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is no consensus so far on the levels of antioxidant enzymes
in tumor cells; their expression increases in some case, and
decreases in others [14-16].

Although the effects of ROS on tumor metastasis are not
yet fully understood, antioxidant enzymes are sometimes
used to suppress or reduce tumor metastasis iz vivo. Catalase
and/or superoxide dismutase (SOD) are used to prevent ex-
perimental tumor metastasis to the lung or liver [17,-18].
These enzymes, however, can detoxify ROS (superoxide
anion for SOD, and H;0; for catalase) only at local sites
reached by the enzymes following their administration. SOD
{CuZn-, recombinant human), with a molecular weight of
32 kDa, undergoes rapid glomerular filtration and is quickly
cleared from the circulation [19]. Catalase (bovine liver)
also disappears from the circulation, but its major clear-
ance route is uptake by hepatocyte [20]. In previous studies,
we demonstrated that the tissue distribution characteristics
of protein drugs can be controlled by chemical modifica-
tion: alteration of the electric charge, glycosylation, and
conjugation of inert polymers such as poly{ethylene glycol)
[21, 22]. Catalase and SOD have also been used for such
modifications [23, 24]. Targeting of these antioxidant en-
zymes to liver nonparenchymal cells or the kidney increases
their potential to prevent ROS-mediated tissue injuries [20,
23-26]. These findings clearly indicate that targeted deliv-
ery of these enzymes to sites where ROS are generated is
very important for obtaining their maximal biological ef-
fects. Prolongation of the plasma half-life of catalase by
attachment of poly(ethylene glycol) successfully improved
the anti-metastatic effect of the enzyme in an experimental
pulmonary metastasis model [27].

The purpose of this study is to examine the effects
of catalase and its various derivatives with diverse phar-
macokinetic characteristics on hepatic metastasis of colon
carcinoma cells, Firstly, tissue distribution of the tumor cells
is studied following intraportal injection of '!'In-labeled
cells, Then, the effect of each treatment on liver metastasis is
examined by measuring the number of metastatic colonies in
the liver as well as the tissue weight of the liver. Finally, the
MMP activity in tumor bearing liver is examined by in sifu
gelatin zymographic assay and by a gelatinase/collagenase
assay. Here we present results showing that a single, bolus
intravenous injection of catalase greatly reduces the number
of metastatic colonies in the liver and galactosylation of the
antioxidant enzyme greatly increases this suppressant effect
of catalase on hepatic metastasis of colon carcinoma cells.

Materials and methods

Animals

BALB/c (four weeks old, male), CDF; (six weeks old,
male) and ddY (six weeks old, male) mice were purchased
from the Shizuoka Agricultural Cooperative Association for
Laboratory Animals (Shizuoka, Japan). Animals were main-
tained under conventional housing conditions. All animal
experiments were conducted in accordance with the prin-

ciples and procedures outlined in the National Institute of
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Health Guide for the Care and Use of Laboratory Animals.
The protocols for animal experiments were approved by the
Animal Experimentation Committee of Graduate School of
Pharmaceutical Sciences of Kyoto University.

Chemticals

Bovine liver catalase (35000 units/mg) was purchased
from Sigma Chemical (St. Louis, Missouri). M ndium
chloride ([''*In]Cl3) was supplied by Nihon Medi-Physics
(Takarazuka, Japan). All other chemicals were of the highest
grade available.

Synthesis of catalase derivatives

Three types of catalase derivatives, galactosylated (Gal-
CAT), succinylated (Suc-CAT), and mannosylated catalase
{Man-CAT), were synthesized as reported previously [24].
Inactivated catalase was prepared according to the method
of Miyahara and Samejima [28]. The enzymatic activity
of catalase derivatives was measured by monitoring their
ability to degrade hydrogen peroxide.

Tumor cells

Colon 26 tumor cells, obtained from Dr Takao Yamori
of Cancer Chemotherapeutic Center of Cancer Institute
(Tokyo, Japan), were prepared as previously reported [27].
For tissue distribution experiments on tumor cells in mice,
colon 26 cells were radiolabeled using '!'In-oxine, accord-
ing to the method of Thakur et al. {29]. Briefly, 140 ul
""1nCly solution was added to 2 ml distilled water and
200 el acetate buffer (0.3 M, pH 5.0). To ethanol anhydride
was added 100 pg oxine and, then, the solution was added
to the ' Indium solution. The mixture was extracted in an
equal volume of chloroform, which was then evaporated to
dryness. This pellet was dissolved in 100 gl ethanol anhyd-
ride and 500 ] saline was added. A suspension of colon 26
tumor cells (107 cells/ml) in RPMI 1640 containing 10 %
fetal bovine serum was incubated in the radioactive complex
solution, then washed several times with Hanks® balanced
salt solution (HBSS).

Tissue distribution of colon 26 tumor cells in mice

Under ether anesthesia, a midline incision was made in the
abdomen of mice and the portal vein was exposed. ''In-
labeled colon 26 cells (1 x 107 cells/100 ul HBSS) were
injected into the portal vein and the incision was closed with
metal clips. At 1, 8 and 24 h after injection, blood was col-
lected from the vena cava under ether anesthesia, and the
mice were sacrificed. The liver, kidney, spleen, lung, and
heart were removed and rinsed with saline. Radioactivity
in blood and tissue samples was counted with a well-type
Nal-scintillation counter ARC-500 (Aloka, Tokyo, Japan).
Results were expressed as the percentage of the injected dose
of radioactivity.
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Experimental hepatic metastasis and treatment with
catalase derivatives

CDF) or BALB/c mice were anaesthetized by intraperitoneal
injection of pentobarbital sodium (50 mg/kg). A midline ab-
dominal incision was made to expose the portal vein. Colon
26 tumor cells (1 x 10° cells/0.1 ml HBSS) was injected into
the portal vein of mice using a syringe with a 29 G-needle.
Then the opening was sutured and mice were allowed to
recover. Catalase or its derivative was injected through the
tail vein at a dose of 35000 catalase units/kg (about 1 mg/kg
for unmodified catalase) 3 days after tumor injection.

Number of metastatic colonies and liver weight

Fourteen days after tumor injection, mice were killed and
the number of the tumor colonies on the surface of the liver
was counted. The wet tissue weight of the liver was also
measured.

In situ zymography

At I8 h after injection of catalase or Gal-CAT, mice were
killed and the liver was excised. The liver was embedded
in OTC compound (MILES Inc., Elkhart, Indiana) and cut
into 8 um-frozen sections. Serial cryosections were put
onto gelatin-coated film (MMP in sitt Zymo-Film; Wako
Chemical, Osaka, Japan) and incubated at 37 °C for 24 h.
Then gelatin left undegraded on the film was stained with
Biebrich Scarlet Stain Solution (Wako Chemical, Osaka,
Japan). Gelatin-coated film containing 1,10-phenanthroline
(MMP-PT in siru Zymo-Film; Wako Chemical, Osaka, Ja-
pan), a gelatinase inhibitor, was also used to check whether
the gelatinolysis is mediated by metalloenzymes including
MMPs within the sections.

Measurement of MMP activity in tumor-bearing liver

Three or eight days after tumor injection into the portal
vein, saline, catalase or Gal-CAT was injected into mice
as above. At 18 h after injection, mice were killed and
the liver was excised, weighed and homogenized with a
lysis buffer (0.05% Triton X-100, 0.1 M Trs, pH 7.8)
using a handy homogenizer. MMP activity of the super-
natant was assayed using a gelatinase/collagenase assay kit
(EnzChek, Molecular Probes, Eugene, Oregon). In addi-
tion, the MMP activity in the tumor-bearing liver was also
measured by gelatin zymography. The supernatant of liver
homogenates was electrophoresed on a 7.5% polyacrylam-
ide gel containing 0.1% gelatin. After electrophoresis, the
gel was washed twice with 2.5% Triton X-100 for 30 min at
room temperature to remove sodium dodecyl sulfate. The
gel was subsequently washed with 50 mM Tris (pH 8.0)
for 30 min at room temperature. Then, the gel was incub-
ated in a reaction buffer (50 mM Tris (pH 8.0), 0.5 mM
CaClp, and 106 M ZnCly) for 24 h at 37°C, stained with
Coomasie brilliant blue R-250 and destained with meth-
anol/acetic acid/water (5:7:88). Proteolysis was detected as
white bands in a dark field. Relative gelatinolytic activ-
ity was evaluated by computerized densitometry (ATTO,
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Figure 1. Chemical structures of catalase derivatives. (A) galactosylated
catalase (Gal-CAT), (B) mannosylated catalase (Man-CAT), and (C) suc-
cinylated catalase (Suc-CAT). Each oval represents bovine liver catalase.

Tokyo, Japan). To confirm the involvement of MMPs
in the gelatinolysis, {(2R)-[{4-biphenylylsulfonyl)amino]-N-
hydroxy-3-phenylpropionamide (Calbiochem), a specific
MMP-2/MMP-9 inhibitor, was added to the polyacrylamide
gel. The molecular weights of gelatinases detected were es-
timated by using a set of marker proteins (full range rainbow
marker, Amersham, Liitle Chalfont, UK).

Statistical analysis

Differences were statistically evaluated by one-way AN-
OVA followed by the Student—Newmann—-Keuls multiple
comparison test.

Results

Catalase derivatives

The chemical structures of the catalase derivatives are shown
in Figure 1. As reported in previous paper from our laborat-
ory [24], the enzymatic activity of the catalase derivatives
was preserved to a sufficient degree: each derivative exhib-
ited 86% (Suc-CAT), 90% (Gal-CAT), and 97% (Man-CAT)
of the original enzymatic activity to degrade H,0;.

Tissue distribution of colon 26 tumor cells

Figure 2 shows the radioactivity in tissue samples of mice
injected with 1!*In-colon 26 tumor cells via the portal vein.
After intraportal injection, approximately 50 to 60% of the
radioactivity was recovered in the liver at all time points
examined. Radioactivity in the blood gradvally decreased
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Figure 2. Tissoe distribution of radioactivity in mice following intraportal
injection of ' In-colon 26 tumor cells, Results are expressed as the mean
+ SD of three mice.

with time. The amount of radioactivity accumulating in the
kidney was about 20% of the dose at all time points, but
less radioactivity was detected in the lung, spleen and heart,
About 10% of the injected radioactivity was excreted into
urine within 1 h following injection (data not shown), sug-
gesting tumor cell lysis in the circulation or within tissues.
The tissue distribution profile of the radioactivity following
the intraportal injection of '!'In-colon 26 cells was differ-
ent from that obtained following intravenous injection, with
greater uptake by the lung and less uptake by the liver [27].
These results suggest that the tumor cells are mainly trapped
in the liver when injected intraportally, probably due to the
fact that the liver is the first-pass organ following intraportal
injection,

Hepatic metastasis and its inhibition by catalase derivatives

When colon 26 tumor cells were injected into the portal vein,
metastatic colonies were detected in the liver. The number of
the colonies was greater than 50 at 2 weeks after the injection
of 1 x 10° cells (Figure 3). In addition, the weight of the
liver of mice injected with colon 26 cells was significantly
(P < 0.001) greater than that of control mice (Figure 4).

An intravenous injection of catalase reduced the number
of metastatic colonies in the liver (Figure 3). The administra-
tion of either Suc-CAT or Man-CAT gave similar numbers
of the colonies to that obtained with catalase. The num-
ber of colonies in mice treated with catalase, Suc-CAT or
Man-CAT was significantly smaller than that in the saline-
treatment group (P < 0.001). Gal-CAT exhibited a greater
inhibitory effect on the formation of colonies in the liver
than the other catalase derivatives. The number of colonies
was significantly smaller than under any of the other con-

ditions examined (P < 0.001), The weight of the liver in
mice injected with catalase or its derivative was comparable
with that of control mice (Figure 4}, because the colonies
in the treated mice were much smaller than those in the
saline-treated mice. The administration of either BSA or in-
activated catalase had no significant effects on the hepatic
metastasis (data not shown). These results indicate that the

inhibitory effects of catalase derivatives on tumor metastasis
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Figure 3. Number of metastatic colonies of colon 26 tumor cells on the
liver surface of mice injected with saline (vehicle) or catalase derivative
(35 000 units/kg). Mice were sacrificed at 14 days after tumor injection and
the number of the colonies counted. Results are expressed as the mean +
SD of at least 7 mice.

*A statistically significant difference compared with the saline group
(P < 0.001); fa statistically significant difference compared with the
catalase group (P < 0.001).
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Figure 4, Weight of the liver of mice injected with colon 26 tumor cells
followed by an injection of saline (vehicle) or catalase derivative (35000
units/kg). Mice were sacrificed at 14 days after tumor injection and the
liver weighed. Results are expressed as the mean + SD of at least 7 mice.
*A statistically significant difference compared with the saline group
(P < 0.001).

are due to the catalase activity involved in the detoxification
of H20a.

MMP activiry in colon 26 tumor cell-bearing mouse liver

A little gelatinolytic activity was seen in sections of normal
mouse liver (Figure 5A). On the other hand, the liver sec-
tions from mice receiving colon 26 cells and treated with
saline extensively degraded gelatin on the film (Figure 5B).
The gelatin degradation by the tissue sections was greatly
blocked by the presence of 1,10-phenanthroline, an inhibitor
of metalloenzymes such as MMPs (Figure 5C), suggest-

ing enzymatic degradation of gelatin. Liver sections from
tumor-bearing mice receiving catalase {Figures 5D and E)

or Gal-CAT (Figures SF and G) showed reduced gelatin

200



Catalase delivery for inhibition of metastasis

217

Figure 5. In situ gelatin zymography from mouse liver of (A) untreated mice, and of mice receiving intrapottal injection of 1 x 10° colon 26 tumor cells
followed by intravenous injection of saline (B, C), catalase (D, E) or Gal-CAT (F, G). Bottom images {C, E, G) were ones with pelatin-film containing a
metalloenzyme inhibitor, 1,10-phenanthroline. Gelatinolytic activity is detected as yellowish brighter areas in the red-colored gelatin layer.

degradation, and the inhibitory effect of Gal-CAT was prom-
inent. These results suggest that the presence of metastatic
colon 26 tumor cells increases the gelatinolytic activity of
the tumor-bearing liver tissues, and Gal-CAT efficiently
prevent the increase.

Hepatic MMP activity

Figure 6A shows total MMP activity in the liver of mice
receiving intraportal injection of 1 x 10° colon 26 tumor
cells. Catalase or Gal-CAT was injected into mice at three
or eight days after tumor inoculation. A detectable amount
of MMP activity was found in the liver of untreated mice.
Injection of tumor cells significantly increased the MMP
activity of the liver. An intravenous injection of catalase
somewhat reduced MMP activity of the liver. Furthermore,
an injection of Gal-CAT at day 8 significantly reduced the
gelatinolytic activity of the liver homogenates containing
metastatic tumors (P < 0.05).

Figure 6B shows the gelatin zymographic analysis of
the liver homogenates from tumor-bearing mice. No de-
tectable bands were found in the liver homogenates of
control mice (lane 1). On the other hand, a prominent
band was seen in the homogenates of the tumor-bearing
mice, which were treated with saline at 8 days after -
mor inoculation (lanes 2, 3). This band was completely
disappeared by the addition of the inhibitor of MMP-2
and -9, (2R)-[(4-biphenylylsulfonyl)amino]-N-hydroxy-3-
phenylpropionamide, in the gel. In addition, the molecular
markers indicated that the band observed in the saline-
treated group corresponded to MMP-9. A slight activity of
MMP-2 was also detected in this analysis (data not shown).
These results suggest that, at least under this experimental
setting, MMP-9 is the major MMP involved in the gelat-
inolysis in the tumor-bearing liver. The administration of
catalase or Gal-CAT reduced the MMP-9 activity (lanes 4,
for catalase, and 5, for Gal-CAT). More than 90% reduction
was observed in the liver homogenates of the tumor-bearing
mice treated with Gal-CAT.
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Figure 6. MMP activity in the liver of mice receiving intraportal injection
of 1 x 10° colon 26 tumor cells followed by intravenous injection of saline,
catalase or Gal-CAT. Each of catalase derivative was injected at a dose
of 35000 units/kg of body weight at 3 or 8 days afier tumor inoculation.
(A) Total MMP activity in liver homogenates was assayed. Results are
expressed as the mean + SD of 4 mice.

*A statistically significant difference (P < 0.05). (B) MMP-9 activity
in liver homogenates was visualized by gelatin zymography. Liver was
sampled from contrel mice (lane 1), or from tumor-bearing mice treated
at 8 days after tumor inoculation with saline (lanes 2 and 3), catalase (lane
4y or Gal-CAT (lane 5).

Discussion

It has been shown that ROS are involved in various aspects
of tumor progression, invasion and metastasis and antioxid-
ant enzymes alter those events by detoxifying their ligands.
Two major groups of enzymes are frequently used for this
purpose: catalase and SODs. However, the results obtained
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so far with these enzymes vary from laboratory to laboratory
depending on the enzymes and experimental systems used
[17, 18, 30-34]. Although catalase and SOD are sometimes
classified together as antioxidant enzymes, they should be
separately considered because their reactions are completely
different. SOD accelerates the dismutation rate of superox-
ide anion into HyO» and oxygen, while catalase catabolizes
H>0; to water. We proposed the hypothesis that the elimina-
tion of H2O, at the site where tumor metastasis occurs could
reduce this event and, therefore, examined the action of
the targeted delivery of catalase to liver tissue for inhibiting
experimental liver metastasis of colon carcinoma cells.

In the animal model used in the present study, the colon
carcinoma cells were injected intraportally to induce ex-
perimental hepatic metastasis. Therefore, the steps before
adhesion to the target, i.e. tumor cell dissociation, invasion,
and intravasation, are not included in the formation and in-
hibition of tumor metastasis in the present model. Then,
the first step of the metastasis is the arrest of tumor cells
in small vessels and adhesion to endothelial cells [1, 35].
The target organ for tumor metastasis depends greatly on
the type of primary tumor, but the mechanism of organ-
specific metastasis of tumor cells has not yet been fully
clarified. Specific adhesion molecules on tumor cells and
on vascular endothelial cells are suggested to be involved in
determining the organ specificity of metastasis. Intraportal
injection of colon 26 tumor cells resulted in the formation of
a number of metastatic colonies on the surface of the liver
(Figure 3), showing that some of the tumor cells injected
survive, adhere to the endothelial cells, invade and prolifer-
ate. In contrast, when injected into a tail vein, the colon 26
tumor cells formed more than 90 metastatic colonies in the
lung with few in the liver and spleen (less than I colony per
organ) at 14 days after injection [27]. These results suggest
that the initial step in the formation of metastasis of colon
26 tumor cells is mediated by physical trapping of the cells
within the microvasculature in organs rather than by specific
interaction between tumor cells and endothelial cells via ad-
hesion molecules. The tissue distribution study supports the
entrapment of the tumor cells within the liver following the
injection of cells into the portal vein (Figure 2).

Hepatic sinusoidal cells play an important role in the
carly phase of hepatic metastasis. Depletion of Kupffer cell
functions prior to tumor cell challenge increases metastatic
growth in the liver [36, 37], indicating that these cells acts
as a defense against liver metastasis. However, during the
early period (1 h) following tumor cell infusion into a mes-
enteric vein, Bayon et al. [37] showed that the number of
tumor cells entrapped in the liver was greater in Kupffer
cell-free rats than in control animals. These results suggest
that Kupffer cells can arrest tumor cells circulating within
blood vessels and then kill them directly or by recruiting
inflammatory cells. Therefore, activation of Kupffer cells
can be one approach to inhibit tumor metastasis to the liver,
although the ability of Kupffer cells to kill tumor cells 1s
somewhat limited to a small number of tumor celis [38]. Re-
cently, a similar role of natural killer cells to that of Kupffer
cells in preventing liver metastasis has been reported [3%}.
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The tumoricidal activity of sinusoidal cells, such as Kupffer
cells, is mediated by several factors, including ROS [40].
Administration of antioxidant enzymes, therefore, might in-
hibit the initial tumoricidal activity of ROS produced by
Kupffer cells. In the present study, we injected catalase de-
rivatives into mice at three days after tumor injection, when
Kupffer cells are thought to have little tumoricidal activity
[37]. At three days, tumor cells are considered to be already
adhering to endothelial cells and starting to extravasate and
invade the tissue parenchyma of the liver. Although adhe-
sion molecules and their ligands are known to play important
roles in cell-cell or cell-ECM interactions and those levels
are modified by ROS [26], the administration of catalase 3
days after the administration of colon 26 tumor cells will not
affect their adhesion to sinuscidal endothelial cells. Possible
metastatic processes affected by catalase are: extravasation,
invasion, and proliferation, although these processes were
not separately examined in the present study. The formation
of metastatic colonies in the liver, the final result of these
multi-step, complex processes, was assessed in relation to
the elimination of H20; by targeted delivery of catalase.
MMPs are the main proteolytic enzymes invelved in
the invasion of tumor cells [41]. In the present model of
metastatic tumors of colon 26 cells, a significant amount of
gelatinase activity was detected in metastatic tumor-bearing
mouse liver (Figure 5B). ECM and basement membranes act
as physical barriers to tumor cells metastasizing from their
original site to target organs. These barriers consist of vari-
ous proteins such as collagens, fibronectin, and laminin. Of
these proteins, type-IV collagen is very important because
it constitutes the most rigid barrier to tumor metastasis, The
ability of cancer cells to metastasize depends on the abil-
ity to degrade type-IV collagen. MMP-2 and -9 are well
known as enzymes that can degrade type-IV collagen. The
family of MMP have a zinc ion at the center of their active
site, and more than 20 types of MMPs have discovered so
far [41]). The expression of MMP-9 could be easily detec-
ted in the homogenates of tumor-bearing liver tissue in the
present study (Figure 6B, lane 2), The treatment of mice
receiving intraportal injection of colon 26 cells with Gal-
CAT significantly reduced the total MMP activity in the
liver homogenates (Figure 6A). These results are in good
agreement with previous reports [5, 6] indicating that the
MMP activity of the cells are, at least partially, regulated
by the concentration of H2O;. In our preliminary study, the
colon 26 tumor cells treated with H207 in vitre resulted in
larger numbers of metastatic colonies in the lung follow-
ing intravenous injection into mice [27]. Recently, Wenk
et al. [42] have shown that H203 increases MMP-1 mRNA
levels by using Mn-SOD-overexpressing fibroblasts. In ad-
dition, Nelson et al. [43] reported that elevated SOD activ-
ity increases MMP expression through augmenting H202
level in tumor cells. Therefore, in the hepatic metastatic
mode] used in the current study, the suppression of MMP
activity by detoxifying H;O; would explain the inhibitory
effect of catalase derivatives. The in sitw zymography sug-
gested that the gelatinase activities in the tumor-bearing
liver were close to the sinusoids of the liver. The gelatin
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zymographic analysis of liver homogenates clearly demon-
strated that the MMP-9 is the major contributor in the

gelatinolysis in the tumor-bearing mouse liver after intra-
portal inoculation of colon 26 tumor cells (Figure 6B). The
MMP-9 activity, again, was drastically suppressed by an
intravenous injection of Gal-CAT. No gelatinolytic bands
were detected when (2R)-[(4-biphenylylsulfonyl)amino]-N-
hydroxy-3-phenylpropionamide, which is reported to be a
potent and highly selective inhibitor of MMP-9 and MMP-2
[44], was added to the polyacrylamide gel, supporting that
the gelatinolytic activity was due to MMP-9. The interval
between the administration of Gal-CAT and the sampling
of the liver was as short as 18 h, and a doubling time of
the tumor cells was more than 24 h in culture. Therefore,
the number of the tumor cells in the liver of mice treated
with Gal-CAT could be, at least, half or more in that treated
with saline. Therefore, the great reduction in MMP activity
suggests that not only the number of the tumor cells but also
the generation orfand activation of MMP in the liver is sup-
pressed by Gal-CAT. However, we cannot conclude which
cells in the liver contribute to the gelatinase activities in the
tumor-bearing liver. MMPs are known to be produced from
various cells; they include tumor cells, endothelial cells,
macrophages and hepatocytes [4-6, 45]. We confirmed that
colon 26 tumor cells release MMPs in culture. Our prelim-
inary results obtained using cultured hepatocytes and colon
26 tumor cells show that, under oxidative stress, MMP-9 is
largely produced by hepatocytes, whereas MMP-2 is from
colon 26 cells (Y. Kobayashi et al., unpublished data). These
findings suggest that hepatocytes are the major source of the
MMP detected in the liver containing metastatic tumor cells.
Additional data are needed to identify the source of MMPs
in vivo,

Even if catalase is involved in the inhibition of tumor
metastasis by detoxifying H20;, it might be effective only
when reaches the sites where HzO3 is generated. In previ-
ous studies, we have shown that catalase can be delivered
to hepatocytes or hepatic sinusoidal cells following chem-
ical modification [24]. Unmodified bovine liver catalase
is efficiently taken up by hepatocytes following intraven-
ous injection into mice via an efficient, catalase-specific
mechanism [20]. These biodistribution features would be an
advantage for inhibiting liver metastasis. In an actual fact,
an intravenous injection of catalase could reduce the number
of metastatic colonies on the liver surface (Figure 3). Similar
inhibitory effects of catalase on hepatic metastasis have been
reported previously [17, 31].

Improvement of the inhibitory effect of catalase was in-
vestigated by altering its biodistribution characteristics by
means of chemical modification. Galactosylation of catalase
(Gal-CAT) increased the uptake rate by hepatocytes fol-
lowing intravencus injection [24] because it can be re-
cognized by the asialoglycoprotein receptor that are only
found on hepatocytes. On the other hand, Man-CAT and
Suc-CAT were preferentially taken up by liver endothelial
cells and Kupffer cells, via mannose receptors and scav-
enger receptors, respectively. These catalase derivatives
preserve their enzymatic activity after modification and, in
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an ischemia/reperfusion hepatic injury model, Suc-CAT pro-
duced a better preventive effect than catalase [20, 26]. In

the present study, however, Gal-CAT showed the highest
inhibitory effect on the hepatic metastasis and the effects
of Suc-CAT and Man-CAT were similar to that of catalase
itself. These results suggest that the delivery of catalase to
liver nonparenchymal cells is not effective as far as the pre-
vention of tumor metastasis is concerned. It is difficult to
conclude that the targeting of catalase to nonparenchymal

cells, such as Kupffer cells, is as effective as delivery to
hepatocytes, because a fraction of Suc-CAT and Man-CAT
is delivered to hepatocytes via the catalase-specific mechan-
ism. Although both catalase and Gal-CAT are predominantly
taken up by hepatocytes after intravenous injection, the up-
take rate is much greater for Gal-CAT than catalase [24]. An
explanation is nceded as to why the delivery of catalase via
asialoglycoprotein receptor-mediated endocytosis is more
effective than its delivery via the catalase-specific mechan-
ism.

Hepatocytes contain a large quantity of catalase and the
activity in the liver is about 84 000 £ 26000 units/mouse
liver, which is much greater than the injected dose of catalase
derivatives (900 units/mouse). Most of the activity, however,
localizes in the peroxisomes, and the catalase activity in the
plasma is too low to be detected. Therefore, the injected
catalase derivatives will exist in different locations from in-
nate ones. If ROS are produced by the interaction between
the tumor cells and hepatocytes, it is reasonable that the tar-
geted delivery of catalase 1o hepatocytes by galactosylation
1s effective in reducing the number of metastatic colonies in
the liver, even though catalase is not delivered directly to
the tumor cells. It is reported that hepatocytes are the major
source of MMP-9 in cytokine-activated hepatocytes and in
regenerating livers after partial hepatectomy [(45]. Therefore,
hepatocytes may be the right target of catalase delivery for
the inhibition of hepatic tumor metastasis, and the superior
effect of Gal-CAT would support this hypothesis. Catalase
derivatives targeted to several cell-surface receptors such as
Gal-CAT, Man-CAT and Suc-CAT hardly dissociate from
receptors after binding but internalized. Therefore, we think
that there is little chance for the targeted catalase to be de-
livered to other cells after binding to the receptors, Further
studies are needed to understand the underlying mechanisms
of the inhibition by catalase delivery.

In conclusion, targeted delivery of catalase to hep-
atocytes via the asialoglycoprotein receptor can markedly
suppress the formation of colenies in the liver following in-
traportal injection of colon carcinoma cells. Detoxification
of HyO3 decreased the MMP activity in the liver containing
metastatic tumor tissues that would be involved in the inhib-
itory effects of catalase derivatives. These findings indicate
that hepatocyte-directed delivery of catalase is an efficient
approach to preventing hepatic metastasis.
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ABSTRACT: Conjugates of nitric oxide {(NO) to serum albumins are candidates for
controlled delivery of NO in vivo, but their physicochemical and tissue distribution
characteristics have hardly heen examined yet. In this study, to achieve its in vive
delivery, bovine serum albumin {(BSA) was reacted with sodium nitrite toobtain NO-BSA,
which had 0.25-0.28 molecules of S-nitrosothiol/BSA. In addition to cystein, other amino
acid residues were modified by the reaction. The conjugation had no significant effect on
the molecular weight, but reduced the electric charge and induced reversible changesin
the secondary structure of BSA. After intravenous injection in mice at a dose of 1 mg/kg,
1111, NO-BSA slowly disappeared from plasma in a similar manner to 1!'In-BSA, but
showed greater accumulation in the liver and kidney. NO-BSA induced a transient
decrease in arterial pressure after intravenous injection in rats at a dose of 100 mg/kg,
and significantly increased the distribution of !!'In-BSA to the lung in mice. These
results indicate that NO is released from NO-BSA shortly after injection, and this NO
decreases blood pressure and increases the distribution of macromolecules to the lung.
These findings provide useful basic information for designing macromolecular NO donors
able to achieve controlled delivery of NO. @ 2004 Wiley-Liss, Inc. and the American

Pharmacists Association J Pharm Sci 93:2343-2352, 2004
Keywords: conjugation; distribution; macromolecular drug delivery; pharamcoki-

netics; albumin

INTRODUCTION

Nitric oxide (NO) is involved in a wide variety of
physiological and pathological processes. They
include vascular smooth muscle relaxation,!™®
inhibition of platelet aggregation,®® neurotrans-
mission,® and immune regulation.”* Because NO
elicits protective and beneficial actions in various
disease states, NO delivery is expected to be
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effective in the treatments for essential hyperten-
sion, stroke, coronary artery disease, vascular
complications of diabetes, erectile dysfunction,
and other disorders involving the vascular sys-
tem.'® Vasodilation induced by NO would also be
useful for improving the permeability of macro-
molecules across the vascular endothelium, which
may solve the delivery problems of associated
with genes and proteins.*!

On the other hand, NO is reported to be cyto-
toxic in some situations.!?> NO degrades iron-
containing prosthetic groups resulting in the
inhibition of the mitochondrial respiratory chain
and DNA synthesis.!® NO also reacts with the
superoxide anion that is produced by activated
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macrophages and other cells, to form peroxyni-
trite. Its protonated form acts as a potent chemical
oxidant,'® which induces modification of protein
functions and DNA damage.*

These pieces of evidence suggest that the tissue
distribution of NO needs to be well controlled to
obtain the therapeutic benefits of NO. Because
NO has a very short half life (~0.1 s) in vivo,!* NO
donors that generate NO after administration
have been developed and used for NO delivery.
However, little attention has been paid to the
tissue distribution, or controlled delivery of NO
in vivo. Of the various strategies possible, con-
jugation of NO to macromolecules appears to be a
good approach to control the delivery of NO,
because the tissue distribution of the macromole-
cules can be controlled by various techniques of
chemical modification.'® So far, conjugation of NO
to serum albumin or other proteins has been
reported,’”!® and NO-conjugated serum albumin
exhibits a number of biological activities of NO
such as vasodilation and the inhibition of plate-
let aggregation. However, their pharmacokinetic
properties have been hardly examined so far. It is
well known that various kinds of chemically
modified proteins are rapidly cleared by scaven-
ging systems in the liver and spleen.’®?% To control
the delivery of NO, the effects of conjugation of NO
to the carrier molecule on the tissue distribution of
the NO-carrier conjugate should be examined.

In the present study, therefore, we selected
bovine serum albumin (BSA, molecular weight
of 67,000) as a macromolecular carrier of NO,
because serum albumin is an endogenous carrier
of NO,'® and its tissue distribution characteristics
are well known. To provide basic information for
controlled delivery of NO in vivo, we synthesized
NO-conjugated BSA (NO-BSA) with various
degrees of modification, and analyzed the physico-
chemical characteristics of NO-BSA such as the
apparent molecular weight, electric charge, and
the structural characteristics, all of which are
determinants of tissue distribution. Then, we
examined the tissue distribution of NO-BSA after
intravenous injection in mice. Finally, the vasodi-

lating effects of NO-BSA were evaluated in mice
and rats after intravenous injection of NO-BSA.

MATERIALS AND METHODS

Animals

Male ddY mice (25-27 g) and male Wistar rats
(240-260 g) were purchased from the Shizuoka
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Agricultural Cooperative Association for Labora-
tory Animals (Shizuoka, Japan). Animals were
maintained under conventional housing condi-
tions. All animal experiments were conducted in
accordance with the principles and procedures
outlined in the National Institute of Health Guide
for the Care and Use of Laboratory Animals. The
protocols for animal experiments were approved
by the Animal Experimentation Committee of the
Graduate School of Pharmaceutical Sciences of
Kyoto University.

Chemicals

BSA, sodium nitrite, sulfanilamide and N-(1-
naphthyllethylenediamine dihydrochloride were
purchased from Sigma Chemical (St. Louis, MO).
Pharmalyte TM 2.5-5 for IEF was purchased
from Amersham (Buckinghamshire, England).
Amberlyte IRN-150L was purchased from Phar-
macia biotech (Uppsala, Sweden). ['!'In)Indium
chloride was supplied by Nihon Medi-Physics
(Takarazuka, Japan). Ammonium sulfamate and
HgCl, were purchased from Wako Chemical
(Osaka, Japan). All other chemicals were obtained
commercially as reagent-grade products.

Synthesis of NO-BSA

NO-BSA with various degrees of modification was
synthesized by reacting different amounts of
sodium nitrite with BSA as reported pre-
viously.!”!® In brief, BSA (50 mg) and a 200-,
500-, 1000-fold molar excess sodium nitrite was
dissolved in 0.5 M HCL. The mixture was stirred
for 15 min at 37°C and the reaction terminated by
neutralizing the selution at pH 7.5 by the addition
of 1 M NaOH and 0.5 M Tris buffer. The products
were dialyzed against ultrapure water and con-
centrated by ultrafiltration at 4°C. UV.visible
spectroscopy of NO-BSA was performed with a
Beckman spectrometer at a concentration of 2 mg/
mL NO-BSA in 0.1 M phosphate buffer at pH 7.4,
95°C. Products were coded as NO(200)-, NO(500)-,

and NO(1000)-BSA, according to the molar ratio
of sodium nitrite and BSA in the reaction mixture.

Number of NO Adducts on NO-BSA
The number of NO adducts on NO-BSA was
determined by Saville assay.” In brief, a solu-

tion of NO-BSA was mixed with 0.5% ammonium
sulfamate in 0.4 M HCI (total volume of 80 pL) for
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1 min to remove existing NO, and HNO; from the
solution. Eighty microliters 0.4 M HCI solution

containing 3% sulfanilamide and 0.25% HgCl,
was added, followed by the addition of 80 uL 0.1%
N-(1-naphthylethylenediamine dihydrochloride
in 0.4 M HCI. To determine the number of S-
nitrosothiol groups on NO-BSA, the mixture was
incubated at room temperature for 10 min and the
" absorbance was read at 540 nm, Separately, to
determine the number of total NO adducts on
- NO-BSA, the mixture was incubated for 5 h at
room temperature. The number of NO adducts on
NO-BSA was calculated according to a standard
curve prepared with 2.5-100 uM NaNO,. The
number of free amino groups was determined by
trinitrobenzene sulfenic acid using glycine as a
standard.??

Molecular Weight and Isoelectric
Point of NO-B5SA

The apparent molecular weight of NO-BSA was
estimated by nonreducing SDS-PAGE at 4°C
using a standard curve prepared with a set of
marker proteins (full range rainbow marker,
Amersham, Buckinghamshire, England). The iso-
electric point of NO-BSA was determined by iso-
electric focusing (NA-1410, Nihon Eidou, Tokyo,
Japan) under acidic conditions at 4°C. The gel was
composed of acrylamide, bisacrylamide, glycerol,
pharmalyte TM 2.5-5 for IEF, amberlyte IRN-
150L, TEMED, and ammonium persulfate, and
0.1 M H,80, and 0.1 M NaOH were used as an
anolyte and catholyte, respectively. Samples were
applied to the cathode side and subjected to
electrophoresis at 100 V for 30 min, 200 V for
30 min, and 400 V for 2 h. The Isoelectric Focusing
Calibraticn Kit (Amersham, Buckinghamshire,
England) was used as isoelectric point markers.
These assays were performed at 4°C, because
NO-BSA is more stable in the solution at low
temperature.®?

Tryptophanyl Fluorescence Spectrum

Intrinsic fluorescence spectra of BSA and NO-
BSA were obtained on a RF-540 spectrofluoro-
photometer (Shimazu, Kyoto, Japan) at 25°C,
with a l-cm quartz cell, thermostatically con-
trolled devices and 10-nm excitation and 5-nm
emission bandwidths. BSA and NO-BSA were
excited at 295 nm, and the spectra were corrected
for buffer baseline fluorescence.

Circular Dichroism (CD) Spectrum

CD spectra of BSA and NO-BSA were measured

using a JASCO J-820-type spectropolarimeter
(JASCQO, Tokyo, Japan) at 25°C. For calculation
of the mean residue ellipticity (0], the molecular
weight of BSA and NO-BSA was taken as 67,000.
Far-UV and near-UV CD spectra were recorded at

protein concentrations of 5 and 15 pM, respec-
tively, in 20 mM sodium phosphate buffer
(pH 7.4).

Radiolabeling of BSA and NO-BSA

For the tissue distribution experiments, BSA and
NO-BSA were radiolabeled with '*!In using the
bifunctional chelating agent DTPA anhydride
according to the method of Hnatowich et al.®® In
brief, each sample (5 mg) was dissolved in 1 mL
0.1 M HEPES buffer, pH 7, and mixed with two-
or threefold molar DTPA anhydride in 10 pL
dimethyl sulfoxide. The mixture was stirred for
15 min at room temperature, and the radiolabeled
product was purified by gel filtration at 4°C using
a Sephadex G-25 column (Pharmacia) to remove
unreacted DTPA. The fractions containing the
sample were collected and concentrated by ultra-
filtration at 4°C. Then, 20 pL InCl; solution
(37 MBg/mL) was added to 20 pL of 0.1 M citrate
buffer, pH 5.5, and 40 pL. DTPA-coupled deriva-
tive solution was added to the mixture. After
15 min, the mixture was applied to a PD-10
column and eluted with 0.1 M citrate buffer,
pH 5.5. The derivative fractions were collected
and concentrated by ultrafiltration at 4°C. Radio-
chemical purity of !'In-BSA and ''In-NO-BSA
was confirmed by cellulose acetate electrophor-
esis, which was run at an electrostatic field of
0.8 mA/em for 30 min in veronal buffer (I =0.06,
pH 8.6). The presence of NO on NO-BSA after
radiolabeling was confirmed by the Saville assay
as described above.

Tissue Distribution Experiment

Each ' In-NO-BSA was injected into the tail vein
of mice at a dose of 1 mg/kg. At appropriate times
after injection, blood was collected from the vena
cava under ether anesthesia, and the mice were
then killed. Heparin sulfate was used as an anti-
coagulant. Plasma was obtained from the blood by
centrifugation. The muscle, liver, kidney, spleen,
heart, and lung were removed, rinsed with saline,
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and weighed. Urine was also collected. The
radioactivity in each sample was counted using
a well-type Nal-scintillation counter (ARC-500,
Aloka, Tokyo, Japan).

Calculation of Pharmacokinetic Parameter

The 'In radioactivity concentrations in plasma
were normalized with respect to the % of the
dose/mL and analyzed using the nonlinear least-
squares program MULTIL?** The tissue distribu-
tion profiles were evaluated using tissue uptake
clearance (CLijgse) according to integration plot
analysis. By dividing the amount in a tissue at
time ¢ (X,) and the area under the plasma con-
centration-time curve (AUC) from time 0 to ¢
(AUCy_;) by the plasma concentration at time ¢
(C)), CLyissue was obtained from the slope of the
plot of X,/C; versus AUC,_/Cy.

Blood Pressure after Intravenous Injection of
NO-BSA into Rats

Blood pressure was measured by a strain gauge
pressure transducer (P10EZ, Viggo-Spectramed
Japan Co., Ltd., Tokyo, Japan) connected to a
catheter inserted into the femoral artery of rats.
Systolic blood pressure (SBP) and diastolic blood
pressure (DBP) before and after the injection of
NO(1000)-BSA were recorded every 30 s with a
polygraph (poly-Graph 366 system, NEC San-ei
Instruments, Co., Ltd.,, Corporation, Tokyo,
Japan), connected to a microcomputer (Dyna-
Book J-3100SS, Toshiba Corporation, Tokyo,
Japan). NO(1000)-BSA was given by intravenous
injection at a dose of 100 mg/kg. Mean arterial
blood pressure (MAP) was calculated from SBP
and DBP using the following equation:

MAP{mmHg) = (SBP-DBP)/3 + DBP

Table 1. Physicochemical Characteristics of NO-BSA

Effect of NO-BSA on Tissue Distribution of
BSA in Mice

The effects of NO-BSA on vascular permeability of
macromolecules were evaluated as reported pre-
viously % with some slight modification. Briefly,

"In-BSA was injected into the tail vein of mice
at a dose of 1 mg/kg. At 10 min after injection,
NO(1000)-BSA or BSA was injected into the tail
vein at a dose of 100 mg/kg. NO(1000)-BSA
preincubated for 3 h at 37°C was also used as a
control. At 1 min and 5 min after the injection of
NO(1000)-BSA or BSA, the blood was collected
from the vena cava, then the mice were killed by
bleeding. Collecting blood was started at about 5 s
before the time indicated, because collecting suf-
ficient volume of blood for analysis takes about
10 s. Then, several tissue samples were collected.
The flux of '*'In-BSA to tissue was calculated as:

Flux = N/Cp

where N is the amount of *!In- BSA in a tissue
{expressed as cpm/g tissue) and Cp is the concen-
tration of ' In-BSA in plasma (expressed as cpm/
mL blood) at each time point.

RESULTS

Synthesis and Characterization of NO-BSA

The reaction of BSA with sodium nitrite under an
acidic conditions produced yellowish solutions
with an absorption maximum at 330-350 nm,
which is a characteristie of nitrosation products.
An absorption peak at 540-545nm, a marker of
S-nitrosothiol, was also detected (data not shown).
These spectroscopic data were similar to those
reported previously.'®

The number of NO adducts and modified amino
groups, apparent molecular weight, and iscelectric
point of NO-BSA are summarized in Table 1. The

Total NO/BSA®  S-NO/BSA® Molecular Number of Modified Isoelectric
Compound (mol/mol) (mol/mol) Weight? Amino Groups® (mol/mol) Point
BSA 0 0 67,000 0 4.8
NO(200)-BSA .70 0.23 67,000 13.4 4.7-4.8
NO(500)-BSA 0.76 0.21 67,000 18.4 4.6-4.7
NO(1000)-BSA 0.79 0.19 67,000 20.5 45-4.6

The total NO adducts and $-NO adducts on BSA were estimated by the Saville assay.

bThe molecular weights of compounds were estimated by nonreducing SDS-PAGE.
“The number of modified amino groups were determined by the TNBS method.
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total number of NO adducts increased on increas-

ing the concentration of sodium nitrite in the
reaction mixture from 0.70 to 0.79. However, the
number of S-nitrosothiol groups decreased on
increasing in the concentration from 0.23 to 0.19,
probably due to the oxidation of thiol.'®*® Before

nitrosation, BSA had 0.38 mol of free SH/mol of

protein as determined by the Ellman assay (data
not shown), which was consistent with results
reported in a previous report.?® Nitrosation did not
significantly alter the apparent molecular weight
of any preparation of NO-BSA, whereas the iso-
electric point wasreduced depending on the degree
of chemical modification. The number of modified
amino groups increased on increasing the concen-
tration of sodium nitrite from 13 to 21.

Tryptophanyl Fluorescence Spectrum

BSA has two tryptophan residues, one of them
being located in an aqueous solvent-exposed
environment.?” We measured the tryptophanyl
fluorescence to examine whether the tryptophan
residues are nitrosated. As seen in Figure 1, any
preparation of NO-BSA had a lower relative
fluorescence intensity than BSA. In addition, the
Amax Was also slightly blue-shifted from 346 to
342 nm. After a 3-h incubation of NO-BSA at
37°C, the fluorescence spectrum of NO-BSA tend-
ed to return to that of BSA. These results suggest
the possibility that NO bound to the tryptophan
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residue on BSA is released by incubation, and the

structural change produced by modification near
the residue is reversible.

CD Spectrum

The secondary structure of BSA and NO-BSA was

analyzed by measuring the far-UV CD. The CD
spectra of NO(1000)-BSA was slightly shifted
compared with that of BSA (Fig. 2). In addition,
the near-UV CD spectra of NO(1000)-BSA was
also slightly shifted (data not shown). After a 3-h
incubation of NO(1000}-BSA at 37°C, both the far-
UV and near-UV CD spectra of NO{1000)-BSA
became closer to those of BSA.

Distribution of '"'In-NO-BSA after Intravenous
Injection in Mice

Figure 3 shows the time courses of the concentra-
tions in plasma and the liver and kidney concen-
trations of '!'In-radiocactivity after intravenous
injection of *!In-BSA or ''In-NO-BSA in mice at
a dose of 1 mg/kg. As reported previously, ***In-
BSA slowly disappeared from the blood circula-
tion. **'In-NO(200)-BSA, ''In-NO(500)-BSA, and
1111.NO(1000)-BSA also slowly disappeared
from the blood circulation in a similar manner to
11714 BSA. However, all 11!'In-NO-BSAs showed
greater accumulation in the liver and kidney
during the first hour after injection; the amounts
of radioactivity recovered in the liver were 0.6 +
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Figure 1. Intrinsic fluorescence spectra of BSA and NO-BSA at 25°C. Each sample
solution (2 uM in 0.1 M sodium phosphate buffer, pH 7.4) was excited at 295 nm and the
emission fluorescence was detected from 320 to 370 nm. (A) protein without incubation;

(B) protein incubated for 3 h at 37°C.
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Figure 2. Far-UV CD spectraof BSA and NO-BSA at
25°C. The protein concentration was set at 5 pM in
20 mM sodium phosphate buffer (pH 7.4).

0.6,4.7+0.7,4.9+0.9,and 12.1 + 1.5% of the dose
for n-BSA, MIn-NO(200)-BSA, !!''In-NO-
(500), and "' In-NO(1000)-BSA, respectively. There-
after, however, any !In-NO-BSA showed no
significant accumulation in those organs,
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Calculation of AUC and Clearance

For a quantitative comparison of the distribution
profiles between BSA and NO-BSA, the total
body (CLyuta1), liver (CLyjyer), and kidney (CLiganey)
clearances, as well as the AUC, were calculated
based on the distribution data (Table 2). The
CLiota) of 1 In-NO-BSA was proportional to the
degree of modification, and CLyidney and CLjjye,
accounted for most of the CLisa). CLyjaney and
CLjiver calculated for the first 1 h after injection
were greater than those at later times, suggesting
that the uptake of NO-BSA by these organs is
faster at early period of time.

Blood Pressure of Rats after Intravenous
Injection of NO-BSA

Figure 4 shows the mean arterial blood pressure
(MAP) of rats after intravenous injection of
NO(1000)-BSA at a dose of 100 mgkg. NO(1000)-
BSA induced a transient decrease in MAP im-

B NO(200)-BSA
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Figure 3. Time-coursesof plasma concentration and tissue accumulation of ' 1In-BSA

(A), 1*'In-NO(200)-BSA (B), 1} 'In-NO(500)-BSA, (C) and ' In-NO(1000)-BSA (D) in mice
after intravenous injection of a dose of 1 mg/kg. @, plasma; O, urine; ¥, muscle; V7, liver,
B, kidney: [, spleen; @, heart; ¢, lung. The results are expressed as mean 8D of three

mice.
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Table 2. AUC and Clearances of *'In-BSA and '''In-NO-BSA after Intravenous Injection in Mice at a Dose of

1 mg/kg

Hepatic Clearance (uL/h) Renal Clearance (uL/h)

AUC Total Body

Compound (% of Dose (h/mL) Clearance (uL/h) 0-1h 1-24 h 0-1h 1-24 h
BSA 588 154 7.0 133 11.5 9.9
NO(200)-BSA 501 157 70.8 22.8 43.7 18.2
NO(500)-BSA 426 166 72.8 28.2 471 20.8
NO(1000)-BSA 439 193 240 30.7 91.7 15.7

mediately after intravenous injection. BSA had no
significant effects on the blood pressure (data not
shown). The fall in pressure was transient and
there was a return to the initial levels in 3 min.

Effect of NO-BSA on Tissue Distribution of
"1In-BSA

Figure 5 shows the effects of NO-BSA on the
tissue distribution of !'In-BSA. NO(1000)-BSA
significantly (p <0.05) increased the !lIn-BSA
flux of the lung at 1 min after injection. However,
the flux of other organs exhibited no significant
changes. An injection of NO(1000)-BSA preincu-
bated at 37°C for 3 h had no significant effect on
the distribution of !*!In-BSA (data not shown).

DISCUSSION

Although acidified NO; can react with several
functional groups on proteins, only two kinds

160

-10 0 10 20 30 40
Time (min)

Figure 4. Blood pressure of rats after intravenous
injection of NO(1000)-BSA at a dose of 100 mg/kg. O,
MAP (mean arterial blood pressure). Results are ex-
pressed as mean + SD of three rats.

of amino acid residues, cystein and tryptophan,
were found to be nitrosated in a previous
study.?® We also determined the nitrosated
cystein residue by UV-visible spectroscopy and
the Saville assay, and showed the possibility of
nitrosated tryptophan residue from the fluores-
cence spectrum. Other amino acid residues, such
as arginine, lysine, asparagine, glutamine, and
tyrosine, may have undergone initial nitrosation
to some extent. However, nitrosation of the
primary amine group in arginine, lysine, aspar-
agine, and glutamine resulted in unstable pro-
ducts that decomposed via diazotization and
denitrogenation. Nitrosation of tyrosine is fol-
lowed by irreversible oxidation of —NO to
~NO0,.%%%° Among these residues, we clearly
demonstrated that the primary amine of lysine
residues was modified. The number of the mod-
ified amino groups increased on increasing the
concentration of sodium nitrite,

It has been shown that several chemically
modified proteins are vulnerable to capture by
mononuclear phagocytes. Therefore, protein deri-
vatives with a strong negative charge, such as
succinylated or acconitylated proteins, are deliv-
ered to the liver, spleen, and kidney after intrave-
nous injection.!®#%39-33 The hepatic and renal
uptake of "*'In-aconitylated BSA is dependent on
the strength of the overall negative charge of the
derivatives.*® As demonstrated in these previous
studies, the physicaochemieal characteristics such
as electric charge and molecular weight play an
important role in the tissue distribution of pro-
tein derivatives. In the present study, nitrosation
hardly altered the apparent molecular weight of
BSA but slightly increased the negative charge.
Theseresults can be explained by the facts that NO
or NO derivatives are small molecules and the
lysine residues are modified. The electric charge
and number of modified amino groups of NO-BSA
did not return to the original value after a 3-h
incubation at 37°C.
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Figure 5. Changesin !*'In-BSA flux in various organs at 1 min (A) and 5 min (B) after
intravenous injection of BSA, NO(1000)-B5A at a dose of 100 mg/kg into mice. Results are
expressed as mean + SD of three mice. Statistically significant difference was assessed

using Student’s t-test (*p < 0.05).

The overall structure of the protein is also im-
portant for its tissue distribution. Based on the
spectra data, the structure of NO-BSA was some-
what altered by nitrosation. Such alterations
detected in the spectra, however, seemed to be
reversible because a 3-h incubation at 37°C almost
completely abolished the differences in the spectra
between BSA and NO-BSA. The reversion in the
structural characteristics of NO-BSA following
incubation are related to the release of NO from
NO-BSA, which was detected both in buffer and in
plasma by the Griess method (data not shown).

1111h.NO-BSA showed a little initial uptake by
the liver and kidney after intravenous injection.
These distribution results suggest that the hepatic
and renal distribution of NO-BSA is due to both the
increased negative charge and the alteration in the
structure of BSA. However, CLigney and ClLj;yer
calculated at later times after injection were lower
than those for the first hour. This is probably due to
the reversion in the structural characteristics of
NO-BSA by the release of NC from NO-BSA with
time, which is supported by the CD spectra of NO-
BSA. In the case of succinylation, 28 or more lysine

residues of BSA needed to be modified for rapid

uptake by the liver and kidney, and a derivative
with 20 modified lysine residues showed less, but
significant accumulation in these organs.?? Thirty-
two or more lysine residues of BSA were needed to

be modified with aconityl anhydride for remark-

able changes in the electric charge in our previous
study.®® The number of modified lysine residues on
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NO-BSA was 21 or less in the present study, so
the change in the electric charge could have a
little effect on the tissue distribution of NO-BSA.
However, our data indicate the importance of
the reaction condition for synthesizing NO-BSA,
because the number of modified lysine residues
increases on increasing in the concentration of
sodium nitrite. A further increase in the concen-
tration may result in additional modification on
lysine residues, leading torapid uptake of NO-BSA
by the liver and kidney. The dose used in the tissue
distribution study was adjusted to 1 mg/kg, which
is much lower than that used in the experiments
for blood pressure measurement (100 mgkg),
because the tissue uptake of chemically modified
proteins is generally prominent at lower doses. In
our previous study, succinylated BSA showed an
extensive hepatic uptake at doses of 1 mg/kg or
smaller, but the uptake decreased with an increas-
ing dose.?® Because NO-BSA showed little tissue
uptake even at the low dose of 1 mg/kg, it would
slowly disappear from the blood circulation when
injected at 100 mg/kg. NO was completely released

from NO-BSA in at least 5 min after intravenous

injection, as detected by measuring nitrite in
plasma by the Griess method (data not shown).
This rapid release explains the transient decrease

in MAP after its administration to rats. No signi-
ficant change in MAP by BSA supports the

possibility that the released NO from NO-BSA
reduces the blood pressure in rats. The release of
NO from NO-protein has been reported to be ac-
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celerated in the presence of low molecular weight

thiols such as gulutathione and a trace amount of

copper ion.3* Therefore, the half-life of NO release
from NO-BSA in vivo should be very short, because
both components are present in the blood. On the

other hand, it is very stable in solutions containing
no such components at room temperature. Stamler

et al. reported that the half-life of NO-BSA in
phosphate buffer (pH7.4, 25°C) was ~24 h. TInour
preliminary experiments, the release of NO from
NO-BSA was much slower than that of SNAP or
~ S-nitrosoglutathion in phosphate buffer solution

containing 10% serum at 37°C in the dark, as
detected by measuring nitrite in solution by the
Griess method.

11115 BSA flux of the lung increased signifi-
cantly following an intravenous injection of NO-
BSA. These results, together with those on the
blood pressure, indicate that NO is rapidly releas-
ed from NO-BSA after injection, and the NO
released exhibits its pharmacological activities.
The endothelial permeability of the serum pro-
teins is related to the number and distribution of
the capillaries, and blood content of tissues.®®
Because the lung has a continuous endothelium, it
is not clear whether BSA can pass through the
vascular endothelium in the lung after injection of
NO-BSA.

Based on the results, we conclude that serum
albumin is a promising molecule as NO carrier
in vivo. Similar to most NO donors, however, NO-
BSA needs to be further modulated to control
the release of NO to achieve long-term delivery of
therapeutic concentrations of NO. Increasing the
number of NO would be another major challenge
for developing more effective NO delivery systems.
The findings of this study provide useful basic
information for designing macromolecular NO
donors able to achieve controlled delivery of NO.
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Abstract

Antigen presentation on major histocompatibility complex (MHC} class I and subsequent priming of antigen-specific cytotoxic T lym-
phocytes (CTLs) are essential steps for vaccination but exogenous soluble proteins are conventionally taken up by endosomes and presented
on MHC class II rather than class L. In this study, we demonstrated, for the first time, that ovalbumin (OVA) chemically cationized with
hexamethylenediamine (HMD) can induce OVA-specific CTLs without any adjuvants. Cationization of OVA greatly enhances cellular
uptake by antigen-presenting cells (APCs) through adsorptive endocytosis. Two kinds of Cat-OVAs with different cationic charges were
evaluated to elicit a CTL response through enhanced uptake by APCs and concomitant participation in the class [ pathway. Catyo-OVA, a
cationized OVA derivative with more cationic charges, showed pronounced induction of the OVA-specific CTL response after subcutaneous
immunization. The CTL response was comparable with that induced by OVA with CFA. In contrast to the CFA formulation that actually
produced local tissue damage in this study, local damage at the injection sites was not observed with Cat-QVAs. Catyy-OVA also showed a
significant protective effect on the growth of OVA-expressing E.G7 tumor cells. In conclusion, cationization of soluble antigen is a useful

and safe vaccination strategy.
© 2003 Elsevier Ltd. All rights reserved.

Kevwords: CTLs; Cationization; Soluble antigen

1. Introduction

In vaccination aimed at the treatment of cancer or in-
fectious diseases, antigen presentation on major histocom-
patibility complex (MHC) class I and subsequent priming
of antigen-specific cytotoxic T lymphocytes (CTLs) are
essential steps. However, exogenous antigen proteins ad-
ministered as vaccines are conventionally taken up by
endosomes and presented on MHC class II rather than
class 1 [1]. On the other hand, it is well-known that the
process, cross-presentation, in which exogenous antigens
are presented on MHC class [ appears when a large quan-
tity of antigen is taken up by antigen-presenting cells
(APCs) through phagocytosis [2.3], macropinocytosis [4],
or receptor-mediated endocytosis [5-7]. Hence, the failure
to prime antigen-specific CTLs may be partly attributed to
inadequate delivery of antigens to APCs. Among APCs,
dendritic cells (DCs) play an important role in inducing cel-
lular immunity because of their unique ability to cross-prime

* Corresponding author. Tel.: +81-75-753-4615; fax: +81-75-753-4614.
E-mail address: 1akakura@pharm kyoto-u.ac jp (Y. Takakura).

0264-410X/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
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CD8T T cells more effectively than any other APCs [5,8]
and to stimulate naive T cells [9] followed by generating
a CTL response. Therefore, an approach delivering large
quantity of antigens to DCs is desirable for efficient in-
duction of antigen-specific CTLs. Soluble proteins without
adjuvants would be useful and safe vaccines if they could
produce antigen-specific CTL efficiently.

Cationic proteins are efficiently taken up by cells through
adsorptive endocytosis based on electrostatic interaction be-
cause the surface of the cell membrane has negative charges
[10-14]. Chemical modification of antigen proteins to in-
troduce a positive charge is expected to enhance cellular
uptake. Although adsorptive endocytosis is a non-specific
process, catioinized antigen proteins would be taken up
by cells including APCs in vivo following local injection
and consequently may induce an antigen-specific CTL
response.

In this study, we used ovalbumin (OVA) as a model anti-
gen and synthesized cationized OVA derivatives with dif-
ferent cationic charges. Here we have demonstrated that the
soluble cationized OVA can be efficiently presented on MHC
class I in vitro and elicit antigen-specific CTLs in vivo.
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2. Materials and methods
2.1. Chemicals

Ovalbumin, hexamethylenediamine (HMD), l-ethyl3-
(3-dimethylaminopropyl}-carbodiimide (EDAC) and flu-
orescein isothiocyanate (FITC) were purchased from
Sigma (St. Louis, MO). Diethylenetriaminepentaacetic acid
(DTPA) anhydride was purchased from Dojindo Laboratory
(Kumamoto, Japan). OVA peptide, SIINFEKL was pur-
chased from Bachem (Budendorf, Switzerland). '!InCl;
was supplied by Nihon Medi-Physics (Takarazuka, Japan).
Na;3'CrO; was purchased from Daiichi Radioisotope
Laboratories (Tokyo, Japan). All other chemicals were
reagent-grade products obtained commercially.

2.2. Cells and animals

DC2.4 cells, a cell line of murine dendritic cells (haplo-
type H-2) [3], were kindly provided by Dr. K.L. Rock (Uni-
versity of Massachusetts Medical School, Worcester, MA).
CD8OVA1.3 cells, T hybridoma cells against SHINFEKL-K®
[15], were a generous gift from Dr. C.V. Harding (Case West-
ern Reserve University, Cleveland, OH). EL4 cells, C57BL/6
T lymphoma, and E.G7 cells, OVA-transfected clone of EL4
{16], were purchased from American Type Culture Collec-
tion (Manassas, VA).

DC2.4 was cultured in RPMI 1640 medium (Nissui
Pharmaceuticals, Tokyo, Japan) supplemented with 10%
heat-inactivated fetal bovine serum (Equitech-Bio, Kerrville,
TX}, 50 pM 2-mercaptoethanol, 2mM L-glutamine, and an-
tibiotics (all from Invitrogen, Carlsbad, CA). CD8OVAL.3
and EL4 were cultured in Dulbecco’s modified Eagle
medium (Nissui) supplemented as described for RPMI 1640
medium. E.G7 was cultured in RPMI 1640 medium sup-
plemented with 10% heat-inactivated fetal bovine serum,
50 uM 2-mercaptoethanol, 2mM L-glutamine, glucose,
sodium pyruvate, HEPES and G418.

Five-week-old male ddY mice and 6-week-old female
C57BL/6 mice were purchased from the Shizuoka Agri-
cultural Cooperative Association for Laboratory Animals
(Shizuoka, Japan). Animals were maintained under conven-
tional housing conditions.

2.3. Carionization of OVA

OVA was dissolved in HMD and the pH was adjusted to
5.5 with HCI the water was added to give a total volume of
4.3 ml. After stirring on ice for 40 min, EDAC was added
and then the mixture was continuously stirred for 1h at
room temperature (RT). Then the same amount of EDAC
was added and reacted for 5h at RT. The product was dia-
lyzed through membrane (MWCO: 3500) at 4 °C to remove
free reactant followed by ultrafiltration and lyophilization.
The degree of cationization was assessed by estimating
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Table 1
Synthesis condition and physico-chemical characteristics of native OVA
and Cat-OVAs

Amount of reactant used Modified Net

in modification carboxyl charge

OVA HMD EDAC Eroups

(mg) (ul) (mg)
OvA 0 -5
Catg-OVA 80 400 25 x 2 §.53 +12
Catap-OVA 100 800 53 x 2 20.3 +36

the additional amino groups as measured by trinitroben-
zensulfonic acid (TNBS) [17]. The synthesis conditions of
Cat-OVAs and physico-chemical characteristics of native
OVA and Cat-OVAs are shown in Table 1.

2.4. Internalization and visualization of native OVA and
Cat-OVAs

OVA and Cat-OVAs were labeled with FITC by the
method of Monsigny et al. [18]. About (1-2) x 10° per
well DC2.4 was seeded on glass coverslips in 12-well
plates. After complete adhesion, the cells were washed with
phosphate-buffered saline (PBS) and incubated at 37°C,
in 5% CO, for L h with FITC-labeled OVA (1 mg/ml) or
Cat-OVAs (200 pg/ml) dissolved in 1 ml Hanks' balanced
salt solution (HBSS). After incubation, the protein solution
was removed, and the cells were washed three times with
ice-cold PBS, followed by fixing with 4% parafolmaldehyde
in PBS, and incubating at RT for more than 20 min. After
washing twice with PBS, they made permeable and the nu-
clei were stained as described previously [19]. In brief, they
were treated with 0.2% Triton X-100-PBS for permealiza-
tion, 15 pug/ml RNase A and 0.5 pg/ml propidium icdide
in 0.1 M Tris-HCI (pH 7.4) containing 0.1 M NaCl. Then
they were mounted in glycerol:PBS (1:1) containing 2.5%
1,4-diazobicyclo(2,2,2)octane. Images were obtained by
confocal laser scanning microscopy (MRC-1024, Bio-Rad,
Hercules, CA).

2.5. Antigen presentation assay

Various concentrations of antigen proteins were applied
to DC2.4 (5 x 10* per well) cultured on a 96-well plate
and incubated with CD8OVA1.3 (1 x 10° per well) for
24h in 5% CO; at 37 °C. After the cells were centrifuged
(1500 rpm) for 5 min, the supernatants were harvested and
freeze thawed. Then the response of CD8OVA1.3 was de-
termined by measuring IL-2 levels in the supernatants with
ELISA (OptEIA™ Mouse IL-2 Set and TMB Substrate
Reagent Set, Pharmingen, San Diego, CA).

2.6. In vitro cytotoxicity assay

Cytotoxicity was evaluated by MTT assay that was pre-
viously described [20]. After DC2.4 were coincubated with



