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Abstract

Inverted terminal repeats (ITRs) are the only wild-type components retained in the genome 

of adeno-associated virus (AAV) vectors. To determine whether ITR modification is a viable 

approach for AAV vector engineering, we rationally deleted all CpG motifs in the ITR and 

examined whether CpG elimination compromises AAV vector production and transduction. 
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Modified ITRs were stable in the plasmid and maintained the CpG-free nature in purified vectors. 

Replacing the wild-type ITR with the CpG-free ITR did not affect vector genome encapsidation. 

However, the vector yield was decreased by approximately 3-fold due to reduced vector genome 

replication. To study the biological potency, we made micro-dystrophin (μDys) AAV vectors 

carrying either the wild-type ITR or the CpG-free ITR. We delivered the CpG-free μDys vector 

to one side of the tibialis anterior muscle of dystrophin-null mdx mice and the wild-type μDys 

vector to the contralateral side. Evaluation at four months after injection showed no difference in 

the vector genome copy-number, μDys expression, and muscle histology and force. Our results 

suggest that the complete elimination of the CpG motif in the ITR does not affect the biological 

activity of the AAV vector. CpG-free ITRs could be useful in engineering therapeutic AAV 

vectors.

Introduction

Adeno-associated virus (AAV) is a helper-dependent parvovirus first discovered as 

contaminating particles in adenovirus stocks [1–3]. AAV contains a ~4.7 kb single-stranded 

DNA genome [4]. AAV was developed in late 80s and early 90s as a gene delivery/gene 

therapy vector [5–7]. Today, three AAV vectors have been approved by regulatory agencies 

for treating inherited diseases [8–10]. These include Glybera for treating lipoprotein lipase 

deficiency, Luxturna (Voretigene neparvovec-rzyl) for treating Leber congenital amaurosis, 

and Zolgensma (Onasemnogene abeparvovec-xioi) for treating spinal muscular atrophy [11–

14]. AAV gene therapy has also resulted in remarkable clinical success in many other 

genetic diseases such as hemophilia A, hemophilia B, and giant axonal neuropathy [8–10].

Despite the significant advance in AAV gene therapy, there is room for improvement to 

further enhance efficacy and reduce adverse reactions. A typical AAV vector consists of 

a protein capsid and a single-stranded vector genome. The vector genome contains an 

expression cassette and two flanking inverted terminal repeats (ITRs) (Fig. 1A). ITRs are 

the only genetic components shared by the recombinant vector and wild-type virus. ITRs 

are essential for AAV genome replication, progeny genome generation and encapsidation, 

and conversion of the single-stranded vector genome to the transcription competent latent 

form for persistent transgene expression [15–17]. Over the last two decades, most effort in 

AAV engineering has focused on developing novel capsids and optimizing the expression 

cassette [9, 18–21]. Few studies have explored ITR engineering because ITR mutagenesis 

often alters function [22–33]. To study whether synthetic ITRs are suitable for AAV gene 

therapy, we substituted ~15% of the nucleotides in the AAV2 ITR, the most used ITR in 

AAV vectors. Specifically, we targeted the CpG motif. The CpG motif refers to a cytosine 

triphosphate deoxynucleotide followed by a guanine triphosphate deoxynucleotide in a DNA 

sequence. Unmethylated CpG motifs are immune stimulants [34]. Elimination of the CpG 

motifs may potentially improve the immunological outcome of AAV gene therapy [35–38]. 

Our mutagenesis resulted in novel ITRs completely free of CpG motifs. We show that 

CpG-free ITRs can be used to produce a therapeutic AAV vector. Notably, the biological 

potency of the vector that has no CpG in the ITR was equivalent to that of the vector 

carrying the wild-type ITR.
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Materials and methods

Cell lines

Fast-growing and highly transfectable human embryonic kidney 293FT cells (ThermoFisher 

Scientific, Catalog number R70007, www.thermofisher.com/order/catalog/product/R70007#/

R70007) were maintained in Dulbecco’s modified Eagle’s medium supplemented with 

5% Serum Plus (Millipore Sigma, Catalog number 14008C, https://www.sigmaaldrich.com/

catalog/product/sigma/14008c?lang=en&region=US) and incubated at 37 °C with 5% CO2.

Experimental Mice

All animal experiments were approved by the Animal Care and Use Committee of the 

University of Missouri and were in accordance with NIH guidelines. All animal experiments 

were conducted at the University of Missouri. Dystrophin-deficient mdx mice (Stock 

number 001801) were originally purchased from The Jackson Laboratory (Bar Harbor, ME). 

Experimental mice were generated in-house in a specific-pathogen-free barrier facility at 

the University of Missouri using founders from The Jackson Laboratory. The genotype of 

the mice was confirmed using our published protocol [39]. All mice were maintained in a 

specific-pathogen-free animal care facility on a 12-hour light (25 lux):12-hour dark cycle 

with access to PicoLab rodent diet 20 #5053 (www.labdiet.com) and autoclaved municipal 

tap water ad libitum. The room temperature and relative humidity were maintained at 68 ± 2 

°F and 50 ± 20 %, respectively. All animals were observed daily for their general condition 

and wellbeing. All mice had a unique identification number (ear tag). The sample size was 

determined by the power analysis and consistent with our previous experience and common 

practice of the field. No samples or animals were excluded from the analysis.

Generation of the CpG-free ITR

The CpG-free ITRs were designed based on the wild-type ITRs of AAV2. Two different 

versions of the CpG-free ITR were designed. In the first version (CpG-free 1), the 5’-end 

CpG-free ITR was designed by replacing guanine in the first CpG motif in the A sequence 

of the ITR with thymine, guanine in the remaining three CpG motifs in the A sequence of 

the ITR with adenine, guanine in the first CpG motif and its immediate downstream cytosine 

in the C sequence of the ITR with adenine and guanine, guanine in the second CpG motif 

and its immediate downstream guanine in the C sequence of the ITR with cytosine and 

thymine, guanine in the first CpG motif in the B sequence of the ITR with adenine, guanine 

in the second CpG motif in the B sequence of the ITR with cytosine. Corresponding bases in 

the A’, B’, and C’ sequences of the 5’-end ITR were modified with complementary bases. In 

the first version (CpG-free 1), the 3’-end CpG-free ITR was designed by replacing guanine 

in the first CpG motif in the A sequence of the ITR with thymine, guanine in the remaining 

three CpG motifs in the A sequence of the ITR with adenine, guanine in the first CpG motif 

in the B sequence of the ITR with adenine, cytosine and guanine in the second CpG motif 

of the B arm with guanine and cytosine, respectively, guanine in the first CpG motif and 

its immediate downstream cytosine in the C sequence of the ITR with adenine and guanine, 

guanine in the second CpG motif and its immediate downstream guanine in the C sequence 

of the ITR with cytosine and thymine. Corresponding bases in the A’, B’, and C’ sequences 

of the 3’-end ITR are modified with complementary bases.
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The second version (CpG-free 2) is different from the first version in B, B’, C, and C’ 

sequences. Specifically, a guanine to thymine substitution in the first CpG motif of the 

C sequence of the 5’-end ITR and a cytosine to guanine substitution in the immediate 

downstream cytosine in the C sequence. A cytosine to adenine substitution in the second 

CpG motif of the C sequence of the 5’-end ITR and a guanine to adenine substitution 

in the guanine immediately downstream second CpG motif in the C sequence. A guanine 

to thymine substitution in the first CpG motif of the B sequence of the 5’-end ITR. A 

cytosine to guanine substitution in the second CpG motif in the B sequence of the 5’-end 

ITR. Corresponding bases in the C’ and B’ sequences of the 5’-end ITR were modified 

with complementary bases. In the 3’-end ITR of the second version CpG-free ITR, there 

were a guanine to thymine substitution in the first CpG motif and a cytosine to guanine 

substitution in the second CpG motif of the B sequence. There also existed a guanine to 

thymine substitution in the first CpG motif of the C sequence and a cytosine to guanine 

substitution in the immediate downstream cytosine in the C sequence. Further, there was a 

cytosine to adenine substitution in the second CpG motif of the C sequence and a guanine to 

adenine substitution in the immediate guanine downstream of the second CpG motif in the C 

sequence. Corresponding bases in the B’ and C’ sequences of the 3’-end ITR were modified 

with complementary bases.

The CpG-free ITRs were synthesized by GenScript (Piscataway, NJ).

Micro-dystrophin (μDys) expression cassette

The codon-optimized human μDys gene contains the N-terminal domain, hinge 1, spectrin-

like repeats 1, 16, 17, and 24, hinge 4, the cysteine-rich domain, and the syntrophin/

dystrobrevin-binding site of human dystrophin [40]. μDys expression is regulated by the 

human elongation factor 1-α (EF1-α) core promoter, the mouse cytomegalovirus enhancer, 

and a synthetic intron from pCpGfree (Invivogen, San Diego, CA, USA), and a synthetic 

polyadenylation site from pGL3-Basic (Promega, Madison, WI, USA).

LacZ expression cassette

The LacZ expression cassette consists of the EF1-α core promoter, the mouse 

cytomegalovirus enhancer, a synthetic intron, and the LacZ cDNA from the pCpGfree-LacZ 

(Invivogen, San Diego, CA, USA), and a SV40 late polyadenylation signal from pTarget™ 

(Promega, Madison, WI, USA).

Vector plasmids

Two cis-plasmids were used to make the μDys vectors. They carried the exact same μDys 

expression cassette as described above. One cis-plasmid contained the first version of the 

CpG-free ITRs and was called pXP15. The other cis-plasmid contained the wild-type ITRs 

and was called pXP24. To determine the stability of the CpG-free ITR in the vector plasmid, 

pXP15 was inoculated onto a Luria broth agar plate and a single clone was amplified in the 

lysogeny broth for plasmid preparation. The resulting plasmid was inoculated onto a Luria 

broth agar plate to start another round of passage. After six rounds of passage, the ITR of the 

plasmid was sequenced as described below and used for AAV vector production.
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Two cis-plasmids were used to make the LacZ vectors. They carried the exact same LacZ 

expression cassette as described above. One cis-plasmid contained the second version of the 

CpG-free ITRs and was called pXP158. The other cis-plasmid contained the wild-type ITRs 

and was called pXP159.

Recombinant AAV production, purification, and titration

AAV vectors were packaged in Y731F tyrosine mutant AAV9 (a kind gift of Dr. Arun 

Srivastava, University of Florida) [41, 42], and vector stocks were produced using 

the transient transfection method according to our published protocol [43, 44]. AAV 

vectors were purified through two rounds of isopycnic cesium chloride ultracentrifugation 

followed by three changes of HEPES buffer at 4°C for 48 hours [43]. Viral titer 

was determined by quantitative PCR using the Fast SYBR Green Master Mix kit 

(Applied Biosystems, Foster City, CA) in an ABI 7900 HT qPCR machine. The 

pair of primers were designed for the mouse cytomegalovirus enhancer region. The 

forward primer is 5’-ACATAAGGTCAATGGGAGGTAAGC and the reverse primer is 5’-

CAATGGGACTTTCCTGTTGATTC.

Sequencing the ITR in the cis-plasmid

Due to the complicated secondary structure and high GC content, the DNA was first 

amplified with the GE healthcare illustra TempliPhi Sequence Resolver Kit (GE healthcare 

life sciences, Code # 28-9035-29). The amplified product was then subjected to Sanger 

sequencing using the primer 5’-GATGTGCTGCAAGGCGATTA for the 5’-end ITR and the 

primer 5’-TTATGCTTCCGGCTCGTATG for the 3’-end ITR.

Sequencing the ITR in the AAV virus

Vector genomes were isolated by phenol:chloroform:isoamyl alcohol (Invitrogen) extraction 

and EtOH precipitation described in Tran et al. [45]. Briefly, SMRT sequencing libraries 

were built with indexed SMRTBell adapters using the Express Template Prep Kit 2.0 

(End-Repair/A-tailing) (PN 100-938-900). Libraries were run on a Sequel II with 15-hour 

collections. The resultant subreads were processed with recalladapters (https://github.com/

PacificBiosciences/recalladapters), and ccs (smrtlink/7.0.1.66975) was ran with minimum 

thresholds, --min-snr=2.00 and --min-passes=0.5. Reads were then demultiplexed, mapped 

to reference vector genomes, and displayed on IGV [46].

AAV capsid dot blot

Purified AAV vectors were loaded on the nitrocellulose membrane. After air dry, the 

membrane was blocked with 1X Tris-buffered saline containing 0.1% Tween-20 (1X 

TBST) and 5% non-fat milk. After a wash in TBST, the membrane was probed with the 

mouse monoclonal AAV9 antibody (1:100 in 5% non-fat milk 1X TBST; clone ADK9, 

PROGEN, Heidelberg, Germany, Cat log number 651162) at room temperature for 1 h. 

The membrane was then washed in 1X TBST three times (five minutes each). After 

washing, the membrane was probed with the goat anti-mouse IgG antibody (1:1,000 in 

1X TBST; Santa Cruz, Dallas, TX) at room temperature for 1 h. After three washes in 1X 

TBST, the signal was detected using the Clarity Western ECL substrate (Bio-Rad, Hercules, 
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CA) and visualized using the Li-COR Odyssey imaging system (LI-COR Biotechnology). 

Densitometry quantification was performed using the Li-COR Image Studio version 5.0.21 

software (https://www.licor.com).

Electron microscopy

AAV particles were examined by transmission electron microscopy as described previously 

[47]. Specifically, purified and dialyzed AAV virus was diluted to 1 to 3 × 109 vg/μl with 

ultra-pure water and then placed on a 200-mesh glow-discharge carbon-coated copper grid 

for five minutes. After four to five rounds of gentle washing in ultra-pure water, the virus 

was stained with 2% NANO-W™ (Nanoprobes, Yaphank, NY, USA) for 5 minutes. Viral 

particles were visualized using a JEOL JEM-1400 transmission electron microscope.

Southern blot evaluation of vector genome replication

Southern blot was performed blindly. The plasmids used for transfection were assigned 

a number. The investigator was informed with the plasmid number but were unaware 

which was the wild-type plasmid and which was the CpG-free plasmid. 293FT cells 

were grown on 60-mm cell culture plates until they reached 50–70% confluency. Cells 

were co-transfected with pHelper, pRepCap, and the cis-plasmid in a 1:1:1 molar ratio 

normalized to the plasmid size, using polyethylenimine (PEI; Polysciences, Warrington, 

PA) according to manufacturer’s instructions. Cells were harvested at the indicated time 

points post transfection, pelleted, and DNA was isolated using a modified Hirt extraction 

protocol as previously described [48]. Total DNA content in the samples was quantified 

using Nanodrop, and an equal amount of DNA was either treated with DpnI restriction 

enzyme overnight at 37°C or left untreated. Samples were electrophoresed on a 1% agarose 

gel for 16 h at 35 V, transferred to a nitrocellulose membrane, and hybridized with a 

randomly primed radiolabeled probe. The probe was prepared using a 2.4 kb fragment from 

XbaI and NcoI double digestion of pXP15 or pXP24 as the template. The 5 kb marker was 

obtained from SacI and SalI double digestion of pXP15 or pXP24, and it contained the 

full-length vector genome. The intensity of the replication form AAV genome bands were 

quantified with the Fujifilm Multi Gauge software (version 3.0).

AAV administration

2.8 × 1011 vg particles/muscle (in 50 μl of HEPES buffer) of the AAV vector were injected 

into the TA muscle of six 10-m-old female mdx mice using a Hamilton syringe. One side of 

the TA muscle received the wild-type vector, and the contralateral side of the same mouse 

received the CpG-free vector. The injection side was randomly assigned by coin tossing.

Muscle AAV vector genome copy-number quantification

Genomic DNA was extracted from OCT-embedded frozen tissue samples. DNA 

concentration was measured with NanoDrop OneC Spectrophotometer (ThermoFisher 

Scientific, Waltham, MA, USA). Quantitative TaqMan PCR assays were performed 

using the PrimeTime Gene Expression Master Mix (Integrated DNA technologies 

IDT, IA) in an ABI 7900 HT qPCR machine (Applied Biosystems, Foster City, 

CA). The qPCR primers and probe were designed from the human EF-1 α 
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promoter region. The forward primer is 5’- GGCTTGGGTAAACTGGGAAA-3’, the 

reverse primer is 5’- GTTCACAGAGACTACTGCACTTAT-3’ and the probe is 5’- 

ATGTGGTGTACTGGCTCCACCTTT-3’. The qPCR reaction was carried out under the 

following conditions: 10 minutes at 95°C, followed by 40 cycles: 15 seconds at 95°C and 1 

minute at 60°C. The threshold cycle (Ct) value of each reaction was converted to the vector 

genome copy number by measuring against the copy-number standard curve of the known 

amount of the pXP15 plasmid. The data was reported as the vector genome copy number per 

diploid genome.

Morphological analysis

Four months after AAV injection, we performed the terminal TA muscle function assay 

(see below). After the functional assay, mice were euthanized according to the protocols 

approved by the University of Missouri Animal Care and Use Committee. The TA 

muscle was carefully dissected out and cut into two pieces. One piece was snap-frozen 

in liquid nitrogen. The other piece was embedded in liquid nitrogen-cooled isopentane 

in the optimal cutting temperature compound (Sakura Finetek Inc., Torrance, CA). Ten-

micron cryosections were used for staining. General muscle histopathology was revealed 

with hematoxylin and eosin (H&E) staining. Dystrophin expression was evaluated by 

immunofluorescence staining using a mouse anti-human dystrophin spectrin-like repeat 17 

monoclonal antibody MANNEX 44A (1:500; a gift from Dr. Glenn Morris, The Rober Jones 

and Agnes Hunt Orthopedic Hospital, Oswestry, Shropshire, UK) and the Alexa Fluor-594 

conjugated goat anti-mouse IgG secondary antibody (#156, 1:100, Invitrogen). Slides were 

viewed at the identical exposure setting using a Nikon E800 fluorescence microscope. 

Images were taken with a QImage Retiga 1300 camera. Centrally nucleated myofibers were 

determined from digitalized H&E-stained images using the Fiji imaging software (https://

fiji.sc) [49]. Percentage of dystrophin positive cells and the myofiber size were quantified 

from digitalized dystrophin immunostaining images using the Fiji imaging software (https://

fiji.sc) and MyoVision software, respectively.

Western blot and quantification

Whole muscle lysates were electrophoresed on a 6% sodium dodecyl sulfate-polyacrylamide 

gel. Western blot was carried out on an iBind Flex western device (Invitrogen). The μDys 

protein was detected with a mouse monoclonal antibody against dystrophin spectrin-like 

repeat 16 (1:200; MANDYS102 clone 7D2 Type G2a, ex43, 2047–2105; a gift from 

Dr. Glenn Morris). Alpha-tubulin was used as the loading control and was detected 

with a mouse monoclonal antibody (1:1000, Sigma). Signal was detected using the ECL 

system (Bio-Rad) and visualized using the Li-COR Odyssey imaging system (LI-COR 

Biotechnology). The intensity of the μDys band and α-tubulin band was quantified with the 

Li-COR Image Studio version 5.0.21 software (https://www.licor.com).

Skeletal muscle function assay

The muscle force assay was performed blindly. Specifically, animals were identified by the 

ear tag rather than the vector injected in the TA muscle. The function of the TA muscle 

was evaluated in situ according to our published protocols [50, 51]. Specifically, the twitch 

force, tetanic force and eccentric contraction profile were measured. Experimental mice 
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were anesthetized via intra-peritoneal injection of a cocktail containing 25 mg/ml ketamine, 

2.5 mg/ml xylazine, and 0.5 mg/ml acepromazine at 2.5 μl/g body weight. The TA muscle 

and the sciatic nerve were carefully exposed. The mouse was then transferred to a custom-

designed thermo-controlled footplate platform [52]. Subsequently, forces were measured 

in situ with a 305C-LR dual-mode servomotor transducer (Aurora Scientific, Inc., Aurora, 

ON, Canada) according to our published protocol [50, 52]. The absolute twitch force, the 

optimal maximal isometric tetanic force, and the force drop through 10 repetitive cycles of 

eccentric contraction were determined. Data acquisition and analysis were performed with 

the Dynamic Muscle Control and Analysis software (Aurora Scientific Inc.). The specific 

muscle force was calculated by dividing the absolute muscle force with the muscle cross-

sectional area (CSA). Muscle CSA was calculated according to the following equation, CSA 

= (muscle mass, in g)/ [(muscle density, in g/cm3) × (length ratio) × (optimal muscle length, 

in cm)]. Muscle density is 1.06 g/cm3 [53]. The length ratio refers to the ratio of the optimal 

fiber length to the optimal muscle length. The length ratio for the TA muscle is 0.6 [54].

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical significance was 

determined by the student’s t-test using GraphPad PRISM software version 7.0 (GraphPad 

Software, La Jolla, California). The difference was considered significant when p < 0.05.

Results

Rational design of the CpG-free ITR

The 145-nucleotide AAV2 ITR can be divided into seven segments, the A, A’, B, B’, C, 

C’ and D sequences (Fig. 1) [4]. Sequences A, B, and C are inversely complementary to 

sequences A’, B’, and C’, respectively. The pairing of sequences B/B’ and C/C’ forms the 

two arms of the T-shaped hairpin structure of the ITR. The pairing of sequences A and A’ 

forms the stem of the T-shaped ITR. The 20 nucleotide-long D sequence is maintained as the 

single-stranded DNA in an AAV virion (Fig. 1B, C) [15, 55].

The ITR contains three sequence elements that are essential for its function. These include 

the Rep binding element (RBE), the second Rep binding element (RBE’), and the terminal 

resolution site (trs) [22–24]. The RBE is located in the A/A’ stem and consists of a 22-bp 

sequence (5’-CAGTGAGCGAGCGAGCGCGCAG) (Fig. 1B, C) [22]. Within the RBE, 

there is a 10-bp core sequence (5’-GCGAGCGAGC) (Fig. 1B, C). Dinucleotide transversion 

mutations in the core sequence reduce the Rep binding affinity by at least 10-fold [22]. 

The tetranucleotide repeat GAGY (RCTC in the complementary strand) is the consensus 

Rep-binding motif in the RBE (Fig. 1D) [15]. The RBE’ is located at the tip of either the 

B or C arm. It consists of a 5-nucleotide sequence (5’-CTTTG) (Fig. 1B–D) [24]. The trs 

is a 7-nucleotide sequence (5’-GTTGGCC) located at the junction of the A/A’ stem and the 

D-sequence (Fig. 1D) [23].

To engineer a synthetic ITR that may potentially offer a therapeutic advantage, we opted to 

target CpG motifs because it is well-established that CpG motifs induce the innate immune 

response (reviewed in [56, 57]). There are 16 CpG motifs in one ITR (Fig. 1B–D). They are 
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located in the A/A’ stem (4 in sequence A, 4 in sequence A’), B/B’ arm (2 in sequence B, 

2 in sequence B’), and C/C’ arm (2 in sequence C, 2 in sequence C’). Of the three essential 

ITR elements, only the RBE contains CpG motifs (6 in the core sequence and 8 total). There 

are no CpG motifs in the RBE’ and trs.

The first version of the CpG-free ITR (CpG-free 1) was engineered based on the following 

principles. To remove the CpG motif in the A/A’ stem, we first decided to change GAGC 

(GCTC in the complementary strand) in the core sequence of the RBE to GAGT (ACTC 

in the complementary strand) (Fig. 1B–D). This modification allowed us to remove all 6 

CpG motifs (3 in sequence A and 3 in sequence A’) in the core sequence of the RBE (Fig. 

1B, C). Our rationales were (1) we opted to introduces a transition (C to T) instead of a 

transversion mutation because transversion mutation negatively impacts Rep-mediated ITR 

nicking [22]; (2) our modification did not alter the GAGY (RCTC in the complementary 

strand) consensus motif [15]; and (3) the GAGT (ACTC in the complementary strand) motif 

already exists in the RBE of other AAV serotypes such as AAV3 and AAV4 (Fig. 1D) 

[58–60]. The last two CpG motifs in the A stem are inside a GCGC motif immediately 

downstream of the last GAGC in sequence A’ and upstream of the first GCTC in sequence 

A. We changed GCGC in sequence A’ to the more conserved GAGC motif. Accordingly, 

GCGC in complementary sequence A became GCTC. Since the B/B’ arm and C/C’ arm 

do not contain elements essential for ITR function, the CpG motifs in these segments were 

arbitrarily mutated as long as the T-shaped tertiary structure was preserved [61, 62] (Fig. 

1D).

The GC content is another important consideration in designing the CpG-free ITR. The GC 

content of the AAV1, 2, 3, 4, 6, and 7 ITRs are 68.53%, 69.66%, 65.07%, 64.38%, 67.13%, 

and 68.97%, respectively [15, 63, 64]. In the engineered CpG-free ITR, the GC content was 

60% (Fig. 1). Although this is lower than that of the wild-type ITRs, it is still considerably 

higher than the 40.9% average GC content of the human genome [65].

Production of the CpG-free vector

To determine whether CpG depletion affects AAV production, we made two AAV μDys 

vectors that carry the identical expression cassette, but differ in the ITR. One has the 

wild-type ITR (we named it the wild-type vector in this paper), and the other has the 

CpG-free ITR (we named it the CpG-free vector in this paper).

To determine the stability of the CpG-free ITR in the plasmid, the ITR was sequenced after 

the plasmid was passaged for six rounds in bacteria. All mutated nucleotides in the CpG-free 

ITR were preserved (Fig. 2). Multiple rounds of amplification in bacteria did not alter the 

ITR sequence. After confirming the intactness of the ITR, we prepared and purified the 

wild-type vector and the CpG-free vector side-by-side using transient transfection, the most 

used method for AAV production. The ITR of the purified vectors was sequenced using the 

single molecule real-time (SMRT) sequencing approach [45]. In the wild-type vector, all 32 

CpG motifs were detected in ITRs. No CpG motif was found in the ITR of the CpG-free 

vector (Fig. 3).
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Two different methods were used to quantify vector production efficiency. Vector genome 

yield was determined by quantitative PCR. The yield of the wild-type and CpG-free vector 

were 1.53±0.36 ×105 vg/cell and 4.06±1.06 ×104 vg/cell, respectively (Fig. 4A). The vector 

genome yield of the CpG-free vector was reduced by approximately 3-fold. The relative 

capsid yield of the vector was determined by dot blot with an antibody that recognizes the 

intact AAV9 particle (Fig. 4B, Supplementary Fig. 1). The capsid yield of the CpG-free 

vector was about 3-fold lower than that of the wild-type vector (Fig. 4C). The ratio of the 

genome yield and capsid yield was ~ 1:1 for both CpG-free and wild-type vectors. This 

suggests that every vector genome was encapsidated in a capsid in the purified AAV stock. 

Sufficient empty capsids were produced to package all the single-stranded vector genome in 

both CpG-free and wild-type vector. Removal of the CpG motifs did not compromise capsid 

formation.

Next, we quantified the percentage of empty particles using transmission electron 

microscopy (Fig. 4D–F). The packaged AAV virions showed homogenous electron density 

while empty particles had a dark center (Fig. 4D, E). On average, there were 11.9 ± 1.2% 

and 11.8 ± 1.5% of empty particles in the wild-type and CpG-free vector stock, respectively 

(Fig. 4F).

Reduced vector genome replication leads to the low yield

To investigate the mechanism underlying the reduced yield of the CpG-free vector, we 

examined vector plasmid replication. The cis-plasmid used for vector production was co-

transfected with the adenoviral helper plasmid and the AAV9 tyrosine mutant Rep-Cap 

helper plasmid to 293FT cells. The low molecular weight Hirt DNA was extracted at 

different time points post-transfection, and vector genome replication was evaluated by 

Southern blot (Fig. 5). The dimer replicative form (dRF) of the vector genome was readily 

visible at 48 hours post-transfection. However, the monomer replicative form (mRF) of the 

vector genome co-migrated with a plasmid DNA band. Hirt DNA was digested with Dpn I 

to remove the plasmid DNA. The disappearance of the larger plasmid DNA bands suggested 

complete removal of the plasmid DNA. Overall, the mRF and dRF generated from the 

CpG-free vector genome were ~ 3-fold lower than those from the wild-type vector genome 

(Fig. 5, Supplementary Fig. 2).

Optimization of the B/B’ and C/C’ arms in the CpG-free ITR

In the CpG-free vector described above, CpG motifs in B/B’ and C/C’ arms were eliminated 

by arbitrarily mutating 14 of 44 nucleotides in these regions. As a result, 8 mutated 

nucleotides were not detected in the corresponding positions of AAV1, 2, 3, 4, 6, and 

7 (Fig. 1D). To determine whether these differences contributed to the low yield (Fig. 

4A, C), we designed the second version of the CpG-free ITR (CpG-free-2) by modifying 

the B/B’ and C/C’ arms (Fig. 6). In addition to maintaining the tertiary structure of the 

T-shaped configuration of the ITR [61], we intentionally selected substitution nucleotides 

from those that are highly conserved in other AAV serotypes or presented at least once 

in the corresponding positions of AAV1, 2, 3, 4, 6, and 7 (Fig. 6A). In the new version 

CpG-free ITR (CpG-free 2) (Supplementary Fig. 3), all nucleotides in the B/B’ and C/C’ 

arms appeared at least once in the corresponding positions of AAV1, 2, 3, 4, 6, and 7 (Fig. 
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6A). In total, 24 nucleotides in the B/B’ arm and C/C’ arm of the new version CpG-free ITR 

were identical to those in AAV1, 2, 3, 4, 6, and 7, while only 20 nucleotides were identical 

in the old version.

LacZ AAV vectors were produced side-by-side using the cis-plasmid carrying either the 

new CpG-free ITR or the wild-type ITR. AAV vectors from the culture medium and cell 

lysate were separately purified, and the yield was compared by TaqMan PCR (Fig. 6B, C). 

Despite the improved homology with the wild-type ITR, the yield of the new CpG-free 

vector remained approximately 3-fold lower than that of the wild-type vector (Fig. 6B, C).

Evaluation of the biological potency of the CpG-free vector in a mouse model of Duchenne 
muscular dystrophy (DMD)

To determine whether CpG depletion affected in vivo transduction of the AAV vector, we 

generated μDys AAV vectors carrying either the wild-type ITR (wild-type μDys vector) or 

the CpG-free ITR (CpG-free μDys vector). We then tested these vectors in parallel in the 

mdx mouse model of DMD, a disease caused by dystrophin deficiency [66]. Specifically, the 

wild-type and CpG-free μDys vectors were injected to a different side of the tibialis anterior 

(TA) muscle of the same mdx mouse. Four months after AAV injection, we quantified μDys 

expression, the vector genome copy number, and the histological and physiological rescue of 

the muscle disease by μDys (Fig. 7–9, Supplementary Fig. 4).

Using immunofluorescence staining, we observed robust sarcolemma μDys expression 

throughout the entire muscle in both wild-type and CpG-free μDys vector injected TA 

muscles (Fig. 7A, Supplementary Fig. 4). There was no statistical difference in the 

percentage of μDys positive myofibers (Fig. 7B). Using western blot, we detected similar 

levels of μDys in wild-type and CpG-free μDys vector-injected TA muscles (Fig. 7C, D). 

Quantification of the vector genome copy number showed no difference between the wild-

type and CpG-free μDys vectors (Fig. 7E).

To determine histological rescue, we quantified centronucleation and myofiber size 

distribution (Fig. 8). The former reveals degeneration/regeneration, and the latter reveals 

muscle hypertrophy/atrophy. The wild-type μDys vector-injected muscle contained 54.3 ± 

2.1% centrally nucleated myofibers. The CpG-free μDys vector-injected muscle had 59.1 

± 3.1% centrally nucleated myofibers (Fig. 8A). The myofiber size was measured by the 

minimum Feret diameter (Fig. 8B). Throughout the entire range (from 10 to 56 μm), there 

was no difference between the wild-type and CpG-free μDys vector injected muscles.

To determine physiological rescue, we quantified muscle weight, cross-sectional area, 

absolute and specific twitch force, absolute and specific tetanic force, force-frequency 

relationship, and force drop following eccentric contraction challenge (Fig. 9). In all 

parameters we examined, there was no statistically significant difference between the wild-

type and CpG-free μDys vector-treated muscles (Fig. 9).
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Discussion

In this study, we developed the CpG-free ITR for AAV gene therapy. We showed that all 

CpG motifs could be removed from the ITR without compromising the biological potency of 

the vector. However, removal of all CpG motifs reduced the vector yield.

The only wild-type viral sequence required in cis in the AAV vector is the ITR [9, 10, 

67]. AAV vector production depends on the successful rescue of the vector genome from 

the double-stranded proviral vector plasmid (cis-plasmid), the subsequent replication of the 

vector genome through a self-priming mechanism, and the displacement and encapsidation 

of the single-stranded genome into a pre-assembled capsid [68–70]. The ITR is essential 

for all of these processes. Specifically, the large Rep proteins bind to the RBE and RBE’ 

elements [24]. These interactions position the large Rep proteins to make a sequence- and 

strand-specific nick at the trs. The free 3’ OH group created by this cleavage serves as 

the replication primer to synthesize the secondary ITR. Further replication leads to a new 

complementary strand and the displacement of the original complementary strand. The 

displaced strand (vector genome) is pumped through a fivefold channel into a preformed 

empty capsid in a 3’ to 5’ direction by the small Rep proteins [71]. In addition to the 

critical role played in vector production [72], the ITR is also crucial for AAV transduction. 

The ITR-primed single-strand to the double-strand conversion of the vector genome is a 

prerequisite for transgene transcription. Persistent AAV transduction (transgene expression) 

relies on inter-ITR recombination and subsequent formation of the episomal circular AAV 

genome [17, 73–75].

The structure-function relationship of the ITR has been extensively interrogated by 

mutagenesis. While deleting the terminal 15 nucleotides of the ITR did not alter function 

[72, 76], most ITR mutations are deleterious. They negatively impact AAV replication 

and/or encapsidation [22–33]. Dinucleotide transversion mutation of the RBE reduces Rep 

binding by 2 to 10-fold [22]. Single nucleotide transversion mutation of the core sequence of 

the RBE results in up to 5-fold reduction in Rep binding [22]. Single nucleotide transversion 

mutation of the trs nearly abolishes ITR nicking by the large Rep proteins [23]. Truncation 

of the B and C arm leads to an 8-fold decrease in AAV replication [27]. Deleting the trs in 

one ITR completely prevents AAV genome replication from the mutated ITR [31]. Deletion 

and/or substitution of the D-sequence renders AAV to package only the plus or the minus 

strand genome, instead of both [28, 29, 32]. Defective ITR has also been associated with 

the packaging of non-vector sequences [25, 33, 72, 77]. Collectively, these studies reveal the 

challenges in ITR engineering.

To determine whether ITR modification is a viable approach for AAV vector engineering, 

we made targeted mutations at the CpG sites of the ITR. Our rationales were (1) CpG 

motifs are dispersed throughout the palindromic hairpin structure of the ITR (A/A’, B/B’, 

and C/C’). CpG mutagenesis will give us hints about the editability of most regions of the 

ITR; and (2) CpG reduction might offer therapeutic benefits because this has been shown to 

improve transgene expression in both preclinical studies and clinical trials [35–38].

Pan et al. Page 12

Gene Ther. Author manuscript; available in PMC 2022 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To engineer a CpG-free ITR that can support AAV production and transduction, we 

carefully designed the mutagenesis strategy. To avoid altering the tertiary structure, we made 

matching changes in the corresponding locations of the palindromic complementary strand. 

To maximally preserve the Rep binding activity, we only conducted transition mutations 

in the core sequence of the RBE, because transversion mutations have been shown to 

compromise Rep binding and nicking [22–24]. In addition, we guided our design with 

the ITR sequences from other AAV variants. The ITR sequence from more than 12 AAV 

variants (AAV1, 2, 3, 3b, 4, 5, 6, 7, and avian-VR865, avian-DA1, bovine, serpentine AAV) 

have been published [4, 58, 59, 63, 78–84]. However, only a subset of these ITRs (AAV1, 2, 

3, 4, 6, and 7) have been used to make the recombinant vector using AAV2 Rep proteins [63, 

64, 85, 86]. The alignment of these ITR sequences provided a road map for us to make an 

educated decision on nucleotide selection for mutagenesis (Fig. 1D and Fig. 6A).

Despite the precautions, we found an approximately 3-fold reduction in the yield of the 

CpG-free vectors (Fig. 4A, C, and Fig. 6B, C). We hypothesized that our modification might 

have somehow weakened the binding of the large Rep proteins. To test this hypothesis, we 

examined vector genome replication by Southern blot (Fig. 5). Interestingly, we detected 

a roughly 3-fold reduction of the replication form vector genome (Fig. 5, Supplementary 

Fig. 2). This piece of evidence suggests that reduction in large Rep protein-mediated AAV 

genome replication is likely the primary reason for the low yield.

Failure to package the single-stranded AAV genome into the pre-assembled capsid may have 

also reduced vector yield. We believe this likely contributed minimally in our case. First, 

the reduction of the vector genome yield was proportional to the reduction of the vector 

capsid yield (Fig. 4A, C). Second, we detected similar amounts of empty particles (~12%) 

in the wild-type and CpG-free vectors (Fig. 4F). The large Rep proteins are important for 

vector genome rescue and replication [67]. However, the small Rep proteins play a more 

critical role in encapsidation [71, 87]. The current model of AAV packaging suggests that 

AAV encapsidation is mainly accomplished by small Rep proteins. Specifically, small Rep 

proteins unwind and import the AAV genome through the 5-fold channel in a 3’ to 5’ 

direction. In other words, the 3’-end of the genome is imported first through the pore at the 

fivefold axis [69, 70]. It is currently unclear how small Rep proteins recognize and interact 

with the 3’-ITR to initiate the encapsidation process. Our data suggest that CpG elimination 

likely does not interfere with this process.

Biological competence is an important parameter in vector characterization. To study this, 

we performed a study in parallel within the same animal. On one side of the muscle, 

we injected the wild-type vector, and on the contralateral side, we injected the CpG-free 

vector. Surprisingly, we did not detect any difference in the vector genome copy number 

and transgene expression (Fig. 6, Supplementary Fig. 4). Notably, both vectors were equally 

effective in attenuating histological and physiological defects in diseased mice (Fig. 8 and 

Fig. 9).

In summary, our study suggests that the rationally engineered CpG-free ITR can support 

recombinant AAV vector production and transduction. Although not directly tested in this 

study, we speculate that the vector made with the CpG-free ITR is less immunogenic 
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because of the well-established relationship between the CpG motif and the immune 

response [35, 36, 56, 57, 88, 89]. Future in vitro and in vivo studies will help to establish the 

immunological advantages of the CpG-free ITR. The low yield of the current version of the 

CpG-free ITR may limit its use for high-dose systemic gene therapy (such as μDys treatment 

of DMD) [90]. However, such a concern may not be an issue for AAV gene therapy that 

requires a low amount of the vector (such as treating retinal diseases and hearing loss).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of the version 1 CpG-free ITR.
A, Schematic outline of the AAV vector. The expression cassette is composed of a promoter, 

a transgene, and a poly-adenylation (pA) signal. In an AAV vector, the expression cassette 

is flanked by two ITRs. The 5’ and 3’ ITRs are highlighted by the dotted boxes. B, 
Two-dimensional drawing of the 5’-ITR in the flop configuration. The sequence is based 

on Srivastava et al. Journal of Virology 45(2):555–564, 1983. The AAV ITR is divided 

into four regions, including the A/A’ stem (sequence A and its complementary sequence 

A’), B/B’ arm (sequence B, its complementary sequence B’ and three intervening thymine 

nucleotides between sequences B and B’), C/C’ arm (sequence C, its complementary 

sequence C’ and three intervening adenine nucleotides between sequences C and C’), and 

D-sequence (underlined). In addition, there is an unpaired thymidine between the B/B’ and 

C/C’ arm. Gray letters, nucleotides deleted in the AAV vector. Blue letters, Rep-binding 

element (RBE). The RBE is a 22-bp sequence (5’-CAGTGAGCGAGCGAGCGCGCAG) 

as reported in Ryan et al. Journal of Virology 70(3):1542–1553, 1996. The core RBE 

sequence (blue box) consists of a 10-bp sequence (5’-GCGAGCGAGC). Green letters, 

the second Rep-binding element (RBE’). The RBE’ is a 5-base sequence (5’-CTTTG) 

as reported in Brister and Muzyczka Journal of Virology 74(17): 7762–7771, 2000. Red 

letters, nucleotides in the version 1 CpG-free ITR. Arrowhead, terminal resolution site (trs). 

Insert, terminology explanation. C, Two-dimensional drawing of the 3’-ITR in the flop 

configuration. Color coding is the same as in panel B. Purple letters, the core sequence 

of the trs. The trs core sequence consists of 5’-GT/TGGCC (the forward-slash indicts the 

nicking site). Insert, terminology explanation. RBE, RBE core sequence, and RBE’ are as in 

panel B. Nucleotides modified in the CpG-free ITR are marked in red color. D, Alignment of 

the 3’-ITR of the CpG-free ITR (CpG-free 1) and 3’-ITR of AAV1, 2, 3, 4, 6, and 7. Black 

dots, nucleotides that are conserved in the 3’-ITR of AAV1, 2, 3, 4, 6, and 7. Asterisks, 
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nucleotides that are conserved in all the listed ITRs. Bold black letters, nucleotides in the 

AAV2 ITR that are modified in the CpG-free ITR. Red letters, nucleotides modified in the 

CpG-free ITR. Blue box, the GAGC motif in sequence A’ and the corresponding GCTC 

motif in sequence A. Green box, the GAGT motif in sequence A’ and the corresponding 

ACTC motif in sequence A. Dash, nucleotides absent in the AAV vector. Underlined black 

letters, AAV2 ITR Rep-binding element. Underlined italic blue letters, AAV2 ITR terminal 

resolution site (trs). Underlined italic purple letters, the second Rep-binding element (RBE’) 

of the AAV2 ITR. Arrows, nucleotides in B/B’ and C/C’ arms that are not detected in the 

corresponding position of the ITR from AAV1, 2, 3, 4, 6, and 7.
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Figure 2. Confirmation of the CpG-free ITR in the cis-plasmid.
A, Nucleotide sequence of the wild-type ITR at the 5’-end of the vector genome (5’-ITR). 

A, A’, B, B’, C, C’ and D sequences are marked by boxes. The CpG motifs are underlined. 

B, Nucleotide sequence of the CpG-free ITR at the 5’-end of the vector genome. The 

mutated nucleotides are highlighted in red. C, Chromatogram view of the sequencing result 

of the 5’-ITR of the cis-plasmid that carries the CpG-free ITR. Arrows, nucleotides in the 

CpG-free ITR that are different from those of the wild-type ITR. D, Nucleotide sequence 

of the wild-type ITR at the 3’-end of the vector genome (3’-ITR). A, A’, B, B’, C, C’ 

and D sequences are marked by boxes. The CpG motifs are underlined. E, Nucleotide 

sequence of the CpG-free ITR at the 3’-end of the vector genome. The mutated nucleotides 

are highlighted in red. F, Chromatogram view of the sequencing result of the 3’-ITR of the 

cis-plasmid that carries the CpG-free ITR. Arrows, nucleotides in the CpG-free ITR that are 

different from those of the wild-type ITR.

Pan et al. Page 21

Gene Ther. Author manuscript; available in PMC 2022 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. SMRT sequencing evaluation of the ITR sequence in the purified AAV vector.
A, Integrative genomic viewer (IGV) display of SMRT reads from the 5’-ITR of vectors 

that carry the wild-type ITR. B, IGV display of SMRT reads from the 3’-ITR of vectors 

that carry the wild-type ITR. C, IGV display of SMRT reads from the 5’-ITR of vectors 

that carry the CpG-free ITR. D, IGV display of SMRT reads from the 3’-ITR of vectors 

that carry the CpG-free ITR. Each line represents a single read. Reads mapping on the plus 

strand are in red, and reads mapping on the minus strand are in blue. The references reflect 

the flop configurations. Base mismatches are shown as colored bases, inserts are indicated 

in purple Is, and deletions are shown as dashes. Reads are displayed with soft-clipping on to 

show the A domain terminus not included in the original reference. Flip-oriented reads are 

notable by mismatches from the flop reference at positions demarcated by black arrows. Flip 

reads are indicated in cyan, flop reads in magenta.
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Figure 4. Quantitative evaluation of AAV production.
A, Quantification of the vector genome yield. *, p<0.05. B, Representative AAV capsid 

dot blot. The blot was probed with an antibody that only recognizes intact AAV9 particles. 

C, Quantification of the vector capsid yield. **, p<0.01. D, Representative transmission 

electron microscopy images of the CpG-free ITR vector. Arrow, a fully packaged AAV 

particle. Arrowhead, an empty AAV particle. E, Representative transmission electron 

microscopy images of the wild-type ITR vector. Arrow, a fully packaged AAV particle. 

Arrowhead, an empty AAV particle. F, Quantification of empty particles. Each data point 

represents the quantification result from one field at the 25,000x magnification. For the 

wild-type ITR vector, a total of 48 fields were quantified. For the CpG-free ITR vector, a 

total of 25 fields were quantified.
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Figure 5. Evaluation of vector genome replication during AAV production.
Human 293FT cells were co-transfected with the cis-plasmid (pXP15 or pXP24), pHelper, 

and pRepCap. Hirt DNA was harvested at the indicated time points and analyzed by 

Southern blot using homologous genomic probes. A, Representative Southern blot using 

Hirt DNA harvested at 2 and 48 hours post-transfection (lanes 2 to 7). Marker (lane 1), a 5-

kb band from SacI and SalI double digestion of pXP15 or pXP24 to indicate the full-length 

vector genome. B, A biological replicate Southern blot using Hirt DNA harvested at 2, 24, 

and 48 hours post-transfection (lanes 2 to 9). Lane 1 is undigested plasmid pXP24. Arrow, 

monomer replication form (mRF), and dimer replication form (dRF). White arrowhead, the 

cis-plasmid bands that are larger than the size of mRF. DpnI digestion completely removed 

these bands. Black arrowhead, the cis-plasmid band that co-migrated with mRF.
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Figure 6. The CpG-free ITR optimization and the yield from the vector carrying the modified 
CpG-free ITR.
A, Alignment of the 3’-ITR from B/B’ and C/C’ arm optimized CpG-free ITR (CpG-free 2) 

and 3’-ITR from AAV1, 2, 3, 4, 6, and 7. Black dots, nucleotides that are conserved in the 

3’-ITR of AAV1, 2, 3, 4, 6, and 7. Asterisks, nucleotides that are conserved in all the ITRs. 

Bold black letters, nucleotides in the AAV2 ITR that are modified in the CpG-free ITR. Red 

letters, nucleotides that are different from AAV2 ITR. Yellow highlighted letters, nucleotides 

that are different from the version 1 CpG-free ITR. Yellow letters, thymine in AAV3 and 

AAV4 that are shared by the version 2 CpG-free ITR. Underlined black letters, AAV2 ITR 

Rep-binding element. Underlined italic blue letters, AAV2 ITR terminal resolution site (trs). 

Underlined italic purple letters, the second Rep-binding element (RBE’) of the AAV2 ITR. 

Blue box, the conserved GAGY motif in sequence A’ and the corresponding RCTC motif 

in sequence A. Dash, nucleotides absent in the AAV vector. B, Quantification of the vector 

genome yield from the culture medium. *, p<0.05. C, quantification of the vector genome 

yield from cell lysate. **, p<0.01.
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Figure 7. Evaluation of micro-dystrophin expression.
A, Representative dystrophin immunofluorescence staining and HE staining micrographs 

from the tibialis anterior (TA) muscle of dystrophin-null mdx mice that were injected with 

the CpG-free micro-dystrophin (μDys) vector (left panels) and the wild-type μDys vector 

(middle panels). The TA muscle from an age and sex-matched un-injected mdx mouse was 

included as the control (right panels). Scale bar applies to all images. B, Quantification 

of dystrophin positive myofibers. C, Western blot evaluation of 143 kD μDys from TA 

muscles of CpG-free μDys vector and wild-type μDys vector treated mice. Alpha-tubulin (50 

kD) is used as the loading control. D, Quantification of western blot μDys expression. E, 
Quantification of the vector genome copy number in the TA muscle.
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Figure 8. Evaluation of centronucleation and myofiber size distribution.
A, The percentage of myofibers that contained centrally localized nuclei in the mdx muscle 

treated with the CpG-free μDys vector and the wild-type μDys vector. B, The distribution 

of the percentage of myofibers at different minimum Feret diameters in 616 myofibers from 

the CpG-free μDys vector treated muscle (n= 6 muscles, 80 to 131 myofibers per muscle) 

and 712 myofibers from the wild-type μDys vector treated muscle (n= 6 muscles, 87 to 135 

myofibers per muscle).
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Figure 9. Quantitative evaluation of the tibialis anterior muscle contractility from mdx mice that 
were treated with CpG-free and the wild-type μDys vectors.
A, TA muscle weight. B, TA muscle cross-sectional area (CSA). C, Absolute twitch force 

(Pt). D, Specific twitch force (sPt). E, Absolute tetanic force (Po). F, Specific tetanic force 

(sPo). G, Force-frequency relationship. H, Eccentric contraction profiles.
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