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Flgure 3, Schematlc ﬂow dlagram ofa focused micoarray assay: Marker mRNAs (PAP, REGlA DPEP1, SEPPI RPL27A ATPlBl EEFlAl SFN and
RPS11- mRNAs) were amphfied and labeled with Cy3-dUTP by multlplex-R'I‘ -PCR among total RNAs from colonocytes isolated by FMCI (step 1) and .
hybridized to focused micoarray (step 2), followed by fluorescence intensity scanning (step 3).
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Flgure 4 Hybndlzauon image of focused microarray analysis and the number of positive genes in 30 colonocyte RNA samples. The C3l3-labeled ¢DNAs
prepa:ed by multiplex RT-PCR in two tubes were hybridized with 9 gene sequences (PAP, REG1A, DPEP1, SEPP1, RPL27A, ATPIB1, EEF1Al, SFN and
RPS11) on a focused microarray, which was manufactured by our previously developed Bubble Jet Technology with a small modification (25). Hybridization-
signals and the number of positive genes (right) in the above 23 cancer patient-derived colonocyte RNA samples and 7 healthy volunteer-derived colonocyte
RNA samples are shown. In total, a high concordance was observed between focused microarray and RT-PCR. Ten (71%) of the 14 early cancers (Dukes

stage A or B) and 8 (89%) of 9 Dukes stage C cancers were detected by the focused microarray analysis. The number of positive gene$ in RT PCR are in
parenthcses (Fig. 2).
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materials 6 h to 3 days after evacuation can be obtained if the
feces are kept at 4°C (23). However, if conventional fecal RNA
preparation methods without the epithelial cell enrichment
process are used for colorectal cancer screening, we have to
consider the contamination of blood in the feces, which derives
from nonmalignant diseases. Considering the use of such
methods, to this end we further provided 56 genes, which
were expressed in the cancer patient-derived colonocytes
but not in either the healthy volunteer-derived colonocytes or
the peripheral blood mixture (Table II). This study suggests
that the fecal RNA-based method could be a promising
procedure for the detection of early or right-sided colorectal
cancers. We recently developed a very effective focused

microarray assay for detecting minimal gastric cancer cells in -

peritoneal washings, demonstrating a specificity and sensitivity
equal to or better than cytology in two large specialist
hospitals with trained cytologists (26). Therefore, the focused
microarray assay could provide an effective imaging tool for
mass screening, and our extensive gene list provides useful
markers.
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Abstract

It has been recently reported that NK012, a 7-ethyl-10-hydroxy-
camptothecin (SN-38)-releasing nanodevice, markedly enhan-
ces the antitumor activity of SN-38, especially in hypervascular
tumors through. the enhanced permeability and retention
effect. Renal cell carcinoma (RCC) is a typical hypervascular
tumor with an irregular vascular architecture. We therefore
mvestlgated the antitumor activity of NK012 in a hypervascular
" tumor ‘model from RCC. Immunohistochemical examination
. revealed that Renca tumors contained much more CD34-
posmve neovessels than SKRC-49 tumors. Compared with CPT-
11, NK012 had s1gmﬁca.nt antitumor activity against both bulky

Renca and SKRC-49 tumors. Notably, NKO012 eradicated rapld-'

] growmg Renca tumors in 6 of 10 mice, whereas 1t failed to
eradicate SKRC-49 tumors. In the pulmonary metastasrs
treatment model an enhanced and prolonged distribution of
free SN-38 was observed in metastatic lung tissues but not in

ponmetastatic lung tissues after NK012 administration. NK012.

treatment resulted in a s1gmﬁcant decrease in' metastatic
nodule number and was of benefit to survival. Our study shows
the outstanding advantage of polymeric micelle-based drug
carriers and suggests that NK012 would be effective in treating
dxssemmated RCCs with irregular vascular architectures.
[Ca.ncer Res 2008 :68(6): 1631 5]

Introducuon
Passwe targeting of the drug delivery system is suited to

combating the pathophysiologic characteristics present in many -

solid tumors: hypervascularity, irregular vascular architecture,
potential for secretion of vascular permeability factors, and the
absence’ of effective lymphatic drainage that prevents efficient
clearance of macromolecules. These characteristics, urtique to solid
tumors, are believed to be the basis of the enhanced permeability
and retention (EPR) effect (1). Polymeric micelle-based anticancer
drugs have recently been developed (2, 3), and some were put
under evaluation for clinical trials (4, 5).
7-Ethyl-10-hydroxy-camptothecin (SN-38), a biological active
metabolite of irinotecan hydrochloride (CPT-11), has potent
antitumor activity, but has not been used clinically because it is

a water-insoluble drug. It has been recently shown that novel -

SN38-incorporated polymenc micelles, NK012, have the potentlal
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to allow effective sustained release of SN-38 inside a tumor and
possess potent antitumor activities especially in a vascular
endothelial growth factor (VEGF)-secreting hypervascular tumor
(6), because the supramolecular structures of NKO12 which enable
SN-38 to accumulate in the target tissue are based on the EPR
effect (1).

Renal cell carcinoma (RCC) is a typical hypervascular tumor
withr an irregular vascular architecture; We therefore conducted an
investigation to determine whether NK012 would be effective in
treating RCC by using established- RCC tumor models with
pulmonary metastasis. ’ 4

Matenals and Methods

Drugs and cells, CPT-11 was purchased from Yalult Honsha Co., Ltd
SN-38 and NKO12 was prepa.red and supplied by Nippon Kayaku Co;, Ltd:
(6). Five human RCC lines (SKRC-49, Caki-1, 769P, 7860, and KU19-20) and
murine Renca cells weré maintained in DMEM or MEM supplemented -
with 2 mmol/L glutamine, 1% nonessential amino ac1ds 100 umts/mL
streptomycin and penicillin, and 10% FCS.

In vitro "‘gr8wth inhibition” assay. The growth’ mhxb'fory effects’ of
NKO012, SN-38, and CPT-11 were examined with a 3-(4, 5- dlmethylﬂuazol -2-y1)-
2, 5-diphenyltetrazolium bronude (MTT) assay, as described, prevmusly 6).

In vive growth inhibition’ assay The animal expenmental protocols
were approved by the Committee for Ethics of Animal Expenmentatlon,
and the experiments were conducted in accordance with’ the Guidelines .
for Animal Experiments in the National Caricer Center. Athymic nude mice
(3-4 wk old) were maintained in a laminar air flow cabinet under a.septlc-
conditions. 107 RCC cells were s.c. injected into the backs of the mice.
NKO12 at doses of 10 mg/kg/d or 20 mg/kg/d and CPT-11 at doses. of
15 mg/kg/d or 30 mg/kg/d were given iv. on' days 0 (when tumors were
allowed to grow until they became massive in size, around 1.5 cm), 4, and 8.
Tumor volume was determined by direct measurement with cahpers and
calculated as n/6 X (large diameter) X (small ‘diameter)? -

Assessment of treatment effects of NKO12 on murine pulmonary
metastasis model. A total of 1 X 105_ Renca cells were inoculated into
male BALB/c mice via the tail vein. The mice were randomly divided-into
three groups of 10. NK012 at dose of 20 mg/kg/d and CPT-11 at dose of
30 mg/kg/d were given iv. on days 0 (7 d after inoculation), 4, a.nd 8. After.
that, the mice were sacrificed, their lungs were stained mtratra.chea]ly with
15% India black ink. solutlon. and the number of metastatlc ‘nodules in
each mouse was counted. To determine ‘the effect of NKO12 on sumval, an
identical experimenit to thé one described above was done Aﬁer ‘treatment,
mice were maintained until each animal showed signs of morbldlty (ie.,
over 10% weight loss compared with untreated controls), at which point
they were sacrificed. Kaplan-Meier. analysis was doné to 'determine the
effect on time to. morbidity, ‘and statistical dxfferences were ranked .

_according to a Mantel Cox log-rank test’ usmg the StatView 50 software

package.

Histologic and xmmunolustochermcal analysxs HlStO]Og]C sections
were taken from Renca tumor tissues. After extirpation, tissues were fixed
with 3.9% formalin in PBS (pH 7.4), and the subsequent preparations and
H&E stalnmg were performed by Tokyo H!stopathologlcal Laboxatory Co.,

www.aacrjournals.org
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ICso (umol/L)

 Cell line
SN-38 NKO012* CPT-11
SKRC49 00064 + 0.005 0011 £ 0008 =~ 414+ 045
Caki-1 00062 % 0.009 0.032 + 0.006 845 £ 085
769P 0.015 % 0.007 0085 + 0014 - 3454 + 376
7860 0.031 % 0.007 012 + 0012 2814 % 121
KU19-20 0.10 + 0.006 034 + 0014 3265+ 1.25
Renca 00096 + 0.008 226 + 0.05

0045 % 0.005

*The dose of NKO12 is expressed as a dose equivalent to SN-38.

Ltd. Monoclonal anti-CD34 antibody (HyCult Biotechnology) was used to
detect the tumor blood vessels. CD34-positive neovessels were counted in
10 high-power fields (X400) by two independent investigators who operated
in a blinded fashion.

Assay for free (polymer-nnbo_und) SN-38 in lung tissues. The Renca
pulmonary metastasis model described above was used for the analysis of

the biodistribution of NK012 and CPT-11. Ten days after Renca inoculation,

NKO012 (20 mg/kg) or CPT-11 (30 mg/kg) was given iv. to the mice. The
mice were sacrificed at 0, 24, 48, and 72 h after administratior,” and lung,
samples were taken ‘and stored at —80°C untll analysis. We prepa:ed
contrgl ‘mice wnthout Renca_inoculation, as the nonmetastatic model;

NK012 was a.dmlmstrated as well, and lung samples were stored. Samples .
were then homogenized .on ice using a Digital homogenizer (Iuch:) and.

suspended in the mixture of 100 mmol/L glycine-HCl buffer (pH -3)/
methanol (L:1, v/v) at a concentration of 5% w/w. Proteins were precipitated
with an- ice-cold’ mixture of 1 mmol/L HyPO,/MeOH/H,0 (I:1:4, v/v/v)
coritaining caniptothecin as an LS. The sample was vortexed for 10 s and
filtered through a MultiScreen Solvinert (Millipore Corporation), and the
concentration of free SN-38 in the aliguots of the homogeriates (100 pL) was
determined using the high-performance liquid chromatography method (6).

Statistical analysis. Data were expressed as mean * SD. Significance of
differences was calculated using the unpaired ¢ test with repeated measures
of StatView 5.0. P < 0.05 was regarded as statistically significant.

Results and Discussion . -
We first. evaluated in vitro cellular sensitivity of RCC lines to

SN- 38 NK012 and’ CPT-ll The ICso values of each agent for RCC .

- lines are shown in Table 1. NK012 exhibited hlgher cytotoxlc effect

against each cell line compared with CPT-11 (96-fold to 406-fold
sensitive).

It is essential to elucidate the correlation between the
effectiveness of micellar drugs and tumor hypervascularity and
hypérpermeability. Gross evaluation of those RCC tumors sc. -
injected into the backs of mice revealed that Renca tumors were
more reddish and grew faster. than SKRC-49 tumors, and immu-
nohistochemical examination showed that Renca tumors
contained much more CD34-positive neovessels than SKRC-49
tumors (Fig. 1).

We allowed the tumors to grow umtil they became massive,
around 1.5 cm, and then initiated treatment. A striking decrease
in Renca tumor volume was observed on day 15 in mice treated.
with NKO12 at 20 mg/kg/d compared with the untreated control
(Fig. 24). Renca bulky masses coinpletely' disappeared on day 21 in
6 of 10 mice treated with NK012 at 20 mg/kg/d On the other hand,
Renca tumors in mice treated with CPT 11 at 30 mg/kg/d were not
eradicated and rapidly regrew after a partial response at day 15.
An approximate 10% body weight loss occurred in mice treated
with.NKO12 20 mg/kg, compared with the untreated controls, but
there was no s1gmﬁcant difference in comparison with tumor-frée
mice’ treated with NKO12, suggesting that the decrease in body
welght was likely to be due to tumor shrmkage rather than toxic
effects. We next compared ‘the antitumor activities of the NK012
and CPT-11 treatment in SKRC-49 and Renca tumors. The SKRC-49
tumor volume in mice treated with NKO12 at 20 mg/kg/d on day 21
was over 70% smaller than in the untreated controls on day 21
and ~50% sthaller than in mice on day O (Fig. 2B). However, the
SKRC—49 tumors were not eradlcated in mice treated with NK012.
Con51der1ng that. equivalent in vitro growth mhxbltory effects by

. NKO12 were observed for SKRC-49 and Renca cells (Ta.ble 1),

our results suggest that the antitumor activity of NK012 in vivo
rmght be a.ffected by tumor énvironment factors, such as tumor
vasculanty .

W¢' next examined the distribution of free SN 38 in the
metastatlc or nonmetastatic (no moculatlon of Renca cells) lung
tissues after administration of NK012 or CPT-11. In the case of
NKO012 administration in mice with lung metastasis, free SN-38 was
detectable at the concentration of >100 ng/g in metastatic lung
tissues with a typical microvascular architecture (Fig. 34) even at
72 hours after administration, whereas the concentrations of free
SN-38 in nonmetastatic lung tissues after NK012 administration
were much lower than those in metastatic lyng tissues after
treatment with NK012 (51gmﬁcant at 24, 48, and 72 hours; P < 0.05;

Figure 1. Comparison of tumor

&t O
Q@ O O

-~ »n
- o

CD34-positive vessals ({HPF)
[~}
=]

angiogeneses of Renca and SKRC-49 in
athymic nude mice. A, representative
photographs of massive tumors developed
from Renca and SKRC-49 at 28 d

after s.c. injection (inoculation).
Immunohistochemical (CD34, x400)
examinations for each tumor are shown.
B, tumor neovascularization in each tumor
was quantified by counting CD34-positive
neovessels. Bars, SD. Experiments were
repeated twice with similar resuits.

SKRC-49
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Figure 2. Growth-inhibitory effect of NKO12 and
CPT-11 on bulky RCC tumors. Lv. administration
of NK012 or CPT-11 was started when the mean
turnor volumes of groups reached a massive
1,500 mm3. The mice were divided into test
groups as indicated. A, representative of each
group at day 15 in the Renca allograit model.
Arrows, Renca allografts (top). Time profile of
turmor volume in mice treated with NK012 or .
CPT-11 at indicated doses (bottom). Each group

Renca (on day 15)

Contro] CPT-1130 mgikg NK012 20 mg/kg

Renca

the second experiment which started just at
day 21 of the first experiment. Arrows, tumor
grafts. The relative tumor volume values at day
21 to those at day 0 in each group setto 1
(bottom). Each group consisted of 10 mice.

consisted of 10 mice. Bars, SD. B, the Gayd DayX 02y0  Day:
companson of antitumor activities of CPT-11 and ~0— Control u Control

NKO012 in SKRC-49 xenografts and Renca 10080 | 6 cPT-i1113mgkg ! - © CPT-11 (30 markg)

allografts. Representative of mice treated with —o—CPT-4130mgikg | | | WNK012{20mg/kg) |
NKO12 at day 0 and day 21. Experiments were 8000 1 _a NK01Z2 10 mglkg & :

repeated twice with similar results. The mice-at ) —8— NK012 20 mg/kg ; . '[

day 0 in the photograph belong to the group in 6000 /T/

4000

2000

Tumor volume (mm ¥ a X b%/2)

Tumor volume at day 21 {vs day 0}

Fig. 3B). On the other hand, the concentrations of free SN-38 after
adiiinistration of CPT-11 were almost negligible in metastatic lung
tissues at all time points (data not shown). These results strongly
suggest that SN-38 could be selectively released from NKO012 and
maintained in metastatlc Renca tumor tissues.

" Deviating from the ordinary experimental pulmonary metastams
prevention model, we initiated treatment 7 days after inoculation
(day 0) when multiple lung: nodules: derived- from Renca. were
observed in all mice in our prehmma.ry study (Fig. 44). On day 21,
there was 1o 31gmﬁcant dlﬁ'erence between the mean number of

.

metastatic nodules in the control group (287 £ 56 nodules, n = 10)
and in the group receiving CPT-11 treatment (236 * 59 nodules,
n = 10). Significant treatment effects were found, however, in the
group receiving NK012 treatment (32 + 18 nodules, n = 10) on
day 21 compared with the control group on day 21 (P < 00001)'
Notably, a dramatic' decrease in metastatic nodule number was
observed in the NK012 treatment group on day 21 compared with -
the control group on day 0 (126 * 23 nodulés, n = 10, P < 0.001;
Fig. 44). Kaplan-Meier analysis showed that a significant survival
benefit was obtained in the NK012 treatment group compared with

c034‘ (x 200)

.| ~#" metastatic lung
-0— nonmetastatic lung

NWw S
(=]
(=]

-
=
‘?

‘Free SN-38 concentration
{nglg tissue)

OL’——/'O"-—C O

0 24 48 72
Timie (h) :

Figure 3. Pulmonary metastasis of Renca cells and lung tissue distribution of free SN-38 after administration of NKO12 and CPT-11. A, gross appearances of
pulmonary metastasis observed 7 d after Renca inoculation (top). Multiple metastatic nodules and neovascularization in metastatic lung tumor lesion (bottom). B, time
profile of free SN-38 concentratlon |n metastatlc or nonmetastatic lung tissues in mice treated with NK012 (20 mg/kg/d). Bars, SD. Experiments were performed

in tetrapllcate
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Figure 4. Treatment effect of NKO12 on established pulmonary metastasis and survival. NK012 (20 mg/kg/d) and CF‘T 11 (30 mg/kg/d) were given i.v. to mice
with established pulmonary metastasis on days 0 (7 d after Renca inoculation), 4, and 8. A, gross and histologic appearances of pulmonary metastases at day 21 (top).
The metastatic nodules in each mouse were counted. Each group consisted of five mice. B, mice were maintained for 90 d after each treatment and survival was
assessed by a Kaplan-Meier analysis. Each group conslsted of five mice. Experiments were repeated twice with similar results . .

the control group (P < 0.001), but no. sigxﬁﬁcant survival benefit
was obtained in CPT-11 treatment group (P = 0.239; Fig. 4B).
Although no severe toxic. effects were observed in any mouse

treated w1th NKO12, 3 of 10 mice treated .with NKO12- were-
sacnﬁced during- the observation period according to the

‘Guidelines for Animal Experiments because their body weights
had become 10% lower than those of the other mice. However,
the sacrificed mice were a little bit smaller than others when they
started treatment, and they showed no disseminated lung
metastasis (data not shown).

Our results presented here strongly support recent findings
reported by us that the macromolecular drug distribution
throughout the tumor site was enhanced by the hypervascularity
and hyperpermeability, and subsequently higher antitumor activity
was achieved (6). We assume that conventional low molecular size
anticancer agents almost disappear from the bloodstream without
being subjected to the EPR effect before they can reach the target
organs (solid' tumor): The clinical importance of angiogenesis: in
human tumors has been shown in several reports indicating a
positive relationship between the blood vessel density in the tumor
mass and poor prognosis with’ chemoresistance in patients with
various cancers (7-9). Furthermore, recent reports showing that
anticancer agents were less active against VEGF-overexpressing
tumors (10, 11) may support the idea that low-molecular drugs are
not so effective in the treatment of solid tumors which are rich in
blood vessels.

- Our study thus far has several limitations about clarifying
whether extensive angiogenesis in the tumor is an essential
determinant for the susceptibility to NK012. In our ongoing study,
we found that NK012 also has a striking antiturmior activity against
some hypovascular tumor models of human pancreatic cancer

xenogmfts ® It also remains unclea.r whether NK012 possesses
strong antitumor activity in other metastatic sites besides the lung,

It is known that the EPR effect is affected by various permeability
factors, such as bradykinin (12), nitric oxide '(13). ‘and various.
cytokines independent of VEGF and hypervasculanty (14). Among
solid tumors with rapid progression potential, irregularity occurs-
not only in blood flow and vascular density, but also in the vascular
network and anatomic architecture (15, 16), suggesting that
EPR effect may be predommantly promoted in rapld-progresswe
tumor phenotypes and influenced by organ-spemﬁc tumor
microenvironment. Hoffman and coworkers (17, 18) have devel-
oped a technique of surgical orthotopic implantation (SOI) with
more clinical features of systemic and aggressive metastases than
our conventional amma.l models. Further preclinical stidies using
such models as SOI rmght clanfy ¢ancer phenotypes and metastatic
organs to which we caii apply NK012 ‘more precisely.

The results of chemotherapy in RCCs have been disappointing,
as indicated by the low response proportions. However, clinical
trials using gemcitahme-contaimhg regimens have been encourag-
ing, with major responses ’occurrmg in 5% to 17% of patients .
(19 20); suggesting the possibility that chemotherapy is promising
as”a modality for RCC therapy if anticancer agents can be
selectwely delivered, released, and maintained around tumor
tissues. Our current report hlghhghts the adva.ntages of polymeric
micelle-based’ drug carriers like NKO12. as’ promising modalities
for treatment, rather than prevention, of disseminated RCCs with
abnormal vascular architecture, The results of our ongoing phase-I

%Y, Saito, M. Yasumaga, J. Kuroda, Y. Koga., and Y. Matsumura. Unpublished data.
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clinical trial and future phase-1I trials of NK012 in patients with
advanced solid tumors including RCC might meet or even exceed

our expectations.
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Abstract—A' physical method using ultrasound

(US) ahd nanohhicrobubbles (NBs)' can deliver exogenous

molecules noninvasively into a specific target site. In this study, we evaluated the application of this technology
to cancer gene therapy usinig prodrug activation therapy. Low-intensity pulsed ultrasound (1 MHz; 1.3 W/cm?)

_ and NBs were used to transduce the herpes simplex thymidine kinase (HSVzk) gene in vitro,

leading to gene

transfer. The addition of ganciclovir (GCV) to the transduced ‘cells led to HSVtk/GCV-dependent cell death
tnediated by apoptosis. This technology was then assessed in Vivo, using mice bearing subcutaneous twmnors
- (1 MHz; 3.0 W/cm®). Gene transfer to the tumor, measured by luciferase activity, was transient, with a peak of
expression 24 h after transduction, and decreased at 48 h, demonstrating the transient nature of US/NB-mediated

gene transfer. The therapeutic potential of this

. delivery using US/NB-mediated transfer of the HSVik
two different experimental treatment protocols. In bo

approach was evaluated through repeated intratumoral gene
gene, followed by recurrent administration of GCV, using
th cases, dramatic reductions of the tumor size by a factor

of four were obiserved. Altogether, these data demonstrate the potential of US/NB as a new physical gene delivery

method for cancer gene therapy.
. Ultrasound in Medicine & Biology.

(E-mail: kodama@tubero.tohoku.ac.jp)

©.2008 World Federation for
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INTRODUCTION

Cancer therapy based on gene delivery requires highly
efficient molecular delivery méthods into a specific tar-
get site. One of the physical methods of gene delivery
exploits nano/microbubbles (NBs) combined with ultra-
sound (US). ‘Nano/microbubbles are encapsulated gas
bubbles with a radius of <5 um. The shell membrane
‘consists of albumin, lipid or polymer. The inside gas
comprises either air or perfluorocarbons (large molecules
have a small diffusion efficiency into liquid, resulting in
increased bubble life time) (Chomas et al. 2001; Harvey

et al. 2001). These bubbles are not only used as US.

contrast agent to identify and delineate cardiac anatomy,
such as thrombi or clot formation, but they are also used
for evaluation of blood pool and blood flow at the mi-
crovascular level (Liridner 2004). The mechanical index

Address correspondence to: Tetsuya Kodama, PhD,, Professor,
Bijomedical Engineering Research Organization, ‘Tohokut University, 2-1
Seiryo-machi, Aoba-ku, Sendai 9808575, Japan. E-mail: kodama@
tubero.tohoku.ac.jp
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- (MI, defined as the peak negative pressure divided by the

square root of the US frequency) of US used in clinical
application is 0.05 to 1.9 (McCulloch et al. 2000) and
NBs collapse at MI = 0.3 to 0.5 (Axumi et al. 2006; Chen
etal. 1995; Wu and Tong 1998). The impulsive pressures
generated by either the collapse of NBs or cavitation
bubbles created by the collapse of NBs are able to induce
a transient permeabilization of cells, followed by the
entry of exogenous molecules into cells. This method is
not toxic and nonimmunogenic and can be combined
with chemotherapy (Pitt et al. 2004).

Suicide gene therapy involves transfer into cancer
cells of a gene capable of converting nontoxic prodrugs
into cytotoxic drugs. One of the most common ap-
proaches uses the herpes simplex virus thymidine kinase
(HSVtk) gene combined with the prodrug ganciclovir
(GCV). The nucleoside analogue GCV is phosphorylated
1,000 times less efficiently by eukaryotic thymidine ki-
nases and experimentally, in vivo, GCV is only phos-
phorylated by cells producing the virus enzyme HSVik
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(Keller et al. 1981; Oliver et al. 1985). The product of the
reaction (GCV-MP) is then further phosphorylated to
GCV-diphosphate (GCV-DP) and GCV-triphosphate
(GCV-TP) by endogenous cellular kinases. GCV-TP in-
hibits competitively the incorporation of dGTP into
DNA (Mesnil and Yamasaki 2000), resulting in cell
death (Fillat et al. 2003; Mesnil and Yamasaki 2000).
Apoptosis has been suggested to be involved in the cell
death, which may occur by a pathway independent of
p53 (Wallace et al. 1996). In fact, it has been reported
that cell lines. with mutant p53 expressing HSVtk were
not resistant to GCV (Vassaux and Martin-Duque 2004;

Wallace et al. 1996; Yoon et al. 1999). Cytotoxicity is-

obseived not only in HSVi1k-positive cells but also in
neighboring HSVtk-negative cells as a result of the by-
stander effect. HSVtk-negative cells show cytotoxicity in
vitro when the population of cultured cells contained
only 10% HSVik-positive cells (Freeman et al. 1993).
This bystander effect is regarded as a transfer phenomenon
of the toxic metabolites of GCV from HSVik-positive cells
to HSVik- -negative cell; in which gap junctional intercellu-
lar communication (GJIC) appears crucial.

. In the present report, we evaluated the potentlal of
US and NBs as a physical method of gene transfer in

cancer gene therapy using the HSV#/GCV system asa
therapeutlc agent :

MATERIALS AND N[ETHODS

Nano/mzcrobubbles .

Two types of NBs,. Op‘usonTM (Amersham Hea.lth,
PLC, Oslo, Norway) and lipid-micelle bubbles weie
used. Both bubbles provided very similar physical chem-
ical properties (srze distribution and £ potential). A report

on, the: systematic comparison of the two reagents. is -

currently in preparanon Optison is an octaﬁuoropropane
(C3F3)-ﬁ11ed albumin microspheres that has a mean di-
ameéter between 3.0 and.4.5 um (max. 32.0 pm). In this

study, the mean concentration was set to the arithmetic -
average of 6. 5 %108 bubbles/mL. Lipid-micelle bubbles-
were created in an aqueous dispersion of 2 mg/mL, 1,2--

drstearoyl-sn-glycero -3-phosphocholine (DSPC) (Avanti
Polar Lipids, Alabaster, AL, USA) and 1 mg/mL poly-
ethleneglycol-40 stearate (PEG) (Sigma-Aldrich Co.; St.

Louis, MO, USA) using a 20-kHz sonicator (Vibra Cell,”
Sonrcs & Materjals, Inc., Danbury, CT, USA) in the.

presence of QFg gas (Aoi et al. 2006). The theoretically
calculatéd concentration was 1.6 X 10'© bubbles/mL.
The hpxd bubble surface that comprised lipid molecules
was confirmed by staining. lipid molecules with 3 ‘uM
FM1—43 (553 nm, Abs: 570 nom, Em., Molecular Probe
Inc, Eugene OR, USA) under an inverted microscope
(IX81, Olympus Co., Tokyo, Japan).- The bubble size
distribution was determined by using a laser diffraction
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particle size analyzer (particle range of 0.6 nm-7 pm,
ELSZ-2, Otsuka Electronics Co. Ltd, Osaka, Japan). The
peak diameters expressed in terms of the size distribution
of Optison and lipid bubbles were 1689 * 150 nm (n =
4)and 1272 * 163nm (n = 7), respectwely Because the
voluine distribution is proportional to the third power of
the size, the peak of the size distribution tends to be
measured as a smaller value than that of the volume
distribution. The { potential of the bubbles was measured
by the ELSZ-2 in phosphate-buffered saline without
Mg,+ and Ca,+ (PBS) Zeta potential refers to the elec-.
trostatic potential generated by the accumulauon of ions
at the surface of a bubble that is organized into an
electrical double layer. The £ potentral of the Optison and

Jipid bubble, was -36.9 = 2,70 mV (n = 3) and -4.11 *

0.74 mV (n = 4), respectively, indicating that Optison
bave larger mutual impulsive forces and higher stability
compared with the lipid bubbles. In our previous. exper-
iments, there were no significant differences in in-vitro
gene activity between Optison and lipid micelle bubbles
(data pot. shown). In the following experiments, lipid-
micelle bubbles and Optison were used for in- vztro and -
in-vivo expenments respecuvely

Cell preparanon

Human lung carcinoma (A549) and murine colon
carcinoma (colon26, which was abbreviated as C26 in
the text) were obtained from the Cell Resource Center
for Biomedical Research, Institute of Development Ag-
ing and Cancer, Tohoku Umversrty, Senda1 Iapan Mu—
rine breast carcinoma (EMT6) cells were obtained from
the American Type Culture Collection (Manassas VA,
USA) Munne breast carcmoma cells (EMT6 luc) stably
expressing the ﬁreﬂy lucrferase gene were prepared by . -
transfected pEGFPLuc (BD Biosciences, Franklin Lakes,
NJ, USA) and L1pofectm Transfer Reagent (Invrtrogen,
Carlsbad, CA, USA). Human colon carcinoma. cells
(HT29) were obtained from Cancer Research UK (Lon-

- don, UK) and human colon carcinoma cells (HT29-luc)

stably expressing the firefly luciferase gene were ob-
tained from Xenogen (Alameda, CA, USA). A549, C26,

HT29 and HT29-Iuc cells-were cultured under standard
conditions in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Invitrogen) and
1% L-glutamine-penicillin-streptomycin  (Sigma-Al-
drich, St. Louis, MO, USA), whereas EMT6 cells and*
EMT6-luc were cultured in DMEM (Sigma-Aldrich) me-
dium with the same supplements. Cells cultured in a
10-cm culture dish were maintained in a hum1d1ﬁed
incubator at 37° C under an atmosphere of 5% COz and
95% air.
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Plasmids , -

The Iucrferase reporter vector pGL3—control (Pro-
mega, Madison, WI, USA), which expresses Iuciferase
from SV40. promoter, pGV24 vector in which HSVik
expression is-driven by the ERBB2 promoter (Vassaux
etal, 1999) and PRS303 that does not have any transgene
expressed, were used as mock plasmid. pGV24 and

pRS303 were referred to as pHSVtk and pMock, respec-
tlvely .

Ultrasound -~ }
Two 1-MHz submersible US probes (Fuji Ceramics
_ Co., Fujinomiya, Japan), 12 and 38 mm in diameter,
were used for in-vitro and in-vivo experiments, respec-
tively. Each probe was located in a test chamber (380 X
250 X 130 mm?) filled with tap water. Each frequency
was ' generated - by a multifunction sSynthesizer
(WF1946A; NF Co., Yokohama, Japan), amplified with
a high-speed bipolar amplifier (HSA4101; NF Co. ). The
pressure values were measured by a PVDF needle-hy-
drophone (PVDF-Z44-1000; Specialty Engineering As-
sociates, Soquel, CA,USA)ata stand-off distance of 1
mm from. the transducer surface using a stage control
system (Mark-204-MS, Sigmia Koki, Tokyo, Japan). The
signals from both the amplifier and the hydrophone were
recorded into a digital phosphor oscilloscope (Wave
Surfer 454, 500 MHz, 1 mol/L.Q} (16 B, LeCroy Co.,,
Chestnut, NY, USA). :

In—vitro tran.sfébﬁon by ultrasoztrtd dnd nanobubbles

- In-vitro studies were performed in accordance with.-

the Tokioku Umver31ty ethical guidelines. A549 (1 x10*
cells/well), HT29 (1 X 10* cells/well), C26 (2 X 10°
cells/well) and EMT6 @2 x 10% cells/well) cells were
seeded in 24-well plates in complete mediaat 37° Cina
5% CO, mcubator The next day, the ‘medium was re-
placed wrth fresh media (200 rL), contammg pMock 4
pg/mL) or pHSVtk 4 p.g/mL) with and without NBs
(10% v/v). The 24-well plates were located just above
the US probe in a'test chamber. filled with tap water and
exposed to the optimized US (mtens1ty 1.3 W/em?, duty
ratio: 50%, pumber of pulse: 2000, exposure time: 10s).
The surface of the media was disturbed by US, thus we
ignored the effect of standing waves on gene expression.
Because cells were seeded into wells alternately, peigh-

boring wells were not exposed to ultrasound at the same

time. The plates were incubated for 1 hat 37° Cina 5%

CO, incubator, supplemented with 800 pL of comiplete
medid and then incubated for another 24 h at 37° C ina
5% COz mcubator

Tn-vitro sensmvzty t_o GCV qssaj;s )
. Twenty-four hours after transfection, the media was
replaced with complete media (1 mL) containing GCV

(0.1-1000 pg/mL, molecular weight 255.2; F. Hoff-
man-La Roche Ltd., Basel, Switzerland). The plates were
incubated for another three to five days at 37° Cina 5%
CO, incubator. Survival fractions were measured’ by
MITT assay (Kodama et al.- 2003; Martinico et al. 2006).
Each experiment consisted of six to 15 samples receiving
US + NB + GCV with HSVtk (or Mock) and six to 15
control samples receiving US and NB. For each experi-
ment, the mean % of treated samples was divided by the
mean % of control samples to give a sirvival fraction.
The mean of six to 15 survival fractions was calculated
for each condition. The survival fraction of each cell line
was measured at the GCV concentration where the high-
est statistical significant was obtained.

RT-PCR : ‘

The total RNAs were reverse-transcribed using the
RNA PCR Kit (AMV) (Takara Bio Inc., Tokyo, Japan)
according to the manufacturer’s instructions (1 pg of
total: RNA was uséd). The cDNAs obtained were ‘then
subjected to polymerase chain reaction (PCR) amplifica-
tion (3 min at 94 °C, and 35 cycles of denaturation 95 °C
for 60 s, annealing 58.4 °C for 60 s 4nd extension 72 °C
for 60 s, followed by'S min of extension 72 °C) with
either. HSVtk-spec1ﬁc primers (5'-AACAATGGGCAT-
GCCTTATGC-3'; 5'-TTATACAGGTCGCCGTTGGGG-
3', with an expected PCR product of 540 bp) or B-actin—
specific primers (5'-CTGTCTGGCGGCACCACCAT-
3'; 5-GCAACTAAGTCATAGTCCGC-3/, with an
expected PCR product of 254 bp). The PCR products
were then separated on a2% : agarose gel

Apoptotlc assay -

Apoptotic cells were detected by fluorescence mi-
croscopy (DAPI sta.mmg) and TUNEL assay. For DAPI
staining, cells incubated in the presence of GCV (10
pg/mL) for 24 h after the treatment of US+NB + HSVtk
were stained with DAPI solution (100 ng/mL). For
TUNEL assay, cells were harvested at 48 h after treat-
ment, fixed in 4% (w/v) paraformaldehyde with PBS and-
then washed with PBS and stored in 70% ethanol at —20°
C for at least 30 min. The ethanol solution was subse-
quently. removed after centrifugation; and cells were
treated with the enzyme terminal deoxynucleondyl trans-
ferase and FITC-labeled dUTP using the Mebstain apo-
ptosis kit from MBL (Nagoya, Japan) accordmg to the
manufacturer’s protocol. FITC-labeled cells were mea-
sured by flow cytometry (FACSCalibur; Becton D1clc1n-
son, San Jose, CA, USA). A total of 10,000 events per
sample were collected in list mode, and data were ana-
lyzed with Cell Quest software (Becton Dickinson). Flu-
orescence data were collected by using 488-nm excita-
tion from a 15-mW air-cooled argon-ion lases. The emis-
sion. was -collected through a 530 * 30-nm band-pass’
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filter (FL.1-H). In addition, forward-light scatter (FSC-H)
and- side-light scatter (SSC-H) data were collected for
each sample. The mean fluorescence uptake was defined
as the number of the events multiplied by the geometnc
mean of the chanriel number.

Monitoring gene transfer in vivo

Tumors were induced by subcutaneous injection of
1 X 10° of either EMT6 or C26 cells in 6 week-old
- BALB/c mice (two mice for each cell line, two tumors/
mouse). Ten-microgram DNA (1 pg/pL) of pGL3-con-
trol with NBs (15 pL) and saline (5 pL) were injected
intratumorly for a total volume of 30 pL (day 0). The
tumor was immersed into water and exposed to US at 3.0
W/cm® for 60 s. At day 1 and day 2, mice were anes-
thetized with isoflurane, subsequently received i.p. injec-
tion with luciferin (150 pg/g body weight) and were
. placed on the in-vivo imaging system. The biolumines-
cence signals were monitored using an IVIS100 (Xeno-
gen Corp.,. Alameda, CA, USA).

Bioluminescence intensity and tumor volume
In-vivo studiés were performed in accordance with
the Tohoku University ethical guidelines. In this study,

NN

N

A=t

R

Fig. 1. Effect of NBs and US on GCV. cytotoxxcuy in HSVik-
expressing cancer ‘cells. Survxval fractions were measured by
MTT assay. Table 1 shows the number of samples used in
. F1g 1. Bach expenment consistéd of six to 15. samples receiv-
ing US + NB* + GCV wnh HSVik (or Mock) and six to 15
control samples receiving US and NB. For éach expenment, the
mean % of treated samples was_divided by ‘the mean- % of
control samples to give a survival fraction: The mean of six to
15 sumval fractions was calculated for each condmon [}:US +
NB+GCV Mock+US+NB+GCV W: BSVk +
US + NB.+ GCV 'A549 at day five with 5 pg/mL GCV, HT29
at day four with 10 pg/mL GCV, C26 examined at day three
with 100 pg/mL GCV and EMT6 at day three with GCV 100

pg/mL). Ultrasound intensity was 1.3 W/em®. NB: lipid- -

mlcelle bubble Bars\represent the mean * SEM *p < 0.05;
. T #Ep < 0.01)
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Table 1. Number of samples per condition in Fig. 1.

Control O A n
A549 6 6 6 6
HT29 6 6 6 6
C26 15 14 15 - 9
EMT6 12 10 9 .12

A549: human hung adenocarcinoma cell, HT29; human colon carci-
noma cell, C26: murine colon carcinoma cell, EMT6: murine mam-
mary carcinoma cell. US: ultrasound, NB: nano/microbubbles, GCV:
ganciclovir, Mock: pRS303 that does not have any. transgene ex-
pressed, HSVik: pGV24 'vector in which the herpes simplex thymidine
kinase (HSV1k) gene expression is driven by the ERBB2 promoter. []:
US + NB + GCV, g Mock + US + NB + GCV, |l HSVk + US

+ NB + GCV

11 BALB/c mice (8- to 10-week-old) were used. Tumors
were induced by subcutaneous injection of 0.25 X 108/
100 plL/site to 1' X 109100 uLssite of EMT6-luc cells
into both: ﬂanks (two tumors/mouse) The mtensrty and
volume were measured from two to 23 days after inoc-
ulation. Each mouse was anesthetized with isoflurane
and subsequently received i.p. injection with luciferin
(150 pg/g body we1ght) ‘and placed on the in-vivo im-
aging system to measure the blolummescence s1gnals
The tumor ‘volume was measured with a caliper. and
calculated accordmg to the formula (ml6) X (w1dth) X
(length) o

. Therapeutic eﬁ’ect invivo

Two types of expenments were conduced for low-

and hlgh—mvasmn taumors. Low-i -invasion case (subcuta— '

neous tumor) SCID mice. rece1ved subcutaneous m_)ec—_

- actin  HSVIk

1 1
= 1

50_05-—
30—
- 200—

M123123M

Fig. 2. Gel electrophoreuc analysis of a RT-PCR reaction of
HSVik gene expressed in A549 cells induced by NBs and US.

_NB: lipid-micelle bubble. Lane M: 100-bp size ladder. Lane 1:

cell alone. Lane 2: Mock + US + NB. Lane 3: HSVrk + US +
NB. Total RNA was extracted from the cultures (pool of 6
wells) at 24 h after transfection, reverse-transcribed and ampli-

" fied. The HSV1k-amplified fragment is 540 bp. The housekeep-

ing gene, B-actin was 254 kb. This is a representative example
from two separate experiments. '
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tions of 1 X 10%100 pL/site HT29-luc cells on each
flank site on day O (2 tumors/mouse; 2 mice for control
and mock groups, 3 mice for HSVk group). The injec-
tion site was detectable more than three days after the

injection because the skin color was changed. In addi--
tion, the site was given an India ink tattoo temporally. On

days three, six, and nine, a total volume of 30 uL
including 10 pL pHSVik (1 pg/pg) (or pMock (1 pg/
pg)) with 15 pL. of NBs and 5 uL of saline was injected
into the tumor sité and the tumor was sonicated at 3.0
Wicm? “for 60 s @ tumorslmouse 2 mice). On the same
days, mice were 1maged with the IVIS imaging system.
From day four, GCV was administered ip. to each
mouse every day. High-invasion case (intramuscular tu-
mor): 17 SCID mice received i.m. injection of 5 X
105/30 pLisite HT29-luc cells in each tibialis anterior
muscle on day 0.

Every three days after day two, pHSVik was in-
jected into the tumor w1th US/NB method and GCV was
m]ected 1.p. five times per week for four weeks after day

three. Eight control mice (3 mice [1 tumor/mouse] and 5

mice [2 tumors/mouse]) and three mice (1 tumor/mouse
from HSVik group) were culled on day 10 and the
remaining six mice (3 mice in each group) were culled on

day 30. On- day 10, one or two tumors per each control-
mouse and oné tumor for all mice in the treatment group:

were homogemzed On day 30, one turnor per mouse for
all mice (3 mice in each group) was homogenized. All
homogenized tumor samples were used to measure lu-
ciferase activity blochemxcally using a luciferase assay
kit (Promega) Protein content was calculated using al-
bumin standard curves (BCA Protem Assay Kit,  Pierce,
Rockford, ]L USA) Luciferase activity was converted

to RLU/mg protein. Increase in the tissue temperature

because of attenuation of US was ignored because the
us frequency was 1 MHz and the depth of solid tumors

Fig. 3. Apoptoms analysw (a) H.1stogram shows DNA fragmen-
tation by TUNEL assay in A549 cells, measured at 48 h after
the GCV treatment, GCV was. 10 p.g/mL 1: Control (cell
alone); 2; GGV alone 3: US + NB + GCV: 4: Mock + US +
NB + GCV; 5: HSVtL +. US + NB + GCV. Cells were shifted
to the higher fluorescerice ‘intensity, values with i increasing the
number. (b) Number of ’I'UNEL—pomtwe cells obtained in Fig.
3a, expressed in bar chart. The emission was collected through

2530 * 30-om band-pass filter (FL1-H). The mean fluores-

cence uptake was defined as'the number of the events multi-
plied by the geometric mean of the channel numbeér, which was
nommalized with that of control cells alone. (c) Apoptosis in
A549 cells was investigated by DAPI staining morphologically.
A549 cells was incubated in the présence of GCV (10 pg/ml)

for 24 h after the treatment of US + NB + HSVik. NB: »

hpld—rmcelle bubble.

-

Statistical analysis

All measurements are expressed as mean * SEM
(standard error of mean). An overall difference between
the groups was determined by one-way analysis of vari-
ance (ANOVA). Comparisons between two .samples -
were made using Student’s r-test. When the one-way
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Fig. 4. Kmencs of luciferase gene expression in tumor-bearmg BALB/c mice after gene transfection with US and NB. |
Two cell lines, EMT6 and C26, were used. Each cell line was injected into both flanks per miouse. Two. mice were used
for each cell line. (a, b) Representative i 1mages showing luciferase gene expressron in the tumor of each cell on days 1
and 2. Color bar units represent photons/s/cm?. (a) EMTG cells. Gene expression was detected in only one flank. (b) C26
cells. Gene, expression was detected in three flanks. (c) Luciferase activity with elapsed time. Background level (1.46. X
‘ _10“ photons/s) Gene expression vanished in two days after the transfection by the US/NB method. Ultrasound 1ntens1ty4
- “was 3.0 W/cm NB: Optison. Bars represent the mean = SEM

ANOVA was . signiﬁcant-anid there were three sarnples, .

the dlfferences between each group were estimated using

the Tukey-Kramer test. The differences were considered -

to be srgmﬁcant atp < 0 05,

RESULTS

Gene transfer and GCV-mediated cytotoxicity in -vitro
We first demonstrated that the combination of NBs
with US could induce thé. sensitivity of different cell
lines (A549, HT29, C26, EMTS6) to killing by GCV in
vitro. Because the sensrtmty 10 GCV depends on the
type of cells, the concentration of GCV and the assay day

of cytotoxrcuy were varied for each cell line. MTT assay -

‘showed that exposure of US alone to cells (without NBs)
did. not induce cell damage (>0.95) (data not shown).
Therefore, we compared HSVtk + US + NB + GCV
with US. +NB. + GCV and Mock + US +NB + GCV.

The MTT assay of four cell lines shows the significant
cytotoxicity to GCV with HSVtk + US +' NB + GCV

compared with the control groups (Fig. 1). The sample
numbers for each condition were shown in Table 1.
HSVik gene transfer was confirmed by RT-PCR (Fig. 2),
where samples obtained under the same condition of Fig.
1 were analyzed. HSVtk + US + NB shows the single
clear fragment (540 bp) compared with cell alone and

Mock + US. + NB, whereas the ﬁagment (254 bp) of
B-actin was observed for each condition.
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Fig. 5 The relanonshrp between the hght mtensrty and sohd
volume of EMT6-luc cells stably expressing the ﬁreﬂy lucif-
erase gene. Cells were injected subcutaneous]y in mouse flanks
2 tumors/mouse) The number of mice and tumors was seven
and 11, respectively. The intensity was measured from two to
23 days after inoculation. The.volume was measured with a
caliper. Tumor volume was calculated according to the formula
(w/6) X (width)®> X (length).
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Apoptosis
We investigated whether the cytotox:cxty was in-
duced via apoptosis. Flow Cytometry analysis of the
TUNEL assay for AS49 cells- shows the curve in
HSVik + US + NB + GCV sthts largely to the right
compared with other control groups, suggesting that
dUTP: labeled with biotin binds to DNA strand break .
"(Fig. 3a). Figure 3b shows the hlstogram of Fig. 3a,
indicating that the uptake of dUTP for HSVk + US +
NB + GCV is enhanced by a factor of 7 compared with
Mock + US + NB + GCV. Because dUTP is also
incorporated into DNA - strands' of necrotic cells, we
' stained A549 cells ‘with DAPI stammg and investigated
the induction of apoptos1s in the cells morphologically
(Fig. 3c). As seen jn Fxg 3c, apoptotic characteristics
such as plasma ‘membrane convolution, cytoplasmic
blebbing, and nuclear condensahon and fragmentation
are observed; thus apoptos1s is-induced by the effect of
HSVtk/GCV w1th the US/NB method '

'Gen'e transfer in vivo: Marker &iudy :
. The US/NB. method induces a transxent gene ex-
pressxon First we investigated the kmeucs of gene ex-
- pression in tumor—beanng BALB/c Jinice by the US/NB
method and determined the admlmstratlon times by the
US + NB. Two cell lines, EMTG6 (Fig. 4a) and C26 (Fig.
4b), were used. Luciferase gene expression in these dif-
ferent solid tumors showed the same kinetics. The max-
imum luciferase activity was obtained’ at day one after"
transfection and reéduced to the background level at day"
two (Fig. 4c). From these results, we' dehvered pHSVtk ’
into tumor-bearing SCID inice by the US/NB method
two to three times per week to mamtam a high HSVik
gene expression level. '

Fig. 6. Effect of GCV upon intratumoral HSVtk gene transfer N

cells (1 X 10%/100 L of salme) mJected subcutaneously into
SCID mice. (a) Representative images- showing biolumines-
cence in the tumors of each group on days three, six and nine. -
Color bar units represent photons/s/cm (b) Bioluminescence.
was quantified at days three, six and nine. Statistical analysis- -
was performed with the ’I‘ukey-Kra.mer test. Ultrasound inten-
sity. was 3.0 W/cm™. NB: Optison. Bars represent the Tean £
SEM; **p < 0.01. (c) Tumors were induced by i.m. injéction
of HT29-luc cells (5 X 10°/30 pL of saline) into each tibialis
anterior muscle of SCID mice for each group on day zero, and-
from day three, GCV 40 (mg/kg) diluted in PBS was given,
daily. Tumors were removed and homogenized at 10 and 30 d. E
The luciferase activity was measured ‘with a' luminometer.
Statistical analysis was performed by using Student’s t-test.
Ultrasound intensity was 3.0 W/cm?. NB: Optison. Bars rep-
resent the mean * SEM *p < 0.05, **p < 0.01.

with ultrasoind and NB. (a; b) Data obtainéd with HT20-luc
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Bioluminescence intensity and tumor volume

We investigated the linearity between the biolumi-
nescence intensity and the solid tumor volume. EMT6-
Iuc cells were injected subcutaneously. The cells allowed
us to measure the size of the tumor because the cells are
relatively low invasive and the boundary of the generated
solid tumor is identified relatively easily. The volume
was measured with a caliper and the light intensity was
obtained with the in-vivo imaging system. As seen in Fig.
5, the linearity between: the bioluminescence intensity

and the tumor volume was kept up to 100 mm? (the width

of sohd tu.mor was .<6. mm). Therefore, tumors with a
volume <100 mm?® were analyzed with the in-vivo im-
aging system in the experiment.

Therapeutic effects in vivo '

Based on Figs: 4 and, 5, we investigated the antitu-
mor effect of US/NB-mediated HSVk gene transfer to
HT29-luc bearing SCID mice for the first experiment.
The cells were injected and grown subcutaneously. The
tumors were transduced three days after tumor cell i inoc-

ulatlon and gene transfer was repeated on days six and |

nine. Daily i.p. injection 6f GCV (40 mg/kg) was admin-
istered from day four. Figure 6a and b show that a very

s1gn1ﬁcant reductron in: tumor - volume in mice treated -

with HSVik, US, NB and GCV compared with control

groups indicate that the US/NB method has therapeutic

effects. »

‘ -In clinical practice, most tumors may not be distin-
guished clearly from normal tissue as they are infiltrated

into normal tissue. In a second experiment, "HT29-luc
cells: were injected into the TA muscle and the tumors _

treated’ by US/NB-medJated gene transfer and GCV.
US/NB:-mediated HSVk gene transfer was performed
every thrée days from day four and GCV (40 mg/kg) was

administered’ five times per week Bioluminescence -of

the. .tumors. m vivo, as well as enzymatic activity on
blopsres ‘was ‘measured (Fig. 6¢). Luciferase . activity
measured b1ochermcally on day 10 shows a statlstlcal
difference in tumor. burden between control and
HSVtk + US + NB '+ GCV. Furthermore there was a
statistical difference in tumor burden on .day 30, with
mice treated with HSVik + US + NB + GCV, showing
a 4 times reductlon in tumor’ burden compared with
. control (Fig. 6c). Durmg the coursé of these experiments,
no weight reduction was observed in treated and un-

treated mice. Altogether these results demonstrate the

potentlal of HSVrk + us + NB + GCV treatment :

DISCU! SSION

The concept of the molecular delivery method using
US and NB is to mduce a transient membrane perme-
ablhty of cells, followed by the entry of exogenous
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molecules into the cells. It has been suggested that the

impulsive pressures generated by either the collapse of

NBs or cavitation bubbles created by the collapse of NBs

are able to induce a transient permeabilization of cells,

followed by the entry of exogenous molecules into cells.”
Gene or oligodeoxynucleotide transfer using NB and US

has already been reported (Kodama et al. 2005, 2006a,

2006b; Takahashi et al. 2007), ,bu't'_ in this manuscript we

demonstrate that this technology can be applied success-

fully to cancer gene therapy. In-vitro US/NB-mediated

transfer of the HSVik gene (Fig. 2) and incubation of the
transduced cells with GCV leads to reduced cell_surv1val

(Fig. 1). This DNA-dependent cell kill was achieved

through apoptosis (Fig. 3), as expected from the well-

established mode of action of HSV#/GCV (Freeman

et al. 1993; Hamel et al. 1996 Wallace etal. 1996 Yoon

et al. 1999).

In the present in-vivo' study, we. evaluated the in<
vivo Cytotoxicity by US/NB-mediated gene transfer by
bioluminescence. The- hneanty between the 1ntens1ty of
brolurmnescence and the tumor volume was keptup toa
volime of 100 mm? (the width was <6 mm) (Fig. 5),
where tumor volume was calculated according to the
formula (/6) X (width)® X (length). In general, tumor-'
size cofrelates closely w1th light intensity (Mendel et al.
2003; Solmg et al. 2004). In agreement with our obser-
vations, Soling et al. (2004) reported that tumor size is
not correlated with light intensity when the tumor be-
comes large (>12-15 mm in dxameter) based on the
same -equation. In fact, in our recént “studies, we- have
found that blolummescence measurement collected using
the IVIS unagmg system. showed: a great correlation
between mean b1olurmnescence and- mean 3D. tumor
volume quantified using hlgh frequency ultrasound im-
aging system (data not shown).

In-vivo gene express1on was detectable 24 K after
transfection and was dramatlca.lly reduced 48 h later
(Fig. 4), hlghhghtmg the transient nature of US/NB-
medijated gene transfer. This kinetics is in sharp contrast
with' adenovirus-mediated (Groot—Wassmk et.al. 2002
2004) or nonviral gene ‘transfer (Harada Shiba- et -al.
2002; Yoshino et al.-2006), which usually lead to a -

- maximal level of expression 48 h after transduction and

can last several days at least. The transient. nature of
US/NB-mediated gene dehvery ‘has unphcattons when
applied in the context of pro-drug activation therapy:
gene delivery must be repeated and the pro-drug must be
provided shortly after transduction. This transient ex-
pression is likely to be the result of rapid plasrmd DNA '
degradatiox. -

In many in-vivo expenments sohd tumors are in-
duced subcutaneously and used as therapeutlc targets.
However, therapeutic effects need to be considered using

- tumors infiltrated into normal tissues. In the present:
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experiment, we provided data demonstrating therapeutic
. effects of US/NB-mediated gene transfer for two typesof
tumors. One was subcutaneous (low-invasive) and the
other was im. tumors (high-invasive). Figure 6 clearly
shows the efficacy of the treatment with low-invasive
and (Fig. 6a and b) high-invasive tumors (Fig. 6c) by
US/NB-mediated gené transfer, _

Considering the efficacy of the current version of
NBs presented in this report and the potential for chem-
ical modifications of the shell material (Li et al. 2003;
Wang et al: 2005), and for incorporation of specific
ligands in the shell membrane to enhance the tissue-
specificity against the target site (Lindner 2004), the
system associating NB, DNA and US could provide an
alternative option to viral cancer gene therapy.
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Abstract

Spinal gene therapy is a promising option for treating various spinal-related disorders. Several previous studies' using viral vectors reported
successful transfer of therapeutic genes into the spinal nerve system. However, because of the considerable immunogenicity related to the use of

viruses, non-viral gene transfer still needs to be developed. One possible approach is the combined use of ultrasound and echo-contrast
microbubbles. The present study shows that this method can be applied for targeted intrathecal gene delivery. We intrathecally injected a mixture

of plasmid-DNA encoded with luciferase and commercially available albumin microbubbles by needle puncture at the lower lumbar intervertebral
space in mice. Subsequent percutaneous ultrasonication on the lumbar vertebrae significantly enhanced the luciferase expression, analyzed by
imaging luciferin bioluminescence, in the dorsal meningeal cells at the insonated region. No apparent neurological damages were induced by the

present spinal interventions. In éddition_ to the general benefits of the combined use of ultrasound and microbubbles, our approach can offer some
advantages specific to Spinal gene transfection including minimal invasiveness of simple percutaneous dural puncture, targetability due to the
limited access of ultrasound waves through anatomical apertures of the vertebrae, and possible paracrine delivery of therapeutic molecules to the

spinal nerve system.
© 2006 Elsevier B.V. All rights reserved.

Kéywonls': Gene thempy'; Spinal disorder; Intrathecal delivery; Ultrasound; Microbubble

1. Introduction

Spinal gene transfer is expected to become a promising
option for treating various spinal-related disorders including
netve injury, degenerative diseases, neoplasm, and chronic pain
[1,2]. To date, the most widely used vehicles for gene delivery
are viral vectors. Recent animal studies using adenovirus vectors
indicated that direct spinal injection of specific growth-factor
Vgene_s'achieved functional recovery after acute spinal cord injury
[3-5]. The feasibility of virus-mediated gene transfer to treat
chronic pain has been also explored using the precursor genes of
endogenous opioids [6,7]. The targeted spinal tissues for the
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0168-3659/5 - see front matter © 2006 Elsevier B.V. All rights reserved.
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opioid-gene transfer can be both menirigeal and parenchyma
cells. Among the utilized viral vectors that are mostly derived
either from adenoviruses, adeno-associated viruses, herpes
simplex viruses or retroviruses [8], herpes vectors may be the
most promising for antinociceptive gene therapy because of its
high selectivity to primary afferent neurons [2,9].

Despite such experimental successes in virus-mediated gene
delivery, however, alternative non-viral transgene applications
need to be developed because the clinical use of vital vectors is
limited by such possible disadvantages as immunogenic
properties, inflammatory responses, and the difficulty of
producing large amounts of pure virus. In this context; it has
been reported recently that the emission of high-pressure

- ultrasound in combination, with echo-contrast agents, microbub-

bles, can facilitate gene transfection into cells [10]. Possible
explanations for the mechanisms include the production of
transient pores on the cell membranes as well as an increase in the
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.

membrane fluidity by impulsive pressures raised when micro-
bubbles are disrupted by ultrasound [11,12]. The combined use of
microbubbles and ultrasound for gene delivery has several
advantages mcludmg low toxicity, low immunogenicity, low
invasiveness, high target selectivity, and repeatable applicability
[11]. In the present study, we focused on spinal gene delivery and
demonstrated that percutaneous ultrasonication in combination
with intrathecal microbubbles facilitated gene transfection in
spinal meningeal cells in mice.

2. Materials and methods
2.1. Animals

The study was approved by the Animal Care Committee of
Tohoku University Graduate School of Medicine. Male inbred
BALB/c mice were purchased from the institutional breeding
facilities at 5—6 weeks of age and maintained in an antigen- and
virus-free room (22 £1°C, 60+10% relative humidity, 12 h/12 h
light/dark cycle, food and water ad Izbztum) The mice were
studied at 7-8 weeks of age.

2.2. Plasmid DNA

pCMV-luciferase-GL3 (chuc-GL3 7.4 kb) was constructed -

by cloning the luciferasé gene from the pGL3-Control Vector
(Promega Corp., Madison, WI, USA) into pcDNA3 (5.4 kb)
(Invitrogen, San Diego, CA, USA) at the HindIll and BamHI
sites. Plasmid DNA' was purified with a QIAGEN plasmid
isolation kit (QYAGEN, Hrlden Germany) and prepared at a
ﬁnal concentratlon of 1 mg/ml

2.3. Intrathecal transféctwn of plasmzd DNA
Mrce were anesthetrzed w1th an mlzapentoneal rnjectron

of sodlum pentobarbrtal (80 mg/kg) and immobilized in a prone
position on an. acrylic plate. Intrathecal access was accom-

plished by percutaneous lumbar puncture through the 4/5th or
5/6th mtervertebral space using a 27-gauge stainless-steel needle.
according to the Hylden and Wilcox technique with modifica-

tion [13]. Dural penetration of the needle was confirrned by

inspecting’ tail flicks of the mice..'A total volurme of 10 ng

containing 5 pg plasmid and commercrally available albumm—

coated octa—ﬂuoropropane gas microbubbles (MB), Optison™ -
(Amersham ] Health, Oslo, Norway; 5-8x 10’ 8/ml, 3-4.5 pm in
diaméter), in phosphate buffered saline at a final MB con--

~ centration either 0, 20, or 50 v/v% was then injected slowly into

the intrathecal space using a 50-l microsyringe (Hamilton,
Bonaduz, GR, Sw1tzerland) A mixture of the plasmid with MB .
was prepared by- gentle hand shakmg immediately before
injection.. Immediately after the intrathecal mjechon the mice. -

were placed at'a vertical position in a-37 °C water bath and

dorsally insonated for 1 min at the' vertebral regron that had been .
injected using an ultrasound-emitting transducer (6 mm in _

diameter; Fuji Ceramics Co., Fujinomiya, Japan). The. ultra-
sound (US) parameters used were as follows: central ﬁ'equency,
950 kHz; duty ratio, 20%; the average intensity per cross

section, 1.3 W/cm?; acoustic pressure at a standoff distance of
1 mm from the transducer surface, 0.6 MPa; energy, 2.4 J/em?.
After the insonation, the mice were dried and kept under a heat
lamp until recovery from anesthesia.

2.4. Analysis of luciferase activity

Mice were killed by neck dislocation under deep anesthesia
with isoflurane at 1, 3, 7 days after transfection of the luciferase
gene._ The spinal cord was harvested en bloc at the level of the
lower thoracic to sacral region by careful dissection’ of the
vertebrae and placed on a dish plate. Subsequently, the tissue was
fully covered with Luciferin 30 mg in 1 ml PBS (Promega Co.,
Madison, W1, USA). Luciferin bioluminescence was immediately
quantified as the luciferase activity using an in vivo imagmg
system (IVIS"'M Xenogen Co., Alameda, CA, USA){14].

2.5. Immunohzstochemzstry

The harvested spmal cords were preserved in 10% PFA for
4 h and then embedded in paraffin and sectioned. Sections
4 pm thlckness) were evaluated for the presénce of luciférase
protein by immunostaining. The sectiohs were deparaffinized in
xylene for 5 min 3x, rehydrated through graded ethanol and
equilibrated in PBS. The sections were incubated in 3% H,0,
for.30 min to dampen endogenous peroxidase activity.. They
were incubated for 30 min at room temperature with- 10%’
normal goat serum (Nichirei Biosciences Inc., Tokyo)to reduce
nonspecific protein binding. After a wash in PBS, the sections
were incubated with - biotin-labeled' rabbit anti-luciferase
antibody (0.5 g/ml) (Cortex Biochem, San Leandro, CA,
USA) ovemight at 4 °C. The following day, after three washes

" inPBS, nmnunoreachvrty was detected  using an antl-rabblt IeG

Histofine SAB-PO(M). kit (NlChlI'CI Broscrences Inc;; Tokyo,
Japan) and d1am1nobenzrdme (DAB) asa chromogen accordmg
to the manufacturer’s protocols Aﬂer color development, the

. spinal cord sections were counterstamed with hernatoxylm and

were then dehydrated, cleared and mounted on slldes

2.6. Assessment of post—transfectzonal Spmal m]ury L

2.6.1. Thermal noczceptzon L :

For assessing the’ noc1cept1ve responses to thermal strmulr
after the intrathecal procedure the paw wrthdrawal latencres
following exposure to infra-red radxant heat were determmed
[15] using a commercial device (7370—Planter Test, Ugo Bas111e
Comerio, Italy) three days aﬁer the gene: transfectlon Mice were
placed in a clear plastlc chamber (210 mmx 105 mm % 130'mm)
with a glass floor and allowed to acclimate for at Ieast 5 min.
After the acclimation penod radiant heat was prolected to the
hind paw and time count was started. The heat projection was

- made through a 5 mm x 10 mm aperture in the top of a movable

case containing the radiant heat source that was positioned under. -
the glass floor directly beneath the paw. The radiant heat source
consisted of a high intensity projecting Halogen lamp bulb
(8 V=50 W) located 40 mm below the floor. The time count was
stopped when the mouse withdrew its paw. Mice were tested
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with three determinations each at the right and left paw and were
allowed to rest for at least 30 min between each session.

2.6.2. Rotarod

For assessing motor function after the intrathecal procedure,
mice were tested using a rotarod (IITC; Life Science Instrument,
Woodland Hills, CA, USA) three days after the gene
transfection. The rod had a diameter of 3.8 cm and was
accelerated from 0 to 30 rpm overa 17.5-s period. The total time
that the mice remained on the rotarod was measured. The time
count was stopped when mice fell from the rod or when they
rotated around completely two times without walking [16].
Mice were tested with three trials and were allowed to rest for at
least 30 min between each session.

2, 7. St'atistical analysis

All values are expressed as mean+SEM. Statistical ana1y51s
for the spinal luciferase activities was performed by one-factor
analysis of variance (ANOVA) with Fisher’s protected least
significant difference test (Fisher’s PLSD) as a post-hoc
procedure. Unpaired Student-T test was used for the behavmral
evaluahons. Statistical mgmﬁcance was deﬁned as p<0 05.

3. Results

3.1 Ejfects of mzcrobubbles and ultrasound on spinal gene
transfectzon .

Fig. 1 shows representative views of luciferin bioluminescence

in the mouse spinal cord obtained by the imaging system (sum.of'

- 4400

4200

Fig. 1. Repmentahve unage showmg lucrfenn brolummeseence (IVIS™,
Xenogen Co., Alameda, CA, USA) in the spmal cord of BALB/c mice a day
after the mtxat:hecal injection of plasmid DNA and nmicrobubbles (()phson"'M
Amersham Health, Oslo, Norway) followed by percutaneous ultrasonication.
Imaging time is 5 min. Color bar units represent photons s~ em ™2,
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Fig. 2. Plasmid-derived spinal luciferase acnvxty represented by luciferin
blolummeceence in mice subjected to. intrathecal gene dehvery using ultrasound -
and microbubbles. The ultrasound parameters were as follows central fre-
quency, 950 kHz; duty ratio, 20%; the average mtensrty per cross section, 1.3 W/
cm?; acoustic pressure at a standoff distance of l-mm from the” transducer
surface. 0.6 MP3; energy, 2.4 J/cm exposure tinie, 1'min, (a) Treatment effects’
‘of ultrasound and 50% mncrobubbles one day after the application. Combined -
use of’ ultrasound and mrcrobubbles s1gmﬂcantly enhanced the gene transfection
compared to the other treatments. (b) Effects of the mlcrobubble concentration
on the spinal gene expression. Microbubbles at concenuat:ons of both 20 and
50% significantly enhanced the gene transfection one day after the application.

No significant difference was found bétween the luciferase activities in ‘mice
treated with the two concentratiops. (c) Time course of spinal gene expression
in’ mice treated with uluasound and 50% microbubbles. Luciferase activity
sxgmﬁcantly intreased at 1 and 3 days after gene transfectlon which dxsappeared
by the 7th day. No statistical difference was found between the gene expression
at 1 and 3 days post- -transfection. *p<0. 001 n-5 ineach group US ultrasound;

MB: microbubble (Optison). .

photon counts from a region of i mterest at 5 min is presented) The
spinal luciferase activities determined one day afier four different
treatments (DNA alone, DNA+MB, DNA+US, and DNA+
MB-+US) are shown in Fig. 2a.. The concentration of MB used
was 50%. The luciferase activities in the treatments with DNA+
MB and DNA+US were as low as that with DNA aloge. In
contrast, ultrasonication after the DNA+MB mjectlon signifi-
cantly increased the luciferase activity by approximately 25 fold
compared to the other treatments (p<0.001).




