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Abstract

The potential for gene transfection during shock wave tumor therapy
was evaluated by searching for shock wave-induced DNA transfer in
mouse tumor cells. B16 mouse melanoma cells were cultured by standard
methods and implanted sc. in female C57BL/6 mice 10-14 days before
treatment. A luciferase reporter vector was used as the DNA plasmid for
intratumoral injection at 0.2 mg/mI tumOr. Air at 10% of tumor volume
was injected after the DNAin sometumors to enhanceacousticcavitation
activity. The shock wave generation system was similar to a Dormer HM-3
lithotripter with pressure amplitudes of 24.4 MPa peak positive and 5.2
MPa peak negative. Luciferase production in isolated tumor cells was
measured with a luminometer 1 day after treatment to assess gene tram
fer and expression Exposure to 800 shock waves, followed by immedinte
isolation and culture of tumor cells for 1 day, yielded 1.1 (0.43 SE) pg/tO6
cells for plasmid injection only and 7.5 (2.5 SE) pg/tO6 cells for plasmid
plus air injection. Significantly increased luciferase production, relative to
shams, occurred for 200-, 400-, 800-, and 1200-shock wave treatments
with plasmid and air injection Exposure with the isolation of tumor cells
delayed for a day to allow gene expression within the growing tumors gave
increased luciferase production for 100- and 400-shock wave exposures
without and with air injection. Gene transfer therefore can be induced
during lithotripter shock wave treatment in vivo, particularly with en
hanced acoustic cavitation, which supports the concept that gene and
shock wave therapy might be advantageously merged.

Introduction

Shock wave lithotripsy has become widely used for treatment of
stone disease. Research into broader application of this treatment
modality has suggested some promise in the treatment of malignant
tumors, which suffer mechanical damage via shock wave-induced
acoustic cavitation (1, 2). Combination treatments with shock waves
and biological response modifiers (3) or chemotherapy (4) have
shown enhancement of the therapeutic results for some tumors. Shock
waves can facilitate the transfer of large molecules into cells (5, 6),
which provides an explanation for the fmding that combined therapy
overcomes the resistance of some tumors to chemotherapy alone (4).
The transfer of molecules into cells by acoustical means (via the
phenomenon of sonoporation) can include even such large molecules
as DNA plasmids capable of subsequenfly expressing marker proteins
(7â€”9),which has suggested the possibility of human gene therapy by
shock wave treatment (10). Gene transfer has received wide attention
as a potential method of tumor therapy, but new ways to accomplish
gene transfer to targeted regions in vivo are needed (1 1, 12). Because
both shock wave treatment and gene transfer are already under inves
tigation with regard to therapeutic potential, the combination of the
two is an appealing prospect for tumor therapy. In the present work,

the possibility of the acoustical transfection phenomenon occurring in
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growing tumors in vivo was investigated by searching for luciferase
gene expression in cells isolated from shock wave-treated mouse
tumors that had previously been injected with luciferase reporter
plasmid.

Materials and Methods

B16 mouse melanoma, an established tumor model that has received atten
tion in gene therapy research (13â€”16),was used for this study. Cells were
obtained from the American Type Culture Collection (ATCC CRL-6323,
B16-Fl melanoma) and cultured by standard methods in DMEM supplemented
with 10% fetal bovine serum. Tumors were grown in female C57BU6 mice
(Charles River Laboratories) by s.c. implantation 10â€”14days before treatment.
To reduce genetic drift, a stock supply of cells was isolated from tumors,

grown for a short-term culture in vitro, and frozen in aliquots. For each
subsequent experiment, cells were initiated from the frozen stock, cultured for
4 days, harvested by trypsinization, and suspended in HBSS (Sigma). The cell
suspension was implanted toward the left side of the abdomen at 0. 1 ml with
2 X 106cells/mouse.

A luciferase reporter vector (control plasmid pGL3; Promega, Madison, WI)
was applied as the plasmid for insertion and subsequent transient expression
within the cells, as described previously (9). Supercoiled DNA was purified
from Escherichia coli DHSa by standard methods (Plasmid Giga Kit; Qiagen,
Inc., Chatsworth, CA). The purified DNA was dissolved in sterile PBS at a
concentration of 2 mg/mI and frozen in aliquots for use in subsequent exper

iments.
The lithotripter system used in this study was similar to a Dornier HM-3

lithotripter fitted with a standard spark gap (Dornier Medical Systems,

Kennesaw, GA), as described previously (6). At the focus, 12 cm from the
mouth of the reflector, the spatial peak pressure amplitude was 24.4 MPa (SD,
5.2 MPa) peak positive and 5.2 MPa (SD, 1.3 MPa) peak negative, with a mean

pressure amplitude [i.e., (pÃ·+ p)/2] of 14.8 MPa. The pulse energy at the
spatial peak was 174 i/rn2 and totaled about 52 mJ/pulse when integrated over
the cross-section of the exposure chamber. Pulses were delivered at a 2-Hz
rate. The water in the exposure bath was degassed and continuously filtered to
minimize the occurrence of cavitation in the water and was maintained at 37Â°C.

In vitro exposures were conducted to confirmcell loadingandexpression of
the plasmid by Bl6 cells. Cultured cells were harvested and suspended at
2.5 X 106 cells/ml and a final DNA concentration of 20 @xg/ml. For some

experiments, mouse RBCs isolated from freshly drawn blood samples were
added to the suspension at a hematocrit of 30% to test the influence of high cell
number densities on the results. For exposure, 1 ml of the suspension was
loaded into sterile polyethylene transfer pipeues (no. 241; Saint Amand Man
ufacturing Co., San Fernando, CA), which constituted the exposure chamber,
as described previously (6). The pipette bulbs held about 1.2 ml, but only I ml
of the suspension was loaded into the bulb, leaving a 0.2-mi air bubble that
rose to the top of the chamber and served to enhance cavitation activity. After
exposure, the cell suspensions were removed from the chambers, separated by

centrifugation with Lymphoprep (Nycomed Pharma AS, Oslo, Norway), and

cultured for 1 day.
Tumors growing in vivo were subjected to shock wave treatments 10â€”14

days after cell transplantation. All in vivo procedures throughout the study
were in accord with the guidance and approval of the institutional Animal Care
Committee. Female CS7BIJ6 mice were weighed (average weight was about
22 g) and anesthetized with an i.m. injection of 50 mg/kg ketamine (Ketaset;

Aveco Co., Fort Dodge, IA) and 10 mg/kg xylazine (Rompun; Mobay Corp.,
Shawnee, KS). After the tumor area was shaved and depilated, the volume of
each tumor was estimated by using a digital caliper to measure the three major
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Number of Shockwaves

Fig. 1. Results for in vitro exposure of Bl6 melanoma cells in suspensions containing
the luciferase reporter vector presented as the mean results with SE bars from four
repetitions of the experiment. The percentage of cells surviving 1 day after exposure
relative to shams (upper panel) declined with increasing numbers of shock waves. o. i
Expression of the reporter gene, indicated by luciferase production measured 1 day after
exposure (lowerpanet), gradually increased with increasing exposure. Addition of 30% by
volume of mouse RBCs had little effect on the results (0, 800 shock waves) compared to
suspensions of B16 cells alone (â€¢).

axes of the tumor and calculating the ellipsoidal volume. Tumor-volume
estimates averaged 0.4 ml (SD, 0.3 ml), with a range of0.llâ€”2.2 ml. A volume

of 2 mg/mi DNA solution equal to 10% of the tumor volume was injected into
the tumor with a 28-gauge needle. The needle was moved within the tumor
during injection to distribute the injected material within the tumor. For some
experiments, a volume of air equal to 10% of the tumor volume was also@

injected into the tumor to enhance cavitation activity. Finally, the mouse was
mounted on a plastic board, which incorporated a foam-plastic shield to avoid

exposure to the lungs and a 2.5-cm-diameter beam hole at the abdomen, and __
placed into the water bath for exposure. The board was mounted at a 45-degree@
angle, with the animal submerged up to its neck, and the lithotripter beam was@@ 0
aimed upward at a 45-degree angle (perpendicular to the board) at the tumor, Q
which was centered in the beam hole. Sham exposure involved identical
treatment, except that the lithotripter system was not triggered. In these small

animals, this arrangement unavoidably resulted in some intestinal exposure,@
which entailed the possibility of intestinal hemorrhage, as reported previously ,@ 5
(17), and limited the numbers ofshock waves usable in vivo for this study. Two@
of six mice exposed at 1200 shock waves died during exposure, and animals@
with tumors carried for 1 day after exposure were limited to 400 shock waves

to help assure survival until cell isolation.
Either immediately or I day after exposure in vivo, mice were sacrificed by 0

CO2 asphyxiationfor cell isolation and gene expression assay. Cells were 0 200 400 600 800 1000 1200 1400
isolated by excising the entire tumor in pieces and then mincing and filtering Number of Shockwaves
this tissue through a 200-mesh stainless steel screen into HBSS. The resulting
preparation was centhfuged, resuspended in growth medium, and centrifuged Fig.3. Resultsfor luciferaseproductionmeasuredin cells isolatedimmediatelyand

cultured for 1 day after in vivo exposure of B16 melanoma tumors with plasmid and air
again with Lymphoprep (Nycomed Pharma AS) to eliminate RBCs, dead cells, injection (means with SE bars of four repetitions). There was no trend in the data over the
and other material from the viable tumor cell population. After the separated rangeof exposurestested.
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cells were washed twice with medium, cell viability and concentration were
checked by trypan blue (0.4%; Life Technologies, Inc.) exclusion on a hemo
cytometer. After this separation step, viability averaged 82%, and the suspen
sion was cut to a maximum of 2 million viable cells (0.5 million viable cells,

minimum) for assay. For all tests, the assay of reporter plasmid expression was
accomplished by a standard luciferase assay system (Promega), as described
previously (9). The lurninometer measurements were calibrated in terms of
luciferase activity and divided by the cell count to obtain the luciferase
production per million viable cells. Statistical comparisons were performed

using Student's t test, with significance assumed at P < 0.05.

Results

In vitro exposure produced a dramatic reduction in 1-day cell survival
as shown in Fig. 1. Luciferase activity found after 1 day of culture
increased with increasing numbers of shock waves. The inclusion of
RBCs in the suspensions had no significant effect on the results for
800-shock wave exposure. These in vitro results confirmed the shock
wave-induced transfection of the plasmid into B16 melanoma cells and
the subsequent expression of the reporter gene product.
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Fig. 2. Comparison ofluciferase production measured in cells isolated immediately and
cultured for I day after in vivo exposure of Bl6 melanoma tumors without and with air
injection into the tumor before exposure (means with SE bars for four to six repetitions).
The vertical scale is logarithmic in this plot to show the difference in the sham values.
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high in vivo cell number density, because addition of RBCs to the
suspension at 30% hematocrit did not appreciably alter the in vitro

results. Alternatively, the relatively low in vivo result may have
been related to the relatively low amount of plasmid/cell and to the
poor distribution of plasmid (and possibly also of air) within the
tumor, which can be expected for intratumoral injection (18).

These results demonstrate that transient transfection of reporter
genes into melanoma cells can be induced by lithotripter shock waves
both in vitro and in vivo. For immediate harvest, the gene expression
with shock waves was roughly 15 times greater than for direct
injection alone (i.e., sham exposure), and air injection gave approxi
mately a 7-fold enhancement in shock wave-induced transfection. The
expression was maintained at higher exposures, as shown in Fig. 2,
which implies that higher treatment levels do not eliminate the trans
fected cells. Finally, the reporter expression persisted in most treated
tumors for at least a day, which indicates a potential for carry-over of
a gene-therapeutic effect through the tissue ablation phase of shock
wave treatment. These results are encouraging indications for the
future development of simultaneous gene therapy and shock wave

treatment of cancer.
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Fig. 4. Comparison of results for luciferase production measured in cells isolated 1 day
after in vivo exposure of B16 melanoma tumors without and with air injection (means with
SE bars of four repetitions). There were clear trends in the data for exposures without and
with injection of air into the tumors. The vertical scale is logarithmic in this plot to show
the difference in the sham values. References
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Results for 800-shock wave exposure of tumors in vivo, followed by
immediate isolation and culture oftumor cells for 1 day, are shown in Fig.
2 for DNA injection and for DNA plus air injection. Some transfection
occurred in shams, and the air injection further increased the transfection
observed in sham-exposed tumors. The increase in luciferase production
after shock wave exposure was statistically significant relative to sham
exposures for both methods but was much greater with air injection.
Exposure to an increasing number of shock waves with air injection
yielded significantly increased luciferase production for all treatments
relative to shams, as shown in Fig. 3 for four repetitions.

Results of exposure with the isolation of tumor cells delayed for a
day to allow expression of the reporter gene within the growing
tumors are shown in Fig. 4. The delay of cell isolation allowed the
antitumor effect of vascular disruption by the shock waves, which can
greatly reduce cell viability, to play a role in the results. Luciferase
production was significantly increased relative to shams (t test after
logarithmic transformation) for 100 and 400 shock waves without
injected air and for 100 shock waves with injected air. For 400-shock
wave exposure with air injection, the trend for increased luciferase
production was dramatic but variable, with one value falling in the
range of sham results and an overall P of 0.06. Sham exposure results
were notably lower for cell isolation after 1 day (Fig. 4) than for
immediate isolation (Fig. 2).

Discussion

The luciferase production in the shams presumably represents
transfection induced by the direct injection of DNA. The injection
of air after the DNA enhanced transfection for sham exposures.
Direct injection is a well-known method of gene transfer in vivo
that can sometimes produce better results than more complicated
methods (12, 18, 19). The shock wave-induced transfection was
presumably due to the nonthermal mechanism of acoustic cavita
tion and was increased when air was injected into the tumor to
enhance cavitation activity. The luciferase expression was lower,
in terms of production per million cells, for in vivo exposure than
it was for in vitro exposure. The high cell number density found in
vivo is known to be a strong inhibitor of effects induced by
ultrasonic cavitation (20). However, in this study with shock
waves, the relatively low in vivo result did not seem to be due to
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