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Abstract

Adeno associated viral (AAV) vectors has been used widely in gene therapy and efforts have been made
to improve their utility by adding genetic elements that would enable targeting transgene expression to
particular cells or tissues of interest and permitting on/off regulation of expression. In this study, we
designed a recombinant AAV9 variant PHP.eB vector with muscle creatine kinase (Mck)-derived
enhancers, a synthetic muscle-expression promoter, in combination with a third-generation
tetracycline-inducible promoter, to drive expression of reporter genes luciferase and GFP (PHP.eB-
Pous-TetOn-teLuc and PHP.eB-Pys-TetOn-eGFP, respectively). This recombinant vector expresses
genes at high levels preferentially in muscle cells, that can be controlled by doxycycline (Dox) exposure
both in vitro and in vivo. To test inducibility of these vectors in vivo, adult SKH hairless mice were
injected intravenously with 2x10" virus genomes. Dox-containing food (625 mg/kg) was given 1 day
after virus injection to initiate expression. After one month, tissue luciferase activity was assayed.
Luciferase expression level per viral genome in muscle tissues including biceps brachii, biceps femoris,
and heart tissue were higher in Pu.s-TetOn group. Long-term expression was also assessed for the
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moderate expression time and levels, which can be of value in certain therapeutic situations, and which
may also further improve the safety of gene therapies. Our interest is in development of new gene
therapy approaches for several chronic neuromuscular diseases for the delivery of potential therapeutic
genes including neurotrophic factors. It has been shown that inappropriate expression of some
neurotrophic factors at too high levels or in the wrong time or place could have deleterious effects. For
example, prolonged AAV-mediated ciliary neurotrophic factor (CNTF) expression in the retina for the
treatment of retinitis pigmentosa resulted in functional loss [4—6]. Prolonged expression of glial cell
line-derived neutrophic factor (GDNF) in the treatment of Parkinson’s disease also resulted undesirable
side effects including aberrant axon sprouting, downregulation of tyrosine hydroxylase and weight loss
[7-10]. In addition, some of the trophic factor receptors are known oncogenes, and uncontrolled ligand
expression may result in tumorigenesis [11]. In this context we have sought to design vectors for gene
delivery to target muscle cells for promoting motor neuron survival that enable both spatial and temporal
control of gene expression over extended periods of time in vivo. Prior studies by others have sought to
achieve selective muscle expression using vectors built on AAV serotypes that exhibit a muscle-
selective tropism [ 12]. Others have modified AAV vectors expressing genes of interest under the control
of strong muscle-specific promoters [1, 13, 14]. However, there are no reports to date of an AAV vector
demonstrating sustained muscle expression together with temporal control in vitro and in vivo.

Several approaches have been used to achieve gene expression controls both spatially and temporally.
One approach is to generate inducible expression using a tissue or cell type-specific promoter. For
example, Stieger et al. designed regulatable AAV vectors using retinal pigmented epithelim (RPE) 65
gene promoter to drive the expression of the reverse tetracycline-dependent transactivtor (rtTA) which
in turn initiates transcription of the gene of interest placed downstream of the tetracycline-responsive
promoter for gene expression in the retina. They demonstrated specific expression in the RPE only after
induction with doxycycline and the expression can be induced repeatedly over 2.5 years [15]. Similar
approaches have been used since to design spatially and temporally controlled gene expression using
AAV vectors in the liver with the liver promoter albumin [16] and brain using the neuron-specific
synapsin promoter [17, 18]. New innovative approaches have also been developed recently to control
gene expression temporally using riboswitch, a ribozyme controlled by small molecules [19]. In the
presence of the inducing compound, the included ribozyme is inactivated (or activated) to cleave target
mRNA allowing on/off switch of target gene expression. Another interesting method is to regulate gene
expression by regulating splicing using small compounds. Monteyes et al. took advantage of available
drugs for spinal muscular atrophy that promote splicing of the SMN psudogene SMN2 to complement
functional loss of SMN1 [20], and designed expression cassettes controlled by drug-induced splicing.
While these new methods are very exciting innovations, they are still at the early stages of therapeutic
applications. The levels of induction by the riboswitches also tend to be modest [19], and tissue or cell-
type specific applications are yet to be developed. Thus, we opted to develop a spatially and temporally
controllable muscle gene vector using a well-characterized muscle promoter and the rtTA inducible
system.

Here we report the generation of a recombinant AAV gene delivery vector with both spatial and
temporal gene expression controls. The vector contains a rtTA expressed by a muscle promoter and Tet
promoter controlled by doxycycline for the expression of gene of interest. In addition, we tested several
different AAV serotypes and found an AAV9 variant, PHP.eB [21], is highly specific for muscle gene
delivery. We show that these vectors provide regulatable spatial and temporal gene expression in vitro
and in vivo.

MATERIALS AND METHODS
Recombinant AAV Vectors

AAV-Pcy-eGFP was purchased from Addgene (Cat. #67634) [22]. AAV-Payr-teLuc was generated
by substituting the eGFP gene with a teLuc gene PCR fragment, utilizing pcDNA3-teLuc c-myc
(Addgene Cat. 100026) [23] as the template. This replacement was done using Takara Bio In-Fusion
cloning kit (Cat. 638956). To construct AAV-P,.,~TetOn vectors, a DNA fragment containing Xhol-
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transcription blocker sequences - two copies of the Mck enhancer element-C5-12 synthetic promoter
[24]-Xbal, was synthesized (Genscript Biotech Corp, NJ) and then used to replace the Xhol-Xbal
fragment containing the transcription blocker and hPGK promoter in pAAVpro-Tet-One plasmid
(Takara Bio Cat. #634311), generating pAAV-P,.-TetOn. pAAV-P,..,~TetOn-eGFP was constructed by
ligating the EcoRI-Notl eGFP DNA fragment from pEGFP-N1 plasmid (Clontech Cat. #6085-1;
Genbank accession # U55762.1) into the EcoRI-Notl sites of the pAAV-P,.-TetOn plasmid. pAAV-
P..us-TetOn-teLuc was constructed by ligating a PCR teLuc fragment using pcDNA3-teLuc c-myc
plasmid as a template into the Nhel-BamHI sites of pAAV-P,.-TetOn downstream of the TRE3GS
promoter. In addition, a chimeric intron from pCI-Neo plasmid (Promega, Cat. #E1841; Genbank
Accession # U47120) was inserted between the TRE3GS promoter and teLuc gene to enhance
expression [10, 11].

Cell Culture

HEK293T cells (Takara Bio) were cultured in growth medium composed of DMEM (4500mg/L
Glucose, Gibco) supplemented with 10% FBS (Gibco), 1x MEM non-essential amino acid (MEM
NEAA, Gibco), ImM Sodium Pyruvate, 100U/mL penicillin-streptomycin (Gibco), and 1.5 g/L Sodium
Bicarbonate. C2C12 muscle cells were maintained in DMEM (4500mg/L. Glucose, Gibco)
supplemented with 10% FBS, and differentiated in DMEM (4500mg/L Glucose, Gibco) supplemented
with 2% horse serum. C2C12 myotubes were infected at differentiation day 4. For cells infected with
AAV-P,,s-TetOn-eGFP/teLuc, the tissue culture medium was supplemented with 1 pg/mL doxycycline.

Virus Production and Purification

AAVs were produced and purified based on published protocol [13]. In brief, 70%-80% confluence
LentiX-293T cells (Takara Bio) in growth medium (described above) were transfected with recombinant
PAAYV, pHelper (Takara Bio #6234), and pUCmini-iCap-PHP.eB [21]/AAV2-MTP [12]/ pDGM6
(Addgene #110660) for PHP.eB, 2-MTP and 6 capsid, respectively. At day (D)1 and D3 post transfection,
medium was refreshed with growth medium containing 4% FBS, replaced D3 medium were kept in 4°C
until later process. At day 5 post transfection, the medium (together with D3 medium) and cells were
collected and processed separately. Cells were lysed through 4-6 freeze and thaw cycles; the cell lysate
was then centrifuged at 20,000xg for 30 minutes, and the supernatant was collected for virus purification.
Viral particles in the culture medium were precipitated out polyethylene glycol (PEG) 8000 solution (8%
PEG and 0.5M NacCl final concentration) and centrifuged at 5,000xg for 1 hour at 4°C. Concentrated
AAVs were purified by two rounds of CsCl gradient ultracentrifugation (38,000 rpm, 16 hr, 20°C). For
smaller scale AAV production, viruses were collected by the AAVpro Extraction Kit (Takara Bio) for in
vitro use. Virus titers were determined by qPCR with the following primers:

eGFP+: 5’-AAGCTGACCCTGAAGTTCATCTGC-3’;

eGFP-: 5’-CTTGTAGTTGCCGTCGTCCTTGAA-3’;

teLuct+: 5’-CCGGCTACAACTTGAGTCAAGTCC-3’;

teLuc-: 5’-CTTCATACGGGATGATGACATGGATGTC-3".

Luciferase Assay and Genomic DNA Extraction

Cells were lysed in NP-40 buffer (1% NP-40, 150 mM NaCl, and 50 mM Tris-Cl, pHS8) supplemented
with 1% (v/v) Proteinase Inhibitor Cocktail (Sigma P8340) for 30 minutes on ice, supernatants were
collected after centrifuge at 1,800g for 20 minutes.

Tissues were homogenized and then lysed using the buffer described above. After centrifugation, the
supernatants were used for luciferase assay and the pellets were saved for genomic DNA extraction with
the Monarch Genomic DNA Extraction Kit (NEB). Gene copy number were analyzed by qPCR and
quantified via a standard curve and then normalized by total DNA concentration of the sample.

Diphenylterazine (DTZ) were used as luciferase substrate. DTZ was prepared by dissolving it in an
in vivo luciferase assay buffer composed of 8% glycerol (v/v), 10% ethanol (v/v), 10% Hydroxypropyl-
B-cyclodextrin (m/v), 35% PEG 400 (v/v), and water to achieve a concentration of 2.5 mg/mL. For in
vitro assays, the DTZ solution was further diluted in the in vitro luciferase buffer, which consisted of 1
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mM Cyclohexanediaminetetraacetic acid (CDTA), 0.5% Tergitol NP-40, 0.05% antifoam 204, 150 mM
KCl, 100 mM MES (pH 6.0), and 35 mM thiourea. To conduct bioluminescence measurements in 96-
well plates, 20uL of cell or tissue lysates were mixed with 100uL of DTZ in the in vitro buffer. Each
sample was analyzed in triplicate.

Animals
The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of
Rutgers, the State University of New Jersey (protocol code PROT0201702492).

For optimal in vivo imaging system (IVIS) imaging, mouse hair needs to be removed, however, it is
harmful to the animals if the process is done repeatedly. Thus, the SKH hairless mice were used for safe
and easy imaging. 2x10"> AAV vg/animal in PBS were injected retro-orbitally following
ketamine/xylazine anesthesia. If gene expression induction is needed, 625 mg/kg Dox diet (Envigo)
were provided. Mice were anesthetized by isoflurane inhalation. 100 uL. DTZ in vivo solution (2.5
mg/mL) were injected subcutaneously 5 minutes before imaging. Images were taken with IVIS
Spectrum, PerkinElmer Co., Ltd. The exposure time was 2 minutes.

Animals were sacrificed before tissue dissection. Tissues were lysed in NP-40 buffer for luciferase
assay as described above. Tissue genomic and viral DNA were extracted by Monarch Genomic DNA
Extraction Kit (New England Biolabs) per manufacture’s instruction. DNA concentrations were
measured using NanoDrop 2000 (Thermo Fisher). Tissue viral genome copy number were determined
by qPCR.

RESULTS
Effect of AAV Serotype on Preferential Targeting of Muscle Cells

The main objective of this study is to design a good approach to express genes in the muscle cells.
We first assessed several AAV capsids which have been reported to have high efficiency for muscle
infection to identify a capsid that has high specificity for muscle cells. AAV serotype 2 (AAV2) is the
initial serotype isolated and has been used extensively in AAV-based gene therapy studies [25]. AAV2
can infect several tissues, including the cells of central nervous system (CNS), liver, muscle, and lung
[12,26-30]. AAV2 muscle tropism is increased with insertion of a 7 amino acid muscle-targeting peptide
into the capsid (AAV2-MTP) [12]. AAV6 exhibits a higher transduction rate in skeletal muscle cells [31,
32]. In addition, we also tested PHP.eB, a variant of AAV9 which has been shown to target liver, heart,
skeletal muscles, and CNS more efficiently [33, 34]. Thus, we chose to test AAV2-MTP, AAV6 and
PHP.eB in vitro to assess their ability to preferentially infect muscle cells.

HEK293T and differentiated C2C12 muscle cells were infected with the same number of virus
genomes per cell (MOI 25) of AAV2-MTP-Pcu-eGFP, AAV6-Pcu-eGFP, and PHP.eB-Pca-eGFP.
Expression levels were assessed based on the intensity of GFP fluorescence (Figure 1). In differentiated
C2C12 muscle cells, all three vectors exhibited similar GFP expression levels. Notably, AAV6 displayed
significantly higher expression levels in HEK293T cells compared to its expression in differentiated
C2C12 muscle cells. AAV2-MTP had lower expression level in HEK293T cells than AAV6 but showed
no preference for the muscle cells. PHP.eB showed the greatest differential GFP expression in C2C12
versus HEK293T cells and was thus used for further studies.

(A) HEK293T and differentiated C2C12 muscle cells were infected with AAV2-MTP-Pcy-eGFP,
AAV6-Pcuyy-eGFP, and PHP.eB-Pcy-e GFP. HEK293T and C2C12 cells were cultured in 6-well plates
and subsequently infected with each virus vector at a multiplicity of infection (MOI) of 25. Images of
HEK293T cells were captured 3 days after viral infection, while images of C2C12 muscle cells were
acquired 5 days post-infection. All images were taken under same magnification and exposure settings,
with scale bars indicating 200um. (B) Analysis of GFP expression was performed, and fluorescence
intensity was quantified using Image J. The intensity measurements presented here represent the
average of measurements from three separate wells. P-values were computed using Student's t-test. **
p <0.01; **** p <0.0001.
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Figure 1. (a, b) Muscle cell preference of AAV2-MTP, AAV6, and PHP.eB.

Design and Construction of Spatially and Temporally Regulatable Vectors for Gene Delivery in
Muscle Cells

In the development of a gene delivery vector that allows spatial and temporal regulation, we opted to
employ the hybrid muscle promoter Pmus. This promoter was chosen to control the expression of the
tetracycline-controlled transcriptional activator TetOn3G, which, in turn, facilitates the transcription of
the gene of interest in a muscle cell-specific manner. This regulation is achieved through the utilization
of a tetracycline response element promoter PTRE3GS, comprising seven tetracycline operator (TetO)
sequences and a CMV minimal promoter, contingent upon the presence of Doxycycline (Dox) (Figure
2A). Notably, PTRE3GS was a modified iteration of the original PTRE, engineered to eliminate binding
sites for endogenous mammalian transcription factors, thereby reducing background expression [35].
For this study, we used eGFP and teLuc (a modified nano-luciferase with red-shifted high
bioluminescence) as reporter genes [23]; the constructs are designated PHP.eB-P,.,-TetOn-eGFP and
PHP.eB-P,..s-TetOn-teLuc, respectively. Genomic fidelity of the construct was confirmed through
restriction enzyme digestion and sequencing.

HEK 293T and C2C12 cells were cultured in 12-well plates and infected same amount (MOI 3000)
of different viral vectors. (A) Map of the muscle-targeting regulatable recombinant PHP.eB vector. ITR,
inverted terminal repeat; SV40, simian virus 40 promotor; TetOn3G: 3™ generation tetracycline-
controlled transcriptional activator; P..,: muscle-expression promoter; A: poly-adenylation signal; P:
transcription pause signal of the human a2 globin gene; Dox, doxycycline; Prrescs, third-generation
tet-responsive promoter; teLuc, a modified nanoluciferase. (B) GFP expression from the muscle-
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targeting regulatable vector and CMV control vector. Scale bars are 200 um. (C) teLuc activity assay.
AU/pg, arbitrary unit per microgram of protein. Each measurement represents the mean + SD value of
triplicate wells. The p-value was determined using Student’s #-Test; ***P < 0.001.
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Figure 2. (a—c) Muscle gene delivery vector design and testing in vitro.

Test of Recombinant Muscle AAV Vectors In vitro

PHP.eB-P,,s-TetOn-eGFP and PHP.eB-P,..s-TetOn-teLuc viruses were prepared using the 3 plasmids
co-transfection method in HEK293T cells. PHP.eB-Pcy-eGFP/teLuc virus was used as a constitutive
expression control. The same MOI (3000) of PHP.eB-P,.TetOn-eGFP/teLuc and PHP.eB-Pcu-
eGFP/teLuc viruses was used to infect HEK293T and differentiated C2C12 muscle cells. Dox (1 pg/mL)
was added to the medium at day 1 post-infection for the P,.,~TetOn groups. At day 3 post-infection,
images were taken for GFP expression (Figure 2B), and cells were lysed for luciferase activity assay
for the respective reporter gene vectors.

PHP.eB-Pcy-eGFP exhibited high levels of expressions in both HEK293T and C2C12 muscle cells,
whereas PHP.eB-P,.,-TetOn-eGFP showed little to no expression in HEK293T cells but moderate eGFP
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expression in differentiated C2C12 muscle cells in the presence of Dox (Figure 2B). To assess the levels
of reporter gene expression in different cell lines, we performed luciferase activity assays on cell
extracts following the infection of PHP.eB-Pcyy-teLuc and PHP.eB-P,.-TetOn-teLuc (Figure 2C). In
the Pmus-TetOn group, where Dox was applied, luciferase activity was observed to be 250-fold greater
in differentiated C2C12 muscle cells when compared to HEK293T cells. In C2C12 muscle cells, with
the presence of Dox, the luciferase activity was 38-fold higher than without Dox induction. These results
indicate that the PHP.eB-P,..,-TetOn vector can preferentially express reporter genes in muscle cells and
the expression can be regulated by Dox administration.

Adult mice received a retro-orbital injection of viruses at a concentration of 1x10'* vector genomes
per kilogram (vg/kg). In vivo imaging was conducted using an imaging system (IVIS) one month after
the viral injection, with the administration of Diphenylterazine (DTZ) occurring 5 minutes prior to
imaging. The results are as follows: (A) Mice injected with PHP.eB-P,,-TetOn-teLuc without Dox
induction, (B) Mice injected with PHP.eB-P,,.,-TetOn-teLuc with Dox induction, and (C) The average
luminescence values from IVIS images obtained from different animals (n=3) under both Dox-induced
and non-induced conditions. p-value was determined using two-tailed #test. * p <0.05.

Test of Recombinant Muscle AAV Vectors In vivo

SKH hairless mice were injected intravenously with 2x10'?> PHP.eB-Pcuy-teLuc or PHP.eB-Pus-
TetOn-teLuc viral vector particles and randomly divided into three groups: Pcuy (Figure S1); Pyus-TetOn
+ Dox, fed the Dox-containing diet starting at 2 days post-virus injection; P,.,-TetOn - Dox, fed only
conventional diet. One month following the virus injection, whole body imaging was conducted using
the IVIS in vivo imaging system to assess the level of luciferase expression (Figure 3). In the presence
of Dox (Figure 3B), the bioluminescence level was approximately 25-fold greater compared to the
group without Dox induction (Figure 3A). This result suggested that the P,.,-TetOn system is capable
of gene of interest expression i vivo and this expression can be controlled by the administration of Dox.
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Figure 3. (a-b) Bioluminescence Imaging of Hairless Mice after retro-orbital Viral Injection.

To further examine the tissue distribution of reporter gene expression, mice were sacrificed one
month post virus injection and luciferase activity measured in tissue extracts. In the PHP.eB-Pcus-teLuc
group, the highest expression levels were found in diaphragm and heart, brain had a moderate
expression level and muscle tissue expression levels were lower compared to other tissues (Figure S2A).
In the P,u-TetOn +Dox group, the highest expression levels were found in heart, skeletal muscles, and
brain. The liver had less reporter gene expression, and kidney tissue luciferase expression was not
detectable (Figure 4B). In the absence of Dox induction, small amount of activity was detected in all
tissues tested but at 10 to 20-fold lower levels than in the presence of Dox, with the exception of heart,
where high levels of activity were detected without Dox induction, but still 5-fold less than with Dox
treatment.

We also measured viral genomic DNA content in the tissue extracts. Viral copy number was detected
by qPCR and then normalized to genomic DNA concentration. The results are shown in Figure 4C.
Liver and brain, which are the two main targets for PHP.eB, showed high amount of virus DNA. Other
tissues showed detectable virus DNA, at lower levels than liver and brain. In every tissue, the amount
of virus DNA was the same in Dox treated and untreated mice.
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Figure 4. (a—) Tissue analysis of luciferase activity induced by AAV Vectors.
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Additionally, we conducted an analysis of reporter gene expression in relation to the gene copy
number present in the examined tissues. The relative expression level was determined by dividing the
tissue luciferase enzymatic activity by the viral genome copy number (normalized by genomic DNA
concentration) within the corresponding tissue extract. Based on this parameter, the highest relative
reporter expression levels were observed in heart and diaphragm in the Pcyy groups (Supplementary
Figure 2C), and biceps brachii and heart in P,,,,-TetOn + Dox group (Figure 4C).

One month post viral injection and Dox induction, heart, lung, diaphragm, liver, kidney, biceps
femoris, biceps brachii muscles, and brain tissues were harvested from three animals in each group for
analysis. (A) Tissue samples from PHP.eB-P,.-TetOn-teLuc injections, both with and without Dox
induction, were subjected to luciferase activity assays using the DTZ substrate. The results are presented
as mean + standard deviation (SD). (B) The virus gene copy numbers were determined via gPCR
analysis, and the data are presented as mean + SD. (C) The virus gene's relative activity within animal
tissues following PHP.eB-P,,,-TetOn-teLuc injection, with and without Dox induction, was computed.
These relative activities were obtained by normalizing the bioluminescence measured in the tissue
luciferase assay to the viral genome copy number within the same tissue specimen. All samples were
tested in triplicate. p-values were determined using Student’s ¢-Test. * p < 0.05; ** p <0.01.

Long-term Gene Expression and Repeat Induction In vivo by the Recombinant AAV Vectors

To assess persistence of transgene expression and its sustained regulation by Dox, PHP.eB-P.s-
TetOn-teLuc (2x10'* vg/animal) viruses were injected intravenously (i.v.) into hairless mice via retro-
orbital route (n=3). Following the virus injection and the initiation of Dox induction, in vivo luciferase
activity was continuously monitored using IVIS. This monitoring commenced two weeks after the
induction began, with baseline expression being captured one day after the virus injection, prior to the
administration of Dox-containing food. Subsequently, Dox was discontinued, and the expression of
luciferase was tracked every two weeks thereafter. In the absence of Dox, reporter expression returned
to basal level at 6 weeks post-injection (Figure 5). At that point, Dox-containing food was provided
again. This second induction drove gene expression to level comparable to the first induction. A third
cycle of Dox removal and re-induction showed the same pattern of luciferase expression.
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Figure 5. AAV9-P-TetOn-teLuc multiple induction.

1x10' vg/kg viruses were injected intravenously into hairless mice (n=3). Dox-containing food
pellets were given for 2 weeks post injection and then removed until luciferase activity dropped to basal
level (6 weeks). IVIS imaging were taken at the indicated time point, diphenylterazine (DTZ) was
injected 5 minutes before imaging. Dox induction was tracked through 3 cycles of
administration/withdrawal via IVIS and the luminescence values were plotted. Each data point
represents the mean £+ SD value bioluminescence of 5 animals in each time point. The p-value was
determined using Student’s z-Test. * p < 0.05.
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DISSCUSSION

This study describes the development of an AAV vector that allows for control over gene expression
in vitro and in vivo, both spatially and temporally. The basis of this construct is the use of P, hybrid
enhancer/promoter to drive gene expression to high levels in muscle cells, and the use of the TetOn
system to serve as a manipulatable expression switch.

AAV is widely used in gene therapy pre-clinical investigations and clinical trials because of its low
cytotoxicity and immunogenicity [36, 37]. Several AAV gene therapy treatments are now used in the
clinic for genetic diseases including spinal muscular atrophy [29] and Leber’s congenital amaurosis
[38]. AAV vectors have the capability to infect various species and tissues while typically eliciting only
mild immune responses. [37]. Different AAV serotypes recognize distinct cell receptors and therefore
display specific tissue tropism [25, 39]. AAV6 and AAV9 serotypes were previously reported to exhibit
tropism for the skeletal muscle and heart tissues by different groups [40—43]. In addition, for better
muscle tissue targeting, Xiao et. al. engineered into the AAV2 capsid a 7 amino acid muscle targeting
peptide (MTP), and this modification enhanced tropism to various muscle tissues and particularly to the
heart [12]. In this study, we similarly found that the AAV9 variant PHP.eB demonstrated the greatest
selectivity for the muscle cells and tissues among the serotypes tested.

Another approach to achieve a high level of expression in the muscle tissues using recombinant AAV
is to express the gene of interest under strong muscle promoters. The promoter and enhancer derived
from human cytomegalovirus (CMV) have been recognized as among the most powerful DNA elements
for inducing transgene expression in a wide range of mammalian cells [44, 45]. However, promiscuous,
high-level gene expression can cause strong immune responses and undesired side effects [14, 46, 47].
We aimed to develop an AAV vector for muscle expression and eventual application to treatment of
certain neuromuscular diseases. Wang et. al. modified a synthetic muscle promoter (C5-12) by adding
a 206 bp Mck enhancer [48]. They reported that the addition of the Mck enhancer increased the
expression of the synthetic promoter 2 to 3 times and allowed high expression in C2C12 myotubes as
well as in mouse skeletal muscle, to even greater levels than the CMV promoter [48]. We used a
comparable construct that incorporates two Mck enhancer elements positioned upstream of the synthetic
muscle promoter. This combined with the TetOn system enabled us to achieve precise control over both
the spatial and temporal aspects of gene expression.

The Tet inducible system has been used for transgene expression in different cells and tissues (e.g.,
human cancer cell lines, PC12 cells, neurons, and rodent retina) via the AAV vectors [49-52]. Efforts
have also been made to use the AAV-Tet vectors to treat various diseases in animal models including
breast cancer [53], ischemia [54], cochlear damage [55], Alzheimer Disease [56], and bone formation
[57]. Gene silencing can also be achieved by Tet-controlled AAV vector to express shRNA [58] or gRNA
in CRISPR system [59]. Moreover, a dual viral vector (Lentivirus and AAV) infection strategy has been
used to express both TetOn and TetOff elements to trace different neurons in specific brain region [60].
A recent study reported that after locoregional intravenous injection, the AAV-Tet vector can be
repeatedly induced by Dox for at least 5 years in monkey retina [61].

The combination of tissue-specific promoter and Tet-inducible element has also been tested in AAV
in previous studies. Vanrell et. al. designed a recombinant AAV8 vector with the albumin promoter and
a mutated reverse tetracycline transactivator (tTAM?2) to achieve liver-specific Tet-inducible gene
expression [16]. Stieger et. al. tested the AAV vectors using the RPE65 promoter to drive expression of
the TetOn element. The reporter gene expression can be repeat induced for over 2.5 years [15]. Dogbevia
et.al. used a pan-neuronal specific promoter (hSYN) together with the tTA or rtTA element in AAV for
injection into the cortex and hippocampus [17]. They showed that the reporter gene expression can be
induced with (rtTA) or without Dox (tTA), and the induction of gene activation or deactivation can be
repeated. Sohn et. al. designed a single AAV vector platform to use the hSYN promoter together with
the TetOff element to achieve efficient labeling of central neurons in mouse brain [18].
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In this study, we inserted the Mck enhancer/synthetic muscle promoter along with the TetOn3G
system into the PHP.eB vector. This modified vector allows for enhanced expression of a target gene
within C2C12 myotubes in comparison to HEK293T cells, and this expression can be triggered by the
administration of Doxycycline. In our in vivo experiments, we observed a higher relative expression
level in the muscles using the Mck-TetOn vector compared to the CMV vector. Additionally, we
successfully demonstrated repeatable induction and a return to baseline expression levels through three
cycles of Doxycycline administration and withdrawal, spanning a period of 18 weeks, which represents
the longest duration tested.

Although we showed that the relative gene expression level is higher in biceps brachii and heart from
the PHP.eB-P,..s-TetOn-teLuc vectors, the injected viruses were mostly concentrated in the liver and
brain tissue, which result in the high overall reporter gene expression in these two sites. It is well known
that AAV vectors are predominantly sequestered in the liver after systemic injection [39, 62]. To
minimize liver infection, it is possible to use AAV variant proteins containing liver-de-targeted
mutations [63—65]. In addition, intramuscular injection can also be used to minimize off-target
expression.

The vectors and strategies described may prove useful as a platform for developing gene therapy
approaches for neuromuscular diseases in which spatial and temporal control of gene expression are
goals, although further improvements are clearly needed.

CONCLUSION

In this study, we generated a recombinant AAV vector based on the AAV9 variant PHP.eB which
contains MCK derived enhancers, a synthetic muscle-expression promoter, and a third-generation
tetracycline-inducible promoter. This AAV vector can express gene of interest preferentially in muscle
cells and can be induced by the presence of Dox both in vitro and in vivo. After retro-orbital virus
injection in the mice, the reporter gene expression can be turned on and off repeatedly by Dox-
containing food, and the longest time tested for re-inducement was 18 weeks.
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SUPPLEMENTRY MATERIALS

Adult mice were injected with 1x10'vg/kg virus via retro-orbital administration. Images were taken
1 month after viral injection via in vivo imaging system (IVIS). Diphenylterazine (DTZ) were injected
5 minutes before imaging. (A) without virus injection; (B) with virus injection.
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Figure S1. (a, b) Bioluminescence imaging of hairless mice after AAV9-Pcmy-teLuc IV viral injection.
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Figure S2. (a—c)Tissue Analysis of Luciferase Activity Induced by AAV9-Pcmv-teLuc Vectors.

Heart, lung, diaphragm, liver, kidney, biceps femoris, biceps brachii muscles, and brain tissue were
collected one month after virus injection. (A) Luciferase activity of tissue sample of AAV9-Pas~teLuc
injection. Luciferase activities were assayed with substrate DTZ. Data are mean + SD, n=3 each group.
(B) Virus gene copy number analyzed by qPCR. Data are mean + SD. (C) Virus gene relative activity
of animal tissue after AAV9-Pcin~teLuc injection. Data are mean + SD. Virus gene relative activities
were calculated as the bioluminescence from the tissue luciferase assay normalized by viral genome
copy number in of same piece of tissue.
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