post administration for 

myotubes. In brief, cells were treated with 20uL per well assay reagent and incubated 

for 2 hrs at 37 °C. Absorbance (OD=490nm) was measured using a microplate reader 

(M5e, Molecular Device), and normalized to untreated control cells to determine 

percentage of cell viability (n=6). 

 

Statistical analysis 
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Results presented in Figures 2-6, 2-7, 2-8, 2-12, 2-13, 2-14, 2-17, 2-18C-D are 

shown as mean ± standard error of the mean (SEM) and comparison between two 

conditions was evaluated by the unpaired t-test (two-tailed). Results in Figure 2-18E-F 

are presented as mean ± standard deviation (SD) and comparison between groups was 

evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc 

test. p < 0.05 (*), p < 0.01 (**), p = 0.0001 (***), p < 0.0001 (****) were considered 

significant. Statistical analysis and graphs were generated using GraphPad Prism 6 

software. 

 

Results and Discussion  

Design and optimization of 4-arm PRX nanoparticles 

We have recently demonstrated effective delivery of a plasmid encoding 

interleukin (IL) in a cancer model using pristine 4-arm PRXs, which had improved gene 

delivery compared to the classic linear PRX163. Enhanced gene delivery of pristine 4-

arm PRX was due to the addition of α-cyclodextrin (CD) rings in a spatially and selective 

fashion onto only 2 out of the 4 PEG arms, which increased PEGylation density, thereby 

enhancing circulation time after IV administration while maintaining encapsulation of 

nucleic acid mediated by electrostatic interactions (Figure 2-1A). Unlike the pristine 4-

arm PRX, the classic linear PRX complexed with nucleic acid results in low PEGylation 

density, formation of a protein corona, opsonization, and clearance by the 

reticuloendothelial system (RES)163.  

The pristine 4-arm PRX was synthesized through previously optimized steps, 

namely 1) bulky end-group protection on 4-arm PEG-tetra-amine, 2) α-CD threading in 
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saturated sugar aqueous solution, 3) use of an amide coupling reaction to introduce Z-

L-tyrosine for PRX stabilization, and 4) amine functionalization (Figure 2-2)163. Here, we 

develop iterations of 4-arm PRXs and optimize delivery of large plasmid cargo to 

primary dystrophic muscle cells. The first approach was to add a redox-responsive 

disulfide linker between the cationic amine group and the α-CD ring, whereby cleavage 

leads to dissociation of the positive charge (Figure 2-1A, hereafter referred to as 

disulfide 4-arm PRX). For comparison, pristine linear and disulfide linear PRXs were 

also made (Figure 2-3). In the second approach, two different peptides were 

conjugated to the nanocarriers to improve targeting and muscle cell uptake (Figure 2-

1A). One is a cell-penetrating peptide (PipB) that has been shown to improve antisense 

oligonucleotide uptake to muscle169. The second involves coupling a synthetic ligand 

that interacts with neural cell adhesion molecule (NCAM), which is a receptor expressed 

on muscle cells, including muscle stem cells168. 

A representative image from atomic force microscopy (AFM) demonstrates self-

assembly of a plasmid encoding CRISPR DMDΔ45-55 with 4-arm PRX (Figure 2-1B). All 

PRX nanocarriers were extensively characterized for size, zeta-potential, number of CD 

rings, and optimized for plasmid loading (Figure 2-4 and Table 2-1). The optimal N/P 

ratio for each formulation was determined from an in vitro reporter assay using a 

tdTomato plasmid (Figure 2-5). The size and polydispersity index (PDI) of each 4-arm 

PRX at the optimized N/P ratio are described (Figure 2-1C). 

 

Addition of disulfide-sensitive linker in PRX mediates plasmid release in hDMD del45 

mdx murine muscle cells 
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We tested the ability of pristine and disulfide 4-arm PRXs to enter muscle cells 

and subsequently escape the lysosome. For this analysis, primary murine myoblasts 

(MB) and myotubes (MT) were obtained from the hDMD del45 mdx mouse77. This 

model contains a human DMD gene with an exon 45 deletion, which is a region of the 

gene targeted by CRISPR DMDΔ45-55 68. Pristine and disulfide 4-arm PRXs exhibited 

efficient plasmid uptake and were able to escape the lysosome in MB and MT (Figure 

2-6).  Pearson’s correlation coefficient (PCC) of overlap between a lysosomal marker 

(LAMP-1) and labeled CRISPR/Cas9 plasmid demonstrated a PCC index of less than 

0.7 for all PRXs, suggesting an ability to escape the lysosome at 24 hours (Figure 2-6). 

The pristine linear and disulfide linear PRXs demonstrated similar uptake and lysosomal 

escape as measured by PCC (Figure 2-7). Furthermore, the lack of difference in 

lysosomal escape between the pristine and disulfide designs was anticipated, as the 

disulfide linker was designed for a plasmid release mechanism only. Instead, PRXs may 

be able to escape the lysosomal compartment due to the “proton sponge” effect which 

has remained a hypothesis and a generally accepted mechanism for cationic 

polyplexes172-174.  

 The disulfide-sensitive linker is expected to enhance plasmid release in vitro 

resulting in a supramolecular dissociation upon exposure to the intracellular reducing 

environment. The disulfide linker was added to the positively charged α-CD amine 

groups by thiol-exchange reaction between pyridyldithiol-4-arm polyrotaxane and 

dimethylamino ethanethiol in aqueous solution (Figures 2-8A and 2-9). The addition of 

the disulfide linker was confirmed using 1H-NMR for the intermediate precursor and final 

product (Figure 2-10). Abiotic assessment of the redox-responsive linker was tested by 
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comparing pristine and disulfide 4-arm PRXs before and after incubation with 5mM 

dithiothreitol (DTT) for 30 minutes. We measured a shift in size suggesting dissociation 

between disulfide 4-arm PRX and plasmid while no change in size was observed for 

pristine 4-arm PRX (Figure 2-8B). Furthermore, a gel retardation assay of the disulfide 

4-arm PRX incubated with 2.5mM and 5mM DTT showed successful plasmid release 

(Figure 2-4E). To validate plasmid release in vitro, co-localization of the plasmid cargo 

(labeled with Cy3) and PRXs (labeled with FITC) was examined in hDMD del45 murine 

MB and MT. We observed almost complete co-localization (PCC value of 0.9) between 

the labeled FITC-pristine 4-arm PRX and Cy3-plasmid cargo in MB and MT 24 hours 

after incubation, which suggests that the nanoparticle did not release the plasmid 

(Figure 2-8C and 2-8D). As expected, the disulfide 4-arm PRX showed significantly 

enhanced dissociation in MB and MT 24 hours after incubation (PCC value of 0.63). 

These data suggest that addition of a disulfide-linker enhances plasmid release in 

mammalian cells, which are reported to have pools of reducing agents, such as 

intracellular glutathione (GSH: approximately 5mM)175-178.  

We next assessed whether the released plasmid cargo could traffic to the 

nucleus by measuring tdTomato reporter protein gene expression in MB and MT 

(Figure 2-11). Pristine and disulfide PRXs were packaged with a tdTomato reporter 

plasmid and were added to primary MB and MT and the percent of tdTomato positive 

cells was assessed at time points from 24 hours to 7 days. Disulfide linear and disulfide 

4-arm PRXs demonstrated significantly greater tdTomato positive MB at days 1, 2 and 7 

(Figures 2-12A and 2-13A). Likewise, there was a significant increase in tdTomato 

positive MT with the disulfide 4-arm PRX at days 3 and 7 (Figure 2-12B). While a slight 
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trend of increased tdTomato was observed in tdTomato positive MT with the disulfide 

linear PRX, it was not significantly different (Figure 2-13B). This observation suggests 

the limiting factor of transfection efficiency in MT may not be plasmid release. Instead, 

the inability of the disulfide linker to significantly increase tdTomato positive MT could be 

due to a lack of nuclear targeting since myotubes are non-dividing and do not undergo 

nuclear breakdown179.  

 

Peptide conjugation to 4-arm PRXs enhance plasmid delivery to muscle cells 

In order to improve the specificity and efficacy of PRX delivery to muscle, 

peptides were conjugated to the nanocarriers. Peptides were modified with cysteine and 

glycine spacers and were conjugated to the end of free PEG chains in DMAE-4-arm 

polyrotaxane-SMPT via thiol exchange chemistry on to the pristine 4-arm PRX (Figures 

2-14A and 2-15). Peptide modifications were confirmed using UV-vis and 1H-NMR 

(Figure 2-16). We were unable to conjugate peptides onto the disulfide 4-arm PRX 

since disulfide and peptide conjugation utilize the same thiol exchange reaction and 

thus the chemistry is technically challenging. However, two peptide-modified versions of 

pristine 4-arm PRX were generated to aid in muscle targeting. Since targeting muscle 

stem cells is desirable for long term therapeutic efficacy of CRISPR reframing, a ligand 

for neural cell adhesion molecule (NCAM) was conjugated to nanoparticles, since 

NCAM is known to be expressed on muscle cells, including both human muscle stem 

cells and activated mouse muscle stem cells (referred to as NCAM peptide)180-182. 

Another peptide, PipB, was conjugated to nanocarriers since PipB is a cell penetrating 
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peptide shown to increase phosphorodiamidate morpholino oligonucleotide (PMO) 

uptake in muscle169.  

NCAM binding to muscle cells was first validated in vitro by incubating a FITC-

labeled NCAM peptide with an immortalized mouse muscle cell line, C2C12. C2C12 

cells were differentiated to MT, which increase expression of NCAM right after myotube 

fusion168,183. Peptide binding was shown by enhanced FITC signal on C2C12s but not 

on the negative control cells, NCAM negative, B16 murine cancer cells (Figure 2-14B). 

Uptake of the peptide-modified nanocarriers was then tested in primary MB and 

MT compared to pristine 4-arm PRX. We observed that both peptide-conjugated 4-arm 

PRXs were able to escape the lysosome 24 hours post incubation (Figure 2-17). In 

addition, we observed that PipB 4-arm and NCAM 4-arm PRXs had faster plasmid 

uptake in vitro than the pristine 4-arm PRX (Figures 2-14C and 2-14D). There was 

significantly more intracellular labeled plasmid cargo observed 40 minutes after 

administration in cells incubated with peptide-conjugated versions compared to pristine. 

By 24 hours, this difference was less noticeable, although in MB, PipB 4-arm still had 

significantly more labeled plasmid cargo and both PipB 4-arm and NCAM 4-arm had 

more plasmid cargo in MT. Thus, both peptides are able to increase nanoparticle uptake 

in MB and MT in vitro and both do so to a similar extent.  

As a more relevant readout of peptide-conjugated 4-arm PRX gene delivery 

efficiency, we used tdTomato plasmid cargo and examined reporter protein expression 

in muscle cells 24 hours to 7 days post administration compared to reporter expression 

after delivery with the lipid-based Lipofectamine 2000 (Lipo 2000) transfection reagent. 

(Figures 2-18A-B and 2-19). Lipo 2000 yielded up to 16% and 33% tdTomato positive 
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MB and MT at 1week, respectively (Figures 2-18C and 2-18D). Peptide conjugation 

resulted in an approximately ninefold improvement of reporter expression when 

compared to the pristine 4-arm PRX, with up to 11% tdTomato positive MB for PipB and 

NCAM 4-arm PRXs at 1 week (Figure 2-18C). Furthermore, peptide conjugation 

resulted in up to 27% and 24% tdTomato positive MT for NCAM and PipB 4-arm PRXs, 

respectively at 1 week, which significantly improved reporter expression by ~85-fold 

compared to the pristine 4-arm PRX (Figure 2-18D). sThe enhanced uptake observed 

with the peptide-modified 4-arm PRXs support the increased tdTomato transfection 

results. 

Next, the cytotoxicity of all PRX formulations and Lipo 2000 was assessed on 

primary MB and MT by MTS colorimetric assay. The same concentration of PRXs 

complexed with the CRISPR plasmid were added to primary murine MB and MT in vitro 

and cell viability was measured 24 hours and 72 hours post-incubation, respectively. 

There was no observed significant difference in the percent viability for PRX treated MB 

or MT compared to mock treated control cells (Figure 2-18E and 2-18F). However, 

there was a significant reduction in cell viability for MB treated with Lipo 2000 (65% cell 

viability), indicative of cytotoxicity which has previously been reported for Lipofectamine 

transfections184,185. These results suggest that all PRX formulations are not significantly 

cytotoxic in vitro. 

 

PRXs successfully deliver CRISPR/Cas9 to humanized dystrophic myoblasts and 

myotubes in vitro 
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PRX efficacy for delivery of a plasmid encoding CRISPR DMDΔ45-55 was tested in 

primary murine MB and MT. CRISPR DMDΔ45-55 consists of two gRNAs, one targeted to 

intron 44 (44C4) and one to intron 55 (55C3), along with SpCas9, that causes deletion 

of DMD exons 45-55 by NHEJ and reframing of the gene (Figure 2-20A)68,77. Delivery 

of CRISPR DMDΔ45-55 using the disulfide linear PRX demonstrated successful deletion 

of exons 45-55 as determined by genomic DNA PCR using one primer pair internal to 

the deletion (undeleted) and one flanking the deletion (deleted allele) after 1 week. 

However, delivery using the pristine linear PRX did not generate a detectable deletion, 

even up to 2 weeks after administration (Figure 2-21A). CRISPR DMDΔ45-55 

administration using the disulfide 4-arm PRX also led to efficient CRISPR/Cas9-

mediated deletion at 1 week compared to the pristine 4-arm PRX (Figure 2-21B). The 

enhanced DNA editing observed with the disulfide modified PRXs is likely due to the 

improved redox-responsive release mechanism of the CRISPR plasmid. 

Since the highest tdTomato transfection efficiency was observed with the 

peptide-conjugated 4-arm PRXs (Figure 2-18), these formulations were also tested for 

their ability to deliver CRISPR DMDΔ45-55. PipB 4-arm and NCAM 4-arm PRXs carrying 

CRISPR DMDΔ45-55 were added to primary hDMD del45 MB and NCAM 4-arm PRXs to 

MT. Subsequent assessment of genomic DNA at day 5 demonstrated effective deletion 

of DMD exons 45-55 as analyzed by PCR (Figures 2-20B and 2-21C-D). Sequencing 

of the rejoining site in the deleted product was performed to demonstrate successful 

deletion and NHEJ of introns 44 and 55. Representative sequencing traces demonstrate 

a 1bp insertion or seamless rejoining at the junction site, however since these indels are 

in the middle of the intron we do not expect them to have any detrimental effects, as 
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demonstrated in our prior study (Figure 2-20C)68. Thus, both the peptide-modified 4-

arm and disulfide 4-arm PRXs are effective delivery vehicles of DNA to humanized 

dystrophic muscle cells, including the large CRISPR/Cas9 plasmid. 

 

PRX formulations fail to enter skeletal muscle fibers after intravenous delivery in a 

mouse model of DMD 

We next sought to assess in vivo biodistribution of our 4-arm PRX formulations. 

4-arm PRXs loaded with Cy3-labeled plasmid were intravenously (i.v.) administered to 

our humanized dystrophic mouse model and muscles were imaged 24 hrs post-

injection. IVIS imaging demonstrated 4-arm PRXs inefficiently trafficked to skeletal 

muscle, with limited detection observed in the diaphragm and no detection in the heart, 

which are necessary organs to target in order to alter disease course (Figure 2-22A). 

The 4-arm PRXs were predominantly sequestered in the liver following i.v. delivery. 

Immunofluorescent analysis revealed the 4-arm PRXs often co-localized with laminin 

and were confined to the basal lamina and/or interstitial space (Figure 2-22B). 

Unexpectedly, the NCAM 4-arm PRX resulted in poor distribution to skeletal muscle 

compared to its 4-arm PRX counterparts. Nevertheless, we failed to observe 4-arm 

PRXs within muscle fibers following systemic or local delivery (data not shown), which 

strongly suggests that the extracellular matrix and/or basal lamina may pose as an 

additional barrier for in vivo trafficking. 
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Conclusion 

To summarize, 4-arm PRX nanocarriers have been developed and iteratively 

optimized for efficient delivery of large plasmid cargo such as CRISPR/Cas9, to primary 

muscle cells. This study highlights the key advantages of PRXs over other 

nanomaterials, since they are devoid of cytotoxicity, have a large loading capacity, and 

are chemically tunable to modify their physiochemical properties to enhance gene 

delivery efficiency. Moreover, we expect PRX nanocarriers could likely be adapted for 

other nucleic acids such as RNA, which is an approach that offers some advantages for 

CRISPR delivery compared to DNA, since RNA would not have potential for genomic 

integration and is short-lived, which could reduce the chance of off-target effects. The 

innovative aspects of this study include the addition of the disulfide-responsive linker, 

which enhanced plasmid release following cellular uptake, and conjugation of PipB and 

NCAM peptides, which augmented gene delivery. Furthermore, this study demonstrated 

proof-of-concept that 4-arm PRX nanocarriers can deliver a previously validated 

CRISPR/Cas9 gene editing platform to humanized dystrophic muscle cells and achieve 

deletion of DMD exons 45-55. This work lays a foundation for use of the 4-arm PRX as 

an efficacious in vitro transfection reagent for muscle cells and sets a path to improve 

systemic delivery for future in vivo studies. 
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Figures 

 

Figure 2-1: Design and optimization of the pristine 4-arm PRX nanoparticle. 
A) Cartoon depicting the 4-arm PRX design containing a 4-arm PEG chain (yellow) with 
positively charged a-CD rings (pink). When plasmid DNA (pDNA) is added (in blue) the 
positively charged PRX and negatively charged nucleic acids self-assemble. 4-arm 
PRXs can be modified to include a redox-responsive disulfide linker (in green) or 
conjugated with peptides (in orange) for cell targeting. 
B) Atomic force microscopy images of free plasmid encoding CRISPR DMDΔ45-55 before 
(top) and after nanoparticle formation with 4-arm PRX (bottom). Scale bar represented 
as 200nm.  
C) Summary of physiochemical properties, size, and polydispersity (PDI) of all 4-arm 
PRX formulations. 
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Figure 2-2: Scheme for the synthesis of pristine 4-arm PRX. 
Four steps were involved in the synthesis of pristine 4-arm PRX, as we described 
previously163. (i) Two arms of a 4-arm PEG tetra-amine were selectively blocked by 
NHS-Fluorescein. (ii) The 4-arm PEG diamine was then added to aqueous saturated 
solution of a-CDs to form a 2/4-arm polypseudorotaxane inclusion complex. (iii) The 
amino ends of 2/4 arm polypseudorotaxane were blocked with Z-L-Tyr. (iv) The a-CDs 
in the 2/4-arm polyrotaxane were modified with positively charged amine groups by 
reaction with DMAE and CDI in DMSO. 
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Figure 2-3: Scheme of linear PRXs. 
A) Schematic structure of pristine and disulfide linear PRX nanoparticles with a-CD 
rings threaded along a linear PEG backbone. Positively charged PRX self-assemble 
and encapsulate plasmid DNA. 
B) Chemical structure of pristine and disulfide linear PRXs. The pristine PRX and 
disulfide linear PRX were synthesized according to previously published protocols166,167. 
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Figure 2-4: Characterization of all PRXs across different N/P ratios. 
Shown are DNA gel retardation assays of size and z-potential characterization of 
CRISPR/Cas9 plasmid (px333) laden PRXs with various N/P ratios in water. All PRX 
formulations demonstrate an N/P ratio>1:1, suggesting the effective encapsulation of 
CRISPR plasmid. When incubated with DTT solution, disulfide 4-arm PRX 
demonstrated redox-responsive release of CRISPR plasmid. 
A) Pristine linear PRX. 
B) Disulfide linear PRX. 
C) Pristine 4-arm PRX. 
D) Disulfide 4-arm PRX. 
E) Disulfide 4-arm PRX after incubation with DTT. 
F) Peptide conjugated 4-arm PRX. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 45 

Table 2-1: Summary of physiochemical properties of all PRX formulations used in 
this study. 
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Figure 2-5: Heat map of N/P ratio optimization across all PRX formulations using 
tdTomato reporter plasmid as cargo in MC38 colon cancer cells. 
Shown is the percent tdTomato positive MC38 colon cancer cells 72 hrs after 
transfection in vitro with various PRX formulations across different N/P ratios. 
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Figure 2-6: Pristine and disulfide 4-arm PRXs are efficiently taken up and can 
escape the lysosome in muscle cells in vitro. 
A-B) Confocal microscopy images of intracellular trafficking of pristine 4-arm and 
disulfide 4-arm PRX nanoparticles carrying Cy3-labeled CRISPR plasmid (red) and 
stained with lysosomal marker, LAMP-1 (cyan), and DAPI (blue) in hDMD del45 mdx 
myoblasts (MB) and myotubes (MT) at 24 hrs. Pearson’s correlation coefficient (PCC) 
quantification between plasmid and LAMP-1 co-localization for pristine 4-arm and 
disulfide 4-arm PRXs in MB and MT. A lower correlation coefficient demonstrates a 
dissociation between Cy3 plasmid and LAMP-1 signals. Scale bar represented as 
25μm. Graphs depict average ± standard error of the mean (SEM). NS: not significant. 
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Figure 2-7: Linear PRXs are efficiently taken up and can escape the lysosome in 
muscle cells in vitro. 
A) Confocal microscopy images of intracellular trafficking of pristine and disulfide linear 
PRX nanoparticles carrying Cy3-labeled CRISPR/Cas9 plasmid (red) and stained with 
lysosomal marker, LAMP-1 (cyan) and DAPI (blue) in hDMD del45 mdx MB and MT at 
24 hrs. Pearson’s correlation coefficient (PCC) quantification between plasmid and 
LAMP-1 co-localization for pristine and disulfide linear PRXs in MB and MT. Correlation 
coefficient demonstrate a dissociation between Cy3 plasmid and LAMP-1 signals. Scale 
bar represented as 25μm. Graphs depict average ± standard error of the mean (SEM). 
NS: not significant. 
 

 

 

 

 

 



 49 
 



 50 

Figure 2-8: Addition of redox-sensitive disulfide linker mediates plasmid release 
abiotically and in vitro. 
A) Synthesis scheme for disulfide 4-arm PRX. Two arms of 4-arm PEG were selectively 
threaded with a-CD rings and further functionalized with pyridyldithioal groups. Tertiary 
amines were then conjugated via thiol-exchange chemistry with dimethylamino 
ethanethiol. The disulfide 4-arm PRX was designed to facilitate intracellular plasmid 
release in response to a redox signal.  
B) Size characterization of CRISPR plasmid laden disulfide 4-arm PRX before and after 
incubation with 5mM DTT (reducing reagent). The significant change in particle size 
demonstrated the redox-responsive dissociation of CRISPR plasmid with the disulfide 4-
arm PRX.  
C-D) Confocal microscopy images of pristine 4-arm and disulfide 4-arm PRX 
nanoparticles labeled with FITC (green) containing Cy3-labeled CRISPR plasmid cargo 
(red) 24 hr after administration in hDMD del45 MB and MT. PCC quantification of PRX 
and plasmid co-localization with pristine 4-arm and disulfide 4-arm PRX showing 
reduced co-localization in disulfide 4-arm PRXs demonstrating increased plasmid 
release (in red). Scale bar represented as 25μm. Graphs depict average ± standard 
error of the mean (SEM). NS: not significant; *p < 0.05; **p < 0.01; ***p = 0.0001.  
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Figure 2-9: Scheme for the synthesis of disulfide 4-arm PRX. 
Disulfide linkage between a-CDs on 4-arm polyrotaxane and the cationic charge were 
introduced via the thiol-exchange reaction between the pendant pyridyldithiol groups on 
a -CDs and dimethylamino ethanethiol. 4-arm polyrotaxane end-capped with Z-L-Tyr 
were synthesized as described above for pristine 4-arm PRX. The a -CDs in 2/4-arm 
polyrotaxane were further functionalized with pyriyldithiol groups. 2/4-arm polyrotaxane 
(100mg) was first dissolved in DMSO (2mL) together with CDI (211mg) and stirred for 
30 mins at room temperature. Pyridyldithiol-cysteamine (322 mg) was then added to the 
solution and reacted overnight at room temperature. The resulting pyridyldithiol-4-arm 
polyrotaxane was precipitated in diethyl ether and washed sequentially in acetone and 
methanol. The α-CDs with cleavable positively charged amine groups were generated 
by thiol-exchange reaction between pyridyldithiol-4-arm polyrotaxane and 
dimethylamino ethanethiol. Pyridyldithiol-4-arm polyrotaxane (150mg) reacted with 
dimethylamino ethanethiol hydrochloride (124mg) under nitrogen protection for 24 hrs. 
The resulting disulfide 4-arm PRX was precipitated in acetone and repeatedly 
concentrated with DI water using Amicon centrifugal filters (MWCO=10kDa) to remove 
excess pyridyldithiol-cysteamine. 
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Figure 2-10: 1H-NMR characterization for disulfide linear and 4-arm PRX. 
A) 1H-NMR characterization of pristine linear PRX in d6-DMSO and pristine linear PRX 
in deuterated water. 
B) 1H-NMR characterization of disulfide linear PRX d6-DMSO and disulfide linear PRX 
in deuterated water. 
C) 1H-NMR characterization of pyridyldithiol-cystamine in d6-DMSO. The peaks are 
consistent with previously published findings165. 
D) 1H-NMR characterization of disulfide 4-arm PRX in d6-DMSO to characterize the 
number of a-CDs, and the DMAE-disulfide 4-arm PRX in deuterated water to 
characterize the density of cationic charge. The integration of C1(H) peak (da) from a -
CD and -CH2CH2O- peak (df) from PEG were used to calculate the total number of a -
CD per PRX polymer. The cationic charge density was determined via the integrations 
of -N(CH3)2 peak (dg) from DMAE and C1(H) peak (da) from a -CD in 1H-NMR spectra 
as we previously reported163. 
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Figure 2-11: Representative images of tdTomato expression. 
Example images of tdTomato (red) and brightfield across pristine linear, disulfide linear, 
pristine 4-arm, and disulfide 4-arm PRX nanoparticles carrying a tdTomato reporter 
plasmid. 
A) hDMD del45 mdx MB at days 1, 2, and 7. Scale bar represented as 50μm. 
B) hDMD del45 mdx MT at days 1, 3, and 7. Scale bar represented as 50μm. 
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Figure 2-12: Pristine and disulfide 4-arm PRX nanoparticles successfully deliver 
tdTomato reporter plasmid to muscle cells in vitro. 
A-B) Transfection efficiencies of pristine and disulfide 4-arm PRX nanoparticles carrying 
tdTomato reporter plasmid in hDMD del45 mdx MB measured at days 1, 2, and 7 or in 
hDMD del45 mdx MT measured at days 1, 3, and 7. Transfection efficiency was 
assessed in triplicate across two independent experiments. Graphs depict average ± 
standard error of the mean (SEM). NS: not significant; *p < 0.05; **p < 0.01; ***p = 
0.0001; ****p < 0.0001. 
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Figure 2-13: Efficiency of tdTomato transfection by pristine linear PRX and 
disulfide linear PRX. 
A-B) Transfection efficiencies of the percent of tdTomato positive cells across pristine 
and disulfide linear PRX nanoparticles carrying tdTomato reporter plasmid in hDMD 
del45 mdx MB measured at days 1, 2, and 7 or MT measured at days 1, 3, and 7. 
Transfection efficiency was assessed in triplicate across two independent experiments 
for MB and MT. Graphs depict average ± standard error of the mean (SEM). NS: not 
significant; *p < 0.05; **p < 0.01; ***p = 0.0001; ****p < 0.0001. 
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Figure 2-14: Peptide conjugated PRXs enhance the rate and abundance of 
nanoparticle uptake. 
A) Synthesis scheme for PipB and NCAM peptide conjugation on pristine 4-arm PRX. 
The cysteine modified peptide (NCAM peptide or PipB peptide) was conjugated through 
a thiol exchange reaction. 
B) Imaging of an NCAM peptide labeled with FITC added to C2C12 myotubes or B16 
cancer cells (non-muscle cell controls) for 6hrs. Quantification of fluorescence intensity 
of NCAM peptide on C2C12s is compared to B16 controls across various 
concentrations of peptide. 
C-D) Confocal microscopy images of intracellular trafficking of pristine 4-arm, PipB 4-
arm, and NCAM 4-arm PRX nanoparticles carrying Cy3-labeled plasmid (red) in hDMD 
del45 mdx MB and MT stained with DAPI (blue) and acting (phalloidin, cyan) or myosin 
heavy chain (MyHC, cyan), respectively. Imaging is shown 40 mins and 24 hrs post-
administration. Quantification of Cy3 plasmid intensity in MB and MT at 40 mins and 24 
hrs post-administration is shown to demonstrate enhanced uptake with peptide 
conjugation. Scale bar represented as 25μm. Graphs depict average ± standard error of 
the mean (SEM). NS: not significant; *p < 0.05; **p < 0.01; ***p = 0.0001; ****p < 
0.0001. 
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Figure 2-15: Scheme for the synthesis of peptide conjugated 4-arm PRX. 
4-arm tetra amine were selectively end-capped with the thiol-reactive functional group 
SMPT, which provided the conjugation site for cysteine modified peptide. Two arms of a 
4-arm PEG tetra-amine polymer were selectively blocked with SMPT in DMF at fixed 
feed ration (4-arm PEG: SMPT=1:2, molar ratio). Briefly, 4-arm PEG tetra-amine 
hydrochloride salt 10kDa (103mg) was dissolved in DMF (5mL) with TEA (6mg) before 
SMPT (7.6mg) was added and stirred at room temperature overnight. The resulting 4-
arm PEG diamine-SMPT was precipitated in cold ethyl ether. The formation of 4-arm 
polypseudorotaxane-SMPT, introducing Z-L-Tyr endcaps and the functionalization of 
DMAE cationic charge were the same as described for the synthesis of pristine 4-arm 
PRX163. For peptide conjugation, the cysteine modified peptide (NCAM peptide or PipB 
peptide) were mixed with DMAE-4-arm polyrotaxane-SMPT at a molar ratio of 5:1 in 
aqueous solution (5mL) and incubated for 2 hrs at room temperature. The pyridine-2-
thione generated from the thiol-exchange reaction was collected and quantified by UV-
vis spectroscopy to confirm peptide conjugation. 
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Figure 2-16: Characterization of peptide conjugated 4-arm PRX. 
A) 1H-NMR characterization of 4-arm PRX-SMPT in d6-DMSO to characterize the 
number of a-CDs and DMAE-4-arm PRX-SMPT (the precursor before peptide 
conjugation) in deuterated water to characterize the cationic charge density. 
B) UV-Vis characterization of the pyridine-2-thione molecule which was generated by 
thiol-exchange reaction between cysteine-modified peptide and DMAE-4-arm PRX-
SMPT. The increase in absorbance between 340nm – 380nm confirmed peptide 
conjugation. 
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Figure 2-17: Peptide conjugated PRXs are efficiently taken up and can escape the 
lysosome in muscle cells in vitro. 
Confocal microscopy images of intracellular trafficking of PipB 4-arm and NCAM 4-arm 
PRX nanoparticles carrying Cy3-labeled CRISPR/Cas9 plasmid (red) and stained with 
lysosomal marker, LAMP-1 (cyan) and DAPI (blue) in hDMD del45 mdx MB and MT at 
24 hrs. Pearson’s correlation coefficient quantification between plasmid and LAMP-1 co-
localization for PipB 4-arm and NCAM 4-arm PRXs in MB and MT. Correlation 
coefficient demonstrate a dissociation between Cy3 plasmid and LAMP-1 signals. Scale 
bar represented as 25μm. Graphs depict average ± standard error of the mean (SEM). 
NS: not significant. 
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Figure 2-18: Peptide conjugated PRXs enhance transfection efficiency in vitro. 
A-B) Representative images of tdTomato expression (red) merged with brightfield 
across pristine 4-arm, PipB 4-arm, NCAM 4-arm PRX nanoparticles, and Lipofectamine 
2000 carrying tdTomato reporter plasmid in hDMD del45 MB at day 1 and hDMD del45 
MT at day 7. Scale bar represented as 50μm. 
C-D) Transfection efficiencies of pristine 4-arm, PipB 4-arm, NCAM 4-arm PRXs, and 
Lipofectamine 2000 measured at days 1, 2, and 7 or days 1, 3, and 7, respectively. 
Transfection efficiency was assessed in triplicate across two independent experiments. 
Graphs depict average ± standard error of the mean (SEM). 
E-F) Cell viability determined by MTS assay of hDMD del45 MB and MT treated with all 
PRX formulations and Lipofectamine 2000 24 hrs and 72 hrs post-treatment, 
respectively. Cell viability was assessed in triplicate. Graphs depict average ± standard 
deviation (SD). NS: not significant; *p < 0.05; **p < 0.01; ***p = 0.0001; ****p < 0.0001. 
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Figure 2-19: Representative images of tdTomato expression. 
Example images of tdTomato (red) and brightfield across pristine 4-arm, PipB 4-arm, 
NCAM 4-arm PRX nanoparticles, and Lipofectamine 2000 carrying a tdTomato reporter 
plasmid. 
A) hDMD del45 mdx MB at days 1, 2, and 7. Scale bar represented as 50μm. 
B) hDMD del45 mdx MT at days 1, 3, and 7. Scale bar represented as 50μm. 
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Figure 2-20: Efficient CRISPR/Cas9 editing of DMD exons 45-55 in primary hDMD 
del45 mdx muscle cells after PipB 4-arm and NCAM 4-arm PRX delivery. 
A) Cartoon depicting the region of the human DMD gene (not to scale) in hDMD del45 
mdx muscle cells targeted for CRISPR/Cas9 deletion. One gRNA to intron 44 and one 
to intron 55 target the Cas9 nuclease to generate double stranded breaks and result in 
removal of exons 45-55. This creates an in-frame deletion that restores the reading 
frame for the out-of-frame exon 45 deletion (black arrow head). 
B) PCR on genomic DNA to detect successful deletion of exons 45-55. One primer pair 
(purple arrows in A) flanks the deletion region in introns 44 and 55 and produces a 
788bp band when the deletion has occurred. Another primer pair (red arrows in A) is 
located internal to the deletion and produces a band at 1,201bp for the undeleted allele 
as a control. Successful deletion of exons 45-55 was seen in MB after CRISPR delivery 
by PipB 4-arm and NCAM 4-arm PRXs. Untreated (mock) and water only (ddH2O) are 
also shown. 
C) Sequencing of the rejoining site revealed successful deletion and rejoining of introns 
44 and 55. Example sequences traces are shown demonstrating a 1bp insertion for MB 
PipB 4-arm and seamless rejoining for MB NCAM 4-arm. These intronic indels are 
expected to be inconsequential for dystrophin protein production. 
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Figure 2-21: Effective CRISPR/Cas9 editing of DMD exons 45-55 in primary murine 
muscle cells. 
A) PCR on genomic DNA to detect successful deletion of exons 45-55 (purple arrow) or 
the undeleted allele (red arrow) in wildtype hDMD MT with pristine and disulfide linear 
PRXs at day 7 (D7) or day 14 (D14). Untreated (mock) is also shown. 
B) PCR on genomic DNA to detect successful deletion of exons 45-55 (purple arrow) or 
the undeleted allele (red arrow) in hDMD del45 MB with pristine linear and pristine and 
disulfide 4-arm PRXs at day 7 (D7). Untreated (mock) and water only (ddH2O) are also 
shown. 
C) PCR on genomic DNA to detect successful deletion of exons 45-55 (purple arrow) or 
the undeleted allele (red arrow) in hDMD del45 MB with peptide conjugated 4-arm 
PRXs at day 5 (D5). This is a second independent experiment of Figure 2-21B. 
Untreated (mock) and water only (ddH2O) are also shown. 
D) PCR on genomic DNA to detect successful deletion of exons 45-55 (purple arrow) or 
the undeleted allele (red arrow) in hDMD del45 MT with NCAM 4-arm PRX at day 5 
(D5). Untreated (mock) and water only (ddH2O) are also shown. 
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Figure 2-22: Intravenous delivery of PRX nanoparticles inefficiently traffic to 
muscle and appear confined to the basal lamina and extracellular space. 
A) Cy3-labeled plasmid complex with PRX assessed for biodistribution using the IVIS 
Spectrum in vivo imaging system. Muscle tissues and off-target organs were harvested 
24 hrs after administration. Q (quadriceps), TA (tibialis anterior), EDL (extensor 
digitorum longus), G (gastrocnemius), Tri (triceps), Dia (diaphragm), H (heart), Lu 
(lung), S (spleen), Li (liver), and K (kidney). 
B) Imaging of gastrocnemius muscle 24 hr after intravenous delivery of PipB 4-arm PRX 
containing Cy3-labeled plasmid (red), muscle fibers are stained with laminin (gray), and 
nuclei are stained with DAPI (blue). PRX formulations are found exclusively outside 
fibers residing near the basal lamina and/or interstitial space.  
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Chapter 3 – Identification of Novel AAV Capsid Variants by Screening a Peptide-

display Library 

 

Abstract 

Duchenne muscular dystrophy (DMD) is a monogenic disease caused by out-of-

frame mutations in the DMD gene, which results in lack of dystrophin production. 

Systemic delivery of CRISPR/Cas9 using adeno-associated viruses (AAV) has 

demonstrated therapeutic success in models of DMD. However, gene correction is not a 

life-long therapy due to the natural myonuclear turnover of skeletal muscle and inability 

to efficiently target muscle stem cells (MuSCs), thereby reducing the number of 

CRISPR-corrected myonuclei and dystrophin expression over time. We hypothesize 

that skeletal muscle and MuSCs will likely require genomic correction in order to 

achieve a long-lasting therapy. Here, we develop and screen an AAV peptide-display 

library, which displays a unique heptameric peptide on the capsid surface that 

corresponds to the packaged vector genome, in order to select for novel AAV capsid 

variants with enhanced tropism to skeletal muscle and MuSCs. After two consecutive 

rounds of selection in vivo, we prioritize capsid candidates with high fold enrichment 

after each step in the screening process and low fold enrichment in off-target organs for 

secondary validation. As a result, we identify 9 unique and highly enriched skeletal 

muscle and MuSC-tropic AAV capsid variants with reduced enrichment in the liver. 

Ongoing validation studies will determine which capsid variants have superior 

transduction efficiency to skeletal muscle and MuSCs. The identification of skeletal 
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muscle and MuSC-tropic AAVs offers potential to provide a long-lasting supply of 

CRISPR-corrected MuSCs and a life-long sustainable therapy for DMD. 

 

Introduction 

  Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disorder 

typically caused by frameshifting mutations in the DMD gene encoding dystrophin. Due 

to the nature of these mutations, DMD is amenable to gene editing (e.g., CRISPR/Cas9) 

and gene replacement strategies (e.g., mini- and micro-dystrophin). Adeno-associated 

viruses (AAVs) are small, naturally occurring viruses that are capable of infecting a wide 

range of vertebrates including humans111,186. Recombinant AAVs generated using 

naturally occurring serotypes are the most commonly used vehicles to systemically 

deliver gene editing and gene replacement strategies in preclinical and clinical 

studies187,188. Yet, systemic delivery of AAV-mediated gene therapies remains a 

substantial challenge for neuromuscular disorders, such as DMD, in which all muscles 

are affected and comprise ~40% of the total body mass.  

Studies have shown that a single systemic administration of AAV carrying 

CRISPR/Cas9 in dystrophic mice restores dystrophin expression in a variety of muscle 

groups, but CRISPR-corrected myonuclei and dystrophin expression is lost over 

time116,119. The loss of dystrophin and CRISPR-corrected myonuclei is likely due to 

several factors including: i) insufficient levels of dystrophin to protect the weakened 

sarcolemmal-membrane that exists in dystrophic muscle, ii) inefficient targeting of 

muscle stem cells (MuSCs) by AAV so any new fibers that arise from regeneration will 

not be CRISPR-corrected and will continue to dilute the percent of edited myonuclei in 
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differentiated skeletal muscle, and iii) natural myonuclear turnover in skeletal muscle 

further reduces number of gene-edited myonuclei119. The inability of AAV to target 

MuSCs is further supported by three independent studies, which confirm that AAV-

CRISPR inefficiently transduces MuSCs resulting in gene editing efficiencies of ~1-3% 

in the mdx mouse71,117,118. Thus, AAV-mediated gene therapies will likely require 

MuSCs targeting in order to achieve a self-sustaining long-lasting therapy for DMD. 

Therapeutic applications of AAV-mediated gene therapies for neuromuscular 

diseases are further limited by selective transduction as the most commonly used AAV 

serotypes are sequestered in non-therapeutic organs, such as the liver116,119,189. Several 

groups have attempted to overcome the aforementioned limitations either by increasing 

the dose of gRNA to Cas9 AAV vector ratio, which enhances gene-editing 

efficiency115,190 or implementing a combinatorial treatment whereby AAV-CRISPR and 

AAV-micro-dystrophin are co-administered, which maintains long-term dystrophin 

expression119. Although these results are encouraging, these strategies require a large 

viral dose that may induce immune-related toxicities previously reported in large animal 

models of DMD79,134 as well as in ongoing human DMD clinical trials59,191. Moreover, the 

need for a high vector dose creates additional challenges for AAV manufacturing and 

scalability135. Taken together, we hypothesize that a novel AAV capsid variant capable 

of enhanced skeletal muscle and MuSC transduction along with reduced liver targeting, 

will result in a more efficacious and longer-lasting gene therapy for DMD.  

AAV capsid engineering is an effective strategy to generate novel capsid variants 

with new properties such as re-directed tissue tropism. AAV capsid engineering 

technology can be divided into three main categories: i) rational design192,193, ii) 



 73 

computational design by machine learning194,195 and iii) high throughput capsid library 

screening196-199. Novel capsids with re-directed tissue tropism have been successfully 

generated using site-directed mutagenesis by rational design200,201. However, there are 

major pitfalls with rational design, which requires a mechanistic understanding of AAV 

transduction, host-receptor interactions as well as capsid structural information202,203. As 

a result, rational design is time consuming and often yields a low diversity of capsid 

mutants for experimentation204. Machine learning is a recently developed method that 

uses an algorithm trained on experimental data to predict whether capsid variants will 

generate a viable capsid to successfully package the DNA vector payload194. However, 

machine learning relies on experimental data and is currently unable to predict which 

variants will have enhanced tissue-specific transduction properties due to the same 

limitations affecting site-directed rational design204. Currently, an advantageous method 

for identifying capsid variants with re-directed tissue tropism in a high throughput 

fashion is by screening diverse capsid libraries generated via capsid shuffling205,206 or 

peptide-display197,198. Peptide-display libraries are capsids containing unique random 

peptide sequences displayed on the surface of the viral capsid. The use of peptide-

display libraries coupled with in vitro and/or in vivo selection has led to the identification 

of capsid variants with newly acquired tissue and cell type specificity to the lung207, 

endothelial cells208, neurons209-212, astrocytes212, T lymphocytes213, heart213-216 and 

skeletal muscle215. However, no study has been conducted to identify AAV capsid 

variants with specificity to MuSCs.  

In this study, we further confirm what others have reported and demonstrate that 

systemic delivery of AAV9-CRISPR is unable to target MuSCs in adult and inefficiently 



 74 

targets MuSCs in neonate dystrophic mice. We utilize an AAV9 peptide display library to 

select and identify novel AAV capsid variants with enhanced targeting to both MuSCs 

and skeletal muscle. In addition, we refine the identification of lead AAV candidates by 

selecting for AAV capsids with high skeletal muscle and/or MuSC-specific enrichment 

along with reduced enrichment in the liver. The use of peptide display libraries allows for 

the identification of novel AAV capsid variants capable of transducing less permissive 

cell types such as MuSCs. Additional validation studies are ongoing in order to confirm 

the efficacy of lead skeletal muscle and MuSC-specific AAV capsid variants. 

 

Materials and Methods 

Mice 

All animal care and work were conducted under protocols approved by the UCLA 

Animal Research Committee in the Office of Animal Research Oversight. hDMD del45 

mdx mice were generated and genotyped as described77. 

 

Cell lines 

AAV packaging was carried out in the AAVpro293T (HEK293T) cell line, 

purchased from Takara Bio Inc. HEK293T cells were maintained in Dulbecco’s Modified 

Eagle Medium (Thermo Fisher) supplemented with 10% heat-inactivated fetal bovine 

serum (Thermo Fisher), 1% MEM Non-Essential Amino Acids (NEAA, Thermo Fisher), 

1% GlutaMAXTM supplement (Thermo Fisher), and 1% Penicillin-Streptomycin (P/S, 

Thermo Fisher). HEK293T cells were passaged using 0.05% Trypsin-EDTA (Thermo 

Fisher).  
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Constructs 

 To test AAV9 transduction and gene editing in skeletal muscle and muscle stem 

cells the following constructs were used: CK8e-Cas9 (pAAV-CK8e-Cas9), CMV-Cas9 

(pAAV-CMV-Cas9) and gRNA vectors (pAAV-Target44C4+55C3). The original Cas9 

(pAAV-CK8e-Cas9) and targeting vector plasmids (pAAV-Target) were a gift from Dr. 

Jeffrey S. Chamberlain and were generated as described73. Our gRNAs targeting 

introns 44 (gRNA 44C4) and 55 (gRNA 55C3) were cloned into the pAAV-Target 

plasmid in tandem (referred to as pAAVTarget-44C4+55C3). pAAV-CMV-Cas9 plasmid 

was obtained from Addgene (plasmid #106431). 

 To generate recombinant AAV libraries, we generated a Cap-depleted Rep 

plasmid (pRep). pRep-Cap plasmid (Cell Biolabs Inc.) was used to generate Cap-

depleted Rep plasmid (pRep). pRep-Cap was digested with ZraI and SrfI to partially 

remove the rep gene and remove the capsid coding gene. Gibson Assembly (New 

England BioLabs) was used to clone in the partially removed rep gene encoded by a 

gBlock (IDT) that contained homology arms against the ZraI and SrfI digested pRep-

Cap backbone. 

To generate the AAV library plasmid: The ITR-containing Cap(NNK7) library 

plasmid (pAAV-library) was generated using NEBuilder HiFi DNA Assembly (New 

England BioLabs), hereafter referred to as pCapNNK7. In brief, a 2,221bp gBlock (IDT) 

encoding the AAV9 capsid gene was synthesized (Cap9-modified) to contain two 

incompatible SfiI restriction sites as described previously208. The Cap9-modified gBlock 

also contained an insertion of two adenines in between the SfiI loci creating a frameshift 
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in order to prevent capsid formation from plasmids that had unsuccessful 21 

oligonucleotide insertion by cloning208. In order to maintain the reading frame of the 

assembly activating protein (AAP) and the capsid reading frame, which is required for 

VP oligomerization during capsid assembly217, a 487bp gBlock (IDT) encoding the p40 

promoter was synthesized (p40). The p40 and Cap9-modified gBlocks were cloned in 

MluI- and AfeI-digested ITR-containing plasmid (Cell Biolabs Inc.) using NEBuilder HiFi 

DNA Assembly according to the manufacturer’s instructions. The newly assembled 

plasmid was the precursor plasmid (pCap9-precursor) used to clone the randomized 21-

oligonucleotide using the incompatible SfiI loci to create pAAV-library. To create pAAV-

library, a 79bp single-stranded oligonucleotide (ss-oligoNNK7) fragment containing the 

randomized NNK7 library flanked by homology arms against the incompatible SfiI loci 

was synthesized (IDT). pAAV-library was assembled by SfiI digestion of the pCap9-

precursor plasmid, and assembled with ss-oligoNNK7 using NEBuilder HiFi DNA 

Assembly according to the manufacturer’s instructions. In theory, the pAAV-library 

plasmid has 32 possible DNA permutations and 20 possible amino acid permutations, 

which results in a theoretical diversity of 32^7 (3.4 x 1010) DNA permutations and 20^7 

(1.28 x 109) amino acid permutations or capsid variants.  

 After the first round of screening we generated tissue-enriched ITR-containing 

Cap(NNK7) library plasmid for skeletal muscle, MuSC and Heart. We generated tissue-

enriched capsid library plasmids to produce tissue-enriched rAAV libraries to carry out 

the second and final round of selection. To do so, we isolated AAV DNA after the first 

round of selection from skeletal muscle, heart and muscle stem cells using the Quick-

DNA miniprep plus kit (Zymo Research). Then, we amplified a 1,016bp fragment 
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containing the tissue-enriched NNK7 variants using primers 3-NEST-F (5’-

CCTTACCAGCACGGTCCAGG-3’) and 3-NEST-R (5’-GCTTGTCCTTGTTGAAGGCC-

3’) and pooled amplicons among the same tissue across mice (i.e., skeletal muscle 

enriched NNK7 amplicons were pooled). Finally, we digested the recipient precursor 

plasmid, pCap9-precursor, with BamHI-HF and BsiWI-HF and inserted the tissue-

enriched NNK7 variants using NEBuilder HiFi DNA Assembly according to the 

manufacturer’s instructions to assemble tissue-enriched library plasmids for skeletal 

muscle (pSkMu-library), heart (pHeart-library), and muscle stem cells (pMuSC-library).  

 

Recombinant AAV-CRISPR/Cas9 and AAV Library production  

AAV9-CRISPR/Cas9: pAAV-CK8e-Cas9, pAAV-AAV-CMV-Cas9, and pAAV-

Target44C4+55C3 plasmids were shipped to Virovek Inc. for production and purification 

of recombinant AAV9-CK8e-Cas9, AAV9-CMV-Cas9, and AAV9-Target. Virovek Inc. 

purified recombinant AAV9 using the cesium chloride (CsCl2) density ultracentrifugation 

method and quantified viral titer by qPCR using their ITR primers. Purity of capsid viral 

proteins was determined by SDS-PAGE (9% polyacrylamide gels). 

 AAV Library: AAVpro HEK293T cells were seeded in 15-cm dishes at a density 

of 1.5 x 107 cells/dish. The following day, each plate was transfected with 18μg of 

Helper plasmid (pHelper; Cell Biolabs Inc.), 18μg of pRep, and 0.5μg of ITR-containing 

Cap(NNK7) library plasmid (pCapNNK7) using TransIT-VirusGEN® (Mirus) according to 

the manufacturer’s instructions. Cells and supernatant were harvest 72 hours post-

transfection and provided to Virovek Inc. for purification. Virovek Inc. purified 

recombinant AAV using the cesium chloride (CsCl2) density ultracentrifugation method, 
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determined purity by SDS-PAGE and quantified titer by qPCR using their ITR primers. 

Purity of capsid viral proteins was determined by SDS-PAGE (9% polyacrylamide gels). 

 

Assessing systemic AAV9-CK8e-CRISPR/Cas9 delivery and gene editing in skeletal 

muscle 

 hDMD del45 mdx neonates were systemically dosed via intraperitoneal (i.p.) 

injection with 1.5 x 1012 vg/vector at postnatal day 4 (p4). One mouse was injected with 

Hank’s Balanced Salt Solution (HBSS, Thermo Fisher) and used as the vehicle control. 

Muscles were harvested ~6 weeks post-injection and half of the muscles were taken for 

mCherry immunostaining and the other half for dystrophin immunostaining. 

 For dystrophin immunostaining, muscles were harvested and directly flash frozen 

in isopentane. For mCherry immunostaining, muscles were harvested and fixed in 1% 

PFA overnight. The following day, muscles were transferred to 5% sucrose for at least 

6hr, then transferred to 30% sucrose overnight before being flash frozen in isopentane.  

 

Immunostaining 

 Harvested muscles were flash frozen or PFA pre-fixed then flash frozen in 

isopentane and cryosectioned in intervals of 10μm thickness throughout the majority of 

the muscle tissue. For dystrophin staining, sections were fixed in chilled acetone for 1 – 

2 min, then incubated in TrueBlack (Biotium, 1:20 in 70% ethanol) for 30 sec – 1min, 

then incubated in blocking buffer (DPBS with 5% horse serum and 10% goat serum) for 

at least 1hr. Primary antibodies consisting of rabbit-anti-dystrophin (1:200, Abcam, 

ab15277) and rat-anti-laminin (1:20, R&D Systems) were added in TBS and 1% goat 
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serum overnight at 4°C. The next day secondary antibodies consisting of goat-anti-

rabbit IgG fluorescein (1:150, Vector Laboratories) and goat-anti-rat IgG 

AlexaFluorTM647 (1:250, Thermo Fisher) were incubated for 1hr and the slides were 

mounted with VECTASHIELD containing DAPI (Vector Laboratories) and imaged on the 

Axio Observer Z1 microscope (Zeiss). 

 For mCherry immunofluorescence, TrueBlack (Biotium, 1:20 in 70% ethanol) was 

used as in dystrophin staining. Blocking buffer consisting of 0.25% gelatin, 0.1% tween, 

and 3% BSA was added for at least 1hr. Rabbit-anti-laminin (1:200, Millipore Sigma) 

was added in TBS and 1% goat serum overnight at 4°C. The next day goat-anti-rabbit 

IgG AlexaFluorTM647 (1:250, Thermo Fisher) were incubated for 1hr and the slides were 

mounted with VECTASHIELD containing DAPI (Vector Laboratories) and imaged on the 

Axio Observer Z1 microscope (Zeiss). 

 

Assessing systemic AAV9-CMV-CRISPR/Cas9 delivery and gene editing in muscle 

stem cells 

Two groups of hDMD del45 mdx neonates were used to test AAV9-CMV-

CRISPR/Cas9 satellite cell (MuSC) transduction and exon 45-55 editing in vivo. The 

low-dose group (n=3) was dosed intraperitoneally (i.p.) at p4 with 5 x 1011 vg/vector (1 x 

1012 total vg) and the high-dose group (n=3) were dosed i.p. at p5 with 1.5 x 1012 

vg/vector (3 x 1012 total vg). Skeletal muscles from the low-dose and high-dose cohorts 

were harvested ~7 weeks post-injection and processed for MuSC isolation and cell 

sorting by FACS (refer to Isolation and fluorescent activated sorting of muscle stem 

cells section for details). 
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Two groups of hDMD del45 mdx adults were used to test AAV9-CMV-

CRISPR/Cas9 satellite cell (MuSC) transduction and exon 45-55 editing in vivo. The 

low-dose group (n=3) was dosed retro-orbitally (r.o) at ~6 weeks with 1.5 x 1012 

vg/vector (3 x 1012 total vg). Skeletal muscles were harvested ~2 weeks post-injection 

and processed for MuSC isolation and cell sorting by FACS (refer to Isolation and 

fluorescent activated sorting of muscle stem cells section for details). 

 

Isolation and fluorescent activated cell sorting of muscle stem cells: 

 Muscle stem cell (MuSC) isolation from hDMD del45 mdx mice dosed with AAV9-

CMV-CRISPR/Cas9 was performed as previously described218. In brief, muscle tissues 

were isolated, dissociated and minced in 500U/mL collagenase II (Worthington) and 

incubated at 37°C with slow agitation for 30 mins. Minced tissues were further 

dissociated using a mixture of 1.5U/mL collagenase D (Roche) and 2.4U/mL dispase 

(neutral protease, Worthington) and incubated at 37°C with slow agitation for 60 mins. 

Finally, muscle-associated cells were isolated by centrifugation and filtered using 70μm 

then 40μm strainers. The cells were then stained with the following primary antibody 

cocktail: FITC anti-Sca1 (1:5,000, Fischer Scientific), FITC anti-CD31 (1:500, Fisher 

Scientific), FITC anti-CD11b (1:500, Thermo Fisher), FITC anti-CD45 (1:500, Fisher 

Scientific), anti-a7 Integrin IgG1 (1:500, MBL), and Biotin anti-CD34 (1:100, Thermo 

Fisher) for 45 min at 4°C. The cells were then stained with the following secondary 

antibody cocktail: AlexaFluorTM 647 anti-IgG1 (1:500, Thermo Fisher) and Streptavidin-

APC-Cy7 (1:250, BD Biosciences) for 30 min at 4°C. MuSCs (Sca1-, CD31-, CD11b-, 

CD45-, a7 Integrin+, CD34+) were isolated using a FACSAria sorter (BD) into FACS 
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buffer. Sorted MuSCs were pelleted for genomic DNA extraction using the Quick-gDNA 

miniprep kit (Zymo Research) and analyzed with the deletion PCR described in the 

CRISPR exon 45-55 deletion PCR section below. 

 

CRISPR/Cas9-mediated exon 45-55 deletion in MuSCs detected via PCR 

Exon 45-55 deletion was assayed via PCR as previously described70. PCR 

products were blunt cloned with Zero Bunt TOPO (Thermo Fisher) according to the 

manufacturer’s instructions and sequenced by Laragen Inc. 

 

AAV library screening in vivo 

The first round of library selection was performed using ~7-week-old hDMD del45 

mdx mice in two independent groups. The first group (n=3) was dosed with ~3.6 x 1011 

vg/mouse via retro-orbital (r.o.) injection and tissues were harvested 7 days post-

injection. The second group (n=3) was dosed with ~5.5 x 1011 vg/mouse via r.o. 

injection and tissues were harvested 10 days post-injection. Tissue-enriched capsid 

variants derived from the first screen were then used to produce recombinant AAVs for 

the second round of selection (refer to the Constructs section for details). These tissue-

enriched capsid variants were derived from skeletal muscle (referred to as SkMu-

Library), heart (referred to as Heart-Library), and muscle stem cells (referred to as 

MuSC-Library). Each tissue-enriched library was injected in a cohort of ~9-week-old 

hDMD del45 mdx mice for the second round of selection. The SkMu-Library cohort (n=5 

hDMD del45 mdx mice) was dosed with 1.0 x 1012 vg/mouse via r.o. injection and 

tissues were harvested 7 days post-injection. The Heart-Library cohort (n=6 hDMD 



 82 

del45 mdx mice) was dosed with 1.0 x 1012 vg/mouse via r.o. injection and tissues were 

harvested 7 days post-injection. Finally, the MuSC-Library cohort (n=7 hDMD del45 mdx 

mice) was dosed with ~1.7 x 1012 vg/mouse via r.o. injection and tissues were 

harvested 7 days post-injection. The tissues harvested in all rounds of selection and 

discussed here include: heart, diaphragm, triceps, quadriceps, tibialis anterior, 

gastrocnemius, soleus, psoas, liver, and FACS-sorted muscle stem cells (refer to 

Isolation and fluorescent activated sorting of muscle stem cells section for details). 

 

Next generation sequencing and bioinformatic analysis 

Isolated DNA encoding capsid variants from the first and second rounds of 

selection were amplified with three pairs of primers that flank the NNK7 insert using 

AccuPrime Taq DNA Polymerase (Thermo Fisher). The three PCR products were 

visualized on a 2% agarose gel with ethidium bromide staining to confirm the presence 

of a single band containing the NNK7 insert. Amplified PCR products from the three 

PCR reactions were pooled and purified using DNA Clean & Concentrator-5 (Zymo 

Research) and then quantified using Qubit dsDNA HS Assay kit (Thermo Fisher). Next 

generation sequencing (NGS) amplicon libraries were then generated using NEBNext 

Ultra II DNA Library Prep with Sample Purification (New England BioLabs) and 

NEBNext Multiplex Oligos for Illumina (Unique Dual Index UMI Adaptors DNA Set 1, 

New England BioLabs) according to the manufacturer’s instructions. The quality of final 

NGS libraries were assessed using the TapeStation system (Agilent). Samples were 

pooled and sequenced using one lane of NovaSeqSP (2 x 150bp).  
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Raw reads for each sample were quality filtered. First, we demultiplexed the 

Qseq files and retained only those sequences which had precise alignment with the 

primer sequences used for amplicon amplification. Second, we retained sequences that 

had precise alignment of the forward and reverse reads, as we performed paired-end 

sequencing. Finally, we extracted the capsid variants, encoded by the 21bp sequence, 

flanked by the primer sequences. The isolated 21bp oligonucleotide sequences were 

then translated into amino acid sequences (7 amino acids in length). In order to rank 

capsid variants, we computed the abundance of variants by determining the frequency 

of each unique variant in a given sample and normalizing the abundance of each unique 

variant by the sequencing read depth for the respective sample. We then calculated an 

enrichment score (E) for each variant, which is the ratio between the normalized 

abundance for samples at the end of the second screen (P2) to the AAV library stocks 

used for the first (P0) or the second screen (P1). 

Table 3-1: Primer sequences for amplifying NNK7 insert. 
Primer name Sequence (5’ – 3’) Insert size (base pairs) 

pRC9 F1 
pRC9 R7 

CGGACAAAGTCATGATAACC 
GGTACACATCTCTGTCCTGCC 204 

pRC9 F1 
pRC9 R10 

CGGACAAAGTCATGATAACC 
GGTTTTGAACCCAGCCGGTG 159 

pRC9 F7 
pRC9 R7 

ACAAGTGGCCACAAACCACCA 
GGTACACATCTCTGTCCTGCC 134 

 
 

Results 

Systemic delivery of AAV9-CRISPR in a humanized dystrophic mouse model results in 

inefficient transduction and gene editing in muscle stem cells 

 We have previously generated a CRISPR/Cas9-based gene-editing strategy 

designed to restore the DMD reading frame68. The CRISPR platform utilized a single 
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pair of guide RNAs (gRNAs) to target introns 44 and 55 to remove 11 exons and 

reframe the DMD gene, termed DMDΔ45-55, via non-homologous end joining (NHEJ) 

DNA repair (Figure 3-1A). In order to test the efficacy of systemically administered 

CRISPR-based therapies, we generated a humanized dystrophic mouse model 

containing null alleles for both the human DMD and murine Dmd genes, hereafter 

referred to as the hDMD del45 mdx mouse (Figure 3-1B)77. Due to the limited 

packaging size of AAV, we deliver CRISPR/Cas9 using a dual vector system with the 

first vector containing SpCas9 downstream the muscle-specific promoter CK8e, and the 

second vector containing the gRNAs targeting introns 44 and 55 along with an mCherry 

reporter (Figure 3-1C). We and others have shown that AAV-CRISPR efficiently 

transduces heart and skeletal muscle after systemic delivery to restore dystrophin 

protein expression (Figure 3-1D and 3-1E).  

 However, we sought to assess whether AAV9-CRISPR can transduce MuSCs in 

our hands using neonates and young adult mice. We applied the same dual-vector 

approach, but swapped the CK8e (muscle-specific promoter) with CMV (ubiquitously 

expressed promoter) in order to drive SpCas9 expression and detect gene editing in 

transduced MuSCs (Figure 3-1F). We systemically delivered AAV9-CMV-CRISPR in 

adult hDMD del45 mdx (~6 weeks old) at 1.5 x 1012 vg/vector/mouse and sorted for 

MuSCs 2 weeks post-injection by fluorescence activated cell sorting (FACS) (Figure 3-

1G). We were unable to detect exon 45-55 deletion by PCR in MuSCs (a7-

Integrin+CD34+), MuSC-like (a7-Integrin+ only), and non-MuSCs (CD34+ only) from 

dosed adult mice (Figure 3-1H). Next, we systemically delivered AAV9-CMV-CRISPR 

in two cohorts of hDMD del45 mdx neonates (p4) using a middle dose (5.0 x 1011 
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vg/vector/pup) and a high dose (1.5 x 1012 vg/vector/pup). The middle and high dose 

cohorts were sacrificed 7 weeks post-injection and MuSCs were sorted by FACS. We 

were unable to detect CRISPR-mediated deletion of exons 45-55 in MuSCs (a7-

Integrin+CD34+) from the middle dose cohort. Yet, we were able to detect deletion of 

exons 45-55 in MuSCs (a7-Integrin+CD34+) from the high dose cohort and sanger 

sequencing confirmed re-framing of intron 44 with intron 55 via NHEJ (Figures 3-1H 

and 3-1I). However, genomic editing of exons 45-55 in MuSCs was inefficient when 

compared to non-MuSC sorted cells (CD34+ only) from the high-dose cohort as 

measured by PCR (Figure 3-1H), which was normalized by using equal amounts of 

input genomic DNA. Our findings correlate with three independent studies that similarly 

demonstrated inefficient levels of gene editing (~1-3%) after AAV-CRISPR delivery in 

the mdx mouse model71,117,118. 

While AAV9-CRISPR resulted in detectable gene editing in MuSCs from mice 

dosed as neonates via PCR, we were unable to detect gene editing in MuSCs from 

mice dosed as young adults. We theorize that the low levels of gene editing detected in 

MuSCs may not be sufficient for a life-long and self-sustained gene therapy for DMD. 

Thus, we seek to develop strategies that will enhance AAV specificity and transduction 

to skeletal muscle and MuSCs. 

 

Generating and screening an AAV9 peptide display library in hDMD del45 mdx mice 

 We designed the AAV9 peptide display library as previously described208. We 

inserted a randomized 21 oligonucleotide sequence, encoding a heptameric peptide (7-

mer), between amino acids 589A and 590Q in the hypervariable surface region VIII 
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(VR-VIII) of the AAV9 capsid coding sequence in order to expose the 7-mer on the 

capsid surface208,219. The randomized 21 oligonucleotide sequence was engineered to 

follow an NNK-triplet design, which reduced the combination of ochre (UAA) and opal 

(UGA) stop codons (2/3) without limiting the variety of amino acids that can be 

incorporated. The recombinant AAV library was produced using a common triple-

transfection approach in HEK293T cells, however we transfected a low amount of 

pAAV-library DNA in order to minimize cross-packaging and capsid mosaicism220 

(Figure 3-2A). SDS-PAGE of the recombinant AAV library confirmed that only the 

capsid proteins (VP1, VP2 and VP3) were visible and were present in the correct 

stoichiometric ratio 1:1:10 (Figure 3-2B). 

 For the first round of selection, we systemically administered the AAV library in 

~7-week-old hDMD del45 mdx mice (n=6) at ~3.6 x 1011 to 5.5 x 1011 vg/mouse and 

were sacrificed ~1-week post-injection. Viral DNA was extracted from heart tissue, 

skeletal muscle tissues (diaphragm, soleus, triceps), FACS-sorted MuSCs, and liver 

tissue (Figure 3-2C). Isolated viral DNA was PCR-amplified for the NNK7 capsid locus 

and re-cloned into the recipient precursor plasmid, pCap9-precursor, to assemble 

muscle-enriched library plasmids: skeletal muscle (pSkMu-library), heart (pHeart-

library), and muscle stem cells (pMuSC-library) plasmids. The muscle-enriched 

recombinant AAV libraries were produced and purified in order to perform the second 

and final round of selection in vivo. Finally, ~7-8-week old hDMD del45 mdx mice were 

systemically dosed with the AAV-SkMu-library (n=5) and the AAV-Heart-library (n=3) at 

1 x 1012 vg/mouse and sacrificed ~1wk post-injection (Figure 3-2C). The AAV-MuSC-

library was systemically injected in two cohorts of hDMD del45 mdx mice (total n=7) at 
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1.7 x 1012 vg/mouse and sacrificed ~1 week post-injection (Figure 3-2C). We harvested 

and isolated viral DNA from heart tissue, skeletal muscle tissues (diaphragm, soleus, 

triceps), and liver tissue from all three muscle-enriched AAV libraries. However, we only 

sorted for MuSCs from the mice injected with the AAV-MuSC-library. We kept the 

isolated viral DNA from each step of the selection process to generate amplicon-based 

libraries for next-generation sequencing (Figures 3-2D and 3-2E). The unique 21 

oligonucleotide sequence in each capsid variant was used as a barcode to identify 

capsid variants enriched in skeletal muscle and MuSCs. 

 

NGS analysis identifies capsid variants enriched in MuSCs 

 NGS analysis was performed for each step of the screening process from the 

starting AAV library stock (P0), the tissue-enriched AAV library stocks (P1) and the 

isolated DNA from the last round of screening (P2). For NGS analysis, we analyzed the 

mice from P2 individually to select for capsid variants that demonstrated cross-animal 

reproducibility (Table 3-2). In order to quantitatively determine highly enriched capsid 

variants in MuSCs, we computed enrichment scores. The enrichment scores were 

calculated by taking the ratio of the relative abundance of each variant in P2 to the 

relative abundance of each variant in the starting AAV library stock (P0) or to the relative 

abundance of each variant in the tissue-enriched library stock (P1) (Figure 3-2C).  

As discussed earlier, the AAV-MuSC-library (P1) was injected in two separate 

cohorts of hDMD del45 mdx mice (n=7 total) and FACS-sorted for MuSC (P2). First, we 

calculated the enrichment scores between the two MuSC cohorts (P2) and the starting 

AAV library stock (P0) (Figure 3-3A). Then, we selected for variants that had 
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enrichment scores > 2 (P2:P0) and we identified a total of 223 and 176 capsid variants 

enriched in MuSC cohort #1 and MuSC cohort #2, respectively. We found that 90/309 

(~29%) capsid variants were shared between MuSC cohorts #1 and #2 (Figure 3-3B). 

We introduced an additional parameter to select for AAV variants that had reduced 

enrichment scores in off-target organs, such as the liver. We compared the 90 identified 

MuSC variants to the capsid variants present in the liver and found that 11/90 (~12%) 

MuSC capsid variants demonstrated liver de-targeting and were MuSC-enriched 

(Figure 3-3C). The remaining 79/90 (~87%) MuSC capsid variants, which had high 

enrichment scores in MuSC, also had enrichment scores > 2 in the liver and were 

referred to as MuSC+Liver-enriched capsids. The final parameter we introduced in our 

NGS analysis, was to compare enrichment scores of the 11 MuSC-enriched and 79 

MuSC+Liver-enriched (total=90) capsid variants (P2) to the AAV-MuSC-library stock 

(P1). We anticipated that the MuSC-enriched and MuSC+Liver-enriched variants (n=90) 

identified from comparing P2:P0 would also demonstrate high enrichment scores when 

comparing P2:P1. We confirmed that 8/11 (~73%) MuSC-enriched and 34/79 (~43%) 

MuSC+Liver-enriched capsid variants demonstrated high P2:P1 enrichment scores and 

thus, were continuously enriched at each step of the screening process from P0 to P1 to 

P2 (Table 3-3).  

Finally, we investigated whether the MuSC-enriched (8/11) and MuSC+Liver-

enriched (34/79) 7-mer capsid variants revealed a consensus in amino acid chemical 

properties and amino acid usage (Figure 3-3D). We observed that the amino acids 

overrepresented in the MuSC-enriched 7-mers (VMSVVRP) were distinct from the 

consensus sequence in MuSC+Liver-enriched 7-mers (GGGGSRV). Moreover, 
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hydrophobic amino acids were overrepresented in MuSC-enriched 7-mers, whereas 

polar amino acids were overrepresented in the MuSC+Liver-enriched 7-mers (Figure 3-

3D). When we combined MuSC-enriched and MuSC+Liver-enriched 7-mers, we 

obtained a 7-mer consensus plot (GGGGSRP) that was more reminiscent of the 

MuSC+Liver-enriched 7-mer with similar polar properties (Figure 3-3E). However, this 

perceived similarity was likely due to the overrepresentation of 7-mers from the 

MuSC+Liver-enriched (n=34) which outnumbered the MuSC-enriched 7-mers (n=8). 

Our informatic analysis pipeline, which was based on selecting capsid candidates with 

high enrichment scores, cross-animal reproducibility and reduced enrichment scores in 

the liver, led us to prioritize 8 MuSC-enriched capsid variants for future validation 

studies (Figure 3-3F).  

 

NGS analysis identifies capsid variants enriched in skeletal muscle 

 The same informatic analysis pipeline that was applied to MuSC samples was 

also applied to the skeletal muscle (SkMu) samples (n=5 hDMD del45 mdx). For each 

mouse, diaphragm, soleus, and triceps SkMu tissues were pooled and used for NGS 

analysis to detect AAV capsid variants. First, we compared SkMu variants from P2 to the 

starting AAV library virus stock P0 and filtered for variants that had enrichment scores > 

2 (P2:P0). We identified 81/536 (~15%) capsid variants were shared across all 5 mice 

and 73/536 (~13%) capsid variants were shared across 4/5 mice (n=154 SkMu capsid 

variants) (Figures 3-4A and 3-4B). We compared SkMu capsid variants to the capsid 

variants present in the liver and we identified 22/230 (~10%) SkMu-enriched variants 

and 132/230 (~57%) SkMu+Liver-enriched capsid variants (Figure 3-4C). Lastly, we 
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compared the enrichment scores of the 22 SkMu-enriched and 132 SkMu+Liver-

enriched (total=154) capsid variants (P2) to the AAV-SkMu-library stock (P1). We 

determined that 5/22 (~23%) SkMu-enriched and 32/132 (~24%) SkMu+Liver-enriched 

capsid variants demonstrated high P2:P1 enrichment scores and thus, were continuously 

enriched throughout the screening process from P0 to P1 to P2 (Table 3-4). 

 Next, we compared the SkMu-enriched (5/22) 7-mer consensus motif to the 

SkMu+Liver-enriched (32/132) 7-mer consensus motif. We observed that the amino 

acids overrepresented in the SkMu-enriched 7-mers (GNMEFTS) were distinct from the 

consensus in SkMu+Liver-enriched 7-mers (GGSSSRP) (Figures 3-4D and 3-4E). A 

mixture of polar, neutral, and hydrophobic amino acids was detected in SkMu-enriched 

7-mers, whereas polar amino acids were disproportionately represented in SkMu+Liver-

enriched 7-mers and reminiscent of the MuSC+Liver-enriched 7-mers (Figures 3-3D 

and 3-4E). When we combined variants from SkMu-enriched and SkMu+Liver-enriched 

7-mers, we obtained a 7-mer consensus plot (GGSSSRP) that was more reminiscent of 

the SkMu+Liver-enriched 7-mer with similar polar properties (Figure 3-4F). This 

observed similarity was likely due to the disproportionate number of 7-mers from the 

SkMu+Liver-enriched (n=32) which outnumbered the SkMu-enriched 7-mers (n=5) and 

similar to what we found for MuSC-enriched AAV variants (Figures 3-3D and 3-3E). In 

summary, we identified a total of 37 SkMu-enriched AAV variants (Table 3-4). Lastly, 

we compared the 37 SkMu-enriched AAV variants with the 42 MuSC-enriched AAV 

variants and identified 9 overlapping variants highly enriched in both SkMu and MuSCs 

for future validation experiments (Figures 3-4G and 3-4H). 
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NGS analysis identifies capsid variants enriched in cardiac muscle 

 Lastly, we used the same informatic analysis pipeline for the samples dosed with 

the AAV-Heart-library (n=3 hDMD del45 mdx) to identify variants enriched in cardiac 

tissue. Again, we compared the Heart variants from P2 to the starting AAV library virus 

stock P0 and selected variants that contained enrichment scores > 2 (P2:P0). We 

identified 166 shared capsid variants between all 3 samples (Figures 3-5A and 3-5B). 

We compared the Heart capsid variants to the capsid variants present in the liver and 

we identified 33/239 (~14%) Heart-enriched variants and 133/239 (~55%) were 

Heart+Liver-enriched capsid variants (Figure 3-5C). Lastly, we compared the 

enrichment scores of the 33 Heart-enriched and 133 Heart+Liver-enriched (total=166) 

capsid variants (P2) to the AAV Heart-library stock (P1). We determined that 22/33 

(~67%) Heart-enriched and 101/133 (~76%) Heart+Liver-enriched capsid variants had 

high P2:P1 enrichment scores, suggesting continuous enrichment throughout the 

screening process from P0 to P1 to P2 (Table 3-5). 

We found that the amino acids overrepresented in the Heart-enriched 7-mers 

(GGKGSGS) were fairly similar to the consensus motif observed in the Heart+Liver-

enriched 7-mers (GGSGGSP) (Figures 3-5D and 3-5E). Likewise, both 7-mer 

consensus motifs contained a higher frequency of polar amino acids. When we 

combined variants from Heart-enriched and Heart+Liver-enriched 7-mers, we obtained 

a 7-mer consensus plot (GGSGGSP) that was also reminiscent of the Heart+Liver-

enriched 7-mer with similar polar properties (Figure 3-5F). Interestingly, we noted that 

the AAV capsid variants highly enriched in MuSC, SkMu and Heart shared similar 7-mer 

amino acid consensus motifs with polar charged amino acids (Figures 3-3E and 3-4F 
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and 3-5F). Despite the similarity in 7-mer consensus motifs, we found that there were 

AAV capsid variants exclusively enriched in MuSC (~13%), SkMu (~8%) or Heart 

(~56%) (Figure 3-5G). A small fraction (~3.7%) of AAV capsid variants were enriched 

and shared between MuSC, SkMu and Heart.  

 

Discussion 

 In this study, we demonstrated that wildtype AAV9 carrying our CRISPR/Cas9 

platform is unable to efficiently transduce MuSCs in vivo as we were unable to detect 

gene-editing in MuSCs from young adult mice and faintly detect gene editing in MuSCs 

from AAV-dosed neonates. One reason that gene editing was detected in neonates is 

because at this post-natal stage of development, MuSC are actively contributing to 

muscle growth, dividing, fusing, and therefore facilitating MuSC transduction by AAV221. 

In an effort to enhance adult MuSC targeting by AAV, we generated and screened an 

AAV9 peptide-display library in order to identify AAV capsid variants enriched in skeletal 

muscle and MuSCs. Moreover, we devised a comprehensive and methodological 

analysis pipeline to select for AAV capsid variants with high tissue-specific enrichment, 

cross-animal reproducibility, and reduced enrichment in off-target organs, such as the 

liver.  

 One potential limitation of our high throughput capsid library screen is that we are 

unable to differentiate between functional and non-functional capsids during selection. 

Functional capsids are capable of overcoming the multiple steps involved in 

transduction, which includes cell receptor binding and entry, release of AAV DNA, 

second-strand synthesis, transcription and translation of the vector transgene222. In 
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order to select for functional AAV capsid variants, CREATE223, M-CREATE224, 

iTRANSDUCE211, and BRAVE209 were developed, which all rely on Cre expression, 

Cre-transgenic animal models and fluorescent reporter expression coupled with FACS 

sorting cells of interest (e.g., neurons). However, Cre-dependent AAV library screening 

is not feasible when Cre-transgenic animal models are not readily available and FACS 

sorting is not a viable strategy for identifying variants enriched in skeletal muscle 

tissues. Cre-independent strategies, such as TRADE225, uses a unique vector 

expressing a fluorescent reporter in the sense strand for FACS sorting cells of interest 

and the Cap library gene is expressed as an antisense transcript and recovered by 

reverse transcription PCR (RT-PCR). The antisense RNA recovery provides similar 

selective pressure for functional AAV capsid variants as the Cre-dependent methods. 

However, TRADE poses additional screening challenges as the TRADE vector suffers 

from cryptic splice sites present in the AAV Cap ORF225,226. Despite the iterations for 

high throughput capsid library screening, our AAV9 peptide display library does not 

require the need for transgenic animal models and thus, can be screened on virtually 

any in vivo model. 

 Recently, one study executed an AAV library screen based on the recovery of 

viral Cap DNA and mRNA to select for functional AAV variants specific to skeletal 

muscle during the screening process215. Weinmann et al. 2020 discovered skeletal 

muscle tropic AAV capsid variants containing a highly conserved RGD peptide motif, 

which was previously shown to be a recognition sequence for integrins227. Although 

Weinmann et al. 2020 discovered an RGD-containing AAV variant (AAVMYO) with 

markedly enhanced skeletal muscle transduction, the study was not a traditional AAV 
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library screen, rather a pre-selected pool of 183 variants from their previous library 

screening studies was used213,228. An independent study conducted by Tabebordbar et 

al. 2021 performed a traditional AAV library screen using viral Cap mRNA recovery to 

select for functional AAV variants specific to skeletal muscle, which also led to the 

identification of an RGD-containing AAV variant referred to as MyoAAV214. Both 

AAVMYO and MyoAAV demonstrated their superiority over wildtype AAV9 with a 10-50-

fold increase in fluorescent reporter expression across various skeletal muscle groups. 

Likewise, AAVMYO and MyoAAV significantly enhanced delivery and transgene 

expression of micro-dystrophin (μDYS), which is being tested as a gene replacement 

therapy for DMD in ongoing clinical trials (clinicaltrials.gov: NCT03368742, Solid 

Biosciences; NCT03375164, Nationwide Children’s Hospital; NCT03362502, Pfizer). 

Unlike Weinmann et al. 2020 and Tabebordbar et al. 2021, we specifically screened our 

AAV peptide display library for both skeletal muscle and MuSC-specific AAV capsid 

variants, and while we do not detect RGD-containing AAV capsid variants as being 

highly enriched in our skeletal muscle or MuSC screens, we do uncover AAV capsid 

variants that are highly enriched in both skeletal muscle and MuSCs. 

Importantly, only Tabebordbar et al. 2021 tested the efficacy of CRISPR delivery 

and gene-editing using MyoAAV, systemically administering 8-week-old mdx mice with 

a significantly high dose of MyoAAV-SaCas9 at 4.5 x 1012 vg (~1.5 x 1014 vg/kg) and 

MyoAAV-gRNA at 9.0 x 1012 vg (~3 x 10 14 vg/kg) to reframe the murine Dmd gene. 

Since Tabebordbar et al. utilized a dual vector approach, the cumulative viral dose per 

mouse was 1.35 x 1013 vg or approximately 4.5 x 1014 vg/kg, which is considerably 

higher than AAV-μDYS doses used in ongoing clinical trials for Pfizer (3.0 x 1014 vg/kg), 
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Solid Biosciences (2.0 x 1014 vg/kg), and Nationwide Children’s Hospital (2.0 x 1014 

vg/kg). Such a high viral dose and persistent vector genomes of MyoAAV-CRISPR 

raises concerns over AAV-related immunotoxicities, which has been reported in clinical 

trials with patient cohorts receiving high doses of AAV gene therapy for DMD and X-

linked myotubular myopathy (XLMTM)59,187,229. MyoAAV-CRISPR-mediated restoration 

of dystrophin levels ranged from 10-20% by Western blot for the triceps, tibialis anterior 

and quadriceps. Yet, MyoAAV-CRISPR yielded underwhelming dystrophin levels in the 

heart and diaphragm, raising additional concerns regarding the longevity of a single 

administration of MyoAAV-CRISPR. One study revealed that a single systemic 

administration of AAV-CRISPR was unable to sustain life-long dystrophin expression in 

mdx mice, due to the fact that AAV inefficiently transduces MuSCs.  

While Tabebordbar et al. 2021 did not assess MyoAAV-CRISPR-mediated gene 

editing efficiencies in MuSCs, they have previously shown a single intraperitoneal 

administration of AAV9-CRISPR (1.5 x 1012 vg per vector) and AAV9-Cre-recombinase 

(3.0 x 1011 vg) in neonate mdx-Ai9 mice, which contain an activatable tdTomato 

transgene, resulted in ~4% and ~10% tdTomato+ MuSCs (CXCR4+ β1-Integrin+), 

respectively71. Even though AAV9-CRISPR was administered using a 10-fold greater 

dose, the inefficient CRISPR-mediated induction of tdTomato (~4%) is likely due to the 

fact that both the Cas9 and gRNA components are packaged in separate AAV vectors 

and must target the same MuSCs; whereas, Cre-recombinase is encoded in a single 

AAV vector. Tabebordbar et al. 2021 confirmed MyoAAV modestly improved MuSC 

targeting after Cre-recombinase delivery in mdx-Ai9 mice compared to AAV9, resulting 

in ~9.5% tdTomato+ MuSC for MyoAAV and ~3.3% tdTomato+ MuSCs for AAV9. 
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Nevertheless, these reports suggest that MyoAAV-CRISPR delivery may likely yield low 

levels of CRISPR-corrected MuSCs in vivo. While AAVMYO from Weinmann et al. 2020 

was not assessed for CRISPR delivery and gene-editing, it is presumable that AAVMYO 

would yield similar results to MyoAAV since both AAV capsid variants share the RGD 

motif mediating skeletal muscle transduction. 

Although our AAV9 peptide display library screen cannot distinguish functional 

from non-functional capsids and relies solely on viral DNA recovery, our screening 

strategy has proven successful from previous reports which have identified novel capsid 

variants with re-directed tropisms207-209,216,228,230-237. Therefore, our strategy will likely be 

an effective approach to recover capsids that achieve successful cellular entry and are 

effective, to a certain extent, in the transduction process. We anticipate that ongoing 

validation studies will confirm skeletal muscle and MuSC-tropic AAV capsids. 

 

Conclusion 

In summary, we report the identification of skeletal muscle and MuSC-enriched 

AAV capsid variants to be tested in future validation studies. To the best of our 

knowledge, this is the first report of an AAV library screen selecting for AAV variants 

enriched in skeletal muscle and MuSCs in vivo. In addition, we identify a subset of 

skeletal muscle and MuSC-enriched AAV variants that are lowly enriched in the liver. 

We anticipate that an AAV capsid variant capable of liver de-targeting with enhanced 

skeletal muscle and MuSC specificity will result in a more efficacious and longer-lasting 

gene therapy for DMD. In addition, such a capsid variant may allow us to achieve 

therapeutic efficacy at lower doses, thereby reducing AAV-induced toxicities and 
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improving safety. Ongoing validation studies will identify the capsid variants with 

superior transduction efficiency, resulting in CRISPR-mediated restoration of dystrophin 

and long-lasting dystrophin expression after a single AAV administration. We expect 

that a skeletal muscle and MuSC-tropic AAV may also be translatable to other 

neuromuscular diseases requiring efficient skeletal muscle and/or MuSC targeting. The 

advantage of our AAV9 peptide display library is the feasibility of screening in virtually 

any animal model for virtually any tissue of interest, and thus, has promising 

implications to discover capsid variants for CRISPR/Cas9 delivery to treat many genetic 

diseases. 
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Figure 3-1: Systemic delivery of AAV9-CRISPR in hDMD del45 mdx mice. 
A) Region of the human DMD gene targeted with a single pair of gRNAs (lightning bolts) 
to delete exons 45-55 and reframe the DMD gene.  
B) Humanized dystrophic mouse model null for both human DMD and mouse Dmd 
genes.  
C) Schematic of the dual-vector strategy to deliver CRISPR/Cas9 targeting exons 45-55 
of the DMD gene. Created with BioRender.com.  
D-E) Immunofluorescent images of heart and diaphragm sections from hDMDdel45 mdx 
mice treated with HBSS (vehicle) or AAV9-CRISPR stained with Laminin (white), 
dystrophin (green) or mCherry (red). Scale bar represents 100µm.  
F) Schematic of the dual-vector strategy to deliver CRISPR/Cas9. Created with 
BioRender.com.  
G) Representative FACS plot from neonates intraperitoneally injected with AAV9-CMV-
CRISPR to isolate Lin- a7-Integrin+ CD34+ MuSCs.  
H) PCR using primers to detect the exon 45-55 deletion (purple arrows) region of the 
DMD gene (see panel A) isolated from a7-Integrin+ CD34+ MuSCs, single a7-Integrin+ 

cells (MuSC-like) and single CD34+ (non MuSCs). Neonate MuSCs (blue text) are from 
the middle-dose cohort and in red text are from the high-dose cohort.  
I) Representative sample sequence trace showing rejoining of introns 44 and 55 after 
CRISPR/Cas9-mediated editing in MuSCs from the high-dose cohort.  
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Figure 3-2: Recombinant AAV library production and experimental workflow. 
A) Schematic of recombinant AAV library production. Created with BioRender.com.  
B) Coomassie stained SDS-PAGE of the recombinant AAV library viral capsid proteins 
(VP1, VP2 and VP3).  
C) Schematic overview of two rounds of AAV selection in vivo. Created with 
BioRender.com.  
D) Representative PCR using primers to detect the AAV library DNA from heart, 
diaphragm, MuSCs (a7-Integrin+ CD34+), and MuSC-like cells (a7-Integrin+ only). The 
pAAV-library and wildtype (WT) Cap9 were included, which demonstrate the shift in size 
due to the 21-oligonucleotide insertion in our capsid library.  
E) A representative TapeStation gel image used to assess the quality of the final NGS 
library preparations. Three primer pairs were used to generate the final amplicon-based 
libraries and the three bands are indicated in the TapeStation gel. 
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Table 3-2: NGS samples from each step of in vivo selection. 
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Figure 3-3: NGS analysis identifies MuSC-enriched AAV capsid variants. 
A) Histogram of enrichment score analysis in P2 MuSC cohorts #1 and #2.  
B) Venn diagram of overlapping AAV capsid variants with E-scores > 2 from MuSC 
cohort #1 and MuSC cohort #2.  
C) Venn diagram of MuSC-enriched and Liver-enriched AAV capsid variants.  
D) Frequency plots of MuSC-enriched and MuSC+Liver-enriched AAV capsid variants 
created by WebLogo 3 and using the chemistry color scheme.  
E) Frequency plot of MuSC-enriched and MuSC+Liver-enriched AAV capsid variants 
created by WebLogo 3 and using the chemistry color scheme.  
F) The top 8 MuSC-specific AAV candidate variants to be used for future validation 
studies. 
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Table 3-3: MuSC-enriched AAV capsid variants. 
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Figure 3-4: NGS analysis identifies SkMu-enriched AAV capsid variants. 
A) Histogram of enrichment score analysis in P2 SkMu samples 1-5.  
B) Venn diagram of overlapping AAV capsid variants with E-scores > 2 from 5 SkMu 
samples.  
C) Venn diagram of SkMu-enriched and Liver-enriched AAV capsid variants.  
D-F) Frequency plots of SkMu-enriched, SkMu+Liver-enriched, and pooled SkMu-
enriched and SkMu+Liver-enriched AAV capsid variants created by WebLogo 3 and 
using the chemistry color scheme.  
G) Venn diagram of the 9 overlapping AAV capsid variants with E-scores >2 from SkMu 
and MuSC samples.  
H) List of the 9 shared SkMu-enriched and MuSC-enriched AAV candidate variants with 
respective E-scores and frequencies. 
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Table 3-4: SkMu-enriched AAV capsid variants. 
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Figure 3-5: NGS analysis identifies Heart-enriched AAV capsid variants. 
A) Histogram of enrichment score analysis in P2 Heart samples 1-3.  
B) Venn diagram of overlapping AAV capsid variants with E-scores > 2 from 3 Heart 
samples. 
C) Venn diagram of Heart-enriched and Liver-enriched AAV capsid variants.  
D-E) Frequency plots of Heart-enriched and Heart+Liver-enriched AAV capsid variants 
created by WebLogo 3 and using the chemistry color scheme.  
F) Frequency plot of Heart-enriched and Heart+Liver-enriched AAV capsid variants 
created by WebLogo 3 and using the chemistry color scheme.  
G) Venn diagram of overlapping AAV capsid variants highly enriched in MuSC, SkMu 
and Heart. 
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Table 3-5: Heart-enriched AAV capsid variants. 
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Chapter 4 – Characterizing AAV-mediated Immune Responses in a Mouse Model 

of Duchenne Muscular Dystrophy  

 

Abstract 

Adeno-associated viruses (AAVs) have emerged as one of the leading vectors 

for gene therapy, and are being evaluated in clinical trials for neuromuscular disorders 

such as Duchenne muscular dystrophy (DMD). While AAV-based therapies exploit the 

evolutionary fitness of viruses to transduce cells, the human immune system has co-

evolved mechanisms to recognize and neutralize AAV vectors. Thus, innate and 

adaptive immune responses pose a significant risk to achieving a safe and efficient AAV 

gene therapy. For DMD, high doses of AAV are needed in order to target the affected 

muscles of the body; however, such high doses have been associated with a number of 

serious adverse events (SAEs) involving both innate (e.g., complement activation) and 

adaptive (e.g., T cell responses) immunity. Here, we show that the mouse immune 

system neutralizes a second dose of AAV9; we subsequently carry out a 

comprehensive characterization of immune responses that arise in response to both 

single and double dosing of AAV9. Mice were systemically dosed and re-dosed with 

AAV9 at ~1.16 x 1014 vg/kg carrying either micro-dystrophin (μDYS), Cas9, or Cas9 with 

a frameshift mutation (Cas9-FS). Peripheral blood mononuclear cells (PBMCs) and 

plasma were collected prior to dosing and at various time points after each dose. 

Plasma was probed for anti-AAV9 antibodies, complement and cytokines. High content 

protein microarray of the humoral response revealed a significant increase in anti-AAV9 

IgGs over the 4-week period between the first and second dose. Complement assays 
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only revealed significant consumption of C3 and C4 components 5 hours after the 

second dose. Since anti-AAV9 IgG levels are significantly elevated after the second 

dose compared to 5 hours after the first dose, these data implicate the classical 

complement pathway. The potential of each vector to activate toll-like receptor 9 (TLR9) 

signaling was evaluated and shown to be higher in the Cas9 vectors compared to the 

µDYS vector. Myeloid-derived pro-inflammatory cytokines were only induced at 5 hours 

after the second dose of AAV. These cytokines include IP-10 (CXCL10), MIP-1b 

(CCL4), MCP-1 (CCL2) and TNF-a. We hypothesize that anti-AAV9 activates myeloid 

cells by Fcg receptor stimulation via antigen-antibody complexes and/or complement 

receptor activation via split products arising from anti-AAV9 induced classical 

complement pathway. Single cell RNA-sequencing (scRNA-seq) of PBMCs support our 

hypothesis, demonstrating enhanced activation profiles of all main immune types, 

including monocytes, following the second dose of AAV. These data strongly suggest a 

role for AAV-capsid antibodies in amplifying AAV-induced immune responses and 

reveal a model by which mice can mimic some aspects of human AAV-mediated 

immune responses. 

 

Introduction 

 Adeno-associated viruses (AAVs) are the leading vectors for delivering gene 

replacement or gene editing approaches. In neuromuscular disorders, AAV gene-

replacement approaches are being evaluated in Phase I/II clinical trials for Duchenne 

muscular dystrophy (DMD) and X-linked myotubular myopathy (XLMTM). In addition, 

there is one approved AAV-based gene replacement therapy, marketed as Zolgensma®, 
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for the treatment of spinal muscular atrophy (SMA). However, serious adverse events 

(SAEs) attributed to immune responses against the AAV capsid or the transgene protein 

have been reported in patients receiving high doses of AAV238-245. The SAEs in the 

DMD clinical trial occurred in patients receiving AAV doses greater than 2.0 x 1014 

vg/kg, which contain a truncated and functional copy of the DMD gene termed micro-

dystrophin (μDYS). Several patients experienced thrombotic microangiopathy (TMA) 

and renal failure attributed to complement activation242,244. Furthermore, in three DMD 

clinical trials, five patients developed myositis associated with T cell-mediated 

cytotoxicity against the μDYS transgene (public disclosure). Lastly, a single patient 

death occurred due to T cell-mediated cytotoxicity against the AAV9 capsid in the heart 

(public disclosure). XLMTM clinical trials have also reported four deaths in patients 

receiving a high-dose of AAV (3.5 x 1014 vg/kg) containing a functional copy of 

myotubularin 1 (MTM1). Two of the patients had pre-existing liver disease and one 

patient succumbed to gastrointestinal bleed, which was also a result of liver failure238,245. 

Similarly, 8 cases of TMA were reported in babies dosed with Zolgensma®, which were 

resolved with blood and/or platelet transfusions240,241. However, one fatal case occurred 

in a baby dosed with Zolgensma® (1.1 x 1014 vg/kg) and the cause of death was 

attributed to TMA associated with complement activation and the progressive clinical 

presentation was suggestive of renal failure similar to the SAEs observed in the DMD 

clinical trials241. These observations suggest that AAV is clearly a target of diverse 

immune responses, and indicate that immune system recognition of AAV is more 

prominent than previously predicted in pre-clinical animal models. The results of these 

studies suggest that further investigation of the immune response to AAV may enable 



 113 

the identification of therapeutic targets and biomarkers for minimizing SAEs and 

improving the long-term efficacy of AAV-based therapies. 

 Approximately 30-60% of the general population is estimated to have pre-existing 

immunity to AAV, as antigen-reactive memory T cells and/or neutralizing antibodies 

(NAbs) and binding (BAbs) antibodies121,246. Screening for NAb and BAb titers has been 

used to determine trial-eligibility for a variety of AAV-based therapies including DMD, 

XLMTM, Hemophilia A and Hemophilia B, Spinal muscular atrophy (SMA) among other 

monogenic diseases247. However, standardized assays for determining anti-AAV titers 

(i.e., neutralization assay or binding assay) are lacking, and there is no universal 

threshold for exclusion from clinical trials for AAV administration. The durability of 

naturally acquired AAV-specific antibodies remains unclear, and the presence of NAb 

titers does not inform on the presence of memory B cells and/or long-lived plasma cells, 

which reside in the bone marrow. Moreover, pre-trial screening protocols often probe for 

pre-existing cellular immune responses via the enzyme-linked immunospot (ELISPOT) 

assay, which detects antigen-reactive IFNg-secreting effector memory T cells 

(TEM)248,249. However, ELISPOT may not have the sensitivity to detect TEM cells, which 

are present in circulation at low frequencies, as TEM cells survey non-lymphoid tissues. 

Additionally, the IFNg-ELISPOT is unable to detect lowly abundant central memory T 

(TCM) cells, which circulate in the lymphatic system, residing in secondary lymphoid 

tissues. Despite attempts to screen for humoral and cellular pre-existing immunity, the 

current assays used in pre-trial screening are clearly not sufficient to exclude patients 

susceptible to AAV-induced SAEs and are likely not sensitive enough to detect low 

frequency memory T cells or low NAb/BAb titers. Likewise, the SAEs reported in DMD, 
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XLMTM and SMA clinical trials strongly implicate additional components of innate 

and/or adaptive immune responses that are contributing to AAV-induced 

immunogenicity. Thus, there remains an unmet need to effectively model human AAV-

mediated immune responses, which may enable a better understanding of the earliest 

immunomodulatory effectors, and how they amplify downstream immunity. Targeting 

the earliest responses will significantly improve the efficacy of mitigation strategies 

designed to circumvent adverse responses. 

 Although systemic administration of AAV-based therapies has been well 

tolerated in small and large animal models, pre-clinical studies did not predict the 

immune responses that were subsequently observed in clinical trials116,250,251. These 

pre-clinical studies relied on a single systemic administration of AAV and primarily 

focused on evaluating the efficacy of the therapeutic platform. However, a single AAV 

dose may not induce an immune response due to the sterile conditions under which the 

mice are housed, which reduces the risk of natural AAV infections, and thus eliminates 

pre-existing immunity to AAV. Conversely, natural AAV infections in humans are 

prevalent, as studies support that up to 60% of the general population contain pre-

existing immunity to AAV121,246. We hypothesize that implementing a re-dosing strategy, 

in which the first dose effectively immunizes the mouse, will create a model that better 

recapitulates human immunity. 

In this study, we carry out an AAV double dosing approach and characterize 

AAV-induced immune responses after the first and second administrations of AAV. Mice 

were systemically dosed and re-dosed with AAV9 at ~1.16 x 1014 vg/kg carrying either 

micro-dystrophin (μDYS), Cas9, or Cas9 with a frameshift mutation (Cas9-FS), 
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disrupting expression and protein production. Peripheral blood mononuclear cells 

(PBMCs) and plasma were harvested at baseline and at various time points after the 

first and second injections of AAV (five hours, two weeks, four weeks, and six weeks). 

Our findings demonstrate humoral responses against the AAV capsid are undetectable 

at baseline and support our hypothesis that mice are at a reduced risk of naturally 

contracting AAV infections due to sterile housing conditions. In addition, our pre-existing 

mouse model demonstrates pro-inflammatory cytokine responses and complement 

activation following the second administration of AAV, which recapitulates immune 

responses reported in ongoing DMD clinical trials. Finally, we applied single-cell RNA 

sequencing (scRNA-seq) to unbiasedly characterize immune responses after the first 

and second dose of AAV. While we observe an activation profile and differentially 

expressed pro-inflammatory cytokines via scRNA-seq after the second injection of AAV, 

ongoing validation studies are needed to identify biomarkers for pre-dose screening as 

well as therapeutic targets to improve the safety and efficacy of AAV-based gene 

therapies. In summary, our AAV double dosing strategy accurately describes human 

AAV-immune responses and provides opportunities to model aspects of human immune 

responses. 

 

Materials and Methods 

Mice 

All animal care and work were conducted under protocols approved by the UCLA 

Animal Research Committee in the Office of Animal Research Oversight. hDMD del45 

mdx mice were generated and genotyped as described77. 
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Constructs 

 CK8e-Cas9 (pAAV-CK8e-Cas9), gRNA/mCherry (pAAV-

Target44C4+55C3/mCherry), and FLAG-CK8e-μDYS (pAAV-FLAG-CK8e-μDYS) 

vectors: The original Cas9 (pAAV-CK8e-Cas9), targeting vector (pAAV-Target) and 

FLAG-CK8e-μDYS vectors (pAAV-FLAG-CK8e-μDYS) plasmids were a gift from Dr. 

Jeffrey Chamberlain and were generated as described40,73. Our gRNAs targeting introns 

44 (gRNA 44C4) and 55 (gRNA 55C3) were cloned into the pAAV-Target plasmid in 

tandem (referred to as pAAVTarget-44C4+55C3/mCherry).  

CMV-Cas9 (pAAV-CMV-Cas9): pAAV-CMV-Cas9 was obtained from Addgene 

(plasmid #106431). 

 FLAG-CK8e-Cas9 (pAAV-FLAG-CK8e-Cas9) and FLAG-CK8e-Cas9-FS (pAAV-

FLAG-CK8e-Cas9-FS) vectors: NEBuilder HiFi DNA Assembly (New England BioLabs) 

was used to generate pAAV-FLAG-CK8e-Cas9 and pAAV-FLAG-CK8e-Cas9-FS. A 

386bp gBlock (IDT) containing a FLAG-tag at the N-terminus and part of the Cas9 

coding sequence was synthesized (FLAG-Cas9). A 385bp gBlock (IDT) identical to 

FLAG-Cas9, but with a 1nt-deletion to encode for a frameshifting (FS) mutation in Cas9 

was synthesized (FLAG-Cas9-FS). The FLAG-Cas9 and FLAG-Cas9-FS gBlocks were 

cloned in HincII- and BglII-digested pAAV-CK8e-Cas9 using NEBuilder HiFi DNA 

Assembly according to the manufacturer’s instructions to create pAAV-FLAG-CK8e-

Cas9 and pAAV-FLAG-CK8e-Cas9-FS. 

 

Recombinant AAV production  
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AAV9-CMV-Cas9 and AAV9-Target44C4+55C3/mCherry: pAAV-AAV-CMV-Cas9 

and pAAV-Target44C4+55C3/mCherry were shipped to Virovek Inc. for production and 

purification of recombinant AAV9-CMV-Cas9 and AAV9-Target44C4+55C3/mCherry. 

Virovek Inc. purified recombinant AAVs using the cesium chloride (CsCl2) density 

ultracentrifugation method and quantified viral titer by qPCR using their ITR primers. 

AAV9-FLAG-CK8e-Cas9, AAV9-FLAG-CK8e-Cas9-FS, and AAV9-FLAG-CK8e-

μDYS: pAAV-FLAG-CK8e-Cas9, pAAV-FLAG-CK8e-Cas9-FS, and pAAV-FLAG-CK8e-

μDYS were shipped to Vigene Biosciences Inc. for large scale AAV9 production. Vigene 

Biosciences Inc. purified recombinant AAVs using iodixanol gradient ultracentrifugation 

and quantified viral titer by qPCR using their ITR primers. Purity of capsid viral proteins 

was determined by SDS-PAGE (9% polyacrylamide gels). 

 

AAV9 double dosing pilot study in hDMD del45 mdx mice in vivo 

 A pilot study was conducted in which 7-8-week-old hDMD del45 mdx mice were 

first dosed with AAV9-CMV-Cas9 at 3.0 x 1012 vg via retro-orbital (r.o.) injection. A 

second dose with AAV9-Target44C4+55C3/mCherry at 3.0 x 1012 vg was systemically 

administered via r.o. injection ~4 weeks after the first dose. The mice were sacrificed ~4 

weeks after the second dose. One mouse was used as a second dose only control, 

receiving an r.o. injection of AAV9-Target44C4+55C3/mCherry. The second dose only 

control mouse was harvested in the same timeline, ~8 weeks after AAV9-

Target44C4+55C3/mCherry. 

 For mCherry immunofluorescence analysis, muscles from the three mice were 

harvested and fixed in 1% PFA overnight. The following day, muscles were transferred 
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to 5% sucrose for at least 6hr, then transferred to 30% sucrose overnight before being 

flash frozen in isopentane and cryosectioned in intervals of 10μm thickness throughout 

the majority of the muscle tissue. For mCherry immunofluorescence analysis, sections 

were washed in TBS for 1 – 2 min, then incubated in TrueBlack (Biotium, 1:20 in 70% 

ethanol) for 30 sec – 1min, washed with TBS and mounted with VECTASHIELD 

containing DAPI (Vector Laboratories) and imaged on the Axio Observer Z1 microscope 

(Zeiss). 

For single cell RNA-sequencing (scRNA-seq), peripheral blood mononuclear 

cells (PBMCs) were only collected from one of the AAV double dosed mouse at 

baseline (Pre, prior to AAV exposure), ~4 weeks post-injection of the first dose (Post-1), 

and ~4 weeks post-injection of the second dose (Post-2). Approximately, 0.2mL of 

whole blood was harvested in EDTA-containing BD Microtainer Capillary Blood 

Collection Tubes (BD Biosciences). Whole-blood was diluted 1:1 in DPBS and carefully 

layered over Ficoll-Paque Premium (Fisher Scientific) in a 2:1 ratio of diluted blood to 

Ficoll. Samples were centrifuged at 800 rcf for 25 mins with the brakes and acceleration 

turned off. The PBMC layer (buffy coat) was extracted, washed with DPBS, and 

resuspend in RBC lysis buffer (Qiagen) for 1 – 2 mins. PBMCs were then centrifuged 

using a low-speed spin (150 rcf for 15 mins) to remove dead RBCs and platelets and 

cryopreserved in 90% fetal bovine serum (FBS, Thermo Fisher) and 10% dimethyl 

sulfoxide (DMSO, Millipore Sigma).  

 

AAV9 single and double dosing study in large cohort of hDMD del45 mdx mice in vivo 
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 The larger double dosing study was conducted using ~12-week-old hDMD del45 

mdx male and female mice. Three AAV serotype 9 vectors carrying either FLAG-CK8e-

Cas9, FLAG-CK8e-Cas9-FS or FLAG-CK8e-μDYS were systemically injected via retro-

orbital (r.o.) injection at ~1.16 x 1014 vg/kg. Each vector was administered in n=3 males 

and n=3 females for a total of 9 mice dosed per sex. A second dose (re-dosing) was 

with the same AAV vector via r.o. injection at ~1.16 x 1014 vg/kg ~4 weeks after the first 

dose. The mice were sacrificed ~6 weeks after the second dose (i.e., ~10 weeks after 

the first dose) and the heart, skeletal muscle tissues, lung, liver and spleen were 

harvested and flash frozen in isopentane. 

For single cell RNA-sequencing (scRNA-seq), PBMCs were collected, as 

mentioned above, from all mice at the following time points: prior to AAV exposure 

(Pre), 2 weeks post-injection of the first dose (Post-1 2wk), 4 weeks post-injection of the 

first dose (Post-1 4wk), 2 weeks post-injection of the second dose (Post-2 2wk), and 6 

weeks post-injection of the second dose (Post-2 6wk). Only two of the three male mice 

per AAV vector (n=6 male mice total) were submitted for scRNA-seq at the following 

time points: Pre, Post-1 2wk, and Post-2 2wk. 

For Luminex, enzyme-linked immunosorbent assays (ELISAs), and high content 

protein microarray analysis (HCPM), plasma was collected at the following time points: 

prior to AAV exposure (Pre), ~5hr post-injection of the first dose (Post-1 5hr), 2 weeks 

post-injection of the first dose (Post-1 2wk), 4 weeks post-injection of the first dose 

(Post-1 4wk), ~5hr post-injection of the second dose (Post-2 5hr), 2 weeks post-

injection of the second dose (Post-2 2wk), and 6 weeks post-injection of the second 
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dose (Post-2 6wk). Plasma was isolated during PBMC isolation, discussed earlier, in 

which plasma is the layer above the PBMC buffy coat. 

 

10x library preparation, sequencing and alignment for the pilot and large cohort studies 

 scRNA-seq libraries were generated using Chromium Single Cell 3’ v.3 (10x 

Genomics). Libraries from the pilot study were sequenced using NovaSeq 6000 S2 

(Illumina) 2 x 50bp paired-end reading strategy. Libraries from the proper large cohort 

study were sequenced using NovaSeq 6000 S4 (Illumina) 2 x 100bp paired-end reading 

strategy. Cells were called using Cell Ranger (v.6.1.2, 10x Genomics) with the mouse 

reference genome (mm10) to generate raw gene expression matrices for each sample. 

 

Single cell RNA-sequencing data analysis and clustering 

 The raw gene expression matrices were analyzed by R software (v.4.1.2) with 

the Seurat package252 v.4.1.0. Low-quality cells were removed when more than 20% of 

the UMIs were derived from mitochondrial genes, when less than 200 features and 

more than 1,800 unique features were detected. The data were then normalized using 

the default NormalizeData function parameters, the FindVariableFeatures function to 

select 2,000 genes with the highest standardized variance, and the ScaleData function 

to perform z-score transformation. We then integrated the samples using Harmony 

(v.0.1.0) and re-analyzed using RunUMAP, FindNeighbors, and FindClusters functions 

for uniform manifold approximation and projection (UMAP) visualization. The clusters 

were manually annotated using the top 50 differentially expressed genes produced by 

the FindAllMarkers function. For subcluster analysis of T cells, B cells, NK cells, and 
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monocytes, we used the subset function in combination with the same methods 

discussed to analyze the integrated data. 

  

Detection of complement components with enzyme-linked immunosorbent assays 

(ELISAs) 

 Murine plasma samples were used to measure complement C3 (ab157711, 

Abcam), C4 (NBP2-70040, Novus Biologicals), and C5b9 (OKCD01374, Aviva Systems 

Biology) levels according to the manufacturer’s instructions. Plasma sample were 

diluted to 1:50,000, 1:20, 1:100, and 1:30 to measure C3, C4, and C5b9, respectively. 

Each sample and time point were run in triplicate. 

 

Multiplex cytokine analysis using Luminex 

 A custom ProcartaPlex panel (Thermo Fisher) was designed and consisted of 27 

analytes: IFN-a, IFN-b, IFN-g, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, 

IL-12p70, IL-13, IL-15, IL-17A, IL-18, IP-10, MCP-1, MCP-3, MIG, MIP-1a, MIP-1b, MIP-

2a, RANTES, and TNF-a. Analytes were measured on a Luminex 200 instrument 

(Immune Assessment Core, UCLA) using mouse plasma samples according to the 

manufacturer’s instructions. All male and female plasma samples were assessed at the 

following time points: Pre, Post-1 (5hr), Post-1 (2wk), Post-2 (5hr), and Post-2 (2wk). 

The cloud-based ProcartaPlex Analysis application (Thermo Fisher) was used to 

confirm the raw data were in the working range, in which the observed concentration 

was between 70% and 130% of the expected concentration from standard controls 

using either the four-parameter log-logistic (4PL) or five-parameter log-logistic (5PL) 
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standard curve. Cytokine analytes were expressed in picograms per milliliter (pg/mL). 

Analytes observed at the lower limits of quantification (LLOQ) were omitted from 

additional analysis (e.g., IFN-a). 

 

Humoral IgM and IgG responses measured by high content protein microarrays (HCPM) 

 HCPM chips printed with AAV capsids, Cas9 or μDYS were used to measure 

humoral IgM and IgG antibody levels. HCPM chips were generated as previously 

described253-255. In brief, proteins of interest (i.e., antigens) were printed directly onto 

nitrocellulose microarrays at concentrations of 0.1mg/mL, 0.05mg/mL, 0.025mg/mL and 

0.0125mg/mL. The antigens of interest included the following: AAV2 (AAV2-EMPTY, 

Virovek Inc.), AAV8 (AAV8-EMPTY, Virovek Inc.), AAV9 (AAV9-EMPTY, Virovek Inc.), 

SpCas9 (CAS9PROT-50UG, Millipore Sigma), AAVMYO (a gift from Dr. Xiangmin Xu, 

Professor of Anatomy and Neurobiology at the University of California, Irvine), and mini-

dystrophin protein was provided by Pfizer. Plasma samples were serially diluted for 

each microarray to determine optimal dilution and ranged from: 1:200, 1:2,000, 

1:20,000, and 1:200,000. Finally, antigen-specific humoral responses were assessed for 

male and female plasma samples at the following time points: prior to AAV exposure 

(Pre), 2 weeks post-injection of the first dose (Post-1 2wk), 4 weeks post-injection of the 

first dose (Post-1 4wk), 2 weeks post-injection of the second dose (Post-2 2wk), and 6 

weeks post-injection of the second dose (Post-2 6wk). Quantitative analyses were 

performed by the Vaccine R&D Center at the University of California, Irvine as 

previously described by their team253-255. 
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Statistical analysis 

Results presented in Figure 4-3 are shown as mean ± standard deviation (SD) 

and comparison between time points (groups) was evaluated using one-way analysis of 

variance (ANOVA) mixed effects model with repeated measures followed by Tukey’s 

post-hoc test. Results presented in Figures 4-4 and 4-5 are shown as mean ± standard 

deviation (SD) and comparison between time points (groups) was evaluated using one-

way analysis of variance (ANOVA) with repeated measures followed by Tukey’s post-

hoc test. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) were considered 

significant. Statistical analysis and graphs were generated using GraphPad Prism 9 

software. 

 

Results 

Dual dosing AAV9 leads to enhanced immune responses in hDMD del45 mdx mice 

 We previously generated a CRISPR/Cas9 gene therapeutic that is designed to 

restore the DMD reading frame by deleting exons 45-55 using a single pair of guide 

RNAs (gRNAs)68. Because we seek to re-dose AAV-CRISPR to develop a long-lasting 

therapy, we will need to suppress elements of immunity that participate in AAV 

neutralization. In order to design redosing strategies that evade AAV-host immunity, we 

comprehensively evaluated immune responses to AAV-CRISPR/Cas9 in vivo, utilizing 

our hDMD del45 mdx mouse model77, which contains an out-of-frame exon 45 deletion 

in the human DMD gene. A pilot study was conducted in which hDMD del45 mdx mice 

were dosed with two administrations of AAV9 (4 weeks apart) in which the second dose 

carried an mCherry reporter (Figures 4-1A and 4-1B). A second dose only control 
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mouse was used to confirm AAV9-mCherry was functional. As expected, we observed 

mCherry expression as measured by fluorescence microscopy for the second-dose only 

control (Figure 4-1C). However, mCherry expression was not detected in the heart, 

diaphragm and tibialis anterior muscles of the re-dosed mice, suggesting that a second 

exposure to AAV results in neutralization of the vector by the adaptive immune 

response (Figure 4-1C).  

Studying the broad immune responses that mediate AAV rejection could reveal 

novel therapeutic targets for redosing and could improve the safety and efficacy of AAV-

based therapies. In order to understand the elements of the mouse immune system that 

respond to systemically administered AAV vectors, we carried out single-cell RNA 

sequencing (scRNA-seq) on peripheral blood mononuclear cells (PBMCs) of dosed 

mice. PBMCs were collected prior to AAV dosing (Pre) and four weeks after the first 

(Post-1) and second (Post-2) doses for one mouse in the pilot study. scRNA-seq 

uniform manifold approximation and projection (UMAP) plots demonstrated distinct 

shifts in transcriptional phenotypes between Pre and Post-1 and Post-2 across all main 

cell types including B cells, monocytes, natural killer (NK) cells and all T cell subsets 

(Figure 4-1D). The transcriptional differences between Pre, Post-1 and Post-2 time 

points suggest that mouse immune cells undergo phenotypic changes in response to 

the first exposure of AAV and even more-so after AAV re-administration to AAV. Yet, 

despite the transcriptional changes from Pre to Post-1, we only observed clearance of 

AAV after Post-2, likely due to the time it takes to mount an adaptive immune response. 

Our pilot study suggests that this approach of doubly dosing AAV may provide an 
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opportunity to identify critical genes, pathways or immune cell populations that mediate 

AAV neutralization that could be targeted to improve the efficacy of AAV-based delivery. 

 

Characterizing humoral responses in a large cohort of mice double dosed with AAV9 

 Next, we carried out a larger study to comprehensively characterize AAV-

mediated immune responses in vivo using hDMD del45 mdx mice systemically dosed 

with two administrations (four weeks apart) of AAV9 at 1.16 x 1014 vg/kg carrying three 

different vectors. AAV9 was packaged with either micro-dystrophin (μDYS), Cas9, or 

Cas9 with a frameshift mutation (Cas9-FS), which disrupts Cas9 protein expression 

(Figures 4-2A and 4-2B). Cas9 and Cas9-FS vectors offered an opportunity to 

distinguish between AAV9 capsid-specific and transgene-specific immune responses 

throughout the assays used in the study. SDS-PAGE of recombinant AAV9-μDYS, 

AAV9-Cas9, and AAV9-Cas9-FS confirmed that the capsid proteins (VP1, VP2 and 

VP3) were visible and were present in the correct stoichiometric ratio 1:1:10 (Figure 4-

2C). 

Previous studies have shown that animal models and humans exposed to AAV-

based therapies develop anti-AAV antibodies256-259 and we sought to assess the timing 

of these responses. Using a high content protein microarray (HCPM) that was printed 

with AAV9 capsids, we evaluated humoral responses. The HCPM assay revealed a 

significant increase in anti-AAV9 IgG antibodies post dosing for all three vectors, 

peaking at the Post-2 (2wk) time point and trending slightly downward by the Post-2 

(6wk) time point (Figure 4-3A). However, we were unable to detect deviations in anti-

AAV9 IgM responses from baseline (Pre) among the three vectors at any time point 
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(Figure 4-3A). In addition, anti-transgene responses were also probed using the HCPM 

assay; however, we were unable to observe changes in either IgM or IgG levels against 

Cas9 or μDYS across all time points (Figure 4-3A). The absence of detectable anti-

transgene responses for the time points assessed is likely due to the fact that we 

utilized a muscle-specific promoter, CK8e. Thus, non-target tissues transduced by AAV, 

such as antigen presenting cells, will not express μDYS or Cas9 proteins thereby 

preventing antigen presentation and humoral immune responses against the 

transgene260. Interestingly, we detected AAV serotype cross-reactivity against other 

AAV serotypes including AAV2, AAV8, and AAVMYO215, which is a muscle tropic AAV 

capsid variant identified via high throughput library screening. Similar to the anti-AAV9 

IgG levels, we detected a significant increase in anti-AAV2 IgG, anti-AAV8 IgG, and 

anti-AAVMYO IgG antibodies post dosing, peaking at the Post-2 (2wk) time point and 

similarly trending slightly downward by the Post-2 (6wk) time point (Figure 4-3B). 

Additionally, we were unable to detect differences in anti-AAV IgM responses against 

AAV2, AAV8, and AAVMYO among the three vectors after dosing and re-dosing 

(Figure 4-3B). The production of anti-AAV IgGs are expected to preclude re-dosing due 

to neutralization, which will block transduction of target cells.  

 

Evaluating complement responses in a mouse model of pre-existing AAV immunity 

Complement activation occurs through three different mechanisms: the lectin, the 

alternative, and the classical pathways. Ongoing clinical trials have recently reported 

evidence of AAV-mediated complement activation following systemic administration of 

high dose AAV, and complement activation occurred with a concomitant rise of anti-
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AAV antibodies261,262. It has been speculated that the pathway being activated was the 

classical pathway, which is initiated by antigen-antibody complexes (i.e., AAV and anti-

AAV IgM or IgG antibodies)263,264. Additional support for this hypothesis stems from ex 

vivo studies, in which serum containing anti-AAV IgGs incubated with AAV resulted in 

detectable complement activation while serum depleted anti-AAV IgGs failed to induce 

the complement cascade264. While complement activation has been reported ex vivo 

and in human clinical trials, there is no published study to support AAV induction of 

complement activation in animal models. 

To test whether our pre-existing mouse model of AAV immunity can activate the 

classical complement pathway, consistent with humans dosed with AAV, we probed for 

complement components C3, C4, and C5b9 for the time points in our study (Figure 4-

2A). We measured significant depletion of complement components C3 and C4 after re-

dosing for the Post-2 (5hr) time point (Figure 4-4A), which is suggestive of the classical 

pathway and has been previously reported in DMD clinical trials261,262. However, we 

were unable to detect observable deviations in terminal C5b9 levels (Figure 4-4A), 

which may be attributed to the timing of our assay, since C5b9 was shown to increase 

three days after the consumption of C3 and C4 in DMD clinical trials261,262.  

 

Characterizing AAV-induced cytokine responses in dual-dosed mice 

Prior studies have attributed AAV-induced innate immune responses to toll-like 

receptor 9 (TLR9), a pattern recognition receptor (PRR), which senses unmethylated 

cytosine-phosphate-guanine (CpG) DNA motifs present in AAV genomes265. TLR9 

signaling can lead to nuclear factor kB (NF-kB) pro-inflammatory cytokine responses 
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and interferon regulatory factor 7 (IRF7) type I interferons266. Several studies have 

previously confirmed that TLR9 can sense AAV DNA to elicit innate cytokine responses 

and downstream adaptive CD8 T cell responses131,265,267. Given the potential of TLR9 to 

detect the AAV vector DNAs used in this study, we calculated the risk potential for TLR9 

activation (KTLR9) using several equations that consider both stimulatory and inhibitory 

configurations of CpG DNA motifs as described268. As expected, AAV9-Cas9 

(KTLR9=20), AAV9-Cas9-FS (KTLR9=20), and AAV9-μDYS (KTLR9=13) were above the 

speculated threshold (KTLR9>10) to activate TLR9 (Table 4-1). Although the μDYS 

transgene is CpG depleted and contains a lower KTLR9 compared to the Cas9 vectors, 

the packaged μDYS vector is not devoid of CpGs and thus, poses a risk for TLR9 

activation. 

In order to assess AAV-induced innate immune responses in our pre-existing 

immunity mouse model, we harvested plasma from dual dosed mice, and performed 

multiplex cytokine analysis via Luminex. A total of 27 analytes were probed (see 

methods section); however, 8 analytes were omitted from additional analysis as they 

were at or below the lower limits of quantification (e.g., IFN-a). We observed 

significantly elevated levels of myeloid-derived pro-inflammatory cytokines in plasma 

including IP-10 (CXCL10), MIP-1b (CCL4), MCP-1 (CCL2) and TNF-a, all of which 

peaked after the second dose for the Post-2 (5hr) time point compared to baseline (Pre) 

(Figure 4-5A). Similarly, previous studies stimulating TLR9 via administration of CpG 

oligonucleotide (ODN) agonists in mice, non-human primates and humans were also 

shown to induce IP-10 (CXCL10), MIP-1b (CCL4), MCP-1 (CCL2) and TNF-a269-273. 

However, we noted no statistical difference in IP-10 (CXCL10), MIP-1b (CCL4), MCP-1 
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(CCL2) and TNF-a between Pre and the Post-1 (5hr) time point (Figure 4-5B), which 

may suggest lack of AAV9 entry in myeloid cells and thus, an inability for TLR9 to sense 

AAV vector genomes. Unlike CpG ODN stimulation studies, AAV9 ineffectively 

transduces TLR9-expressing antigen presenting cells, which includes monocytes, 

dendritic cells, and B cells186,264.  

We posit that AAV capsid antibodies contribute to the increased inflammatory 

cytokine responses that were only observed in the Post-2 (5hr) time point via two 

putative mechanisms. First, AAV capsid antibodies present by the second dose bind 

AAV to activate Fcg receptor (FcgR) and/or facilitate FcgR-mediated uptake allowing for 

TLR9 recognition and myeloid activation (Figure 4-5B). Second, anti-AAV IgGs create 

antigen-antibody complexes that subsequently initiate the classical pathway of 

complement to activate myeloid cells by complement receptor-mediated uptake for 

TLR9 recognition and/or by complement C3a and C5a split products that bind 

anaphylatoxin receptors (Figure 4-5B). Previous studies have shown FcgR-mediated 

uptake allows for TLR9 activation in pDCs in response to Coxsackievirus B (CVB) virus 

and Lupus274,275. In addition, one study revealed that AAV-specific BAbs enhanced AAV 

uptake in HEK293 and Hepa 1-6 cells in vitro and introducing an anti-Fc antibody 

partially blocked AAV uptake276. Lastly, support for complement-mediated uptake and 

myeloid activation was revealed in one study, in which serum containing anti-AAV IgGs 

and complement C3 incubated with AAV resulted in detectable complement activation, 

AAV uptake in macrophages, and induction of inflammatory cytokines in vitro while C3-

depleted serum containing anti-AAV IgGs significantly reduced AAV uptake in 

macrophages264. These studies strongly suggest a need for antibodies to mediate AAV 
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uptake and/or classical complement activation, resulting in priming of myeloid cells for 

activation.  

 

Single-cell RNA sequencing (scRNA-seq) confirms monocyte cell activation after the 

second dose 

 Next, we applied single-cell RNA sequencing (scRNA-seq) to unbiasedly 

characterize phenotypic changes in peripheral blood mononuclear cells (PBMCs) 

collected in the dual dosing experiment. scRNA-seq UMAP plots revealed shifts in 

transcriptional phenotypes between Pre, Post-1 (2wk), and Post-2 (2wk) time points 

among all main immune cell types including T cells (29,104 cells), B cells (22,166 cells), 

natural killer (NK) cells (5,468 cells), and monocytes (5,228 cells) (Figures 4-6A and 4-

6B). Considering that myeloid-derived pro-inflammatory cytokine responses were 

observed 5 hours after the second dose, we examined whether we could detect 

differences in the proportion of cell types originating from Pre, Post-1 (2wk) and Post-2 

(2wk). Importantly, we noted the Post-2 (2wk) time point contributed a greater 

percentage of NK cells (~40%) and myeloid-derived monocytes (~44%) (Figure 4-6C), 

further implicating monocyte cells in AAV-induced immune responses. In order to 

support our hypothesis that antibodies are needed to mediate AAV uptake and prime 

myeloid-derived monocytes, we examined downstream activation markers associated 

with FcgR and complement receptor engagement that may also mediate TLR9 sensing 

and activation.  

 First, we identified three activated clusters of monocytes including classical 

monocytes (CD43-Ly6c+), non-classical monocytes (CD43+Ly6c-) and a smaller cluster 
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of monocytes expressing CD14+CD68+ (Figures 4-6A and 4-6B) and assessed 

expression of complement receptors and FcgRs, which have affinity for IgG immune 

complexes. Monocytes expressed activating FcgRs including Fcgr1 (CD64), Fcgr3 

(CD16), and Fcer1g, which is a subunit for CD64 and CD16 (Figure 4-6D). We also 

assessed complement receptors including Cr1l (CR1 receptor that binds C3b/C4b-

deposited antigens), Cd93 (receptor that binds C1q, which initiates the classical 

complement pathway), C5ar1 (receptor that binds anaphylatoxin, C5a) (Figure 4-6E). 

Similarly, activated monocytes differentially expressed pro-inflammatory genes including 

Tnf (TNF-a), Il1b (IL-1b), Ccl3 (MIP-1a), Ccl4 (MIP-1b), Ccl5 (RANTES), and Cxcl2 

(MIP-2a), which were significantly upregulated after the second dose in the Post-2 

(2wk) time point (Figure 4-6F).   

Activated monocytes also expressed PRRs including Tlr9, Tlr2, Cd14, and 

Myd88, which is needed for TLR downstream signal transduction (Figure 4-7A). While 

TLR9 senses hypomethylated AAV DNA leading to activation265, TLR2 has been shown 

to associate with CD14 and recognize the viral surface of AAV in primary human liver 

cells leading to activation277. Previous studies have revealed that stimulating FcgRs, 

TLR9 or complement receptors can induce NF-kB-dependent gene expression in 

plasmacytoid dendritic cells (pDCs) and monocytes266,278-280, which results in the 

production of pro-inflammatory cytokines similar to those we observed via Luminex and 

scRNA-seq. In order to support the hypothesis that NF-kB could be activated, we 

confirmed elevated expression levels of both canonical NF-kB1 and non-canonical NF-

kB2 (Figure 4-7B), which is comprised of Nfkb1/Rela (p50/p65) and Nfkb2/Relb 

(p52/Relb), respectively281. The production of NF-kB-dependent cytokines, such as 
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TNF-a282, may amplify and prolong inflammatory responses due to positive autocrine 

feedback loops via TNF receptors (TNFR1/2), which activate non-canonical NF-kB2283. 

We found elevated expression of both Tnfrsf1a (TNFR1) and Tnfrsf1b (TNFR2) in the 

classical, non-classical, and CD14+CD68+ monocyte clusters (Figure 4-7C). In addition, 

TNFR stimulation can subsequently lead to activation of the transcription factor AP-1 

(Jun), which is similarly elevated in the activated monocyte clusters (Figure 4-7C). 

These findings strongly suggest that the presence of AAV capsid antibodies and 

subsequent complement activation can prime myeloid cells by engaging FcgRs, TLRs, 

and/or complement receptors to induce downstream NF-kB-dependent gene expression 

(Figure 4-7D). Future studies will focus on delineating the mechanisms inducing 

downstream NF-kB-dependent immune responses, whether canonical or non-canonical 

NF-kB is induced by AAV, how cytokines amplify immune responses, and how innate 

responses influence downstream adaptive immunity and AAV neutralization. 

 

Discussion 

 Innate and adaptive immune responses pose a significant challenge for safe and 

efficient clinical application of AAV-based gene therapies. Currently, clinical trials rely on 

pre-trial screening to exclude participants with pre-existing NAbs and/or memory T cell 

responses who may be susceptible to AAV immunogenicity. However, complement 

activation and complement related SAEs reported in DMD, XLMTM and SMA clinical 

trials suggest pre-trial screening in insufficient in detecting additional innate and/or 

adaptive immune responses that may be contributing to AAV-induced immunotoxicities. 

These SAEs were unexpected, as AAV administration was well tolerated in small and 
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large animal models, yet these studies relied on a single administration of AAV to 

evaluate therapeutic efficacy, with little focus on characterizing immune 

responses116,250,251. In this study, we developed a mouse model of pre-existing immunity 

that recapitulates some features of the innate and adaptive immune responses similar 

to those observed in DMD clinical trials. 

Firstly, and as anticipated, we demonstrated a humoral anti-AAV9 IgG response 

after the first dose that persisted 6 weeks after the second dose. In addition, we 

confirmed anti-AAV9 IgGs cross-reacted with commonly used serotypes including AAV2 

and AAV8. In addition, we confirmed cross-reactivity against a newly discovered muscle 

tropic variant of AAV, termed AAVMYO215, which suggests that even novel variants may 

be neutralized by pre-existing capsid antibodies. Our findings correlate with pre-existing 

anti-AAV studies in which individuals similarly demonstrated cross-reactivity across 

many serotypes121. Therefore, it is unlikely that simply switching AAV serotypes will 

overcome pre-existing immunity. 

Since SAEs in the DMD clinical trials documented SAEs that were associated 

with complement activation, we also examined whether we could measure consumption 

of complement components C3 and C4, which would indicate activation. We confirmed 

that a single administration of AAV did not lead to C3 or C4 consumption; however, 

significant consumption of C3 and C4 components were measured 5 hours after the 

second dose in which capsid antibody levels had significantly increased 4 weeks after 

the first dose. These data are strongly suggestive of classical complement pathway 

activation, which is initiated by antigen-antibody complexes. Our anti-AAV9 IgG 

response and subsequent complement activation correlate with the data reported in the 
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Pfizer DMD clinical trial, in which two participants with rapidly rising anti-AAV9 IgG 

levels experienced complement related adverse events post dosing261. In addition, Solid 

Biosciences recently reported serious adverse events associated with complement 

activation262, and demonstrated using in vitro assays that complement activation relies 

on the presence of pre-existing antibodies. Similarly, both Pfizer and Solid Biosciences 

observed consumption of complement components C3 and C4 along with an increase in 

complement component C5b9 post AAV dosing, which peaked at days 4 and 7, 

respectively242,244,261,262. However, we were unable to measure changes in C5b9 levels, 

which is likely due to the time points assessed in our study, as DMD clinical trial data 

revealed that C5b9 levels rise 3 days after the consumption of C3 and C4. 

In addition to antibody responses and complement activation, the DMD clinical 

trial sponsored by Pfizer reported AAV-induced cytokine responses, in which one 

patient with thrombocytopenia had significantly elevated levels of IP-10 (CXCL10), IFN-

a2a, and ITAC (CXCL11) with a modest induction of IFN-g and TNF-a peaking 4 days 

post AAV dosing261. Comparably, we also detected significant plasma levels of pro-

inflammatory cytokines including IP-10 (CXCL10) and TNF-a as well as MIP-1b (CCL4) 

and MCP-1 (CCL2). The induced cytokine responses are strongly suggestive of NF-kB 

activation, which has been shown to be downstream of TLR9 activation284-286. However, 

we only detected the induction of myeloid-derived IP-10 (CXCL10), MIP-1b (CCL4), 

MCP-1 (CCL2) and TNF-a after the second dose, which suggests AAV is unable to 

transduce TLR9-expressing cells including monocytes, dendritic cells and B cells186,264. 

Our data support the model that AAV capsid antibodies present during the second dose 

consequently initiate the classical complement pathway to mediate AAV uptake and 
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activate monocytes. Anti-AAV IgGs may prime monocytes through FcgR activation, 

complement receptor activation, and/or FcgR- and complement receptor-mediated 

uptake that may allow for TLR9 recognition of AAV DNA. 

 By using scRNA-seq, we were able to identify monocyte clusters that highly 

expressed FcgRs, TLRs, and complement receptors. Similarly, the identified monocyte 

clusters only demonstrated significant upregulation of NF-kB-dependent genes only 

after the second dose including Tnf (TNF-a), Ccl3 (MIP-1a), Ccl4 (MIP-1b), Ccl5 

(RANTES), Cxcl2 (MIP-2a), and Il1b (IL-1b). The induction of pro-inflammatory 

cytokines may also extend myeloid inflammatory responses through positive autocrine 

feedback loops283. We confirmed elevated plasma levels of TNF-a by Luminex and an 

elevated expression level of TNF-a by scRNA-seq, which was detected and persisted 

two weeks after the second dose. Importantly, TNF-a expressing monocytes 

demonstrated elevated expression levels of both TNFR1 and TNFR2, which may 

indicate the presence of a feed-forward activation loop. Future studies will focus on 

uncovering how pre-existing anti-AAV antibodies trigger AAV uptake and their role in 

amplifying downstream innate and adaptive immune responses. 

 

Conclusion 

 We demonstrated that implementing an AAV double dosing approach in mice 

successfully emulated some human immune responses reported in clinical trials. 

Importantly, this was the first study to demonstrate classical complement pathway 

activation in mice, which was only observed after the second AAV administration. 

Likewise, we observed the induction of monocyte-derived pro-inflammatory cytokines 
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only after the second dose, suggesting monocytes are activated through AAV-capsid 

antibodies and subsequent complement activation. Similarly, scRNA-seq confirmed 

pronounced activation profiles in monocytes, primarily after the second dose of AAV. 

Collectively, our AAV double dosing approach more accurately recapitulates human 

AAV-mediated immune responses compared to prior pre-clinical studies, which relied 

on a single administration of AAV and thus, offers the potential to model aspects of 

human AAV-mediated immunity.  
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Figure 4-1: Profiling AAV9-mediated immune responses in one hDMD del45 mdx 
mouse. 
A) Timeline to study AAV-induced immune responses in one hDMD del45 mdx mouse 
by scRNA-seq including the timeline of one hDMD del45 mdx mouse used as a second-
dose only control. Created with Biorender.com. 
B) Schematic of the Cas9 and mCherry vectors used in the pilot double dosing study. 
Created with Biorender.com. 
C) Representative mCherry immunofluorescent imaging of an hDMD del45 mdx mouse 
first dosed with AAV9-Cas9 then re-dosed with AAV9-mCherry compared to the 
second-dose only control mouse injected with AAV9-mCherry. Scale bar represents 
50µm. 
D) Uniform Manifold Approximation and Projection (UMAP) of main immune cell types in 
single cell sequencing set: CD4 T cells, CD8 T cells, regulatory T cells (Treg), B cells, 
monocytes, and natural killer (NK) cells. UMAPs are color coded by time point before or 
after AAV dosing. Pre (pink), Post-1 (green), and Post-2 (blue). 
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Figure 4-2: Experimental timeline to characterize AAV9-mediated immune 
responses in a mouse model of pre-existing AAV immunity. 
A) Schematic timeline to study AAV9-induced immune responses in hDMD del45 mdx 
mice. n=9 male and n=9 female mice (3 mice per AAV9 vector) dosed at 1.16 x 1014 
vg/kg. Created with Biorender.com. 
B) Schematic highlighting the assays used in this study. Plasma samples were used to 
assess cytokine responses (Luminex), complement levels (ELISAs), and humoral 
antibody responses via high content protein microarrays (HCPM) and PBMCs were 
characterized by scRNA-seq. Created with Biorender.com. 
C) Coomassie stained SDS-PAGE of the recombinant AAV9-μDYS, AAV9-Cas9, and 
AAV9-Cas9-FS vectors used in the study. 
 

 

 

 

 

 

 

 

 

 



 141 

 

 



 142 

Figure 4-3: Assessment of anti-AAV9 antibodies using a high content protein 
microarray (HCPM). 
A) anti-AAV9, anti-Cas9, and anti-μDYS IgG and IgM responses were measured via 
high content protein microarrays (HCPM) from male (n=9) and female (n=8) hDMD 
del45 mdx mice at the indicated time points. Error bars represent standard deviation. 
B) Plasma collected from mice double dosed with AAV9 was assessed by HCPM for the 
ability to bind to other AAV serotypes. Capsids of AAV2, AAV8, and AAVMYO were 
printed on the chip and plasma from male (n=9) and female (n=8) hDMD del45 mdx 
mice. Error bars represent standard deviation. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) 
and p < 0.0001 (****) were considered significant. 
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Figure 4-4: Consumption of complement components, C3 and C4, after the 
second dose of AAV. 
A) Plasma from hDMD del45 mdx mice were evaluated by ELISA for levels of 
complement C3 (n=9 males), C4 (n=9 females), and C5b9 (n=9 females). Error bars 
represent standard deviation. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 
(****) were considered significant. 
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Table 4-1: Activation potential for toll-like receptor 9 (TLR9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 145 

 
Figure 4-5: Pro-inflammatory cytokine responses after second dose in AAV 
double-dosed mice. 
A) Levels of immunomodulatory analytes: IP-10 (CXCL10), MIP-1b (CCL4), MCP-1 
(CCL2), and TNF-a as measured by Luminex ProcartaPlex. 
B) Hypothetical pathways that could induce pro-inflammatory cytokine responses after 
the second dose of AAV9. Our data suggest that antibodies are needed to prime 
myeloid cells through FcgR and/or complement receptor engagement, leading to 
subsequent activation. 
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Figure 4-6: scRNA-seq analysis demonstrating monocyte activation and induction 
of NF-kB-dependent target genes after the second systemic administration of 
AAV9. 
A) Uniform Manifold Approximation and Projection (UMAP) of main immune cell types: 
T cells, B cells, NK cells, and Monocytes. Activated monocyte clusters are indicated in 
dashed lines.  
B) UMAPs are color coded by time point before or after AAV dosing. Pre (blue), Post-1 
(pink) and Post-2 (green). Activated monocyte clusters are indicated in dashed lines. 
C) Bar graphs shows the percentage of T cells, B cells, NK cells and monocytes by time 
point. Pre (blue), Post-1 (pink) and Post-2 (green).  
D) Violin plots showing the expression of FcgRs upregulated in activated non-classical, 
classical and CD14+CD68+ monocyte clusters.  
E) Violin plots showing the expression of complement receptors upregulated in 
activated non-classical, classical and CD14+CD68+ monocyte clusters. 
F) Violin plots showing the expression of differentially expressed pro-inflammatory 
cytokines significantly upregulated Post-2. 
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Figure 4-7: scRNA-seq gene expression of TLRs, canonical and non-canonical 
NF-kB, and TNF receptors in activated monocyte clusters. 
A) Violin plots showing the expression of pattern recognition receptors including Tlr9, 
Tlr2, Cd14, and downstream adaptor gene, Myd88. 
B) Violin plots showing the expression of canonical NF-kB1 and non-canonical NF-kB2 
genes. 
C) Violin plots showing expression of TNF receptors (Tnfrsf1a and Tnfrsf1b) and one of 
the downstream transcription factors, Jun (AP-1). 
D) scRNA-seq supports the hypothesis that FcgRs, complement receptors and TLR9 
signaling components are highly expressed in activated monocytes that correspondingly 
upregulate NF-kB-dependent target genes. Production of TNF-a may amplify NF-kB-
dependent gene expression through feed-forward autocrine signaling via TNFR1 and 
TNFR2. 
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Chapter 5 – Conclusions 

 

 Gene editing provides enormous opportunities to significantly improve human life 

by means of genetically modifying agricultural crops and livestock, generating novel 

model organisms for biomedical research, and treating genetic diseases136,287,288. The 

gene editing field has advanced swiftly since the advent of the CRISPR/Cas system, 

due to its simplicity, high precision, versatility, and a relatively low barrier to entry. While 

the CRISPR/Cas9 system is widely adopted, there have been additional Cas 

endonucleases discovered and/or engineered that vary in size, create unique double-

stranded breaks, create single-stranded breaks, require unique recognition sequences 

for cleavage, and are capable of targeting and cleaving RNA289-291. Collectively, the 

CRISPR/Cas system is a revolutionary technology, and although the first two human 

clinical trials for in vivo delivery of CRISPR/Cas9 have shown initial success292-294, 

additional follow-up studies are needed to assess therapeutic benefit and long-term 

effects to maximize safety and efficacy for systemic CRISPR/Cas9 delivery in vivo. 

 While the first two clinical trials testing in vivo CRISPR delivery have shown early 

success for the treatment of Leber congenital amaurosis (LCA) (clinicaltrials.gov: 

NCT03872479, Editas Medicine Inc.) and the treatment of transthyretin amyloidosis 

(clinicaltrials.gov: NCT04601051, Intellia Therapeutics and Regeneron 

Pharmaceuticals), the form and route in which CRISPR was delivered differs between 

the trials. Editas Medicine Inc. delivered CRISPR/Cas9 in the form of DNA packaged in 

AAV via subretinal injection while Intellia Therapeutics and Regeneron Pharmaceuticals 

intravenously delivered CRISPR/Cas9 in the form of Cas9 mRNA and gRNA 
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encapsulated in lipid nanoparticles effectively targeting the liver292-294. Importantly, these 

two clinical trials underscore the need to identify the suitable CRISPR format (e.g., 

DNA, RNA, or RNP), the appropriate vehicle to encapsulate CRISPR components, and 

the route of administration, all of which are paramount to achieving a safe and efficient 

CRISPR-based therapy.  

 For neuromuscular disorders, such as Duchenne muscular dystrophy, achieving 

systemic delivery of CRISPR/Cas9 to all affected muscles of the body remains a 

significant challenge. Here, we describe two potential approaches to advance 

translation for systemic CRISPR/Cas9 delivery to muscle in vivo via non-viral or viral 

carriers. While AAV is the most promising viral vector for delivering CRISPR/Cas9, AAV 

induces an immune response and is likely limited to a single injection unless 

immunosuppression regimens, plasmapheresis, or anti-AAV IgG-cleaving 

endopeptidases are used295-299. Additionally, AAV-CRISPR inefficiently targets muscle 

stem cells (MuSCs), which we hypothesize will be required for a sustained life-long 

therapy for DMD71,119,300. Conversely, non-viral nanoparticles are largely non-

immunogenic, making them suitable for repeat dosing81. In addition, nanoparticles are 

highly tunable, making them amenable to chemical and peptide targeting modifications 

which may enable MuSC targeting.  

Thus, we first aimed to develop non-viral nanoparticle carriers for CRISPR/Cas9 

delivery. We developed and optimized novel polymer-based polyrotaxane (PRX) 

nanoparticles through successive iterations in primary muscle cells derived from our 

dystrophic hDMD del45 mdx mouse model70,77. We optimized PRXs further by 

conjugating a synthetic peptide ligand shown to interact with the neural cell adhesion 
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molecule (NCAM), which is a receptor expressed on muscle cells, including MuSCs168. 

The NCAM-conjugated PRX significantly improved CRISPR/Cas9 delivery and gene 

editing in vitro70. While we observed biodistribution of PRXs to skeletal muscle following 

intravenous delivery in vivo, PRXs were unable to target the heart and diaphragm which 

is necessary to alter disease course for DMD. Although PRXs are capable, to an extent, 

of trafficking to the limb muscles after intravenous administration, we failed to detect 

gene editing in skeletal muscle or MuSCs.  

In comparison, AAV-CRISPR is capable of restoring dystrophin expression after 

intravenous delivery. We hypothesize that the PRXs are inefficient due to their inability 

to traffic across the sarcolemmal membrane, whereas AAV exploits evolutionary fitness 

to bind receptors, such as laminin receptors, that mediate cell entry. Since AAV is 

capable of delivering nucleic acids to heart and skeletal muscle; yet, unable to 

effectively target MuSCs, we aimed to identify novel AAV variants that would efficiently 

target both skeletal muscle and MuSCs via a peptide-display library screen. 

Furthermore, we theorize that identifying peptide motifs that allow AAV entry to MuSCs 

and other tissues, then we could create designer-nanoparticles that may enable 

improved intravenous delivery of CRISPR/Cas9 to specific tissues in vivo. A potential 

pitfall with conjugating newly identified targeting peptides onto nanoparticles is 

biodistribution and muscle targeting in vivo may not improve PRX-CRISPR delivery, as 

we have observed with NCAM-conjugated PRXs.  

We developed and screened an AAV peptide-display library and identified a total 

of 9 AAV variants highly enriched in both skeletal muscle and MuSCs. We also 

identified 8 MuSC- and 5 SkMu-AAV variants with reduced liver enrichment. Also, some 
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variants demonstrate an improved skeletal muscle to heart enrichment ratio, which is an 

additional improvement over wildtype AAV9. Future studies include validating the top 9 

highly enriched variants that are shared between skeletal muscle and MuSCs. In 

addition, future work will focus on assessing long-term stability of dystrophin after a 

single-administration of MuSC-specific AAV-CRISPR in conjunction with functional 

testing may provide some insight into the percentage of MuSCs that need to be 

CRISPR-corrected in order to sustain a life-long treatment.  

While a novel MuSC-tropic AAV would bode well for immunologically naïve 

individuals that have not naturally contracted wildtype AAV, there remains relevant 

concerns regarding AAV immunogenicity that can cause serious adverse events 

(SAEs), as reported in AAV gene replacement clinical trials238-245. However, there are 

additional safety concerns regarding AAV-CRISPR/Cas9 immunogenicity as Cas9 is 

bacterially derived with up to 60% of individuals containing pre-existing 

immunity120,122,123. One study demonstrated that a mouse model of pre-existing 

immunity to Cas9 negated AAV-CRISPR gene editing and resulted in liver 

hepatotoxicity and an increase in CD8 T cell numbers in the liver124. To date, there is 

one ongoing Phase I/II clinical trial administering AAV-CRISPR to treat LCA via 

subretinal injection to the eye, which is considered a site of ocular immune privilege and 

may prove successful293,301. Nevertheless, the SAEs observed in AAV-based clinical 

trials were unexpected because participants were screened for pre-existing immune 

responses against AAV. The inadequacy of pre-trial screening suggests there may be 

previously undefined innate and/or adaptive immune components that mediate AAV-

induced toxicities. 
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 Consequently, we aimed to unbiasedly characterize AAV-mediated immune 

responses in our dystrophic mouse model. We generated a mouse model of pre-

existing immunity by administering the first dose of AAV, then waiting four weeks to 

mount an adaptive immune response before re-dosing AAV. Our double dosing 

approach more accurately modeled characteristics of human AAV immune responses 

reported in clinical trials. In sum, we observed anti-AAV humoral responses, 

complement activation, and induction of pro-inflammatory cytokines similar to the 

immune responses described in DMD clinical trials261,262. Preliminary scRNA-seq data 

suggests activation profiles across the main immune cell types, however future studies 

require in depth scRNA-seq analysis in order to identify biomarkers for pre-trial 

screening as well as therapeutic targets to enable safe and efficient delivery of AAV-

based gene therapies. Lastly, these data will be compared to human studies being 

conducted in collaboration with Pfizer, in which we are characterizing AAV-mediated 

immune responses in patients dosed with AAV-micro-dystrophin via scRNA-seq. 

To summarize, we have developed non-viral nanoparticle-mediated carriers 

capable of delivering CRISPR/Cas9 in vitro. We have identified AAV variants 

demonstrating high enrichment in skeletal muscle and MuSCs, which offers potential as 

a life-long CRISPR therapy for DMD. Furthermore, we generated a mouse model of pre-

existing immunity that effectively models aspects of human immunity, which may enable 

the development of mitigation strategies to overcome adverse immune responses. 

Developing a successful CRISPR-based therapy for DMD will require expert 

contributions in the fields of nano-chemistry, vector biology, immunology, gene-editing, 

to develop innovative strategies that overcome existing challenges. 
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