Macrophage responsiveness to plasmid DNA

Although there is a growing body of information reporting
M activation by CpG DNA, most studies have been performed
using M cell lines derived from the mouse. Few studies have
been reported using primary cultured Mds freshly isolated from
animals, which would be a better model than immortalized cells
lines as far as reflecting the in vive situation is concerned.

Previously we have demonstrated that Kupffer cells (liver-
resident Més) play an important role in the processing of pDNA
after intravenous injection into mice.'® In virro experiments,
using mouse peritoneal resident Mos, have also shown that
primary cultured Mds take up pDNA efficiently via a scavenger
receptor-like mechanism and in a specific manrer.'>? In the
present study, we evaluated M activation, following stimula-
tion with naked pDNA, using mouse peritoneal resident and
elicited cultured Méds in comparison with the Mé cell lines
RAW264.7 and J774A1. We found that the peritoneal Mds
showed very low or almost no secretion of inflammatory
cytokines following stimulation with pDNA, in spite of exten-
sive uptake of CpG DNA. These results contrast with our recent
finding that peritoneal Mds and RAW264.7 cells show similar
responsiveness to pDNA complexed with cationic liposomes.*!

MATERIALS AND METHODS

Chemicals

RPMI-1640, Dulbecco's modified Eagle’s minimal essential
medium {DMEM), Hanks’ balanced salt solution (HBSS) and
thioglycolate broth were obtained from Nissui Pharmaceutical

(Tokyo, Japan), Triton X-114 was purchased from Nacalai
Tesque (Kyoto, Japan).

Cell cultures

Male TICR mice (5 weeks of age) were purchased from the
Shizuoka Agricultural Cooperative Association for Laboratory
Animals (Shizuoka, Japan). Resident Mds were collected (in
RPMI-1640) from the peritoneal cavity of unstimulated mice.
Cells were washed, suspended in RPMI-1640 supplemented with
10% fetal bovine serum (FBS), penicitlin G (100 U/ml), strep-
tomycin (100 pg/ml) and amphotericin B (1.2 pg/mt), and then
plated on 24-well culture plates (Falcon; Becton Dickinson,
Lincoln Park, NJ), at a density of 5 x 10° cells/well, for the
cellular association experiments and activation experiments. For
confocal microscopic observations, peritoneal cells were plated
on a cover glass, in a 12-well culture plate, at a density of 5 x 10°
cells/well. After a 2-hr incubation at 37° in 5% CQ04/95% air,
adherent Mds were washed three times with RPMI-1640 to
remove non-adherent cells and then cultured under the same
conditions for 24 hr. For elicited Mds, all the processes were the
same, except that 1 ml of 2-9% thioglycolate broth was injected
intraperitoneally into mice 4 days prior to the collection of Mds.
RAW?264.7 or JT74A1 cells were cultured in RPMI-1640 sup-

plemented with 10% FBS, peniciltin G (100 Ufml) and strepto-

mycin (100 pg/ml). They were then plated on a 24-well culwre
plate at a density of 2.5 x 10% cells/ml and cultured for 24 hr.

Plasmid DNA

The vector pcDNA3 was purchased from Invitrogen (Carlsbad,
CA). The vector pCMV-Lue, encoding the firefly luciferase
gene, was constructed as described previously.?> pcDNA3
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contains 26 5 -Pur-Pur-CpG-Pyr-Pry-3' sequences, including
two GACGTT sequences which have been reported to be the
most potent sequences for mice.” For the cellular-association
experiment, pCMV-Luc was radiolabelled with [«-P)dCTP by
nick translation.”> The reaction was performed on 1 pg of
pDNA (pCMV-Luc) in a final volume of 40 pl. The incubation
buffer was 50 mM Tris—HCL, pH 7-8, 10 mM MgCl, 0-1 mm
dithiothreitol (DTT) and 0-0025% bovine serum albumin
(BSA). The reaction was initiated by adding 4 U of Escherichia
coli (E. coli) DNA Polymerase I (Takara, Kyoto, Japan} and
00004 U of DNAse 1 (Takara) in the presence of 40 nM
unlabelled triphosphate (JATP, dGTP, dTTP) and [a-**P1dCTP
(3-7MBq, 100 pCi). After a 2-hr incubation at 15°, the reaction
was terminated by heating at 70° for 10 min. Unincorporated
nucleotides were removed using a Sephadex G-30 column. For
the confocal microscopy study, pCMV-Luc was labelled using a
Fasttag Texas Red labelling kit, according to the manufacturer’s
instructions (Vector Laboratories, Burlinghame, CA).

Purification of pDNA

To minimize any activation as a result of contaminating lipo-
polysaccharide (LPS), we used DNA samples extensively pur-
ified with Triton X-114, a2 non-ionic detergent. Extraction of
endotoxin from pDNA, methylated-CpG pDNA, E. coli DNA
and calf thymus DNA samples was performed according to
previously published methods,”*?* with slight modifications.
DNA samples were purified by extraction with phenol—chloro-
form—isoamyl alcohol (25 : 24 : 1; v/v/v) and ethanol precipi-
tation, Ten micrograms of DNA was diluted with 20 ml of
pyrogen-free water, then 200 pul of Triton X-114 was added,
followed by mixing. The solution was placed on ice for 15 min
and then incubated for 15 min at 55°. Subsequently, the solution
was centrifuged (20 min, 25°, 600 g). The upper phase was
transferred to a new tube, 200 pl of Triton X-114 was added and
the previous steps were repeated three or more times. The
activity of LPS was measured by the Limulus amebocyte lysate
(LAL) assay using the Limulus F Single Test kit (Wako, Tokyo,
Japan). After purification using the Endo-free™ plasmid Giga
kit, 1 pg/m] pDNA was found to contain (-01-0-05 endotoxin
units (EUYml. After extraction using Triton X-114, the endo-
toxin levels of DNA samples could no longer be determined by
the LAL assay, i.e. 1 pg/ml DNA contained less than 0-001 EU/
ml. Without extraction of endotoxin by Triton X-114, 100 pg/
ml naked pDNA, containing 1-5 EU/ml, was able to stimulate
the release of 521 & 73 pg/ml TNF-o at 24 hr.

ODN

Phesphorothioate ODN was purchased from GENSET (Paris,
France). The sequence of CpG S-ODN 1668 (a proven activator
of murine immune cells, as previously described) is 5-TCCAT-
GACGTTCCTGATGCT-3'>?®  Phosphorothicate non-CpG
ODN 1720 (5'-TCCATGAGCTTCCTGATGCT-3") was used
as a control. CG motifs and control GC sequences are under-
lined. Fluorescein isothiocyanate (FITC)-labelled CpG ODN
was purchased from Sawady Technalogy (Tokyo, Japan).

Reverse transcription—polymerase chain reaction (RT-PCR)
Total RNA was extracted from cells using TRIzol (Invitrogen). Five
micrograms of RNA was reverse-transcribed to complementary
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DNA using the SUPERSCRIPT First-Strand Synthesis
System for RT-PCR (Invitrogen). Fragments were amplified
with Tag polymerase (Takara) using the following primer
pairs; mTLR-9, 5-CCGCAAGACTCTATTTGTGCTGG-3'
and 5-TGTCCCTAGTCAGGGCTGTACTCAG-3,"® and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-TC-
ACCATCTTCCAGGAGCGA-3 and 5'-ACCAGGAAATGA-
GCTTGACA-Y. The PCR temperature and cycles were as
follows: 60 seconds at 95°, 90 seconds at 56° and 30 seconds
at 72°, for 30 cycles, The size of the mTLR-9 and GAPDH
products were 260 bp and 720 bp, respectively.

For the fragmentation or denaturation of DNA, pDNA were
diluted in endotoxin-free water, to a concentration of 1 mg/mi
in a 0-5 m] tube, and sonicated for 2 hr in an ultrasonic
automatic washer (luchi, Tokyo, Japan). Separately, DNA
was heat-denatured at 95° for 10 min. DNA was incubated at
4° before use.

Cytokine secretion

Mouse Mds, resident and elicited peritoneal Mds from ICR
mice, and the M cell lines, RAW264.7 and J774A1, were
washed three times with 0-5 ml of RPMI-1640 before use.
Naked DNA was diluted in 0-5 ml of Opti-MEM and the cells
were incubated for 8 hr with this solution. Then, the cells were
washed with RPMI-1640 and incubated with RPMI-1640 con-
taining 10% FBS, continuously, for specified time-periods of up
to 48 hr, In the inhibition experiments, cells were incubated
with the medium containing an inhibitor alone, at various
concentrations, for 30 min, then incubated with the medium
containing DNA or liposome formulations together with the
inhibitor. At the indicated time-points, the supernatants were
collected for enzyme-linked immunosorbent assay (ELISA) and
stored at —80°. The levels of TNF-a and IL-6 in the super-
natants were determined by using the OptEIA™ set (Pharmin-
gen, San Diego, CA). The detection limit of these sets was
15-6 pg/ml for both cytokines.

Cellular-association experiments

Mouse peritoneal Mds and RAW264.7 cells were cultured in
24-well plates. The cells were washed twice with HBSS (with-
out phenol red) and then incubated, at 37°, with HBSS contain-
ing trypsin (50 pg/ml). Then, the cells were washed with HBSS
and incubated with HBSS containing ?P-labelled pDNA
(0-1 pg/ml). After a 3-hr incubation at 4°, the cells were washed
three times with ice-cold HBSS and then solubilized with
1-0 ml of 0-3 N NaOH containing 0-1 % Triton-X-100. Aliquots
were taken for the determination of *?P radicactivity using an
LSA-500 scintillation counter (Beckman, Tokyo, Japan). The
protein content was measured using the modified Lowry

method®” with BSA as a standard.

Trichloroaceric acid (TCA) precipitation experiments

After the cellular-association experiments, the medium and cell
lysate containing radioactivity derived from 32p.labelled pDNA
were subjected to TCA-precipitation experiments to assess the

degradation of pDNA by Mds. A portion of the cell lysate was

directly subjected to radioactivity counting and the protein
content was measured as described above. The cell lysis solu-
tion was neutralized with 1 N HCI, and the same volume of
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10 mM Tris-HCl, 1 mM EDTA (TE)-saturated phenol (pH 7.8)
was added. The mixture was vortexed and centrifuged at 13 500 g
for 10 min. The upper phase was transferred to another tube to
which the same volume of ice-cold 10% TCA was added, and
the tube was vortexed. After a 10-min incubation on ice, the
solution was centrifuged at 13 500 g for 25 min. Supernatants
were used for the determination of radioactivity. To quantify the
amount of free [a-**P)dCTP in *P-labelled pDNA, TCA pre-
cipitation of a standard sample was performed.

Confocal microscopy

Cells were washed three times with 1-0 ml of HBSS and then
incubated, in HBSS, at 4° for 10 min. The cells were then
incubated with HBSS containing Texas Red-labelled pDNA and
FITC-labelled CpG S-ODN at 4° for 30 min. The cells were
washed five times with HBSS and incubated at 37° for 15 min,
Then, the cells were fixed with 4% paraformaldehyde for
10 min. The cells were scanned by confocal microscopy
(MRC-1024; Bio-Rad, Hercules, CA).

RESULTS

Peritoneal Mds do not secrete inflammatory cytokines
upon stimulation with naked pDNA

Secretion of inflammatory cytokines, induced by CpG DNA,
was examined using mouse Md cell lines and peritoneal Mds.
E. coli DNA and pDNA were models of CpG DNA, and calf
thymus DNA was used as non-CpG DNA. DNA was extensively
purified with phenol and Triton X-114 to avoid contamination
with LPS and some bacterial proteins. Two different cell lines —
RAW264.7 and I774A1 - secreted a large amount of TNF-a,
upon stimulation with naked E. coli DNA and pDNA, in a
concentration-dependent manner (Fig. 1). Calf thymus DNA
was unable to induce the secretion of TNF-c. Digested E. coli
DNA was unable to stimulate the secretion of TNF-a from
RAW?264.7 cells, These results indicated that, similarly to ODN,
naked DNA also activates these Md cell lines to preduce
inflammatory cytokines in a CpG motif-dependent manner.
Similar experiments were carried out using two types of mouse
peritoneal Mds — resident and elicited Més - isolated from
male ICR mice. Surprisingly, CpG DNA, pDNA and E. coli
DNA were unable to induce TNF-« release from either resident
or elicited Mds in primary culture, even at a high concentration
(100 pg/ml DNA) for up to 24 hr (Fig. 2). Another inflamma-
tory cytokine, IL-6, also failed to be detected in resident Mds.
LPS stimulated all types of Mds to secrete TNF-ox.

Expression of TLR-9 mRNA and cytokine release induced
by CpG DNA from peritoneal Mds and RAW264.7 cells

TLR-9 recognizes bacterial CpG motifs. To confirm the reac-
tivity of peritoneal Mds with CpG DNA, we tested the mRNA
expression of TLR-9 in these cells by RT-PCR. Both resident
peritoneal Mbs and RAW264.7 cells showed TLR-9 mRNA
expression (Fig. 3). Moreover, CpG ODN 1668 was able 10
induce TNF-a from the resident Mds (Fig. 4a). CpG DNA
requires endocytosis and endosomal acidification to induce
inflammatory responses.?®?%2® It was shown that endosomal
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Figure 1. Cytokine release induced by naked plasmid DNA (pDNA) or other DNAs from macrophage (M) cell lines. RAW264.7
cells {a) or J774A1 cells (b) were incubated with lipopolysaccharide (LPS) (white bar), Escherichia coli (E. coli) DNA (black bar),
pPDNA (hatched bar), or calf thymus DNA (shaded bar) for 8 or 24 hr. The amount of cytokines released from the Mds was quantified by
enzyme-linked immunosorbent assay (ELISA). The concentration of cytokines present in medium only was subtracted from the
cytokine concentration in each sample. Each result represents the mean and standard deviation (n = 3).
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Figure 2. Cytokine release induced by naked plasmid DNA (pDNA) or other DNAs from primary cultured macrophages (Mds).
Resident Mds (a) or elicited Mds (b) were incubated with lipopolysaccharide (LPS), Escherichia coli (E. coli) DNA, pDNA, or calf
thymus DNA for 8 or 24 hr. The amount of tumour necrosis factor-a (TNF-a) (white bars) and interleukin-6 (IL-6) (black bars)
released from the Ms was quantified by enzyme-linked immunesorbent assay (ELISA). Each result represents the mean and standard
deviation (n = 3).
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Figure 3. Expression of Toll-like receptor-9 (TLR-9) mRNA in macro-
phages (Mds). Total RNA was extracted from resident Mds or
RAW264.7 cells, mRNA expression of TLR-9 was determined by
reverse transcription-polymerase chain reaction (RT-PCR). DNA
mobility was analysed by agarose-gel electrophoresis (3-5% gel). Lane
1, ®-Haelll marker; lane 2, resident Mdbs; lane 3, RAW264.7 cells,
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

acidification inhibitors, such as bafilomycin A, chloroquine or
monensin, inhibited cytokine secretion by CpG ODN from
RAW?264.7 cells.®® Therefore, the effect of these inhibitors
on cytokine release from resident Mds was examined. The
endocytosis inhibitor, cytochalasin B, inhibited the induction of
TNF-a by CpG QDN from the resident Mds. TNF-a secretion
was also significantly reduced by these endosomal acidification
inhibitors.

In contrast to primary cultured Mds, RAW264.7 cells and
J774A1 cells could be stimulated by pDNA to produce TNF-a
(Fig. 1). The effect of inhibitors of endocytosis or endosomal
acidification on the cytokine responses induced in RAW264.7
cells was examined, Cytochalasin B inhibited the TNF-a
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release that was stimulated by pDNA. Monensin, bafilomycin
A and chloroquine, inhibitors of endosomal acidification, sup-
pressed the induction of TNF-a (Fig. 4), suggesting that similar
mechanisms are involved in cytokine induction by pDNA in
Mds.

Cellular uptake and subsequent degradation of pDNA are

not major factors in the unresponsiveness of peritoneal
Mds to pDNA

It has been reported that TLR-9 is an intracellular protein.*® To
determine whether the difference in activation induced by CpG
DNA (other than CpG S-ODN) is the result of a difference in the
cellular uptake of DNA, we compared the degree of binding and
uptake of *2P-labelled pDNA in all the M types used in this
study. The cellular association of *?P-labelled pDNA in the
RAW264.7 and J774Al cells was time- and temperature-depen-
dent (Fig. 5). The resident and elicited Mds showed a signifi-
cantly higher cellular association of **P-labelled pDNA at both
4° and 37° than observed in the RAW264.7 and J774A1 cell
lines, In the confocal microscopy study, fluorescein-labelled
pDNA was also taken up by both RAW264.7 cells and resident
Mds. The latter took up pDNA more efficiently (Fig. 5).
After endocytosis, DNA is degraded by deoxyribonuclease
II (DNAse II) in the lysosomal compartment’’ and this event
may affect the recognition of CpG motifs by TLR-9 in Mds.
Therefore, the difference in degradation efficiency may account
for the distinct responsiveness between primary Mds and cell
lines. To explore the effect of degradation of pDNA on immu-
noactivation, we measured the amount of 32p_labelled pDNA
degraded by RAW264.7 cells and resident Mds by the TCA
precipitation method. The TCA-soluble degradation products
will be small DNA fragments (short oligodeoxynucleotides), as
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Figure 4. Tumour necrosis factor-a (TNF-) release induced by CpG oligodeoxynucleotides (ODN) or non-Cp{'?‘x ODN from resident
macrophages (Mds) (a) or plasmid DNA (pDNA) from RAW264.7 cells (b). (a) Resident Mds were inc‘ubated with '10 uM CpG ODN
or non-CpG ODN, in the presence or absence of inhibitors, at 37° for 8 hr. (b) RAW264.7 cells were incubated with 10- pe/ml CpG
pDNA, in the presence or absence of inhibitors, at 37° for 2 hr. Each result represents the mean and standard deviation (r = 3).
Differences in the cytokine levels of the samples treated with CpG ODN only and CpG ODN - inhibitors (bafilomycin A, cytochalasin
B, chloroquine and monensin) were analysed statistically by using the Student’s f-test. **P < 0-01.
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Figure 5. Cellular association time-course experiments of 32p_labelled plasmid DNA (pDNA) in RAW264.7 cells (a), J774A1 cells
(b}, and resident (c) or elicited (d) macrophages (Mds); and cellular localization of pDNA in RAW?264.7 cells (e) or resident Mds (f).
(a-d) Cells were incubated with 32P-labelled pDNA (0-1 pg/ml) at 37° {closed square) or 4° (open circle). Each point represents the
mean + standard deviation (n = 3). (e and f) Cells were incubated at 4° for 30 min in the presence of 5 pg/ml Texas Red-labelled
pDNA. After washing, the cells were warmed to 37° to allow internalization for 15 min. Images represent laser-scanning confoeal

microscopy sections.

50% precipitation occurs with the 16-mer oligodeoxynucleo-
tides.”2 Both RAW264.7 cells and resident Mds degraded the
pDNA and released its degradation products into the medium to
a similar extent (Fig. 6).

Single-stranded DNA or smaller DNA was unable to
induce TNF-a production from peritoneal Mds

Resident peritoneal Mds were found to induce inflammatory
cytokines by a small single-stranded CpG ODN (Fig. 4a),

{a) 40 — (b) 40—
30 30
[s+3 L]
g ]
g 20 -] B 20
&
X ®
10 10
Alad L
N & N )
& & ¢ & ¢° e
& & F & e
C & & ¥
09}\& & S og\.\& &
& &

Figure 6. Degradation of *’P-labelled plasmid DNA (pDNA) by
RAW?264.7 cells (a) or resident macrophages (Mds) (b). The cells were
incubated with 3*P-labelled pDNA (01 pg/ml) at 37° or 4° for 3 hr. The
degree of cellular association and degradation of **P-labelled pDNA was
measured by the trichloroacetic acid (TCA) precipitation method. Each
result represents the mean and standard deviation (r = 6).
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although they were unable to produce TNF-a following stimu-
lation with larger double-stranded pDNA (Fig. 1). E. coli DNA
is often used after sonication and heat denaturation. >373334 we
prepared small DNA fragments by sonication to examine
whether the physicochemical properties of DNA affect the
activation of Mds. pDNA fragments were reduced to less than
600 bp after sonication for 120 min (Fig. 7). In addition,
pDNA, or its fragments, were denatured at 90° to prepare
single-stranded DNA. In RAW264.7 cells, the amount of
TNF-& released by DNA fragments was almost the same as

Figure 7. Electrophoresis of plasmid DNA {pDNA) fragments pre-
pared by sonication. DNA mobility was analysed by agarose-gel
electrophoresis (3-5% gel). Lane 1, ®-Haelll marker; lane 2, control
pCMV-Luc; lanes 3-6, pCMV-Luc fragments produced by sonication
for 30, 60, 90 and 120 min, respectively.
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Figure 8. Cytokine release induced by plasmid DNA (pDNA} fragments or single-stranded DNA from RAW264.7 cells (a) or resident
macrophagn::s (Mds) (b). The cells were incubated with double-stranded DNA (black bar) or single-stranded DNA (hatched bar) for
8 hr. Cytokine relcase from Mds was quantified by enzyme-linked immunosorbent assay (ELISA). Each result represents the mean and

standard deviation (1 = 6).

that released by intact pDNA (Fig. 8). On the other hand, heat-
denatured pDNA significantly increased TNF-a production
from the M cell line, indicating that single-stranded DNA
is a more potent cell activator. However, resident Mds could not
secrete TNF-a upon stimulation with small-size pDNA or heat-
denatured pDNA.

DISCUSSION

The important role of immunostimulatory effects mediated by
the CpG motif in gene therapy and DNA vaccination has been
well defined. However, most i vitro studies, focusing on the
mechanisms of M¢ activation mediated by CpG DNA, have
been carried out using CpG ODN and bacterial genomic DNA in
Md cell lings, 83336 Only a few reports have investigated
immune responses induced by pDNA or bacterial DNA from
Mds or monocytes in primary culture,*”*

In the present study, we used Triton X-114 to remove LPS
from DNA samples. Naked pDNA and E. coli genomic DNA
containing unmethylated CpG motifs were able to stimulate the
M cell lines RAW264.7 and J774A1 to produce a significant
amount of TNF-a (Fig. 2), while mammalian calf thymus DNA,
which does not contain immunostimulatory CpG motifs, could
not stimulate TNF-o production from these cell lines. Inhibitors
of endocytosis and endosomal acidification prevented the
pDNA-stimulated release of TNF-a from RAW264.7 cells
(Fig. 4b). Therefore, it is probable that pDNA activates
RAW264.7 cells to secrete cytokines by the same mechanism
as that reported for CpG ODN.?

On the other hand, the resident and elicited Ms from male
ICR mice did not show any TNF-a or IL-6 induction by naked

pDNA or E. coli DNA, even when exposed to a very high

concentration of these DNAs (Fig. 1). Similar results were
observed in the resident Mds isolated from female ICR and
male C3H/Hel (LPS non-responders) and C3H/HeN mice (data
not shown). Peritoneal Mbs primed by interferon-y {(IFN-vy)
also showed similar results, although increased TNF-a secre-
tion induced by LPS was observed in the primed cells (data not

shown). This unresponsiveness of primary Mds disagreed with

previous reports.s'n Bone marrow-derived Mds can respond to
pDNA.Js and only | pg/ml pDNA can induce NF-«B activation
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and TNF-a production in such Mds. It may be that peritoneal
Mds and bone marrow-derived Mds exhibit different responses
to pDNA. Another report shows that DNA from Gram-positive
Staphylococcus aureus can activate peritoneal Mdbs of C3H/Hel
mice to produce TNF-c.’ §. qureus DNA may contain higher
numbers or more potent CpG motifs than Gram-negative E. coli
DNA or the pDNA that we used. Further studies are required to
explain these contradictions. The very low, almost negligible,
induction of cytokine upon stimulation with naked DNA was in
complete contrast to our recent findings on DNA/cationic
liposome complexes.?! Both the resident peritoneal Mds and
RAW264.7 cells secreted a large amount of TNF-a following
incubation with pDNA and E. coli DNA complexed with
LipofectAMINE plus. Also of note, similar cytokine induction
was evoked in both resident peritoneal Mds and RAW264.7
cells by the complexes prepared with calf thymus DNA and
methylated-CpG pDNA, indicating that the M¢ activation was a
CpG motif-independent process.

The restricted induction of cytokines by naked pDNA was
not a result of the lack of TLR-9 expression in the peritoneal
Mds (Fig. 3), which is responsible for recognition of the
bacterial CpG DNA.'*'¥ Indeed, the Md can release TNF-o
in a CpG motif-dependent manner (Fig. 4), as previously
reported.**® Therefore, the resident Mds have the ability to
respond to CpG DNA,

CpG DNA should be taken up by Mds and, thereafter, be
transported to the endosomal/lysosomal compartment for
recognition by TLR-9.3° pDNA was efficiently taken up and
degraded into smaller DNA fragments by the resident peritoneal
Mds (Figs 5 and 6). The pDNA degradation would be mediated
by DNAse I1 in the lysosomal compartment of the M¢s.*!*%!

However, the apparent uptake efficiency of pDNA by the
resident Mds appeared to be higher that that of RAW264.7

cells. Therefore, the very low responsiveness to pDNA was not a
result of impaired cellular uptake of the CpG DNA by the
peritoneal Mds.

In cellular activation experiments, E. coli DNA is often nsed
after sonication and heat denaturation.”>”**** Heat-denatured

(single-stranded) E. coli DNA was 10-30% more mitogenic

than double-stranded DNA as far as B cells were concerned.”*
In fact, in the present study, RAW264.7 cells were stimulated to
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produce about twice as much TNF-a by single-stranded pDNA
compared with double-stranded pDNA (Fig. 8a). On the other

hand, DNA fragments prepared by sonication resuited in a
similar level of TNF-a secretion compared with control pDNA.
This was in agreement with a previous report that mycobaterial
DNA fragments generated by digestion with restriction enzyme
or the fragments prepared by sonication do not modify 1L-12
induction by THP-1 monocytes.*” Heat-denatured single-
stranded pDNA, which exhibited a greater ability to induce
TNF-« in RAW264.7 cells, could not stimulate resident Més to
induce inflammatory cytokines (Fig. 8a).

The findings.of the present study suggest that peritoneal
Mds, or other Mds such as Kupfler cells, may play an insig-
nificant role in cytokine production through direct activation by
naked pDNA in vive. pDNA is efficiently taken up by the liver
when it is injected inte mice, and hepatic accumulation has been
found o occur preferentially in the non-parenchymal cells,
including Kupffer cells (liver Mds). 1% When mice are sensitized
with D-galactosamine they suffer from lethal toxic shock as a
result of TNF-t, induced by bacterial DNA, producing fulmi-
nant apoptosis of liver cells.® However, a very large dose
(300 pg/mouse) is required to produce this shock. Moreover,
bacterial DNA alone is less toxic and cannot induce lethal shock
without LPS or D-galactosamine treatment.*> These observa-
tions are in agreement with our speculation involving restricted
cytokine production by direct pDNA stimulation from Mds
in vivo.

The restricted cytokine induction by naked pDNA also
contrasts with our recent observation of DCs in culture.
Significant production of inflammatory cytokines, such as
TNF-a, IL-6 and IL-12, was induced by naked pDNA and
E. coli DNA, but not by calf thymus DNA, from both bone
marrow-derived DCs in primary culture and a DC cell line,
DC2.4.** Neither type of DC displayed CpG motif-indepen-
dent cytokine secretion upon stimulation with DNA/cationic
liposome complexes. Therefore, DCs, another important cell
population for DNA-based therapies, show CpG motif-depen-
dent cyokine production against pDNA, regardless of whether
the cells are in primary culture or of a cell line. Mds have
features distinct from DCs in terms of cytokine induction by
pDNA,

In conclusion, the present study demonstrated that primary
cultured mouse peritoneal Mds and Md cell lines exhibit
significantly different responses to pDNA as far as inflamma-
tory cytokine induction is concerned. In contrast to the cell
lines, the peritoneal Mds secreted almost no inflammatory
cytokines (TNF-a, IL-6) upon stimulation with pDNA, in spite
of extensive uptake of the CpG DNA. These findings have
important implications for M¢ activation by naked pDNA in
DNA-based therapies because it has been generally assumed
that pDNA-containing CpG motifs are potent agents for indu-

cing inflammatory cytokines in viva based on information from
in virro studies using Mo cell lines.
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ABSTRACT

Purpose: To develop a novel and effective approach to
inhibit tumor metastasis based on controlled delivery of
catalase, we first evaluated the characteristics of the dispo-
sition and proliferation of tumor cells, Then, we examined
the effects of polyethylene glycol-conjugated catalase (PEG-
catalase) on tumor metastasis. On the basis of the results
obtained, PEG-catalase was repetitively administered to
completely suppress the growth of tumor cells.

Experimental Design: Murine melanoma B16-BL6 cells
were stably transfected with firefly luciferase gene to obtain
B16-BL6/Luc cells, These cells were injected intravenously
inte syngeneic C57BL/6 mice. PEG-catalase was injected
intravenously, and the effect was evaluated by measuring
the luciferase activity as the indicator of the number of
tumor cells.

Results: At 1 hour after injection of B16-BL6/Luc cells,
60 to 90% of the injected cells were recovered in the lung.
The numbers decreased to 2 to 4% at 24 hours, then in-
creased. An injection of PEG-catalase just before inocula-
tion significantly reduced the number of tumor cells at 24
hours. Injection of PEG-catalase at 1 or 3 days after inocu-
lation was also effective in reducing the cell numbers, Daily
dosing of PEG-catalase greatly inhibited the proliferation
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and the number assayed at 14 days after inoculation was not
significantly different from the minimal number observed at
1 day, suggesting that the growth had been markedly sup-
pressed by the treatment.

Conclusions: These findings indicate that sustained cat-
alase activity in the blood circulation can prevent the mul-
tiple processes of tumor metastasis in the lung, which could
lead to a state of tumor dormancy.

INTRODUCTION

Tumor metastasis is the major cause of death in cancer
patients. It can be roughly divided into the following steps:
tumeor cell dissociation, invasion, intravasation, distribution to
distant organs, arrest in small vessels, adhesion to endothelial
cells, extravasation, invasion of the target organ and prolifera-
tion (1). Adhesion of circulating tumor cells to capillary endo-
thelial cells is a crucial event in the retention of tumor cells in
a specific organ (2). Initial interactions between tumor cells and
endothelium activates both tumor ¢ells and endothelial cells
through cytokines, free radicals, bioactive lipids, and growth
factors, leading to the increased expression of adhesion mole-
cules, which strengthens the initial adhesive bonds (3, 4). Re-
active oxygen species (ROS), such as hydrogen peroxide
{H,0,), superoxide anion and hydroxyl radical, are well known
regulators of such adhesion molecules (5-7).

In most cases, the lung is the first organ that tumor cells
detached from primary tumors encounter, making it a major site
for tumor metastasis, We have shown that an experimental
pulmonary metastasis of colon carcinoma cells in mice can be
effectively inhibited by polyethylene glycol-conjugated catalase
(PEG-catalase; ref. 8). The number of metastatic colonies on the
lung surface was significantly lower in mice treated with PEG-
catalase than in untreated (saline-injected) mice. However, the
mechanism of this inhibition is not clear because ROS are
involved in various metastatic processes, such as adhesion (5,
6), invasion (9-11), and proliferation {12). Counting visible
metastatic colonies on the tissue surface is not sensitive enough
to evaluate these early processes of tumor metastasis. In an
attempt to circumvent this problem, radiolabeled tumor cells are
sometimes used to trace their disposition in vive, but cell death
as well as the release of radiolabeled compounds from cells
make it very difficult to analyze the disposition of tumor cells.
Furthermore, tumor growth cannot be evaluated by this ap-
proach.

Labeling of cells with any protein by introducing its gene
has been applied to studies of tumor metastasis. This technique
is very promising in evaluating tumor metastasis because the
protein introduced can be tumor cell-specific. Thus far, several
authors have already used this kind of experimental system to
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show the growth of tumor cells in vivo (13, 14) and metastasis
by in vive imaging (14-17). However, there have been few
investigations of the early processes of tumor metastasis, such as
the embolization, adhesion, and invasion, using these reporter
gene-labeled tumeor cells. These processes cannot be evaluated
by in vivo imaging because of a lack of sensitivity and its less
quantitative nature. Reporter gene assays can solve these prob-
lems if tumor cells are stably transfected at a high level of
specific activity. In addition, the reporter gene expression
should be constant under a variety of conditions to use the
activity as a scale for the number of tumor cells in vivo.

In the present study, we first developed clones of murine
melanoma B16-BL6 cells by transfecting firefly luciferase gene.
The characteristics of the transfectant, B16-BL6/Luc cells, were
examined in vitro as well as in vivo, and we found that the
transfectant can be used to examine the disposition and prolif-
eration of tumor cells in vive. Therefore, the processes of tumor
metastasis were examined in mice by measuring the luciferase
activity in the lung after intravenous administration of the cells,
Finally, the effects of catalase and PEG-catalase on early as well
as later processes of tumor metastasis were evaluated in this
system. To our knowledge, this is the first report showing that
repeated injection of PEG-catalase almost completely sup-
presses the growth of metastatic tumors in the lung. These
findings suggest that tumor dormancy may be induced by con-
tinuous administration of PEG-catalase.

MATERIALS AND METHODS

Animals. Male C57/BL6 (6-week-old) mice were pur-
chased from the Shizuoka Agricultural Cooperative Association
for Laboratory Animals (Shizucka, Japan). Animals were main-
tained under conventional housing conditions, All animal ex-
periments were conducted in accordance with the principles and
procedures outlined in the United States NIH Guide for the Care
and Use of Laboratory Animals. The protocols for animal ex-
periments were approved by the Animal Experimentation Com-
mittee of Graduate School of Pharmaceutical Sciences of Kyoto
University.

Chemicals. DMEM and HBSS were obtained from Nis-
sui Pharmaceutical (Tokyo, Japan). Fetal bovine serum was
obtained from Biowhittaker (Walkersville, MD). Bovine liver
catalase (C-100, 40,000 units/mg) was purchased from Sigma
Chemical (St. Louis, MO). A product of PEG [2,4-bis (o-
methoxypolyethylene glycol)-6-chloro-s-triazin] was obtained
from Seikagaku Corporation (Japan), and PEG-catalase and
inactivated catalase were synthesized and their enzymatic activ-
ity measured as reported previously (18). All other cheinicals
were of the highest grade commercially available.

Tumor Cells, Murine melanoma B16-BL6 tumor cells

(19), obtained from the Cancer Chemotherapy Center of the
Japanese Foundation for Cancer Research (Tokyo, Japan), were
grown in DMEM supplemented with 10% heat-inactivated fetal

bovine serum, 0.15% NaHCO;, 100 units/mL penicillin, and
100 pg/mL streptomycin at 37°C in humidified air containing
5% CQ,. To establish cell lines stably expressing firefly lucif-
erase, B16-BL6 cells were transfected with plasmid DNA en-

coding firefly luciferase under the control of cytomegalovirus
immediate early promoter (20) complexed with Lipo-
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fectamine2000 (Life Technologies, Inc.—Invitrogen). Then the
cells were treated with medium containing 1 mg/mL G418
{Geneticin, Sigma) and single colonies of G418-resistant cells
were picked up and examined for their luciferase activity as
described below. On the basis of the luciferase activity, a clone

was selected and its growth rate in vitro was compared with that
of B16-BL6 cells. In addition, 1 X 10° cells of B16-BL6 or
B16-BL6/Luc were injected into the lateral tail vein of mice. At
2 weeks after injection, the number of metastatic colonies on the
Jung surface was counted,

Disposition and Proliferation of B16-BL6/Luc Cells af-
ter Intravenous Injection in Mice. Into the lateral tail vein of
mice were injected 1 X 10°, 1 X 10% 1 X 10%,5 X 10°or 1 X
10° B16-BL6/Luc cells in 0.1 mL HBSS. At 1, 24 hours, 3, 7,
and 14 days after tumor injection, mice were killed and the lung
was excised, weighed, and the luciferase activity in the tissue
was measured.

Effect of Catalase Derivatives on the Number of BL6-
BL6/Luc Cells in Mice. Experimental pulmonary metastasis
was induced by injecting 1 or 5 X 10% B16-BL6/Luc cells in 0.1
mL of HBSS into the lateral tail vein of C57/BL6 mice. Saline
(untreated, control group), catalase, PEG-catalase, or inactivated
catalase was injected in the lateral tail vein at a dose of 1,000
catalase units unless otherwise indicated. At 24 hours after
tumor injection, mice were killed, and the lung was excised,
weighed, and the luciferase activity in the tissue was measured.

Separately, the effects of catalase on tumor metastasis at
later periods were examined by measuring the luciferase activity
of the lung at 7 days after tumor injection. Experimental pul-
monary metastasis was induced by injecting 1 X 10° B16-BL6/
Luc cells as described above. Then, saline or PEG-catalase was
injected just before, and 1 or 3 days after tumor injection.

Multiple Dosing of PEG-Catalase, Experimental pul-
monary metastasis was induced by injecting 1 X 10* B16-BL&/
Luc cells in 0.1 mL of HBSS into the lateral tail vein of
C57/BL6 mice. Saline (untreated, contro! group) or PEG-cata-
Tase was injected daily into the lateral tail vein at a dose of 1,000
catalase unitsfinjection. At 2 weeks after tumor injection, mice
were killed, and the lungs were excised, weighed, and the
luciferase activity in the tissues was measured.

Separately, the effects of PEG-catalase on the survival of
mice with lung metastases were examined. Experimental pul-
monary metastasis was induced by injecting 1 X 10* B16-BL6/
Luc cells as described above. Then, saline, PEG-catalase (1,000
catalase units), or bovine serum albumin (BSA; amount of
protein equivalent to PEG-catalase) was injected daily into the
lateral tail vein until 30 days after tumor injection.

Measurement of Luciferase Activity. The cells or tis-
sues were homogenized with a lysis buffer [0.05% Triton
X-100, 2 mmol/L EDTA, 0.1 mol/L Tris (pH 7.8)], and sub-

jected to three cycles of freezing (liquid N, for 3 minutes} and
thawing (37°C. 3 minutes), followed by centrifugation at
10,000 X g for 10 minutes. Ten microliters of the supernatant
was mixed with 100 pL of luciferase assay buffer (Picagene,
Toyo Ink, Tokyo, Japan), and the light produced was immedi-
ately measured with a luminometer (Lumat LB 9507, EG & G
Berthold, Bad Wildbad, Germany).

Statistical Analysis. Differences were statistically eval-
uated by one-way ANOVA followed by the Student-Newmann-
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Keuls multiple comparison test and Kaplan-Meier analysis with
a log-rank test to determine survival, and the level of statistical
significance was P < 0.05.

RESULTS

Characteristics of B16-BL6/Luc Cells. A number of
B16-BL6/Luc colonies were obtained with different levels of
luciferase activity. A colony expressing high luciferase activity
was selected, and the characteristics of the cells were examined.
There was no significant difference in the growth rates of
B16-BL6 and B16-BL6/Luc cells in vitro {data not shown). In
addition, they were microscopically identical. When injected
into the tail vein of mice, both types of cell induced comparable
numbers of metastatic colonies at 14 days (5 = | for B16-BL6
cells and 6 = 2 for B16-BL6/Luc cells, P > 0.05). These results
indicate that the characteristics of B16-BL6 cells are hardly
altered during the procedure for preparing B16-BL6/Luc cells.

The luciferase activity was proportional 1o the number of
cells [relative light units (RLU)/cell] over a wide range from
100 RLU to 10,000,000 RLU. Treatment of the cultured B16-
BL6/Luc cells with H,O, (10 umol/L) or catalase (10,000
units/mL) for up to 7 hours hardly altered the luciferase activity
of the cells (data not shown). The expression level of luciferase
in the clone was stable for up to 1 year.

Disposition and Proliferation of B16-BL6/Luc Cells in
Mouse Lung. The lung excised from untreated mice showed
no significant luciferase activity (<100 RLU/10 wL of sample).
The addition of B16-BL6/Luc cells to lung tissues proportion-
ally increased the luciferase activity according to the number of
the cells (data not shown), indicating that the luciferase activity
of the tissue can be used as an indicator of the number of cells.
On the basis of these findings, the luciferase activity measured
was converted to the number of B16-BL6/Luc cells in the lung.
The regression line gave a constant of 50 RLU/cell for the
quantification of the number of tumeor cells. Measuring the
luciferase activity of lung homogenates mixed with B16-BL6&/
Luc cells showed that =60 cells were enough for the detection
of B16-BL6/Luc cells (Fig. 1).

Figure 2 shows the number of B16-BL6/Luc cells in the
lungs of mice after intravenous injection of different numbers of

250
200
150

100
50

RLU/ 10 plof sample

0 30 60 90

Number of cells/ lung

Fig. ! Luciferase activity in the supernatant of homogenates of mouse
lung mixed with different numbers of B16-BL6/Luc cells. Results are
expressed as the mean = SD of three samples. *, a statistically signif-
icant difference compared with the mouse lung without tumor cells (P <
0.001).
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Fig. 2 Number of tumor cells in mouse lung after inoculation of
B16-BL6/Luc cells into the tail vein at numbers of 1 X 10°% 5 X 10%
1 X 105, 1 X 10°% or | X 10° B16-BL6/Luc cells. Results are expressed
as the mean * 5D of at least 3 mice.

cells. At 1 hours, about 60 to 90% of the luciferase activity
derived from the injected cells was recovered in the lung. Little
luciferase activity was detected in other organs such as the liver
and spleen (data not shown). At 24 hours, however, only 2 10 4%
of the injected cells were detected in the lung. Thereafter, when
=] X 10° cells were injected, the number of tumor cells in the
lung increased with time, However, the growth of the tumor
cells was rather slow when small numbers of cells were injected.
When mice were injected with 1 X 107 cells, the number of cells
in the lung hardly changed with time up to 14 days.

Effect of Catalase Derivatives on the Number of B16-
BL6/Luc Cells in Mouse Lung at 24 hours. It was found that
the number of tumor cells was minimal at 24 hours after injec-
tion of B16-BL6/Luc cells. Then, we investigated whether cat-
alase derivatives were able 1o reduce the number of tumor cells
as early as 24 hour after the intravenous injection of 1 X {0°
B16-BL6/Luc cells (Fig. 3A). An intravenous injection of cat-
alase at a dose of 1,000 units/mouse tended to reduce the
number of the tumor cells in the lung from 1.5 X 10* cells to
1.1 X 10* cells, but the difference was not significant. However,
PEG-catalase had a greater inhibitory effect on the number of
the tumor cells in the lung than catalase; only 0.50 X 10° cells
were detected at 24 hours after tumor injection (P < 0.05
compared with the saline-treatment or catalase-treatment
group).

In a separate set of experiments, PEG-catalase was injected
at doses ranging from 100 to 10,000 units/mouse. The lowest
dose of PEG-catalase was also effective in reducing the number
of tumor cells in the lung (Fig. 3B). The number of the cells in
the lung was proportional to the dose of PEG-catalase, suggest-
ing that the detoxification of H,O, inhibits the wmor cell
survival in the lung. Inactivated catalase injected at a dose
equivalent to 10,000 units catalase had no effect on metastasis.

Effect of Catalase on the Number of B16-BL6/Luc Cells
in Mouse Lung at 7 Days. As shown in Fig. 2, the tumor cells
in the lung were in a logarithmic growth phase at 24 h or later.
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Fig. 3 Effect of catalase derivatives on the number of B16-BL6/Luc
cells in mouse lung at 24 hours after inoculation of B16-BL6/Luc cells
(5 X 10° cells) into the tail vein, Mice were killed at 24 hours after
tumer injection and the luciferase activity in the lung was assayed.
Resulis are expressed as the mean + SD of at least 6 mice. A, saline
(vehicle), catalase, PEG-catalase {1,000 units/mouse) or inactivated
catalase was injected into the tail vein of mice just beforethe injection of
Bl6-BL6/Luc cells, *, a statistically significant difference compared
with the saline group (P < 0.05); 1, a statistically significant difference
compared with the catalase group (P < 0.05). B, saline (vehicle) or
PEG-catalase (100, 1,000, 10,000 units/mouse) was intravenously in-
jected into mice just beforethe injection of B16-BL6/Luc cells. *, a

statistically significant difference compared with the saline group (P <
0.01).

Therefore, at any time point around 24 h after injection, the
tumor cells that survived appeared to adhere already to the
endothelial cells and be ready for invasion and proliferation. To
examine the effect of catalase on these tumor metastatic pro-
cesses, PEG-catalase was injected at 1 or 3 days after tumor
injection and the number of the tumor cells was measured at 7
days (Fig. 4). An intravenous injection of PEG-catalase at a dose
of 1,000 units/mouse significantly reduced the number of tumor
cells in the lung in both cases (P < 0.005 compared with the
saline-treatment group). In addition, triple injections of PEG-
catalase (total 3,000 units/mouse) further reduced the number of
tumor cells (P < 0.05 compared with any other group), sug-
gesting that the inhibitory effects of PEG-catalase at different
periods are additive.

Inhibition of Tumor Cell Growth in Mecuse Lung by
Daily Injection of PEG-Catalase. It was found that PEG-
catalase inhibits not only the early processes of metastasis, such
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as the adhesion of tumor cells, but also later processes like
invasion and proliferation. Then, we investigated whether mul-
tiple injections of PEG-catalase were able to inhibit the growth
of metastatic tumor cells in the lung. To the mice given an
intravenous injection of 1 X 10* B16-BL6/Luc cells, PEG-
catalase was injected 2t a dose of 1,000 units/inection each day
from day O to day 14. This treatment resulted in a few tumor
cells in the Jung at 14 days after tumor inoculation {Fig. 54).
Furthermore, compared with the results of Fig. 2, the number of
the cells in the lung of PEG-catalase—treated mice was not
significantly different from that observed at 24 hours after tumor
injection (P > 0.05). In addition, no metastatic colonies were
seen under a dissecting microscope (Fig. 5B). Therefore, this
suggests that the growth of tumor cells in the lung is almost
completely inhibited by a daily injection of PEG-catalase.

Figure 6 shows the survival of mice receiving an intrave-
nous injection of 1 X 10* B16-BL6 (parent) cells. Daily injec-
tion of PEG-catalase up to 30 days after tumor inoculation
significantly prolonged the survival time of mice with B16-BL6
lung metastases compared with the saline- or BSA-treatment
group (P < 0.0001 for the saline-treatment group, P < 0.01 for
the BSA-treatment group).

DISCUSSION

Although metastasis is a major target of cancer therapy, it
is difficult to treat metastases effectively, One of the major
reasons for this is that the tissue disposition of tumor cells ir
vivo is poorly understood even in animal models. Metastasis
consists of a number of different processes, such as adhesion,
invasion, proliferation, and angiogenesis. Therefore, any inhib-
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Fig. 4 Effect of injection timing of PEG-catalase on pulmonary me-
tastasis of B16-BL6/Luc cells in mice. Saline (vehicle) or PEG-catalase
{1,000 or 333 unitsfinjection) was intravencusly injected into mice just
before (day 0), or 1 or 3 days after injecticn of B 16-BL6/Luc cells (1 X

10° cells) into the tail vein. Mice were killed at 7 days after tumor
injection and the luciferase activity in the lung was assayed. Results are
expressed as the mean + SD of at least 6 mice. *, a statistically
significant difference compared with the saline group (P < 0.005); t, a
statistically significant difference compared with any other group (P <
0.05).
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Fig. 5 Effect of multiple dosing of PEG-catalase on pulmonary me-
tastasis in mice. A, saline (vehicle) or PEG-catalase (1,000 units/injec-
tion) was intravenously injected into mice in the schedule indicated after
injection of B16-BL6/Luc cells (1 X 10* cells) into the tail vein. Mice
were killed at 14 days after tumor injection and the luciferase activity in
the lung was assayed. Results are expressed as the mean + SD of at least
6 mice. *, a statistically significant difference compared with the saline
group (P < 0.001). B, Typical examples of pulmonary metastases in
mice receiving an intravenous injection of 1 X 10* B16-BL6/Luc tumor
cells followed by an injection of PEG-catalase. (a) Saline (vehicle), (b)
PEG-catalase (day 0), (c) PEG-catalase (day 0, 1), (d) PEG-catalase (day
0, 1, 3), (e) PEG-catalase (every day), Each catalase derivative was
injected into the tail vein at a dose of 1,000 units/injection.

itor of one of these processes could be an antimetastatic com-
pound. Because the metastatic event results from interactions
between tumor cells and other cells, methods analyzing the
tissue disposition of tumor cells need to be developed to estab-
lish effective approaches for treating tumor metastasis. To this
end, we introduced firefly luciferase gene into B16-BL6 cells as
a marker, and established a highly sensitive and quantitative
method to analyze the tissue disposition of tumor cells. Al-
though the use of reporter gene-labeled tumor cells is not a
novel approach to studying tumor growth and metastasis, until
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now there has been little published information on the separate
processes of tumor metastasis. Therefore, in this study, we first
examined the tissue disposition of B16-BL6/Luc cells after
intravenous injection and identified the characteristic features of
the in vivo fate of the cells. Then, we applied this analytical
system to elucidate the mechanism whereby PEG-catalase re-
duces the number of metastatic colonies in the lung.

There are several requirements for the transfectant to use
the luciferase activity in tissues as an indicator of the number of
tumor cells. First, the expression level of luciferase should be
high enough to ensure that a few cells can be detected in vivo.
Second, the expression must be stable for a long period even
after inoculation in mice. Furthermore, the expression should be
independent of stimuli such as cytokines or ROS and of cell
cycles. Finally, it is best that the characteristics of the transfec-
tant do not differ from those of the parent cell line, Before in
vive studies, we examined the characteristics of the transfectant,
B16-BL6/Luc cells. The luciferase activity of the cells was
stable for at least 1 year and proportional to the cell number over
a wide range. The expression of the luciferase in the cells was
hardly affected by the growth phase, the addition of H,0,, or
catalase. These properties are consistent with previous results
showing that for plasmid DNA encoding firefTy luciferase under
the control of cytomegalovirus, immediate early promoter ac-
tivity was independent of the cell cycle (21), and the expression
level was scarcely affected after inoculation into mice (22). In
addition, the half-life of firefly luciferase is very short (about 3
hours); therefore, the level of the luciferase protein in the cell
would level off quickly. These properties enable us to use the
luciferase activity in lung tissue as an indicator of the exact
number of tumor cells.

In the experimental pulmonary metastasis model, B16-BL6
or B16-BL6/Luc melanoma cells were injected intravenously
into syngeneic C57BL/6 mice. Therefore, the first step in the
pulmonary metastasis is the arrest of the tumor cells in small
vessels in the Jung followed by their adhesion to endothelial
cells (1, 23). As shown in Fig. 2, intravenous injection of
B16-BL6/Luc cells resulted in the accumulation of 60 to 90% of
the injected cells in the lung and few in other organs at | hour
after tumor injection. Thereafter, the tumor cells in the lung fell
to 2 to 4% of the injected cells at 24 hours. In contrast, when
injected into the portal vein, about 60% of the injected B16-
BL6/Luc cells were detected even at 24 hours after injection.?
These results of organ- or ceil humber-independent tumor cell
arrest suggest that the initial step in the formation of metastatic
colonies of B16 tumor cells is mediated by physical trapping of
the cells within the microvasculature of organs rather than by a
specific interaction between tumor cells and endothelial cells via
adhesion molecules. The tumor cells arrested in the lung could
be destroyed in the microvasculature by mechanical stress
caused by respiration in the first 24 hours after tumor injection.
Because the injected tumor cells decreased to 2—-4% irrespective
of the initial number of cells, this inefficiency could be because
of the physical forces of contraction and relaxation of the lung
tissue but not to immunity. It is also suggested that at 24 hours

3 Unpublished data.
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after tumor injection, the injected wmer cells adhere completely
to the endothelium and the surviving tumor cells are ready to
extravasate and invade the parenchyma of the lung. From day 1
to 3, the tumor cells could have invaded the parenchyma and
started to proliferate. An intravital videomicroscopic analysis
supports this hypothesis (24).

Even under normal conditions, ROS are continuously pro-
duced as by-products of metabolism by enzymes such as super-
oxide dismutase, xanthine oxidase, and NADPH oxidase (25).
Several antitumor drugs as well as radiation also generate ROS
through reductive activation and redox recycling (25-27), and it
has also been reported that ROS are involved in various pro-
cesses of tumor metastasis, such as adhesion, invasion and
proliferation (5, 6, 9-12). Therefore, the scavenging of ROS by
antioxidant enzymes can be an effective approach for inhibiting
tumor metastasis, We have proposed a hypothesis that the elim-
ination of H,0, at the site where tumor metastasis occurs
reduces this and we have examined the effect of increasing the
plasma half-life of catalase on the inhibition of an experimental
pulmonary metastasis (8). We found that intravenous injection
of PEG-catalase greatly decreased the number of colonies in the
lung 2 weeks after tumor injection and, in a separate set of
experiments, we have shown that targeted delivery of catalase to
hepatocytes greatly inhibited experimental hepatic metastasis in
mice (28). These results indicate that the detoxification of H,0O,
is a promising approach for inhibiting metastasis. However,
these results did not identify which metastatic processes are
inhibited by the catalase derivatives. To address this question,
we measured the number of tumor cells in the lung at 1 hour, 1
and 7 days after injection of tumor cells and examined the
effects of catalase derivatives on the metastatic processes.

Administration of PEG-catalase just before tumor injec-
tion, which is the same protocol as the one used in a previous
study (8), reduced the number of tumor cells in the lung at 24
hours after tumor injection, indicating that PEG-catalase inhibits
the early steps of metastasis. Additional studies are needed to
identify whether changes in the expression of adhesion mole-
cules are involved in the inhibitory effect of catalase derivatives
in the lung. PEG-catalase was effective in reducing the number
of tumor gells at day 7. even when intravenously injected at 1 or
3 days after tumor injection. As shown in Fig. 2, the tumor cells
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in the lung were in a growth phase at the times when PEG-
catalase was injected. Therefore, these results indicate that scav-
enging of H,0, by PEG-catalase can inhibit the growth of
melastatic tumor cells. It has already been reported that H,0,
can accelerate proliferation (12); therefore, the suppressive ef-
fect of catalase derivatives would be attributable to direct inhi-
bition of the proliferation of tumor cells. As shown in Fig. 5B,
a single injection of PEG-catalase just before tumor injection
reduced the number of metastatic nodules but scarcely affected
the diameter of the nodules. After triple injection of PEG-
catalase (just before, 1 and 3 days after tumor injection), the
number of metastatic colonies did not markedly differ from that
produced by a single (just before tumeor injection) or double (just
before and | day after tumor injection) injection, although the
diameter of the colonies was found to be small. These findings
indicate that the first injection of PEG-catalase reduces the
nuraber of surviving tumor cells, and the subsequent injections
inhibit the proliferation of the surviving tumor cells. Therefore,
it is suggested that PEG-catalase inhibits not only the survival or
adhesion of tumor cells but also their invasion and proliferation. .

Thus, it has been shown that catalase derivatives effec-
tively inhibit not only the early steps of metastasis, but also the
later steps. Then, we tried to effectively suppress metastatic
tumor growth by inducing tumor dormancy. As shown in Fig.
5A, daily injection of PEG-catalase greatly reduced the number
of tumor cells detected at 14 days in the lung. The number of
tumor cells scarcely increased compared with that detected at 24
hours after tumor injection. Therefore, the tumor cells within the
lung tissue may be in a dormant state after repetitive injection of
PEG-catalase. This significant inhibition of growth was effec-
tive in increasing the survival of the lumor-bearing mice. How-
ever, the mice treated with PEG-catalase died scquentially after
stopping the injection, suggesting that the tumor cells of micro-
metastases start to proliferate when the supply of catalase is
stopped. In previous publications {29, 30}, “dormancy” was
used to refer to individual tumor cells that were thought to
persist “symbiotically” for long periods, but subsequently could
be stimulated to exhibit malignant growth. Therefore, the results
of the present study indicate that repeated administration of
PEG-catalase can induce tumor dormancy and prolong the sur-
vival period.
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In conclusion, we have developed a quantitative method to
analyze tissue disposition of tumor cells and found that scavenging
of H,0, by PEG-catalase can effectively inhibit not only the early
steps of metastasis, such as embolization, adhesion, or survival, but
also later steps, such as invasion or proliferation. Continuous sup-
ply of catalase activity within the blood circulation by multiple
dosing of PEG-catalase greatly suppressed the growth of tumor
cells in metastatic foci. This reduction of metastatic tumor growth
by PEG-catalase offers potentially a very effective approach to the
antimetastatic therapy of a variety of tumors.
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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 been examined yet. In this study, to achieve its in vivo
delivery, bovine serum albumin (BSA) was reacted with sodium nitrite to obtain NO-BSA,
which had 0.25-0.28 molecules of S-nitrosothio/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 changes in
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 NIn 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 1111 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 (NQ) is involved in a wide variety of
physiological and pathological processes. They
include vascular smooth muscle relaxation,'™®
inhibition of platelet a,c,rgregation,“’5 neurotrans-
mission,? and immune re,g,rmla.tion.':"9 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.*®2° To control
the delivery of NQ, 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 Shizuocka
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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-
naphthyl)ethylenediamine dihydrochloride were
purchased from Sigma Chemical (St. Louis, MO).
Pharmalyte TM 2.5-5 for 1EF 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
Hg(Cl, 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 solution 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,
25°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 pl. 0.1%
N-(1-naphthyl)ethylenediamine dihydrochloride
in 0.4 M HCIL. 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 adduets 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 pM NaNO,. The
number of free amino groups was determined by
trinitrobenzene sulfonic acid using glycine as a
standard.?2

Molecular Weight and Isoelectric
Point of NO-BSA

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
Calibration 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 Flucrescence 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
(JASCO, Tokyo, Japan) at 25°C. For calculation
of the mean residue ellipticity [8], 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 plL
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 uL 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 'fijllln-NO-BSA
was confirmed by cellulose acetate electrophor-
esis, which was run at an electrostatic field of
0.8 mA/cm 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 MULTL?* The tissue distribu-
tion profiles were evaluated using tissue uptake
clearance (CLg.u.} 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 ¢
(AUC,_,) by the plasma concentration at time ¢
{C}), CLijesne 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

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

The effects of NO-BSA on vascular permeabhility of
macromolecules were evaluated as reported pre-
viously ** with some slight modification. Briefly,
1111n.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 mgkg. 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 characteristic 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 isoelectric
point of NO-BSA are summarized in Table 1. The

Table 1. Physicochemical Characteristics of NO-BSA

Total NO/BSA® S-NQ/BSA" Molecular Number of Modified Isoelectric
Compound (mol/mol) (mol/mol) Weight® Amino Groups® (mol/mol) Point
BSA 0 0 67,000 0 48
NO(200)-BSA 0.70 0.23 67,000 13.4 4.7-4.8
NO(G00)-BSA 0.76 0.21 67,000 184 46-4.7
NO(1000)-BSA 0.79 0.19 67,000 20.5 4.5-46

“The total NO adducts and S-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 amine groups were determined by the TNBS method.
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CHARACTERISTICS OF NITROSATED SERUM ALBUMIN

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-nitrosothial 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 was reduced 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
hmax 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 T''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-radioactivity after intravenous
injection of ' In-BSA or 1*!In-NO-BSA in mice at
a dose of 1 mg/kg. As reported previously, 1*'In-
BSA slowly disappeared from the blood circula-
tion. 1 In-NO(200)-BSA, ' In-NO(500)-BSA, and
Ni1y.NO(1000)-BSA also slowly disappeared
from the blood circulation in a similar manner to
Nin-BSA. However, all ' 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 pM 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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