Enhancement of recombinant adeno-associated
virus mediated transgene expression by
targeted echo-contrast agent
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ABSTRACT. Ultrasound-targeted microbubble destruction (UTMD)
has been recently developed for destroying bubbles carrying drugs or
genes, thereby permitting local release of these target molecules. We investigated whether SonoVue®, a new contrast agent that contains phospholipid-stabilized microbubbles filled with sulfur hexafluoride vapor,
is effective at delivering a recombinant adeno-associated viral (rAAV)
vector to the rat heart by UTMD. Serotype-2 (rAAV2) marked with
green fluorescent protein (GFP) as a reporter gene was attached to the
surface of sulfur hexafluoride-filled microbubbles. Microbubbles were
infused into the tail vein of rats with or without simultaneous echocardiography. Additional controls included ultrasound microbubbles that
did not contain virus, virus alone, and virus plus ultrasound. One group
underwent echocardiographic destruction of microbubbles followed
by rAAV2-GFP infusion. Rats were killed after 4 weeks and examined
for GFP expression. Green fluorescence was detected in all groups that
received the rAAV2-GFP vector, indicating expression of the rAAV2
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transgene; however, GFP expression in the UTMD group was significantly higher than that in control groups. We conclude that ultrasoundmediated destruction mediated by SonoVue is a promising method for
delivery of rAAV2 to the heart in vivo.
Key words: Ultrasound; Recombinant adeno-associated virus;
Microbubble; Green fluorescent protein

INTRODUCTION
Gene transfer has been considered a promising therapeutic tool in several clinical trials
for about two decades. However, successful gene therapy remains an elusive and challenging
goal. Importantly, several clinical trials of cardiac gene therapy have mostly lacked relevant
clinical and physiological efficacy (Bekeredjian and Shohet, 2004; Müller et al., 2007). The
success of cardiac gene therapy may be affected by suitable candidate genes, vector design,
vector type and mode of vector delivery.
The two most commonly used vectors in cardiac gene therapy are naked DNA and
adeno-associated virus (AAV) vectors. In comparing these two vectors, AAV has the advantage of being suitable for long-term gene transfer for at least 1 year in the myocardium (Chu
et al., 2003; Vassalli et al., 2003). During the past 20 years, recombinant adeno-associated
virus serotype 2 (rAAV2) has been successfully used in 70% of experimental therapeutic approaches (Edelstein et al., 2004), such as protection from ischemia/reperfusion injury in a rat
model (Melo et al., 2002) or inotropic therapy in cardiomyopathic hamsters (Kawada et al.,
2002), and has revealed beneficial effects on cardiac function in a murine model of myocardial
ischemia (Su et al., 2004). To achieve much more highly selective transduction of myocardial
tissue, rAAV2 vectors were often administered by intramyocardial injection (Rutanen et al.,
2004) or selective perfusion of coronary arteries (Raake et al., 2008). These techniques are
invasive and have inherent risk. Therefore, the development of noninvasive but highly organspecific systemic gene transfer approaches has been a major focus.
Recently, ultrasound-targeted microbubble destruction (UTMD) has evolved into a
new tool for organ-specific delivery of genes and drugs (Hiyama et al., 2007; Aoi et al., 2008).
It is based on gas-filled microbubbles that are used as ultrasound contrast agents. Microbubbles may oscillate in an ultrasound field when submitted to ultrasound at their resonance frequency. Low and intermediate acoustic pressure results in linear and nonlinear oscillations of
microbubbles, respectively, whereas high-pressure ultrasound (mechanical index >1.0) causes
forced expansion and compression of microbubbles, leading to bubble destruction (Dijkmans
et al., 2004). Bioactive substances loaded on the microbubble shells can be released by UTMD
with high local concentrations in the target organ (Li et al., 2008; Wang et al., 2008; Delalande
et al., 2010). In addition, UTMD benefits from the secondary effects of microbubble destruction, transiently increasing capillary permeability and producing transient nanopores in cell
membranes by high-velocity fluid microjets (Bekeredjian et al., 2007; Suzuki et al., 2008;
Geis et al., 2009), thus augmenting transduction. As expected, Bekeredjian et al. (2005) demonstrated that rats receiving ultrasound and luciferase-loaded bubbles showed a 6-fold higher
cardiac luciferase uptake compared with control groups that did not include bubbles. Müller et
al. (2008) showed that in contrast to low cardiac expression after systemic transfer of the AAV6 or -9 vector solution without microbubbles, ultrasound-targeted destruction of microbubbles
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significantly increased cardiac reporter activities between 6- and 20-fold.
In this study, 6 different groups were designed to evaluate whether UTMD could augment rAAV2-mediated gene transfer to the heart. rAAV2 vector is a lower transduction vector
for heart compared with AAV-6 and AAV-9. Null rAAV2 vector was used for this study to
prevent a candidate gene target effect and to confirm that the target effect only resulted from
UTMD treatment. We tested if systemic administration of rAAV2-GFP (green fluorescent protein) vectors could lead to more efficient gene expression in rat heart when using UTMD.
Furthermore, we investigated whether UTMD-enhanced rAAV2 delivery to the myocardium
increases organ specificity.

MATERIAL AND METHODS
Construction of rAAV2-GFP vector
A single-stranded, 7015-bp rAAV2-GFP vector (Vector Gene Technology Company
Limited, Beijing, China) was constructed as described by Wu et al. (2000). Briefly, viral replicable genes, rep and cap, were replaced with a human cytomegalovirus promoter and enhancer,
a multiple-cloning site and a neomycin-resistant gene, as well as a polyadenylation signal, retaining the two inverted terminal repeats intact. The GFP reporter gene was inserted into the site
between SalI and BglII in the multiple-cloning site. After screening by neomycin with the help
of mutated herpes simplex virus (HSV)-1, large-scale rAAV2 were produced and purified by
affinity chromatography and ultracentrifugation in CsCl gradients. Viral titer was determined
by dot blot hybridization. The helper virus HSV was heat-inactivated for 30 min at 56ºC. Contaminating HSV was determined to be <1 in 1010 viral genomes (vg).

Attachment of rAAV2-GFP to microbubbles
AAV2-GFP-loaded microbubbles were produced as follows. SonoVue (Bracco SpA,
Milan, Italy) is a kind of ultrasound microbubble contrast agent that contains 59 mg sulfur
hexafluoride gas and 25 mg freeze-dried white powder. After adding 5 mL 0.9% NaCl into
the vial with SonoVue and shaking for several seconds, phospholipid-stabilized microbubble
suspensions were generated (Xu et al., 2006). A 1-mL solution of rAAV2-GFP (1.5 x 1011 vg/
mL) was incubated with 1 mL microbubble suspension for 2 h at 4°C. The concentration and
mean diameter of microbubbles with attached rAAV2-GFP were 1.2 x 109 bubbles/mL and 2.5
µm, respectively. The microbubble suspension contained 1.5 x 1011 vg rAAV2-GFP transgene
units per milliliter.

In vivo gene transfer
All procedures were approved by the Local Animal Care Committee. A total of 60
Sprague-Dawley rats (250-350 g) were used for our experiments. They were randomly divided
into 6 groups (N = 10) to determine the effectiveness of in vivo delivery of rAAV2-GFP into
the myocardium using UTMD: group 1, echocardiographic destruction of microbubbles without rAAV2-GFP; group 2, infusion of rAAV2-GFP (no microbubbles) without echocardiography; group 3, echocardiography during infusion of rAAV2-GFP (no microbubbles); group
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4, echocardiographic destruction of microbubbles followed by rAAV2-GFP infusion (when
microbubbles were seen in the myocardium, high mechanical index (MI = 1.6) ultrasound was
applied to destroy the bubbles, and after no bubbles were seen in the myocardium and heart,
rAAV2-GFP was infused); group 5, microbubbles containing rAAV2-GFP without echocardiography; group 6, echocardiographic destruction of microbubbles containing rAAV2-GFP.
We administered infusions (1.2 mL) over 20 min because of the risk of volume overload.
Rats were anesthetized with an intraperitoneal injection of 50 mg/kg sodium pentobarbital. After shaving and depilating the left chest wall, the transducer was placed on the thorax
in a longitudinal axis view, with 1-2 cm of acoustic coupling gel standoff between the transducer and chest wall. The microbubble suspension (1 mL SonoVue) alone, microbubble and
virus (1 mL) suspension, and pure virus (1 mL) suspension were separately infused into the
tail vein at a constant rate of 3 mL/h for 20 min. During the 20-min infusion, the bubbles were
mixed in the same incubated viral suspension and then bubbles were infused into the syringe.
Microbubble destruction was achieved using a GE VIVID7 Dimension (General Electric Co.,
Horten, Norway) echocardiographic color system, equipped with a 2.0-3.5-MHz electronic
phased array transducer (M3S) and a 10-14-MHz electronic linear array transducer (i13L).
The latter was used to locate the heart with low-energy (MI = 0.14) imaging at 11-13 frames
per second during infusion of microbubbles or control into the tail vein. A low dynamic range
and pulse-repetition frequency of 50 Hz was selected to achieve definite visible myocardial opacification on the basis of pilot experiments. After the microbubbles became visible in
the myocardium, the M3S transducer was operated in a second harmonic mode (transmit 1.3
MHz/receive 2.6 MHz) at an MI of 1.6 (corresponding to a peak negative pressure of about
1.8 MPa at a depth of 2 cm). Sonography was electrocardiogram triggered, at 80 ms after the
peak of the R-wave, to deliver a burst of four frames of ultrasound (with 4 cycles per frame)
every 4 heartbeats.

Fluorescence measurement
Rats were euthanized 4 weeks after rAAV2-GFP transfection, at which time peak
levels of transgene expression in heart occurred. The hearts and brain and liver tissues were
harvested and immediately frozen in liquid nitrogen for fluorescence measurement. Fluorescence signals of GFP-positive fibers were examined using fluorescence microscopy (Leica
CTR6000, Wetzlar, Germany) with an excitation wavelength of 488 nm (Argon laser, 5%
intensity). Fluorescence images were captured at an emission wavelength of 505-530 nm to
detect GFP. Non-specific fluorescence was visualized at >560 nm. Settings for gain and offset
were optimized using tissue from rAAV2-GFP-transgenic and control rats as positive and
negative controls. Readout was performed by the principal microscopist using 15 sections randomly selected from 200 slides by a person not involved in the study and not knowledgeable
of the group assignment of rats (Storek et al., 2006). Slides included sections from all parts of
the heart and were in approximately equal proportion from rat infusion with rAAV2-GFP or
SonoVue only. Integrated optical density (IOD) of fluorescence images was measured using
the Image-Pro Plus 6.0 software. Fluorescence intensity was expressed in arbitrary units. IOD
was calculated by applying a digital mask over regions where GFP was expressed. Fluorescence was corrected for background by placing mask “objects” in the field outside the fluorescence area and IOD of these objects subtracted from the IOD of the region of interest manager
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(Juffermans et al., 2008). Threshold and segmentation tools were used to extract objects of
interest and distinguish them from other objects or from the background image.

Statistical analysis
All data are reported as means ± standard deviation (SD) and analyzed by the SPSS13.0
software. Differences in IOD of fluorescence between experimental groups were compared by
ANOVA. The Student t-test was used to assess the statistical difference between multiple
comparisons. P < 0.05 was considered to be significant.

RESULTS
The influence of UTMD on transduction efficiency of rAAV2 serotype was investigated by GFP reporter gene expression. Green fluorescence was detected in groups 2-5 because they all received the rAAV2-GFP vector (Figure 1). However, GFP expression was
significantly higher in group 3 compared with group 2 (P = 0.001; Figure 2), indicating that
ultrasonic treatment improved gene delivery although without microbubbles. There was no
significant difference between group 5 and group 2 (P = 0.939), suggesting that ultrasonic is
a significant factor in achieving rAAV2-GFP transduction although rAAV2-GFP was infused
with microbubbles in group 5. As expected, we found that GFP expression was approximately
6.5- to 10-fold higher in the UTMD group (group 6) compared to control groups (groups 2,
3, 4, and 5) receiving rAAV2-GFP but without microbubbles or ultrasound. The group that
underwent microbubble destruction followed by an infusion of rAAV-GFP (group 4) showed
a 1.5-fold increase in GFP expression compared with other controls (groups 2, 3, and 5), suggesting that disruption of the endothelial barrier is an important factor in viral transduction.

Figure 1. Green fluorescent protein (GFP) expression in frozen section of rat myocardium (400X). G1 =
Echocardiographic destruction of microbubbles without recombinant adeno-associated virus serotype-2 (rAAV2GFP). G2 = Infusion of rAAV2-GFP (no microbubbles) without echocardiography. G3 = Echocardiography during
infusion of rAAV2-GFP (no microbubbles). G4 = Echocardiographic destruction of microbubbles followed by
rAAV2-GFP infusion. G5 = Infusion of microbubbles containing rAAV2-GFP without echocardiography. G6 =
Echocardiographic destruction of microbubbles containing rAAV2-GFP.
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Figure 2. Statistical analysis of green fluorescent protein expression in frozen section of rat myocardium.
*Significant difference compared with G1 (P = 0.0001); †significant difference compared with G2 (P = 0.0001);
‡significant difference compared with G3 (P = 0.0001); §significant difference compared with G4 (P = 0.0001);
||significant difference compared with G5 (P = 0.0001); †no significant difference compared with G2 (P = 0.939);
‡significant difference compared with G3 (P = 0.038). IOD = integrated optical density. For group definitions (G1G6), see legend to Figure 1.

In addition, fluorescence analysis of various organs (heart, liver and brain) of animals
euthanized after 4 weeks indicated that GFP was expressed in liver tissue and myocardium but
not in brain tissue in groups 2-6 (Figure 3). However, GFP expression in the UTMD group was
significantly higher in myocardium than in liver, indicating target organ-specific rAAV2-GFP
vector delivery using UTMD.

Figure 3. Green fluorescent protein expression in frozen section of rat myocardium, liver and brain. For group
definitions (G1-G6), see legend to Figure 1.
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DISCUSSION
Previously, several investigators have successfully transfected the heart with lipopolymers (Lee et al., 2003), gelatin complexes (Tokunaga et al., 2004) and lipoprotein (Harriss and
Atkinson, 2011). Intravenous administration of DNA-carrying liposomes leads to the transfection of many organs, particularly the lung (Boussif et al., 2001). In this study, we delivered
rAAV2-GFP to the heart by UTMD. The findings demonstrated that high levels of myocardial
GFP expression were achieved after delivery of rAAV2-GFP transgene using UTMD. GFP
expression in the UTMD group was significantly higher than that in other control groups (P =
0.001), approximately 6.5- to 10-fold increase. There was no significant difference between
groups 2 and 5, both of which did not undergo echocardiography. The present study confirmed
the usefulness of this technique for the delivery of a common gene-therapy vector that is capable of high-level expression of a transgene in the heart.
Several researchers have shown that ultrasound and microbubbles may have important
applications in gene therapy (Unger et al., 2001; Miura et al., 2002). The present study demonstrated high levels of GFP gene expression using systemic intravenous infusion of rAAV2-GFPmicrobubbles during echocardiography. The advantages of this much less invasive approach in
cardiac gene therapy are apparent. UTMD-directed gene delivery to specific organs would be
a substantial improvement in the therapeutic ratio for a broad range of genetic manipulations.
rAAV2 vectors have rapidly gained popularity in gene therapy applications. Exchanging capsids between various AAV serotypes is effective for conferring specific cellular tropism and intensity, as well as onset of gene expression (Coura and Nardi, 2007; Surace and
Auricchio, 2008). Virus-mediated gene delivery has resulted in higher levels of cardiac transduction (about 30- to 360-fold) compared to plasmid approaches after direct intramyocardial
injections in rabbits (Wright et al., 2001). Widespread use of such vectors is compromised
by the lack of specificity to target cells via systemic administration (Taylor et al., 2007). We
attempted to combine the advantages of rAAV2, ultrasound and microbubbles (SonoVue) to
enhance GFP transgene to the heart via systemic administration. Significant expression of GFP
was detected in the UTMD group. Treatment groups 2-5 with rAAV2-GFP infusion showed a
lower level of expression than the group 6. The increased transduction efficiency in the UTMD
group can be explained by enhanced local extravasation of the virus after destruction of AAVloaded microbubbles in the cardiac capillaries and increased capillary permeability resulting
from high-velocity fluid microjets (Bazan-Peregrino et al., 2012).
Under electrostatic interaction, materials may be non-covalently bound to the surface
of microbubbles (Unger et al., 2001). We modified the rAAV2-GFP transgene by electrostatic
interaction using SonoVue. This enhanced rAAV2-GFP delivery, making it convenient for
applying it in UTMD. Transthoracic ultrasound applying the M3S transducer can be focused
on the heart so that the destruction of intravenously injected gene-bearing microbubbles by
high-energy ultrasound delivers genes relatively selectively to the myocardium. As expected,
our results indicated that GFP expression in the UTMD group was significantly higher in myocardium than in liver and brain, indicating target organ-specific rAAV2-GFP vector delivery
using UTMD, which was in accordance with the results of Müller et al. (2007), who also found
high luciferase activities in left ventricles and atria but close to background levels in other
organs. Our data provide not only the means of achieving stable ultrasound/microbubblemediated gene delivery but also a solution to the critical issue of specificity after systemic
administration of rAAV2-GFP.
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The combination of ultrasound/microbubbles and rAAV2-GFP is efficient. Microbubble accumulation and destruction at the target site can be monitored using ultrasound imaging
to assess vector delivery in real-time. The i13L transducer was used to monitor microbubble
accumulation in the myocardium. Systemic infusion of targeted vectors may play an important role in the future. Varying the ultrasound parameter will probably affect the efficiency of
UTMD-targeted gene delivery. Further preclinical studies in larger animals are required.

CONCLUSIONS
We demonstrated that UTMD after systemic administration can enhance targeted gene
transfer to the heart. It is an efficient, specific tissue-targeting, non-invasive approach to deliver genes to target organs by UTMD after systemic administration.
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