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Abstract—Human recombinant superoxide dismutase (SOD) was modified into a mannosylated form
(Man-SOD), and its cellular uptake and inhibitory effect on superoxide anion release were studied in
vitro, using cultured mouse peritoneal macrophages. ['"'In]Man-SOD was taken up by the macrophages
to a great extent, whereas no significant uptake was observed for native and galactosylated SOD. The
uptake of Man-SOD was inhibited significantly at a low temperature and by the presence of mannan,
mannose and colchicine, demonstrating the targeted delivery of Man-SOD via mannose receptor-
mediated endocytosis. Man-SOD exhibited a superior inhibitory effect on superoxide anion release from
inflammatory macrophages stimulated by phorbol-myristate acetate. The present study suggested the
potential of Man-SOD as a therapeutic agent for the inflammatory disease mediated by superoxide
anions generated by macrophages.
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A number of studies have suggested the important
pathophysiological role of reactive oxygen species
in various diseases such as inflammation and
ischemia/reperfusion injuries [1-4]. Superoxide
dismutase (SOD)t can be used as a therapeutic
agent since it is an antioxidant enzyme capable of
eliminating superoxide anion, which exists in the
upper stream of the reactive oxygen metabolism
cascade [5]. However, the experimental and
therapeutic potentials of SOD are greatly restricted
due to its rapid elimination from the circulation by
glomerular filtration in the kidney [6, 7].

In our previous study, we demonstrated that
targeted delivery of human recombinant SOD could
be achieved by chemical modification with mono-
and polysaccharides [8]. In particular, Gal-SOD and
Man-SOD were selectively delivered to the liver
parenchymal and nonparenchymal cells, respectively,
by receptor-mediated endocytosis. In addition, these
glycosylated derivatives showed superior therapeutic
effects on hepatic injury induced by ischemia/
reperfusion in rats [9]. In this study, we evaluated
uptake characteristics of Man-SOD at a cellular
level, using cultured mouse peritoneal macrophages,
and its potency to eliminate superoxide anions
generated from the elicited macrophages, a model
of inflammatory macrophages.

* Corresponding author. Tel. (81) 75-753-4525; FAX
(81) 75-453-4575.

1 Abbreviations: SOD, superoxide dismutase; Gal-SOD,
galactosylated SOD; Man-SOD, mannosylated SOD; BSA,
bovine serum albumin; Gal-BSA, galactosylated BSA;
Man-BSA, mannosylated BSA; Cyt ¢, ferricytochrome
¢; PMA, photobol-12-myristate-13-acetate and TGC,
thioglycolate.

MATERIALS AND METHODS

Chemicals. Recombinant human SOD (111-Ser)
was supplied by the Asahi Chemical Industry Co.,
Shizuoka, Japan. Bovine serum albumin (Fraction
V, BSA), horse heart ferricytochrome ¢ (Type VI,
Cyt ¢), phorbol-12-myristate-13- acetate (PMA) and
colchicine were purchased from the Sigma Chemical
Co., St. Louis, MO, U.S.A. Thioglycolate (TGC)
broth was obtained from the Nissui Pharmaceutical
Co., Tokyo, Japan. D-Galactose, D-mannose and
yeast mannan were obtained from Wako Pure
Chemical, Osaka, Japan. !'Indium chloride ({*"'In]-
Cl;) was supplied by the Nihon Medi-Physics Co.,
Takarazuka, Japan. All other chemicals were of the
finest grade available.

Synthesis and characterization of SOD and BSA
derivatives. Glycosylated SOD and BSA were
synthesized as reported previously [8]. In brief, Man-
and Gal-SOD or Man- and Gal-BSA were
synthesized by reacting SOD or BSA with 2-imino-2-
methoxyethyl 1-thioglycoside, prepared by the
method of Lee et al. [10], in 50 mM borate buffer
(pH 10.0) for 5 hr at room temperature. The purity
of glycosylated SODs was confirmed by affinity
chromatography with Con A-Sepharose (Man-SOD,
Man-BSA) or agarose-peanut lectin (Gal-SOD, Gal-
BSA). The degree of modification of amino groups
was determined by measuring the amount of free
amino groups with trinitrobenzene sulfonic acid
using glycine as a standard [11]. Enzymatic activity
of SOD was determined by the nitroblue tetrazolium
reduction method using an SOD test kit (Wako Pure
Chemical). The molecular weight of SOD derivatives
was estimated by HPLC (LC-6A, Shimadzu,
Japan) using a Shim-pack Diol-300 column (i.d.
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Table 1. Physicochemical properties of SOD and BSA
derivatives tested in this study

Enzymatic
Number of Molecular activityf
Compound  NH, groups*  weightf (U/mg)
SOD 24.0 32,000 3200 (100)
Gal-SOD 2.7 35,000 2720 (85.0)
Man-SOD 3.8 34,000 2730 (85.3)
BSA 60.0 67,000
Gal-BSA 16.0 68,000
Man-BSA 15.8 68,000

* The degree of modification of amino groups was
determined by measuring the amount of free amino groups
with trinitrobenzene sulfonic acid using glycine as a
standard [11].

t The molecular weight of SOD and BSA derivatives
was estimated by HPLC. The apparent molecular weight
of SOD and BSA derivatives was determined by the
calibration curve obtained from the marker proteins.

+ Enzymatic activity of SOD was determined by the
nitroblue tetrazolium reduction method using an SOD test
kit. Numbers in parentheses are retained enzymatic activity
expressed as the percentage of native enzyme.

7.5mm X 50 cm) eluted with 20mM phosphate
buffer (pH 7.0) containing 0.2M sodium sulfate.
The apparent molecular weight of SOD derivatives
was determined by the calibration curve obtained
from the marker proteins (Gel Filtration Kit,
Pharmacia, Uppsala, Sweden). The physicochemical
properties of SOD and BSA derivatives are
summarized in Table 1. Native and glycosylated
proteins were radiolabeled with '"In using the
bifunctional chelating agent diethylenetriam-
inepentaacetic acid anhydride, by the method of
Hnatowich et al. [12]. This radiolabeling method
was selected to evaluate cellular uptake of proteins
separate from metabolic degradation, since 'In is
accumulated in the cells by being converted to an
iron-binding protein after intracellular degradation
[13].

Harvesting and culture of macrophages. Male ICR
mice, weighing 20-25g, were obtained from the
Shizuoka Agricultural Cooperative Assocation for
Laboratory Animals, Shizuoka, Japan. Resident
macrophages were collected from the cavity of the
mouse with RPMI 1640 medium. Washed cells were
suspended in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS,
Flow Laboratories, Irvine, U.K.), penicillin G
(100 U/mL), and streptomycin (100 ug/mL) and
were plated on 6- or 12-well culture plates (Falcon,
Becton Dickinson, Lincoln Park, NJ, U.S.A.) at a
density of 1 x 10°cells/cm?. After incubation for
2 hrat37°in5% COy-95% air, adherent macrophages
were washed with culture medium three times and
then cultured under the same conditons. Elicited
macrophages were harvested from the mice 4 days
after intraperitoneal injection of 1 mL of 2.9% of
TGC medium. These cells were processed and
cultured as described above.

Cellular uptake study. Uptake studies were carried

out using cultured macrophages in 12-well plates.
Cells were washed three times with 1 mL of warm
RPMI 1640 medium, and 0.5 mL of the medium
containing '"In-labeled proteins (1 ug/mL) was
added. The cells were washed three times with 2 mL
of cold medium at appropriate time intervals and
were solubilized with 0.5 mL of 0.3 N NaOH with
0.1% Triton X-100. Aliquots were taken for the
determination of !In radioactivity counting and
protein content. The radioactivity was counted in a
well-type Nal scintillation counter (ARC-500, Aloka
Co., Tokyo, Japan), and protein was measured by
the modified Lowry method [14].

Inhibitory effect of Man-SOD on superoxide anion
generation. Elicited macrophages in culture plates
were washed quickly with pH 7.4 Hanks’ balanced
salt solution (HBSS) without phenol red. In
continuous exposure experiments, cells were incu-
bated with 2.2 mL of HBSS containing SOD or Man-
SOD (2.4 to 300 U/mL) together with Cyt ¢ (70 uM)
and PMA (3 ug/mL). At an appropriate time, the
reaction mixture was removed, placed into iced
centrifuge tubes, and promptly centrifuged at 200 ¢.
The optical density of the supernatants was
determined spectrophotometrically at 550 nm using
mixtures from plates without cells as blanks, and the
concentration of reduced Cyt ¢ was determined using
an extinction coefficient of 2.1 x 10*M ™! cm™! [15].
In pretreatment experiments, cells were incubated
with HBSS containing SOD or Man-SOD (60 and
300 U/mL) in the absence or presence of colchicine
(50 ug/mL) for 1 or 3 hr at 37° in 5% CO,-95% air.
After washing with vigorous swirling with HBSS,
2.2 mL of reaction mixture containing Cyt ¢ (70 uM)
and PMA (3ug/mL) in HBSS was added to the
plates at 37°. After 30 min, the reaction mixture was
collected as described above and then subjected to
assay.

RESULTS

Uptake by cultured macrophages. Figure 1 shows
the time courses of uptake of 'In-labeled SOD and
BSA and their glycosylated derivatives by cultured
mouse resident peritoneal macrophages. Rapid
uptake was observed for [!''In]Man-SOD and
['''In]Man-BSA, whereas uptake of native and
galactosylated proteins was significantly lower. Table
2 summarizes the effects of various conditions on
the uptake of [!"'In]Man-SOD. The uptake varied
depending on the culture period of macrophages:
macrophages cultured for 1 day showed no significant
uptake, whereas marked uptake was observed for
2- and 3-day-old macrophages. The uptake of [!!'In]-
Man-SOD was greatly inhibited at a low temperature
(4°) and by the presence of excess amounts of
mannan and mannose. Colchicine, an endocytosis
inhibitor, also significantly reduced the uptake of
{!""In]Man-SOD by macrophages.

Inhibitory effect on superoxide anion release. In
continuous exposure experiments, both native SOD
and Man-SOD inhibited superoxide generation from
macrophages in a concentration-dependent manner
to asimilar extent (Fig. 2). Pretreatment experiments
were carried out at a concentration of 300 U/mL at
which both SOD and Man-SOD showed almost
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Fig. 1. Uptake time courses of ['"In]SOD (A) and ['"'In]BSA (B) derivatives by cultured mouse

peritoneal macrophages at 37°. Resident macrophages were incubated with ["'In]SOD or ["In]BSA

(A), ["'In]Man-SOD or ['"'In]Man-BSA (O), and ['!'In]Gal-SOD or {'''In]Gal-BSA (W) at 1 ug/mL,

and associated radioactivity and protein content were measured. Results are expressed as means * SD
(N =3).

Table 2. Effects of various experimental conditions on uptake of ['!'In]Man-SOD (1 ug/
mL) by cultured mouse peritoneal macrophages

Condition

Uptake

(% of dose/

Temperature Culture period mg
) (days) Inhibitor protein/5 hr)
37 1 5.04 £ 0.97*
37 2 29.83 = 3.89
37 3 31.80 = 3.29
4 3 7.26 = 1.91*
37 3 Mannan (1 mg/mL) 2.11 £ 0.35*
37 3 Mannose (50 mM) 1.06 = 0.55*
37 3 Colchicine (50 pg/mL) 5.38 + 0.89*

Results are expressed as means = SD (N = 3).
* Significantly different (P <0.001) from the control value (37°, 3 days, without

inhibitor).

complete inhibition of superoxide generation from
the macrophages in the continuous exposure
experiments (Fig. 3). Man-SOD showed a significant
inhibitory effect on PMA-stimulated production of
superoxide anions by the macrophages compared
with native SOD. A marked effect was observed in
the case of the 3-hr pretreatment (Fig. 3, Expt. 2).
Figure 4 illustrates the results of pretreatment
experiments performed in the presence of colchicine.
The endocytosis inhibitor abolished the inhibitory
effect of man-SOD on superoxide anion release from
the macrophages.

DISCUSSION

Phagocytesinvolving macrophages and neutrophils

generate reactive oxygen species, which contribute
to both host defense and inflammation, when
exposed to certain stimuli. Therefore, controlled
manipulation of SOD at a cellular level would be of
importance from the viewpoint of therapy for
inflammatory diseases. The purpose of this in vitro
study was to clarify the potential of Man-SOD for
cell-specific delivery to macrophages through the
mannose receptor [16].

Uptake experiments demonstrated that Man-SOD
can be targeted to macrophages via mannose
receptor-mediated endocytosis (Fig. 1, Table 2).
Based on this finding, the inhibitory effect of Man-
SOD on superoxide production was studied using
TGC-elicited macrophages, since these macrophages
have an increased capacity compared with resident
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Fig. 2. Inhibitory effect of SOD and Man-SOD on
superoxide anion release from cultured mouse peritoneal
macrophages in continuous exposure experiments. Elicited
macrophages cultured for 3 days were incubated with SOD
(O) and Man-SOD (@) (2.4 to 300 U/mL) together with
Cyt ¢ (70 uM) and PMA (3 ug/mL); the reaction mixture
was removed after 2hr of incubation. The amount of
superoxide anions released into the medium from the
macrophages was determined spectrophotometrically by
Cyt ¢ reduction, and cellular protein in the plate was
measured. Superoxide release from control macrophages
incubated in SOD-free medium was 87.7 nmol/mg protein/
2 hr. Results are expressed as means + SD (N = 3).
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Fig. 3. Inhibitory effect of SOD and Man-SOD on
superoxide anion release from cultured mouse peritoneal
macrophages in pretreatment experiments. Elicited macro-
phages cultured for 3 days were incubated with SOD
(shaded bars) and Man-SOD (open bars) for 1 hr (Expt. 1)
and 3br (Expt.2). After extensive washing, reaction
mixture containing Cyt ¢ (70 gM) and PMA (3 pug/mL) was
added to the plates. After 30 min, the reaction mixture
was collected and subjected to superoxide anion release
assay, and cellular protein in the plate was measured.
Superoxide release from control macrophages incubated in
SOD-free medium was 13.1 and 6.8 nmol/mg protein/
30 min in Expts. 1 and 2, respectively. Results are expressed
as means = SD (N =3). Key: (*) P<0.05 and (**)
P < 0.01 vs control.

macrophages to generate superoxide anion upon
stimulation with PMA [15]. TGC-elicited macro-
phages cultivated for 3 days also effectively took up
['"'In}]Man-SOD at a rate of 31.6% of the dose/mg

Man-SOD (300 U/ml) whk

Man-SOD (300 U/ml)
+ Colchicine (50 ug/ml)

Man-S0D (60 U/ml)

Man-SOD (60 U/ml)
+ Colchicine (50 pg/ml)
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Fig. 4. Inhibitory effect of Man-SOD on superoxide anion
release from cultured mouse peritoneal macrophages in
pretreatment experiments in the presence or absence of
colchicine. Elicited macrophages cultured for 3 days were
incubated with Man-SOD at concentrations of 60 and
300 U/mL in the absence and presence of colchicine (50 ug/
mL) for 3 hr. After extensive washing, reaction mixture
containing Cyt ¢ (70 uM) and PMA (3 ug/mL) was added
to the plates. After 30 min, the reaction mixture was
collected and subjected to superoxide anion release assay,
and cellular protein in the plate was measured. Superoxide
release from control macrophages incubated in SOD-free
medium was 24.9 and 23.3 nmol/mg protein/30 min in the
absence and presence of colchicine, respectively. Results
are expressed as means * SD (N = 3). Key: (*) P <0.05,
and (***) P < 0.001 vs control.

protein/5 hr (data not shown), which was almost
identical to that observed in resident macrophages
(Fig. 1A). This result is consistent with the finding
that resident and TGC-elicited mouse peritoneal
macrophages cultivated for 60 hr showed similar
significant uptake activity for Man-BSA [17].

In experiments in which macrophages were
exposed continuously to enzyme solutions during
PMA stimulation, we found that both native and
mannosylated SOD had essentially the same potency
for inhibition of superoxide generation in a
concentration range of 2.4 to 300 U/mL (Fig. 2).
However, when macrophages were incubated with
these enzymes for 1 or 3hr and then washed
extensively to remove enzyme-containing medium,
Man-SOD showed a superior inhibitory effect (Fig.
3). Remarkable inhibition was observed in the 3-hr
pretreatment experiment. In addition, the inhibitory
effect of pretreated Man-SOD on superoxide anion
release was impaired in the presence of colchicine,
an endocytosis inhibitor (Fig. 4). Consequently, the
inhibitory effect should be attributed to the enzyme
taken up by the cells during the incubation period
as observed in the cellular uptake study. Pretreatment
experiments more closely resemble the in vivo
condition, in which Man-SOD is effectively incor-
porated into the cells via receptor-mediated
endocytosis, whereas native SOD undergoes rapid
clearance. Therefore, we can expect a beneficial
effect of Man-SOD on superoxide production by
inflammatory macrophages in vivo.

In our previous study on the prevention of hepatic
ischemia/reperfusion injury [9], the most superior
therapeutic effect was obtained with Man-SOD
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targeted to the liver nonparenchymal cells including
Kupffer cells, the predominant source of reactive
oxygen species [18]. That result is in good agreement
with observations in the present study. However, it
is suspected that Man-SOD may undergo lysosomal
degradation in the macrophages after rapid intern-
alization [19]. Furthermore, superoxide anions are
generated by membrane-bound NADPH-oxidase in
macrophages [20]. These conditions seem not to be
advantageous for Man-SOD to suppress superoxide
production of macrophages. For effective inhibition
of superoxide release into the extracellular space,
Man-SOD should exist on or in the vicinity of the
cell surface. Tietzse et al. [21] reported that intact
ligand—mannose receptor complexes can return from
the intracellular pool to the cell surface in alveolar
macrophages, which may account for the present
beneficial effect of Man-SOD. The detailed mech-
anism of the inhibition of superoxide generation by
Man-SOD remains to be elucidated.

Macrophage mannose receptor expression is
known to be decreased by various conditions, such
as activation by Bacillus Calmette-Guérin [22],
treatment with lipopolysaccharide and PMA [23],
and infection with Leishmania donovani[24]. Special
attention must be paid to these effects in the case
of targeted drug delivery to macrophages through
the mannose receptor.

In the present study, culture age-dependent uptake
of Man-SOD by the macrophages was observed
(Table 2). This phenomenon may involve mannose
receptor expression as reported for cultured bone
marrow macrophages {25, 26]. Dexamethasone has
been reported to increase expression of the manose
receptor in macrophages [27,28]. Therefore, it
would be interesting to use dexamethasone in order
to improve the efficacy of Man-SOD. Further studies
are ongoing in our laboratory to evaluate the effect
of dexamethasone.

In conclusion, the present study has demonstrated
the possibility of targeting of SOD to macrophages
via a mannose receptor-mediated mechanism. Man-
SOD may thus have potential for therapy of
inflammatory diseases mediated by superoxide
anions generated by macrophages.
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