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Abstract: External beam radiotherapy (EBRT) treats gross tumors and local microscopic
diseases. Radionuclide therapy by radioisotopes can eradicate tumors systemically. Rhenium
188 ('*¥Re)-liposome, a nanoparticle undergoing clinical trials, emits gamma rays for imaging
validation and beta rays for therapy, with biodistribution profiles preferential to tumors. We
designed a combinatory treatment and examined its effects on human esophageal cancer xeno-
grafts, a malignancy with potential treatment resistance and poor prognosis. Human esophageal
cancer cell lines BE-3 (adenocarcinoma) and CE81T/VGH (squamous cell carcinoma) were
implanted and compared. The radiochemical purity of '**Re-liposome exceeded 95%. Molecular
imaging by NanoSPECT/CT showed that BE-3, but not CE81T/VGH, xenografts could uptake
the *8Re-liposome. The combination of EBRT and '**Re-liposome inhibited tumor regrowth
greater than each treatment alone, as the tumor growth inhibition rate was 30% with EBRT,
25% with '®Re-liposome, and 53% with the combination treatment at 21 days postinjection.
Combinatory treatment had no additive adverse effects and significant biological toxicities on
white blood cell counts, body weight, or liver and renal functions. EBRT significantly enhanced
the excretion of 'Re-liposome into feces and urine. In conclusion, the combination of EBRT
with 'Re-liposome might be a potential treatment modality for esophageal cancer.
Keywords: Radionuclide therapy, liposome, teletherapy, biodistribution

Introduction
Esophageal cancer is a cancer with poor prognosis, with an average 5-year survival
rate less than 25%.! Locally advanced esophageal carcinoma is known to be refractory
to treatment of a single modality. Patients with unresectable or medically inoper-
able disease are usually treated with concurrent radiotherapy and chemotherapy for
preoperative or definitive treatment.>* Although various chemotherapy regimens are
available, esophageal cancer carries a very poor prognosis, with a mean survival time
of less than 8.1 months.’ Currently, neoadjuvant treatment (such as capecitabine and
cisplatin with concurrent radiotherapy (RT) followed by esophagectomy) is considered
the effective treatment for esophageal cancer,®’ leading to complete pathologic response
at the time of surgical resection and improved local tumor control and eradication of
micrometastases.® Clearly, the development of novel and potent therapeutics in/not in
combination with RT to improve both local and distant tumor control in esophageal
cancer is an urgent task.

External beam radiotherapy (EBRT) is the most commonly used modality of RT for
local control of cancer. EBRT can deliver high-energy radiation beams to cover both
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gross tumors and potential microscopic tumor cells in the
vicinity of a tumor. Radionuclide therapy (RNT), another form
of RT using radioisotopes emitting short-distance radiation,
can directly destroy local and systemic gross tumors inside
the torso.” RNT uses radiolabeled molecules referred to as
“therapeutic radiopharmaceuticals” and is a unique treatment
modality lying between chemotherapy and EBRT. The goal
of RNT is to kill tumor cells selectively by delivering high
radiation doses to a specific target while minimizing damage to
normal cells.’ These carriers include nanoparticles, liposomes,
and water-soluble polymers to aid radioisotopes to selectively
target and accumulate at cancer sites, thereby improving cancer
detection and therapeutic effectiveness.'

Rhenium-188 ('*¥Re) is a radionuclide designed for
dual imaging and therapeutic applications because of its
short physical half-life of 16.9 hours with 155 keV gamma
emission (for molecular imaging) and 2.12 MeV emission
(for therapeutic RT) and a maximum tissue penetration range
of 11 mm." The high efficiency, stability, and convenience of
188Re-liposome have been demonstrated in the treatment
of cancer.!? Although '®¥Re-liposome and radiochemo-
therapeutic drugs, for example, '**Re-doxorubicin-liposome,
have been studied in many experiments, the application
potential of **Re-liposome in cancer therapy remains to be
developed.'*'7 Our previous studies have investigated the
biodistribution, pharmacokinetics, and NanoSPECT/CT
imaging after systematic administration of **Re-liposome by
intraperitoneal and intravenous injection methods in colon
carcinoma ascites and solid-tumor animal models. 3141822
The *¥Re-liposome has been approved for Phase I clinical
trial in the treatment of metastatic late-stage patients. The
Phase I clinical trial of ¥8Re-liposome is still ongoing in
Taiwan.

Although '®¥Re-liposome has a comparative therapeutic
efficacy with chemotherapeutic drug 5-FU in colon carci-
noma ascites, we found that '**Re-liposome possesses a better
therapeutic efficacy in both lung-metastatic and solid-tumor
animal models.'®?*?2 No documents using '**Re-liposome as
RNT or RNT combined with EBRT to assess the therapeutic
efficacy in esophageal cancer have been published yet. EBRT
combined with RNT may enhance the cytotoxicity in tumor
cells and reduce normal tissue damage, using the advantages
of conformal EBRT and the selective targeting of tumors
using RNT. The efficacy and radiation dose of EBRT or
RNT alone and EBRT combined with RNT have not been
determined yet. It is important to clarify the difference in
characteristics between EBRT and RNT, and the impact
on the combination of EBRT and RNT.

In the present study, we examined the combinatory effect
of EBRT and '®Re-liposome for treatment of esophageal
cancer. The impact of EBRT on the biodistribution of '**Re-
liposome was also assessed.

Materials and methods

Xenografts of esophageal cancer

Human esophageal cancer cell lines, CE81T/VGH (squamous
cell carcinoma) and BE-3 (adenocarcinoma) cells, were
kindly provided by Professor Hu (Veteran’s General Hos-
pital, Taipei, Taiwan) and purchased from the American
Type Culture Collection (Manassas, VA, USA), respectively.
These two esophageal cancer cell lines were maintained in
DMEM (Dulbecco’s Modified Eagle’s Medium) (GIBCO
BRL, Grand Island, NY, USA) supplemented with NaHCO,
(10 mmol/L), HEPES (20 mmol/L), 10% heat-inactivated
fetal bovine serum (Hyclone, Logan, UT, USA), 2 mM
L-glutamine, 1 mM nonessential amino acid, and 1 mM
sodium pyruvate and incubated at 37°C in 5% CO,. Four-
week-old, male BALB/c nude mice were obtained from
the National Laboratory Animal Center of Taiwan (Taipei,
Taiwan) and bred in a specific pathogen-free animal facility.
All experimental protocols involving animals were reviewed
and approved by the Institutional Animal Experimentation
Committee of Mackay Memorial Hospital and the Institute
of Nuclear Energy Research (INER). All animal care and
husbandry was conducted in accordance with the 4 Guide-
book for the Care and Use of Laboratory Animals (Version
3 2010). Human esophageal cancer cells were implanted in
nude mice by subcutaneous injections of 0.1 mL PBS contain-
ing a cell suspension of 5x10° cells into the right hind limb.
Fourteen days after inoculation, the mice developed tumors
of approximately 150-200 mm? in size and were subjected
to further experiments.

Preparation and characterization

of '88Re-liposome

Pegylated liposomes (Nano-X, Taiwan Liposome Company,
Taipei, Taiwan) were prepared according to the method
described by Tseng et al.”* The lipid composition of liposomes
contains hydrogen soybean phosphatidylchloine (HSPC),
cholesterol, polyethylene glycol (1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine, PEG-DSPE; molar ratio 3:2:0.3),
and ammonium sulfate solution with 250 mM (NH,),SO,, pH
5.0 in the inner water phase. Pegylated nanoliposomes have an
average particle size of approximately 82.59 nm and contain
13.16 umol/mL phospholipids. The labeling method of '**Re-
liposome was as previously described.!>!* Prior to labeling,
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188Re was conjugated with N, N-bis(2-mercapatoethly)-N’,
N’-diethylenediamine (BMEDA). Briefly, '¥Re was eluted
from an alumina-based '3¥W/"*Re generator (IRE Com-
pany, Brussels, Belgium) using normal saline to provide
solutions of carrier-free '3¥Re as sodium perrhenate. '3*Re-
BMEDA was generated by the conjugation of free '*!Re
and BMEDA (ABX, Radeberg, Germany) in the presence
of sodium gluconate (Sigma-Aldrich, Bangalore, India) and
stannous chloride dihydrate (Merck, Darmstadt, Germany).
Three milligrams of BMEDA was mixed with 0.34 mol/L
of sodium gluconate dissolved in a 10% acetate solution;
0.02 mol/L stannous chloride dihydrate was added and incu-
bated at 80°C for 1 hour. The labeling efficiency of '*Re-
BMEDA complexes was analyzed by silica gel-impregnated
glass fiber sheets using normal saline as the developer (R,
values: '¥Re, 0.8-1.0; "**Re-BMEDA, 0.0-0.2). Before
labeling with liposomes, '¥Re-BMEDA was adjusted to a
pH of 7.0 with 2 N NaOH. Nano-X pegylated liposomes
were added to '"¥Re-BMEDA and incubated at 60°C for
30 minutes to form '¥Re-BMEDA-liposome complexes. The
188Re-liposomes were separated from free ¥ Re-BMEDA
using a PD-10 column (GE Healthcare, Piscataway, NJ, USA)
and eluted with normal saline. The encapsulation efficiency
was determined using the activity in pegylated liposomes after
separation divided by the total activity before separation.

Delivery of external beam radiotherapy

and combinatory regimen

Before irradiation, tumor-bearing mice were anesthetized by
intramuscular injections of ketamine (100 mg/kg)/xylazine
(10 mg/kg body weight). EBRT with a 6 MeV electron beam
was delivered by a linear accelerator (Clinac 1800, Varian
Associates, Inc., Palo Alto, CA, USA) with a dose rate of
2.4 Gy/min and, locally, irradiation was performed within
tumor region (right hind limb). Before the combination of
EBRT and RNT, optimal dosage of each treatment was esti-
mated to suppress less than 50% of tumor growth (3 Gy for
ERBT and 13.3 MBq [360 uCi] for RNT, data not shown).
After 2 hours of transport time, RNT was performed by
intravenous injection of '*¥Re-liposome.

NanoSPECT/CT analysis

Tumor-bearing mice were intravenously injected with 18.5 MBq
(500 nCi) of '¥Re-liposome, and images were acquired using
the NanoSPECT/CT scanner system (NanoSPECT/CT
PLUS, Mediso, Alsotorokvesz, Budapest, Hungary). Before
scanning, mice were anesthetized with 1.5% isoflurane, and
NanoSPECT/CT imaging was performed at 1, 4, and 24 hours

after injection of 'Re-liposome. The imaging acquisition was
accomplished using 70 frames at 40 seconds per frame, and
the energy windows were 155 keV +20% and 64 keV +20%.
The SPECT imaging was followed by CT image acquisition
with the animal in exactly the same position (X-ray source:
45 kV, 0.1 mA; 180 projections). For image reconstruction,
HiSPECT and Nucline software were used for the SPECT and
CT images, respectively. The InVivoScrope software was used
for the fusion of SPECT and CT images.

The biodistribution of '®Re-liposome
Nude mice bearing esophageal cancer cells were intrave-
nously injected with 2.22 MBq (60 uCi) of '38Re-liposome
with and without EBRT. Experimental animals were sac-
rificed by CO, asphyxiation and organs of interest were
removed, washed, and weighed at 1, 4, 24, and 48 hours
after injection. The radioactivity of '®*Re-liposome was
detected by using the auto-gamma counter (Packard Cobra Il,
Packard-Canberra, Frankfurt, Germany), and the uptake of
188Re-liposome in each organ was expressed as the percentage
of injected dose per gram of tissue (% ID/g).

Tumor growth evaluation

Fourteen days after inoculation, tumor-bearing mice were
divided randomly into five groups with five mice per group,
and two groups (injected with normal saline or with lipo-
somes) were used as the controls. The other three groups
of mice were treated with EBRT (ionizing radiation, 3 Gy),
RNT ('*¥Re-liposome, 13.3 MBq [360 uCi]), and EBRT
and RNT combinations (IR + '*Re-liposome). Tumor size
was recorded twice a week using a caliper to measure tumor
growth, and tumor volumes were estimated according to the
formula 0.5ab?, where a is the largest and b is the smallest per-
pendicular diameter.?* The tumor growth delay was defined as
the subtraction of days required for three fold tumor volume
growth between treated and untreated groups.

Toxicity assessment

Toxicity was monitored twice a week by the changes in mouse
weight and immunological and hematological indicators.
Immunological toxicity was observed from the counts of white
blood cells (WBC) using the retro-orbital blood sampling
method in a Hemavet blood analyzer (Drew Scientific, Oxford,
CT). Hematological toxicities were examined by the detection
of alanine aminotransferase (ALT) and creatinine (CRE), mea-
suring the functions of liver and kidneys, respectively. The level
of ALT and CRE were freshly measured by a Fuji Dri-Chem
3500 machine (Fujifilm Medical System, Tokyo, Japan).
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Statistics

All values were expressed as mean + standard deviation.
Statistical comparisons were performed using Student’s 7-test
or one-way analysis of variance (ANOVA). The difference
was considered significant for P<<0.05. Data analysis was
performed using SPSS software version 17.0 (Chicago,
IL, USA).

Results

Labeling efficiency of '®Re-liposome

The labeling efficiency of '*Re and BMEDA was mea-
sured by instant thin-layer chromatography on silica gel—
impregnated glass fiber sheets (ITLC-SG), and the result
showed that the purity of '**Re-BMEDA was 96.7%%5.8%
(Figure 1), as the radioactivity complex (***Re-BMEDA)
remained at the origin (Figure 1B), whereas free '3¥Re
migrated in the strip (Figure 1A). The encapsulation effi-
ciency of ¥¥Re-BMEDA-liposome was 65.7%=*1.6%, and the
radiochemical purity of '**Re-liposome exceeded 95% after
purification with PD-10 columns. The average particle size
of 18Re-liposome was similar to that before '**Re-BMEDA
encapsulation.

NanoSPECT/CT imaging

of '®8Re-liposome

To discriminate the uptake of **Re-liposome in two major
cell types of esophageal cancer, we examined the uptake of
188Re-liposome by NanoSPECT/CT imaging in two human
esophageal cancer xenografts. For molecular imaging,
NanoSPECT/CT scan results showed that the uptake of
188Re-liposome was present in esophageal adenocarcinoma
BE-3-bearing mice, but not in squamous cell carcinoma
CE81T/VGH xenografts (Figure 2).
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Figure | Labeling efficiency of '®Re-BMEDA.

Impact of EBRT on the biodistribution

of '®8Re-liposome

The biodistribution profile of '*¥Re-liposome in mice bear-
ing esophageal xenografts showed high uptake levels in the
tissues of the liver, spleen, kidney, and bone marrow. The
18R e-liposome distribution patterns with and without EBRT
displayed no significant differences in tumors, major organs,
and the majority of normal tissues as demonstrated in Table 1.
Our data indicated that EBRT significantly enhanced the
excretion of '3¥Re-liposome into urine at 24 and 48 hours
and into feces at 1 hour. To validate the effect of IR on
188Re-liposome excretion, dose-dependent irradiation (3, 6,
9 Gy) was delivered to BE-3 tumor xenografts followed by
188Re-liposome intravenous injection (Figure 3). The result
confirmed that the fecal excretion of " Re-liposome was
significantly enhanced by irradiation without significant influ-
ence on the uptake of '¥¥Re-liposome by tumor and liver.

Therapeutic effects and toxicity of EBRT

and '®®Re-liposome

EBRT and "**Re-liposome treatment exhibited moderate
inhibitory effects on esophageal BE-3 xenografts. The com-
bination of EBRT and '**Re-liposome inhibited tumor growth
greater than each treatment alone. The tumor growth inhibi-
tion rate was 30% with EBRT, 25% with '3¥Re-liposome, and
53% with the combination of the two at 21 days postinjec-
tion (Figure 4). The three fold increase in tumor size was
delayed 8.3 days with EBRT, 8.3 days with '38Re-liposome,
and 12.4 days with the combination of the two. Both tumor
growth inhibition and delayed days of three fold increase
in tumor size in the combination group were significantly
different from single treatment or control groups at 21 days
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Notes: Labeling efficiency of '®*Re-BMEDA was analyzed by using silica gel-impregnated glass fiber sheets. Before labeling with BMEDA (A), '®Re, R value: 0.8—1.0. After labeling
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Abbreviation: '®Re-BMEDA, '*®Re-N,N-bis(2-mercapatoethyl)-N’,N’-diethylenediamine.
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Figure 2 Uptake of '®Re-liposome in human esophageal cancer xenografts.

Notes: Esophageal tumor cells CE81T/VGH (A) and BE-3 (B) were inoculated in the hind limbs of nude mice. After tumors grew over 200 mm? in size, the mice were
intravenously injected with 18.5 MBq (500 uCi) of '®Re-liposome and NanoSPECT/CT imaging was carried out at 24 hours after injection. Arrow indicates the uptake of
'#Re-liposome in the BE-3 tumor-bearing mice model (n=3).

Abbreviations: NanoSPECT/CT, nano single photon emission computed tomography/computed tomography; '*Re, Rhenium-188.

postinjection (P<<0.05). The combinatory treatment had no 6 K—-15 K/uL), ALT (normal range in mouse: 17-77 U/L),
additive adverse effects on WBC counts, body weight, and  and CRE (normal range in mouse: 0.2—-0.9 mg/dL). In mice
liver and renal function (Figure 5). The values of detected  that received EBRT and EBRT plus '®*Re-liposome at the
marker in the combination or single treatment groups all fell ~ experimental dosage, no significant abnormality in the
within the normal range of WBC (normal range in mouse:  hemogram and biochemistry profile were noted, indicating

Table | Impact of EBRT on biodistribution of '®Re-liposome

'8%Re-liposome 0 Gy 3 Gy

Organ I hour 4 hours 24 hours 48 hours I hour 4 hours 24 hours 48 hours
Brain 1.99+0.87 1.23+0.65 0.1440.02 0.05+0.01 1.66+0.98 1.63£1.24 0.18+0.04 0.05+0.01
Heart 3.21+0.37 2.55+0.78 0.93+0.04 0.3610.10 3.3810.61 2.8240.15 1.08+0.07 0.40+0.04
Lung 8.02+1.17 4.75+0.99 1.60+0.24 0.53+0.09 8.134+3.40 5.27+0.82 1.81£0.18 0.58+0.03
Tongue 3.13£0.36 2.4340.52 1.1420.11 0.6410.14 2.4240.19 2.98+0.47 1.27+0.28 0.43+0.08*
Oral cavity 2.1340.40 1.28+0.16 0.57+0.02 0.35+0.07 1.70+0.40 1.30+0.34 0.55+0.12 0.2740.02*
Esophagus 3.26+0.86 2371091 1.02+0.32 0.73+0.23 2.10+0.63 1.60+0.41 1.09+0.32 0.4610.13*
Liver 20.10+2.34 15.12+2.47 12.06+0.93 7.27+1.74 16.96+2.08* 16.78%1.17 13.29+1.31 6.06+1.09
Stomach 1.1740.15 1.43+0.17 1.85+0.29 0.6740.19 1.40+0.18 1.35+0.18 2.03+0.27 0.83+0.10
Sl 5.3243.40 6.68+0.79 5.72+1.05 1.59+0.45 5.50+1.42 5.15+£2.59 7.4613.47 2.261+0.24*
LI 2.56+1.57 1.34+0.31 1.25+0.36 0.57+0.26 1.49+0.82 2.15+1.94 1.60+0.34 0.6110.16
Pancreas 1.85+0.32 1.20+0.36 0.60+0.13 0.22+0.04 1.65+0.70 1.39+0.28 0.75+0.16 0.31+0.04*
Spleen 5.33+0.30 7.78+1.64 6.16+0.40 4.154+0.85 7.3040.75* 7.88+0.67 9.23+1.50* 4.7610.57
Kidney 6.7310.16 5.46x1.13 3.3610.11 1.40+0.21 5.44+1.44 5.25+0.36 3.36+0.35 1.55+0.14
Testis 0.5940.11 0.5040.15 0.241+0.01 0.1340.03 0.6610.21 0.59+0.10 0.30+0.04 0.12+0.02
Muscle 0.641+0.36 0.354+0.09 0.244+0.04 0.1840.06 0.6440.18 0.44+0.06 0.31£0.05 0.13+0.01
Skin 0.454+0.07 0.33+0.05 0.1940.07 0.08+0.03 0.361+0.09 0.27+0.07 0.27£0.12 0.11£0.03
Bone 0.60+0.22 0.2740.15 0.234+0.09 0.0610.03 0.5940.17 0.53+0.36 0.33£0.14 0.08+0.08
Bone marrow 6.55+6.08 1.64+1.15 0.98+0.78 0.34+0.30 8.75+5.22 2.39+1.74 1.56+0.80 0.1440.14
Lymph node 0.61£0.75 1.01+0.09 1.3240.15 0.60+0.23 1.16+0.44 1.05+0.40 1.60+0.30 0.66+0.20
Urine 5.69+2.01 5.69+3.37 9.78+1.13 4.49+0.76 5.90+2.12 4.58+2.07 15.90+1.90* 8.58+2.70*
Blood 38.17+2.24 23.12+4.47 6.66x1.03 1.22+0.35 36.96+7.25 30.85+3.10%* 6.60+1.53 0.72+0.12
Feces 0.2040.13 8.961+6.37 35.60+2.83 8.38+3.08 0.4240.49 9.65+1.93 46.93+11.81 12.28+1.56
Tumor 2.60+0.41 3.16+0.68 2.80+0.28 1.4840.52 2.60+0.49 2.8340.25 3.13£0.78 1.30£0.36
T/M ratio 4.07 9.02 11.83 8.41 4.06 6.36 10.24 10.27

Notes: Biodistribution of '*®Re-liposome after intravenous injections with or without 3 Gy irradiation in BE-3 tumor-bearing mice was assessed. Values are expressed as
percentages of injected dose per gram (% ID/g = SD, n=3—4 at each time point). *P<<0.05 compared with no irradiation control.
Abbreviations: EBRT, external beam radiotherapy; SI, small intestine; Gy, gray; LI, larger intestine; SD, standard deviation; T/M, tumor/muscle.
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Figure 3 Effect of '®Re-liposome uptake by EBRT.

Notes: BE-3 tumor-bearing mice (n=3—4) were irradiated with 3, 6, and 9 Gy
followed by intravenous injection of '®Re-liposome (2.22 MBq, 60 nCi), and
mice with no irradiation (0 Gy) indicated control group. The radioactivity of
'“Re-liposome in tumor, liver, and feces was measured at 24 hours postinjection
and detected by using auto-gamma counter. The uptake of '®Re-liposomes was
expressed as the percentage of injected dose per gram of indicated tissue (% ID/g).
*P<0.05 compared with 0, 3, or 6 Gy groups.

Abbreviations: EBRT, external beam radiotherapy; Gy, gray; IR, ionizing radiation.

that the combination of EBRT and '**Re-liposome had the
potential of being a safe therapeutic strategy for human
esophageal cancer.

Discussion

The current standard of treatment for locally advanced or
unresectable esophageal cancer is concurrent chemoradiation
therapy (CCRT). The long-term results of RTOG 85-01 tri-
als show a survival benefit of CCRT in comparison with RT
alone.” Van Hagen et al** found neoadjuvant chemoradio-
therapy improved overall survival of patients with resectable
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Figure 4 Therapeutic effect of EBRT and '®Re-liposome.

Notes: For combination treatment, BE-3 tumor-bearing mice received external
beam radiotherapy (IR, 3 Gy) followed by radionuclide therapy ('**Re-liposome,
13.2 MBq [360 pCi]). Single treatments of EBRT and RNT and injections of normal
saline and liposomes were used for comparison. Tumor volume was recorded twice
weekly, except for the first week after injection in the BE-3 tumor-bearing mice
(n=5). *P<<0.05 compared with single treatment groups.

Abbreviations: EBRT, external beam radiotherapy; IR, ionizing radiation; PBS, phos-
phate buffer saline; RNT, radionuclide therapy.

esophageal cancer compared to the group with surgery alone.
The most common toxic effects after CCRT were leukopenia
(6%), neutropenia (2%), anorexia (5%), and fatigue (3%).
Bass et al?’ revealed that neoadjuvant chemoradiotherapy
significantly provided survival advantage and risk reduction
in lymph-node metastasis over surgical monotherapy for
patients with esophageal adenocarcinoma. These reports
supported that CCRT could be the definitive treatment or a
neoadjuvant treatment prior to major surgery. However, the
S-year survival rate of locally advanced esophageal cancer
remains less than 30% after aggressive treatment by CCRT.?
The persistence of local disease was the greatest cause of
treatment failures.” To address this clinical issue in a transla-
tional research model, we demonstrated better tumor control
by using a combination of EBRT and '**Re-liposome against
primary tumors. The major pattern of failure for treatment of
esophageal cancer is local recurrence and distant metastasis.
Thus, the next clinical issue to be examined is the effect of
this combination regimen on the distant metastasis of esopha-
geal cancer in experimental animal models.

Nanocarrier delivery systems have been shown to have
enhanced imaging and therapeutic efficacy by targeted
delivery of drugs to the tumor site and by reducing their
toxic side effects.! Major advantages of nanocarriers are
that they can be prepared in sizes <100 nm and ensuring
minimal drug or radionuclide leaking out from the carri-
ers during circulation to enhance passive targeting and to
increase the localization of drugs and radionuclides in the
tumor through enhanced permeability and retention (EPR)
effect to the leaky tumor tissues, and nanoliposomes have
been widely studied as an important carrier in controlling
the localization and concentration of drugs to improve the
pharmaceutical and therapeutic properties of drug admin-
istration by EPR effect.3>¥ Pegylated liposomes can evade
the reticuloendothelial system and remain in the circulatory
system for prolonged periods, resulting in sufficient tumor
targeting and efficacy in vivo.***

External beam radiation has been reported as a method
that enhances nanoliposome uptake in the tumor region due
to radiation-induced inflammation.*® The increased uptake of
nanoliposomes was detected at 24 hours following external
beam radiation. The result suggests that combining modal-
ity therapy with external beam radiation and nanoliposome
chemotherapy may be more effective for the treatment of
tumors than administering these therapies sequentially.
In our study, the effect of EBRT on the accumulation of
188Re-liposome in tumors was not found to be statistically
significant (Table 1). It might be due to the deficiency of the
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Figure 5 Biological toxicity of EBRT and '®Re-liposome.

Notes: For combination treatment, BE-3 tumor-bearing mice received EBRT (IR, 3 Gy) followed by radionuclide therapy ('*Re-liposome, 13.2 MBq [360 pCi]). Single
treatments of EBRT and RNT and injections of normal saline and liposomes were used for comparison. Mice weight (A), white blood cells (WBC) (B), liver function markers
alanine aminotransferase (ALT) (C), and kidney function markers creatinine, (CRE) (D) were freshly analyzed twice weekly, except for the first week after injection in BE-3

tumor-bearing mice (n=5).

Abbreviations: EBRT, external beam radiotherapy; IR, ionizing radiation; PBS, phosphate buffer saline; RNT, radionuclide therapy.

dose of EBRT (3 Gy) as well as the time interval (2 hours)
between the application of EBRT and '**Re-liposome, which
may be too short to enhance permeability and retention. Since
the combination of EBRT and '8Re-liposome increased
therapeutic efficacy compared to EBRT and '®Re-liposome
treatment alone, the uptake of '3¥Re-liposome on esopha-
geal adenocarcinoma BE-3 cells is likely to play a role in
enhancing radiation-induced toxicity. Further investigation
will need to be done to confirm or refute these findings. The
effect of EBRT on the biodistribution of '**Re-liposome in
this study, especially on the secretion of isotopes into urine
and feces, is unique. It may indicate a better secretion profile
after treatment. Whether this effect would damage the lower
urinary tract or the lower gastrointestinal tract remains to be
elucidated.

To control local tumors, regional lymphatics, and distant
metastasis simultaneously, our design was to combine EBRT
and '®Re-liposome for the treatment of esophageal cancer,
a malignancy with a high risk of recurrence and metastasis.
Our results indicate that the combinatory regimen may have
additive effects against the growth of human esophageal
adenocarcinoma xenografts without an increase in toxicity
(Figure 5).

Conclusion

In this study, it was found that human esophageal adeno-
carcinoma BE-3 cells, but not squamous cell carcinoma
CE8IT/VGH, showed specific uptake of '3Re-liposome.
The '®Re-liposome combined with EBRT could have thera-
peutic efficacy on tumor growth control in BE-3 cells and
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