Conclusion

The present study describes the synthesis, physico-chemical characterization and the in
vivo antitumor efficacy of the polymer conjugate SP-THP in comparison with the conjugate LP-THP
and free THP. More remarkable accumulation of the high-MW conjugate SP-THP (400 kDa, 26nm)
in the tumor tissue by EPR effect was observed than in case of LP-THP (39 kDa, 8.2nm). More
importantly, SP-THP administration yielded more sustained release of free active THP for a long
period of time in the tumor tissue even up to 72h. Thus SP-THP exhibited preferable antitumor
effect against both S-180 and AOM/DSS induced colorectal tumor. Even single dose of 15 mg/kg
THP equivalent clearly suppressed the tumor growth and prolonged the survival time. These results
suggest that large size SP-THP conjugate is superior candidate drug for treatment of various solid
tumors.
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ABSTRACT: Macromolecules have been developed as carriers of low-molecular-weight drugs in drug delivery systems (DDS) to improve
their pharmacokinetic profile or to promote their uptake in tumor tissue via enhanced permeability and retention (EPR) effects. We have
previously demonstrated that poly-nitric oxide (NO) conjugated human serum albumin (Poly-SNO-HSA) has the potential to be a DDS
carrier capable of accumulating NO in tumors. However, the stability of Poly-SNO-HSA in the circulation has to be improved, and its
optimal molecular size for using the EPR effects has to be evaluated. In the present study, we performed two tuning methods for refining
Poly-SNO-HSA, namely, pegylation and dimerization. We observed that pegylation enhanced the stability of Poly-SNO-HSA both in vitro
and in vivo, and that dimerization of Poly-SNO-HSA enhanced the antitumor activity via more efficient delivery of NO in Colon 26
tumor-bearing mice. Intriguingly, dimerization resulted in a 10 times higher antitumor activity. These data suggest that pegylation and
dimerization of Poly-SNO-HSA are very important tuners to optimize NO stability and accumulation, and thereby effect, in tumors. Thus,
polyethylene glycol-Poly-SNO-HSA dimer seems to be a very appealing and safe NO carrier and thereby a strong candidate as an antitumor
drug in future development of cancer therapeutics. © 2014 Wiley Periodicals, Inc. and the American Pharmacists Association ] Pharm Sci

Keywords:
release/delivery; macromolecular drug delivery; nanoparticles

INTRODUCTION

Cancer treatment remains one of the most important clinical
challenges. One problem in treating various cancers is the de-
velopment of multidrug resistance (MDR) by the cancer cells.
Various approaches have been tested to overcome MDR such
as the use of agents that inhibit P-glycoprotein directly or in-
directly through altering the cell membrane. Most of the ap-
proaches have shown some success in small animal models but
their clinical application has been limited. Because nitric oxide
(NO) seems to be able to overcome MDR, and has other promis-
ing properties and effects, it has the potential of becoming a
useful anticancer therapeutic.’?

Nitric oxide is a free-radical gas involved in diverse biolog-
ical processes, such as neurotransmission, blood pressure con-
trol, inhibition of platelet aggregation, and innate immunity,®
However, under certain circumstances, NO can be cytotoxic.
For example, high concentrations of NO can inhibit tumor cell
growth and induce apoptosis.#® Recent studies have revealed
that NO is associated not only with apoptosis of cancer cells,
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but also with inhibition of cancer progression and metastasis,
as well as cancer angiogenesis and microenvironment. It also
functions as a modulator for chemo/radio/immunotherapy.® De-
spite highly useful properties, the in vivo half-life of NO is so
short that NO itself cannot be used as a therapeutic agent.
Such a short half-life can be overcome using continuous release
of NO from a reservoir, such as the S-nitrosated form of human
serum albumin (HSA).™°

Our previous studies with cell cultures demonstrated that
the NO influx from poly-nitric oxide conjugated human serum
albumin (Poly-SNO-HSA) via cell surface protein disulfide iso-
merase is very fast and pronounced and leads to cell death
caused by apoptosis. However, the apparent in vivo half-life
of S-nitroso moieties in Poly-SNO-HSA has been estimated to
be 18.9 min in tumor-bearing rats, indicating that it is not al-
ways a long-acting medicine.’® Therefore, the release rate of
NO from Poly-SNO-HSA needs to be well controlled and pro-
longed to develop more effective NO delivery systems. Shishido
and de Oliveira'® have shown that the thermal stability of S-
nitrosothiols is increased in polyethylene glycol (PEG) solution
because the cage effect of PEG increased the stability of S-NO
bonding. Perhaps, this effect can be applied to construct more
useful Poly-SNO-HSA preparations.

In addition to in vivo half-life, the problem of drug targeting
should be addressed. In this respect, the enhanced permeability
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and retention (EPR) effect is relevant. This effect is now known
to play a major role in the tumor-selective delivery of macro-
molecular or polymeric drugs, or of so-called nanomedicines
including antibodies.'?"* It is well known that long-circulating
liposomes with an average diameter of 100-200 nm accumulate
efficiently in tumor tissues.!® Matsumura and Maeda®® found
that high-molecular-weight (40 kDa or higher), long-circulating
macromolecules, as well as various long-circulating nanopar-
ticulate pharmaceutical carriers are capable of spontaneously
accumulating in various pathological sites, such as solid tu-
mors and infracted areas. However, recently, Katacka’s group
demonstrated that only 30-nm micelles could penetrate poorly
permeable pancreatic tumors to achieve an antitumor effect.!”
These data suggest that macromolecular therapeutics with a
size of 30 nm could efficiently deliver to even poorly perme-
able tumors. For testing this possibility, we have designed a
HSA dimer, in which the C-terminus of one HSA molecule is
linked to the N-terminus of another HSA molecule by the amino
acid linker (GGGGS)y, that can be successfully produced by the
yeast Pichia pastoris. We have previously reported that HSA
dimer has a longer circulation time than the monomeric form of
HSA, HSA monomer, in rats and mice.'® Moreover, HSA dimer
could have an enhanced accumulation in solid and poorly per-
meable tumors via the EPR mechanism because of its molecular
size of approximately 30 nm (130 kDa). Therefore, it is possible
that HSA dimer could be of great clinical use as a new DDS
material with a superior plasma retention property (e.g., pro-
longed plasma half-life) as well as with increased tumor-specific
accumulation.

In this study, we performed two tuning methods of pegylation
and dimerization of Poly-SNO-HSA. We examined the effect of
pegylation on the stability of S-nitrosated sites of Poly-SNO-
HSA in vitro and in vivo, and the effect of dimerization of Poly-
SNO-HSA on its antitumor activity in Colon 26 (C26) tumor-
bearing mice.

MATERIALS AND METHODS
Materials

Human serum albumin and HSA dimer were synthesized
using the yeast Pichia pastoris (P. pastoris) (strain GS115)
as previously described,!® and the proteins were defatted by
means of charcoal treatment.!® Sephadex G-25 desalting col-
umn (¢ 1.6 x 2.5 cm) was obtained from GE Healthcare
(Kyoto, Japan). 1,4-dithiothreitol was obtained from Sigma-—
Aldrich (St. Louis, Missouri). Isopentyl nitrite (IAN) was bought
from Wako Chemicals (Osaka, Japan). Diethylenetriaminepen-
taacetic acid (DTPA) and ethylenediaminetetraacetic acid were
purchased from Nacalai Tesque (Kyoto, Japan). 111InCl; was a
gift from Nihon Medi-Physics Company, Ltd. (Hyogo, Japan).

Cells and Animals

C26 cells were cultured in RPMI-1640 containing 10% fe-
tal bovine serum (Sanko Junyaku Co, Ltd., Tokyo, Japan),
100 units/mL penicillin, and 100 pg/mL streptomycin, incu-
bated in a humidified (37°C, 5% COz and 95% air) incubator,
grown in 75-cm? flasks (Falcon BD) Tokyo, Japan, and passaged
when 75% confluency was reached. Male BALB/cAnNCrlCrlj
mice (5 weeks old, 17-22 g) were purchased from Charles River
Laboratories (Ibaraki, Japan). A C26 solid tumor model was es-
tablished by subcutaneously implanting 2 x 10% C26 cells into
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the back of the mice. Other animals, that is, male ddY mice and
male Donryu rats, were from Kyudo Inc. (Kumamoto, Japan).

Pegylation and $-Nitrosation

To perform the pegylation of HSA, HSA-polyethylene glycol
conjugate-5000 (PEG-HSA) was synthesized by reacting acti-
vated PEG with HSA in 50 mM borate buffer (pH 9.2) for 24 h
at 4°C in the dark to react with available amino acids.?’ The
reaction mixture was then washed and concentrated by ultra-
filtration against distilled water. The average number of PEG
moieties is 4.6 mol PEG/mol HSA, and the molecular weight
of the product is estimated to be 90 kDa by using SDS-PAGE
(data not shown).

Poly-nitric oxide conjugated human serum albumins were
prepared according to a previous report.* In brief, termi-
nal sulfhydryl groups were added to HSA, PEG-HSA, and
HSA dimer by incubating 0.15 mM HSA, 0.15 mM PEG-
HSA or 0.075 mM HSA dimer with 3 mM Traut’s Reagent
(2-imminothiolane) in 100 mM potassium phosphate buffer
containing 0.5 mM DTPA (pH 7.8) for 1 h at 25°C. The re-
sultant modified HSA, PEG-HSA, and HSA dimer was then
S-nitrosated by 3 h incubation with 15 mM IAN at 25°C. The
resulting Poly-SNO-HSA, PEG-Poly-SNO-HSA, or Poly-SNO-
HSA dimer was concentrated, exchanged with saline using a
PelliconXL filtration device (Millipore Corporation, Billerica,
Massachusetts), and the final concentration was adjusted to 2
mM Poly-SNO-HSA, 2 mM PEG-Poly-SNO-HSA, or 1 mM Poly-
SNO-HSA dimer. The samples were stored at 80°C until use .
The number of NO moieties bound to Poly-SNO-HSA and PEG-
Poly-SNO-HSA is 6.7 mol NO/mol protein, whereas the number
bound to Poly-SNO-HSA dimer is 13.5 mol NO/mol protein.

Pharmacokinetic Experiments

Poly-nitric oxide conjugated human serum albumin was labeled
with "1In by using DTPA anhydride as a bifunctional chelat-
ing agent.?! Labeled Poly-SNO-HSA was injected via the tail
vein into male ddY mice (weighing 25-27 g) at a dose of 5 pLmol
NO/kg. At appropriate times after injection, blood was collected
from the vena cava with the mouse under ether anesthesia.
Heparin sulfate was used as an anticoagulant, and plasma was
obtained from the blood by centrifugation. The radioactivity in
each sample was counted using a well-type Nal scintillation
counter ARC-2000 (Aloka, Tokyo, Japan). *!In radioactivity
concentrations in plasma were normalized as a percentage of
the dose injected per milliliter and were analyzed by means of
the nonlinear least-squares program MULTL? We also mea-
sured the amount of S-nitrosated moieties in the plasma sam-
ples. That was performed by means of the Saville assay.?®

Effect of Pegylation on the Stability of S-Nitrosated Sites
of Poly-SNO-HSA

For in vitro study, Poly-SNO-HSA or PEG-Poly-SNO-HSA at a
NO concentration of 100 pM was incubated in mouse blood
or plasma at 37°C for different times in the dark. For in
vivo study, Poly-SNO-HSA or PEG-Poly-SNO-HSA at doses of
5 pmol NO/kg were injected as a bolus through the tail vein of
5-week-old male Donryu rats (200-250 g), and NO concentra-
tions in plasma were determined at 1, 15, 30, 60, 180, and 360
min after injection. The amounts of the S-nitrosated moieties
of Poly-SNO-HSA and PEG-Poly-SNO-HSA were quantified us-
ing a 96-well plate. First, 20 uL aliquots of Poly-SNO-HSA or

DO! 10.1002/jps.24020



Table 1. Pharmacokinetic Parameters for HSA and NO After
Intravenous Administration (5 pmol/kg) of Poly-SNO-HSA to Normal
Mice

AUCQ_.4 CLtot
(mM min) (mL/min/kg)  typp (min) Vi (mL/kg)
HSA 52.10 £6.56 0.10+0.056 4766+ 126 60.10+4.35
NO 1117 +£4.43 2874+0.75 1187+ 11.8 7547 +6.54
moieties

All values are mean + SD (n = 5).

PEG-Poly-SNO-HSA solution and NaNO, (standard) were in-
cubated for 30 min at room temperature with 0.2 mL of 10 mM
sodium acetate buffer (pH 5.5) containing 100 mM NaCl,
0.5 mM DTPA, 0.015% N-l-naphthylsthylene-diamide, and
0.15% sulfanilamide with or without 0.09 mM HgCly. Then,
the absorbance was measured at 540 nm.?

Antitumor Study In Vivo

When tumors reached 150-200 mm?, the mice were divided
into cohorts (n = 4-5), and 200 pL saline (control); Poly-
SNO-HSA (5 or 25 mg/mouse) or Poly-SNO-HSA dimer (0.5 or
2.5 mg/mouse) was injected via the tail vein three times per
day on days 0, 2, and 4.* Afterwards, tumor volume and body
weight were determined every day for 25 days. Tumor volume
was calculated using the formula 0.4 (a x b?), where “a” is
the largest and “b” is the smallest tumor diameter. After 25
days, blood samples were collected from the abdominal vena
cava under anesthesia with diethylether of the mice that had
received saline, Poly-SNO-HSA (25 mg/mouse), or Poly-SNO-
HSA dimer (2.5 mg/mouse). Afterwards, the mice were sacri-
ficed. Serum was isolated by centrifugation. Routine clinical
laboratory techniques were used to determine the concentra-
tions of total protein, serum creatinine (Cr), blood urea nitro-
gen (BUN), alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and alkaline phosphatase (ALP) in serum.
Variance in each group was evaluated using the Bartlett test,
and differences were evaluated using the Tukey—Kramer test.

Statistical Analysis

The statistical significance of collected data was evaluated us-
ing the ANOVA analysis followed by Newman—Keuls method
for more than two means. Differences between the groups were
evaluated by Student’s t-test. p < 0.05 was regarded as statis-
tically significant.

RESULTS AND DISCUSSION

Plasma Clearance of HSA and NO After Poly-SNO-HSA
Administration

We determined the pharmacokinetic characteristics of both
HSA and the NO moieties of Poly-SNO-HSA after its injection
into normal male ddY mice (Table 1). As seen in Figure 1, the
plasma concentration of the NO moieties decreases much more
rapidly than that of HSA. In accordance with this finding, the
half-life (Tyep) for HSA was calculated to be 477 min, whereas
that for the NO moieties was only 119 min (Table 1). These data
propose that the SNO stability of Poly-SNO-HSA is very low in
the circulation.

DOI 10.1002/ps.24020
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Figure 1. Plasma clearance of HSA and NO after intravenous admin-
istration (5 pmol/kg) of Poly-SNO-HSA to normal mice. Poly-SNO-HSA
was injected as a bolus through the tail vein of mice, and HSA and NO
concentrations in plasma are plotted against time after injection. Each
datum point represents the mean + SD. (n = 5). *p < 0.05, **p < 0.01
as compared with HSA.

In Vitro and In Vivo Release of NO from Poly-SNO-HSA
and PEG-Poly-SNO-HSA

In an attempt to develop a more stable NO delivery system, we
constructed pegylated Poly-SNO-HSA (PEG-Poly-SNO-HSA).
First, we compared the stability of Poly-SNO-HSA and PEG-
Poly-SNO-HSA in blood and plasma from normal mice at 37°C
in the dark. Figure 2a shows that PEG-Poly-SNO-HSA is very
stable as compared with Poly-SNO-HSA in blood. The half-life
of PEG-Poly-SNO-HSA is 2.5 times longer than that of Poly-
SNO-HSA. By contrast, there is no difference in stability be-
tween the two SNO preparations in plasma. The results sug-
gest that S-denitrosation of Poly-SNO-HSA by other plasma
proteins is insignificant and unaffected by pegylation.

For making an in vivo study of the NO release from Poly-
SNO-HSA and PEG-Poly-SNO-HSA, we injected aliquots of the
two protein preparations as a bolus through the tail vein of rats.
As seen in Figure 2b, NO bound to the pegylated protein dis-
appears more slowly from the circulation than does NO bound
to the unpegylated protein; the NO half-lives are 155 and 105
min, respectively. Thus, both this study and that performed
with mouse blood (Fig. 2a) shows that pegylation is a very use-
ful way of SNO stabilization in the case of Poly-SNO-HSA.

Effect of Dimerization on the Antitumor Activity
of Poly-SNO-HSA

One way of making cancer treatment more efficient is to in-
crease the concentration of the therapeutic in the tumor. Such
an increase in concentration can be obtained as the result of
the EPR effect. For testing whether an increase in protein size
would result in a more efficient EPR effect, we synthesized an
albumin dimer that we also S-nitrosated, that is, Poly-SNO-
HSA dimer. Figure 3a shows the antitumor activity of Poly-
SNO-HSA dimer in mice compared with that of Poly-SNO-HSA.
As seen, both albumin therapeutics have an inhibitory effect on
tumor growth. However, Poly-SNO-HSA dimer possesses about
at least 10 times higher antitumor activity than Poly-SNO-
HSA.

In general, the body weights of the mice increased with re-
duction of tumor volume (Fig. 3b). An exception is the group of
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Figure 2. Time course for NO decay when incubated in blood or plasma (a) and plasma clearance of NO after intravenous administration of
Poly-SNO-HSA or PEG-Poly-SNO-HSA (b). Poly-SNO-HSA or PEG-Poly-SNO-HSA at the concentration of 100 M was incubated in mouse blood
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as compared with Poly-SNO-HSA in blood. Poly-SNO-HSA or PEG-Poly-SNO-HSA (5 pmol/kg) was injected as a bolus through the tail vein of
rats, and NO concentrations in plasma are plotted against time after injection. *p < 0.05 as compared with Poly-SNO-HSA.
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Figure 3. Effect of Poly-SNO-HSA and Poly-SNO-HSA dimer on tu-
mor growth (a) and body weight (b) of C26 tumor-bearing mice. The
(26 tumor-bearing mice were divided into cohorts (n = 4-5), and saline
(control) or Poly-SNO-HSA (5 or 25 mg/mouse) or Poly-SNO-HSA dimer
(0.5 or 2.5 mg/mouse) was injected three times per day on days 0, 2,
and 4 via the tail vein. Results are for the following 25 days and are
given as means + SD. *p < 0.05, **p < 0.01 as compared with control.
#p < 0.05 as compared with Poly-SNO-HSA (25 mg/mouse).

mice that each received 2.5 mg of Poly-SNO-HSA dimer. Their
body weight increased more than expected, a finding suggest-
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ing that these mice may recover very well and fast from the
hypophagia associated with the colon cancer.

Table 2 shows values of serum biochemical parameters of the
(€26 tumor-bearing mice treated with saline, Poly-SNO-HSA, or
Poly-SNO-HSA dimer. As seen, total protein and serum creati-
nine (Cr) showed no significant differences among the three
treated groups. However, BUN, AST, ALT, and ALP signifi-
cantly decreased by Poly-SNO-HSA dimer treatment, indicat-
ing that Poly-SNO-HSA dimer did not cause hepatic or renal
damage. In general, ALP levels increase in several types of can-
cer, such as liver, lung, and bone cancer, whereas the present
finding indicates that Poly-SNO-HSA dimer protects against
various organ damage induced by the tumor. Thus, the present
findings suggest that Poly-SNO-HSA dimer is an effective and
safe anticancer agent.

CONCLUSIONS

Previous studies have shown that Poly-SNO-HSA possesses an-
titumor activity in vivo. However, the SNO groups of Poly-SNO-
HSA have low stability in the circulation, and high dosages
of Poly-SNO-HSA cause reduction in the mean arterial blood
pressure.’ In this paper, we performed two tuning methods
of Poly-SNO-HSA, namely, pegylation and dimerization. We
found that pegylation enhances the stability of the S-nitrosated
sites of Poly-SNO-HSA both in vitro and in vivo. Furthermore,
dimerization of Poly-SNO-HSA resulted in improved antitumor
activity via more efficient delivery of NO in C26 tumor-bearing
mice. In addition, as an antitumor nanomedicine, PEG-Poly-
SNO-HSA dimer possesses an important high biocompatibility
and biodegradability. These findings lead to the idea that PEG-
Poly-SNO-HSA dimer possesses the clinical possibility for being
a superior and promising anticancer drug with reduction of side
effects.
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Table 2.
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AST (U/L) 67.7 £ 12.9 143.5 £ 62.9 116.3 £ 69.1 102.1 + 63.7*
ALT (U/L) 39.7 £ 13.6 169.8 + 111.6 161.3 + 126.2 101.1 + 108.7#%:##
ALP (U/L) 329.1 + 23.3 385.3 + 18.3 300.5 £ 23.0%* 276.5 £ 21.2%%#
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Abstract

Bacteria of micrometer size could accumulate in tumor based on EPR effect. We report
here Lactobacillus casei (L. casei), a nonpathogenic facultatively anaerobic bacterium,
preferentially accumulated in tumor tissues after intravenously (i.v.) injection; at 24h, live
bacteria were found more in the tumor, whereas the bacteria in normal tissues including the
liver and spleen were cleared rapidly. The tumor-selective accumulation and growth of L.
casei is probably due to the EPR effect and the hypoxic tumor environment. Moreover, the
bacterial tumor delivery was significantly increased by a NO donor nitroglycerin (NG, 10-70
times) and an angiotensin II converting enzyme inhibitor, enalapril (6-18 times).
Consequently significant suppression of tumor growth was found in a colon cancer C26
model, and more remarkable antitumor effect was achieved when L. casei was combined with
NG, probably by modulating the host nonspecific immune responses; tumor necrosis factor-a
significantly increased in tumor after the treatment, as well as NO synthase activity and
myleoperoxidase activity. These findings suggest the potential of L. casei as a candidate for
targeted bacterial antitumor therapy, especially in combine with NG or other vascular

mediators.

Keywords: EPR effect, Lactobacillus casei, Nitroglycerin, vascular permeability, ACE
inhibitor



INTRODUCTION

Historical experience using bacteria for the therapeutic purpose against cancer goes back to
the end of 19 century pioneered by Wiliam Coley, later called Coley’s toxin or Coley’s
vaccine,? in which Sereptococcus pyogenes and Serratia marcescens were injected into
tumor directly. In the recent decade bacterial therapy as a new anticancer strategy is gaining
more attention than ever through systemic administration of bacteria.

Hoffman et al.>* reported that intravenous injection of a modified strain of Salmonella
typhimurium selectively infected tumor tissues and induced significant tumor shrinkage in
many tumor models in mice. Taniguchi’s group developed . tumor-targeted delivery of
genetically engineered Bifidobacterium longum expressing cytosine deaminase as a prodrug
that would trigger the generation of S-fluorouracil in tumor, resulting in remarkable antitumor
effects.’ Both of these methods are now in clinical trials. Also, by using Escherichia coli
or Salmonella enterica serovar Typhimurium Xiang et al. successfully developed a
tumor-targeted delivery system of short hairpin RNA.° In addition, recently many reports
have indicated that Lactobacillus casei (L. casei), a nonpathogenic bacterium widely used in
dairy products, exhibits antitumor therapeutic potential by enhancing the cellular immunity of
the host.”®  All these results suggest that bacterial therapy is a promising approach in cancer
treatment, and thus, it is intriguing to analyze bacterial accumulation and growth in tumor
tissues. ,

Regarding the tumor accumulation of bacteria, anaerobic or facultative bacteria have been
known for decades to grow selectively in tumors.*>°"  This growth is now attributed to the
unique pathophysiological features found in many tumors, i.e., impaired and abnormal
vascular architecture, high vascular permeability and hypoxia, or low pO,, together with

3-5, 12

extensive necrosis. In this context, we have been working on tumor selective drug

delivery and found that macromolecules above 40 kDa effectively traverse tumor blood

vessels permitting their accumulation in tumor tissues.”” ™"

This unique phenomenon of
biocompatible macromolecules in solid tumor was coined enhanced permeability and
retention (EPR) effect, which is attributed to the defective architecture of neovasculature of
tumor, as well as various vascular mediators such as nitric oxide (NO) and bradykinin that
facilitates opening of endothelial cell-cell gaps.'>" 16 We also found the EPR effect occurs
even in macromolecules beyond 10° Da or nanoparticles as large as 1000 nm, the size of
bacteria.'> More recently we found that the EPR effect could be further augmented by
applying nitroglycerin (NG) which becomes NO in hypoxic milieu of tumor, and angiotensin
I converting enzyme (ACE) inhibitor that suppresses degradation of bradykinin (kinin)

thereby resulting in higher kinin content in tumor.'>!"!¥



In view of these findings, it is strongly indicated that delivery of bacteria to tumor and
thus bacterial therapeutic could be further enhanced by modulating vascular mediators, i.e.,
NO and bradykinin. We thus examined, in the present study, whether tumor selective
delivery of bacteria can be increased by applying NG and ACE inhibitor (enalapril) both of
which are commonly used clinically to cause vascular dilatation or antihypertension.
MATERIALS AND METHODS
Materials
NG ointment (Vasolator®) containing 20 mg of NG4 Vaseline®, was from Sanwa Kagaku
Kenkyusho (Nagoya, Japan) and was used after 10- or 100-fold dilution with Vaseline®.
Enalapril was purchased from Elmed Eisai Co., Ltd. (Tokyo, Japan). NO donor
1-Hydroxy-2-ox0-3-(N-methyl-3-aminopropyl)-3-methyl-1-triazene  (NOC7) was from
Dojindo Laboratories (Kumamoto, Japan). Other chemicals of reagent grade were from
Wako Pure Chemical Industries (Osaka, Japan) and were used without further purification.
Bacteria and cells
L. casei strain Shirota was kindly from Yakult Honsha Co., Ltd. (Tokyo, Japan) and was
cultured in MRS (de Man, Rogosa, Sharpe) medium (Cica; Kanto Chemical Co. Inc., Tokyo,
Japan). Lactulose (4-O- 3 -D -galactopyranosyl-D-fructofuranose, Wako Pure Chemical
Industries) was used during in vivo experiments with L. casei.

Mouse S-180 sarcoma cells were maintained in ascites of ddY mouse by weekly passage.
Colon cancer C26 cells were kindly gift from Dr. Ishima of Kumamoto University (Japan),
and were maintained and cultured in RPMI-1640 medium (Invitrogen, Carlsbad, CA) at 37°C
in an atmosphere of 5% C0,/95% air
Animal solid tumor models
Male ddY mice of 6 weeks old and female BALBt mice (6 weeks old) were obtained from
Kyudo Inc. (Saga, Japan). All animals were maintained under standard conditions: a 12-h
dark/light cycle and a temperature of 23 £ 1°C. Mice were fed water and murine chow ad
libitum. All experiments were carried out according to the guidelines of the Laboratory
Protocol of Animal Handling, Faculty of Pharmaceutical Sciences, Sojo University.

Mouse S-180 sarcoma cells (2 x 10°) were implanted subcutaneously (s.c.) in the dorsal
skin of ddY mice, to obtain the S-180 tumor model in mice, and cultured colon
adenocarcinoma C26 cells were implanted s.c. in the dorsal skin of BALB/. mice as C26 solid
tumor model. At 10-15 days after implantation of tumor cells, when the tumors became
8-10 mm in diameter, the following studies were carried out.

Body distribution of L. casei in murine solid tumor with and without NG or enalapril

treatment



To investigate the biodistribution of L. casei, bacteria (7 x 10° CFU, in 0.1 ml culture
medium) were injected i.v. via the tail vein in S-180 or C26 mouse solid tumor model,
followed by i.p. injection of 1 ml of 20% lactulose. For the NG-treated group, NG ointment
(at NG dose of 0.6 mgtumor) was applied to the skin over the tumors 5 min before the
injection of bacteria. For enalapril-treated group, enalapril (10 mg/kg) was given orally 4 h
before the injection of bacteria.

At scheduled times (i.e., 1, 6, 24, 48h) after the injection of bacteria, mice were killed and
blood was collected from the inferior vena cava, and mice were then subjected to reperfusion
with 10 ml of physiological saline containing 5 U/ml heparin to remove blood components
from the blood vessels of various organs and tissues. Tumor tissues and normal organs and
tissues, including the liver, spleen, kidney, heart, and lung, were collected and weighed. To
each tissue, 9-time volume of cold physiological saline was added, and then tissues were
minced and homogenized on ice with Polytron homogenizer (Kinematica, Littau-Lucerne,
Switzerland). Tissue homogenates (50 pl) at different dilutions were transferred to 10 cm
Petri dishes, and then 15 ml of MRS agar medium kept at 40°C was added and thoroughly
mixed. The dishes were then placed at room temperature to solidify the agar medium, after
which they were placed in an incubator at 37°C. After 2 days of incubation, L. casei
colonies were counted. The distribution of bacteria in each tissue was expressed as CFU/g
tissue or CFU/ml blood. All experiments were performed duplicate under sterilized
conditions.

In vivo therapeutic effect of L. casei by i.v. injection and its enhancement by NG

The therapeutic effect of L. casei was investigated in the C26 solid tumor model. Ten days
after injection of C26 tumor cells in BALB/c mice, when tumor diameters became 5-8 mm, L
casei (7 x 10° CFU or 2 x 10’ CFU) was injected i.v.; in some experiments, NG ointment (at
an NG dose of 0.6 mg/ tumor) was rubbed on the skin overlying the tumors just before
administration of bacteria. This therapeutic protocol was carried out once a week for 3
weeks. During the period of experiments, 1 ml of 20% lactulose was i.p. injected daily till 2
days after the last injection of L. casei. Tumor volume and body weight of animals were
measured, and tumor volume was estimated by measuring longitudinal cross section (L) and
transverse section (W) and applying the formula V = (L x W?)/2.

Measurement of myeloperoxidase (MPO) and NO synthase (NOS) activity in tumor
after L. casei treatment with/without NG

In S-180 solid tumor model, the MPO activity and iNOS activity in tumor after L. casei
with/without NG were measured by using the colorimetric MPO activity assay kit (BioVision

Inc., Milpitas, CA) and a colorimetric NOS assay kit (Oxford Biomedical Research, Inc.,
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Oxford, MI) respectively, according to the manufacturers instructions. In this experiment,
NG and/or L. casei (2 x 10’ CFU) were administered by the protocol as described above but
applied once every two days, and 1 ml of 20% lactulose was given i.p. daily. Four days after
the last injection of bacteria, mice were killed and tumor tissues were collected for the assays.
Enzyme-linked immunosorbent assay (ELISA) for interleukin-6 (IL-6) and tumor
necrosis factor (TNFa) in serum and tumor of S-180 tumor bearing mice after L. casei
treatment with/without NG.

By the same protocol for measurement of MPO and NOS activity, quantifications of cytokines
IL-6 and TNFo were performed. Namely, serum and tumor tissues from S-180 tumor
bearing mice with each treatment were subjected to ELISA (ELISA kits, R&D Systems, Inc.,
Minneapolis, MN) according to the manufacturer’s instructions.

Effect of sodium nitrite and NOC7 on the growth of L. casei

To investigate the potential effect of nitrite and NO on the growth of L. casei, in vitro
experiments were carried out using cultured L. casei. Namely, L. casei was first cultured in
MRS agar medium. After 24 h of culture at 37°C, a speck of bacteria was taken from a
colony was put into 10 ml of MRS liquid medium and cultured at 37°C with shaking (120
rpm). After overnight incubation, 10 pl of cultured bacteria was transferred into 50 ml of
MRS medium, in which different concentrations of sodium nitrite or NO donor NOC7 were
added, and the bacteria were cultured continued under the same conditions. The bacterial
growth was measured by absorbance at 600 nm every 30 min.

Statistical analysis

All data are expressed as means = SD. Data were analyzed by one-way analysis of variance
followed by the Bonferronit-test. Some studies with two experiments were analyzed by
Mann—Whitney U-test, and a Fisher’s exact test was used to analyze the data of survival rate.

A difference was considered statistically significant when P < 0.05.

RESULTS

Body distribution of L. casei in tumor-bearing mice after i.v. injection

At 1h after i.v. injection of L. casei in S-180 tumor-bearing mice, most bacteria were found in
liver and spleen (Fig. 1A). However, bacterial counts in normal tissues (e.g., liver and
spleen) at 6h after injection significantly decreased to about 1/10 of those at 1 h, whereas the
numbers of bacteria in the tumor significantly increased; it increased about 80 times (Fig. 1B).
And at 24h, almost no living bacteria could be detected in normal tissues including liver and
spleen (Fig. 1C), whereas, the bacteria in tumor have increased gradually with time; namely at

24h the bacteria in tumor were significantly higher (more than 50 times) than those in normal

6



