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Abstract

AIM: To evaluate the anti-tumor effects and possible
involvement of anti-tumor immunity of electrochemotherapy
(ECT) employing electroporation and bleomycin in human
colon cancer xenografts in nude mice, and to establish
the experimental basis for clinical application of ECT.

METHODS: Forty nude mice, inoculated subcutaneously
human colon cancer cell line LoVo for 3 wk, were allocated
randomly into four groups: B+E+ (ECT), B+E- (administration
of bleomycin alone), B-E+ (administration of electric pulses
alone), and B-E- (no treatment). Tumor volumes were
measured daily. The animals were killed on the 7" d, the
weights of xenografts were measured, and histologies of
tumors were evaluated. Cytotoxicity of spleen natural killer
(NK) and lymphokine-activated killer (LAK) cells was then
assessed by lactic dehydrogenase release assay.

RESULTS: The mean tumor volume of group B+E+ was
statistically different from the other three groups after
the treatment (F = 36.80, P<0.01). There was one case
of complete response, seven cases of partial response
(PR) in group B+E+, one case of PR in group B+E- and
group B-E+ respectively, and no response was observed
in group B-E-. The difference of response between group
B+E+ and the other three groups was statistically
significant (3= 25.67, P<0.01). Histologically, extensive
necrosis of tumor cells with considerable vascular
damage and inflammatory cells infiltration were
observed in group B+E+. There was no statistical
difference between the cytotoxicity of NK and LAK cells
in the four treatment groups.

CONCLUSION: ECT significantly enhances the
chemosensitivity and effects of chemotherapy in human

colon cancer xenografts in nude mice, and could be a
kind of novel treatment modality for human colon cancer.
The generation of T-cell-dependent, tumor-specific
immunity might be involved in the process of ECT.
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INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of
malignancy not only in the Western world but also in
Chinalll. Despite advances in therapy, the 5-year survival
rate is no more than 50-60%, mainly because of the
frequency of hepatic involvement. And only 10-15% such
hepatic metastasis can be curatively resected. Furthermore,
there are a considerable number of patients who cannot
undergo surgery even at an early stage of disease due to
severe complications, such as chronic heart failure, chronic
renal failure, and chronic obstructive pulmonary disease,
ete. Conventional chemotherapy with 5-fluorouracil may be
of some value in individual cases but can be limited by side
effects when used systemically. Therefore, the introduction
of effective chemotherapy against CRC is urgently needed,
especially for patients who cannot undergo surgery and have
recurrent disease.

Electrochemotherapy (ECT) could provide an innovative
therapeutic approach for the treatment of CRC. The
combination treatment, which involves the administration
of a chemotherapeutic drug followed by the delivery of
electric pulses to tumors was termed ECTP. The electric
pulse electroporates the tumor cell membrane transiently
and reversibly, allowing the chemotherapeutic agents greater
access to its intracellular site of action and consistently
provides improved responses relative to treatment with
drugs alone. Although various anticancer drugs have been
employed in ECT, the cytotoxic effect of bleomycin has
reportedly been more significantly enhanced by
electroporation than that of any other anticancer drugP~..
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This experimental study was designed to evaluate the
in vivo anti-tumor effects of ECT employing electroporation
and bleomycin in human colon cancer xenografts in nude
mice and cytotoxicity of spleen natural killer (NK) and
lymphokine-activated killer (LAK) cells was further assessed
to elucidate the possible anti-tumor immunity of ECT.

MATERIALS AND METHODS

Electropulse generator and electrodes

Electrical pulses were derived from a pulse generator (ECM
830; The BTX Division of Genetronics, USA). The output
voltage from this generator is between 5 and 2 500 V, and
pulses can be applied at a set voltage for a pulse length varying
between 10 ps and 10 s. The electrode used in the study is
BTX Tweezer Model 520 (Genetronics, USA) with a diameter
of 7 mm and a pulse length between 10 ps and 99 ms.

Cell line and cell culture

LoVo, a metastatic human colon adenocatrcinoma cell line,
was obtained from Ametrican type culture collection (AT'CC)
and was maintained in RPMI-1640 (Gibco) supplemented
with 2 mmol/L L-glutamine and 100 mL/L FCS at 37 'C
in 2 humidified atmosphere containing 50 mI./L. CO,. For
transplantation, the cells were more than 95% viable, as
tested with the trypan blue exclusion dye method.

Tumor induction in nude mice

Male Balb/c (nu/nu) nude mice, aged 4-6-wk old and
weighing 17-20 g, were purchased from animal center of
Shanghai Institute of Cancer Research (Shanghai, China).
Animals were housed and cared for according to the
guidelines of specific pathogen free in Shanghai Second
Medical University. LoVo cells resuspended in RPMI-1640
at a concentration of 1X107/mL and 100 pL of the cell
suspension was inoculated subcutaneously into left front
limb of the mice. Tumors were allowed to grow for 3 wk
up to about 2-5 mm in longer diameter.

Treatment protocol of each group

A total of 40 nude mice in which human colon cancer
xenograft was successfully established were allocated
randomly into four groups (10 mice/group): (1) Group
B+E+: ECT. After induction of general anesthesia by an
intraperitoneal injection of 0.25% embutal, 50 uL bleomycin
(Hatbin, China) was injected into the tumor at the concentration
of 1 000 pmol/L. Three minutes later, eight 100-us pulses
(field strength 900 V/cm) with a 10-ms interval were applied
to the tumor; (2) Group B+E-: administration of bleomycin
alone after anesthesia of the mice as described previously;
(3) Group B-E+: administration of electric pulses alone
with the same parameters described previously; (4) Group
B-E- (no treatment): no treatment was applied to the mice
except for the induction of anesthesia. Tumor size was
measured by a caliper daily, and tumor volume was estimated
according to the formula: 7= 0.5Xab*/2, whete a is the
largest diameter and 4 is the smallest diameter. All animals
of each group were killed on the 7" d, the weights of
xenografts were measured. The volume of xenograft before
and after the treatment were compared and response to

the treatment was evaluated as follows!: complete response
(CR): disappearance of the tumor; partial response (PR):
reduction of the tumor volume by 50% or more; stable
disease (Stab): reduction of the tumor volume by less than
50% or progression by less than 25%; progressive disease
(Prog): increase in tumor volume by more than 25%. The
efficacy of treatment was evaluated by comparing the mean
post-therapy tumor volume of the four groups.

NK cell activity

Splenocytes (effector cells) were isolated from all mice by
mechanical dissociation and lysing of erythrocytes.
Splenocytes were fractionated by density centrifugation at
2000 r/min for 20 min with Ficoll Hypaque and intetrface
lymphocytes were obtained. YAC-1 cells (ATCC), a mouse
lymphoma line sensitive to the cytotoxic activity of NK
cells, were used as targets. YAC-1 cells were maintained in
RPMI 1640 supplemented with 10% FCS. NK cell activity
was determined in triplicate by lactic dehydrogenase (LDH)
release assay. YAC-1 (1X10°%) were mixed with lymphocytes
at final effector/target (E:T) ratios between 20:1 in 96-well
U-bottom plates. The plates were lightly centrifuged at
500 r/min for 4 min and incubated for 4 h at 37 C in
50 mL/L CO,. The plates were then centrifuged at 500 r/min
for 4 min, and 100-pL aliquots of supernatants were
transferred from all wells to a fresh 96-well flat-bottom
plate. One hundred microliters of LDH of substrate was
added to each well and incubated for 20 min at room
temperature. Fifty microliters of 1 mol/L HCI of stop
solution was added, and the absorbance was recorded at
490 nm. The percentage of specific lysis was calculated
using the formula: % cytotoxicity (NK) = (experimental
LDH release-effector cell spontaneous LDH release-target
cell spontaneous LDH release)/(target cell maximum LDH
release-target cell spontaneous LDH release)x100%.

LAK cell activity

1L, was added into the remaining lymphocytes at a final
concentration of 1 000 U/mL, then the lymphocytes wete
incubated for 72 h at 37 C in 50 mL/L CO,. LDH release
assay described previously was used for measuring LAK
cell activity. % cytotoxicity (LAK) = (experimental LDH
release-effector cell spontancous LDH release-target cell
spontaneous LDH release)/(target cell maximum LDH
release-target cell spontaneous LDH release)x100%.

Histological examination

On the 7* d of the treatment, mice were killed. The tumors
were excised and fixed in 10% formaldehyde for 24 h,
then embedded in paraffin. Sections were prepared for
hematoxylin-eosin staining and histologic changes were
evaluated by microscopy (40%).

Statistical analysis

The data is presented as the mean®SD. ANOVA was used
to compare tumor volume and weight among the four study
groups and Kruskal-Wallis test was used to compare the
response rate among groups. Statistical analyses were
performed using SPSS 11.0 software. P<0.05 was considered
statistically significant.
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RESULTS

Safety and side-effect of ECT

All mice tolerated the treatment well and no mice died of
electroporation. Local swelling and medium necrosis were
observed after the treatment in the mice of group B+E+, but
not in those of group B-E+, group B+E- and group B-E-.

Tumor volume measurement before and after treatment

No significant difference was found among the four groups
with respect to the mean tumor volume before treatment
(Table 1). The tumor volume of group B+E+ on the 7" d
of treatment was significantly reduced by 18.65+7.68 mm?
while that of other three groups were significantly
increased by 8.09%£12.53, 10.36+4.41 and 13.88%2.44 mm’
respectively (Figure 1). The tumor weight of group B+E+
was 14.48£06.65 mg, which was significantly less than that
of other three groups. No significant difference was found
among group B+E-, group B-E+, and group B-E- with
respect to tumor volume and tumor weight (Table 1).
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Figure 1 Mean tumor volume before and after treatment: group B-E-, no
treatment; B+E-, administration of bleomycin alone; B-E+, administration of
electric pulses alone; B+E+, ECT.

Tumor response

The response rates obtained after treatment are shown in
Table 2. There was no statistically significant difference in
the response rate among the first three groups (B-E-, B+E-
and B+E+). In contrast, the response rate in group B+E+
differed significantly from that of each of the other group
(P<0.01).

Total splenocytes and activity of NK cells and LAK cells
Total splenocytes and activity of NK cells and LAK cells

Table 1 Mean tumor volume and tumor weight before and after
treatment

Mean tumor volume
Group Tumor volume Tumor weight after

Before (mm?®) After (mm?) variance (mm®)  treatment (mg)
B+E+ 37.92+5.39 19.28+8.83! -18.65+7.68! 14.48+6.65"
B+E- 38.84+5.47 46.93+13.23 8.09£12.53 35.31£10.01
B-E+ 37.7945.45 48.15+8.19 10.36+4.41 36.0846.25
B-E- 39.32+6.30 53.2047.22 13.88+2.44 39.9945.41
Fvalue F=017 F=2522 F=36.80 F=2532
Pvalue P=0917 P<0.01 P<0.01 P<0.01

'B-E-, no treatment; B+E-, administration of bleomycin alone; B-E+, administration
of electric pulses alone; B+E+, ECT.

of each group are shown in Table 3. There was no
statistically significant difference between group B+E+ and
other three groups (B-E-, B+E- and B-E+) in total
splenocytes and activity of NK cells and LAK cells.

Table 2 The response rates of the four groups after treatment

Group CR (%) PR (%) Stab (%) Prog (%)
B+E+ 1(10) 7 (70) 2(20) 0(0)
B+E- 0(0) 1(10) 2 (20) 7 (70)
B-E+ 0(0) 1(10) 1(10) 8 (80)
B-E- 0(0) 0(0) 0 (0) 10 (100)

B-E-, no treatment; B+E-, administration of bleomycin alone; B-E+, administration
of electric pulses alone; B+E+, ECT (x*= 25.67, P<0.01).

Table 3 Total splenocytes and activity of NK cells and LAK cells of
each group

Group Total splenocytes (10°)  Activity of NK cells Activity of LAK cells
B+E+ 110.8+10.62 18.494+2.73 23.51+2.41
B+E- 114.3+10.68 18.89+2.57 25.21#3.09
B-E+ 116.4+10.32 18.68+2.86 25.3242.90
B-E- 117.4+12.89 19.79+2.64 24.8442.53

B-E-, no treatment; B+E-, administration of bleomycin alone; B-E+, administration
of electric pulses alone; B+E+, ECT.

Histological analysis

Undamaged tumor cells and a few accompanying infiltrating
cells were observed not only in the tumors of group B-E-
but also in that of group B+E- and group B+E+. In contrast,
there were massive necrotic area with a moderately intense
mononuclear infiltration in the tumors of group B+E+
(Figure 2). The one CR was also confirmed histologically.

DISCUSSION

ECT is a new cancer therapy that utilizes electric pulses to
augment the effectiveness of chemotherapeutic agents.
Destabilization of the lipid bilayer of the cell membrane by
the electric pulses transiently increases permeability. This
provides intracellular access for any exogenous molecules
including bleomycin which must be internalized by a cell to
be effective. Thus, the combination becomes a potent anti-
tumor treatment. The effectiveness of ECT on various
types of cancer has been demonstrated not only 7 vitro but
also in animal models, and several clinical trials of ECT
have already been initiated”'”; however, the possible
involvements of anti-tumor mechanisms, especially that of
anti-tumor immunity, remain still unclear.

In current study, the mean tumor volume and tumor
weight of group B+E+ on the 7" d of treatment was
significantly less than those of other three groups (P<0.01),
and bleomycin-mediated ECT produced a tumor response
rate of 80% (10% CR and 70% PR) which was significantly
higher than those of other three groups (P<0.01). These
results concur with other experimental studies and
demonstrate that the bleomycin-mediated ECT is effective
and sensitive to human colon cancer xenografts in nude
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Figure 2 Histological examination of colon cancer xenografts on the 7" d after
treatment (hematoxylin and eosin staining). A: (group B-E-), B: (group B-E+)
and C: (group B+E-) contained markedly atypical cells arranged irregularly;

mice. Furthermore, no mice died of electroporation in this
study, which suggests that ECT using the voltage of
900 V/cm is safe and feasible.

Increased cytotoxicity of bleomycin by electroporation
is the predominant mechanism involved in anti-tumor
effectiveness of ECT. This notion is supported by the data
demonstrating that exposure of tumor cells to electric pulses
profoundly increased not only intracellular amounts of
bleomycin but also intratumoral amounts of bleomycin
several 100-fold""". Once inside the cell, bleomycin
possesses a very potent intrinsic cytotoxicity, inducing single-
and double-strand DNA breaks and cell cycle blockagel'.
Anti-vascular effect was also proposed as an additional
mechanism involved in anti-tumor effectiveness of ECT!.
Damage to endothelial cells caused by ECT may lead to
obstruction of blood flow and ischemic death of tumor
cells lining the obstructed blood vessel. It is supported by
the observations that bleomycin-mediated ECT resulted in
complete shut down of tumor blood flow observed 12 h
after the treatment, and correlated with anti-tumor effectiveness
and the extent of tumor necrosis!". Recently, ECT has been
found to increase immune response to tumors!'> ' and the
infiltration of inflammatory cells into tumor treated with
bleomycin-mediated ECT was also reported™. However,
its exact nature has yet to be defined.

NK cells recognize tumor cells without the need for
immunization or pre-activation compared with T cells, which
first require education by antigen-presenting cells!"”?%. Once
activated, NK cells show increased cytolytic, secretory and
proliferative functions. Activation of NK cells with high-
dose 1L-2 has been widely used and has been shown to
mediate anti-tumor activity in experimental as well as clinical

settings® 3. In current study, no statistically significant
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D: (group B+E+) exhibited massive necrosis with a moderately intense
mononuclear infiltration (40x).

difference was found between group B+E+ and other three
groups (B-E-, B+E- and B-E+) in total splenocytes and
activity of NK cells and LAK cells, which demonstrated
that non-specific immunity may not play an important role
in the anti-tumor immunity of bleomycin-mediated ECT.
Furthermore, it was reported that the induction of cytotoxic
T lymphocytes against Colon 26 cells was observed in the
spleens of mice with Colon 26 after treatment with ECT
and bleomycin!", and that the Balb/c mice inoculated
subcutaneously with Colon 26 cells rejected inoculations of
rechallenged Colon 26 cells after treatment of ECT and
bleomycin, but not other kind of cancer cells!". Therefore,
the generation of T-cell-dependent, tumor-specific protective
immunity might be involved in the process of tumor nodule
regression following ECT.

In conclusion, we have shown that 7z vivo ECT with
bleomycin is effective in reducing or even eliminating
subcutaneous human colon cancer xenografts in nude mice.
Additional investigations are also required to define
parameters such as the optimum duration of treatment,
dose effects, and the volume of tumor that can be treated.
Research is currently in progress in this area. If results are
encouraging, a clinical trial could be initiated to determine
whether ECT is a valid alternative to systemic chemotherapy
for patients with nonresectable metastases of malignancies,
especially for those with hepatic metastasis of CRC.
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