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ABSTRACT

A recombinant human a-interferon A/D (IFN), also known to be
effective in mice, was conjugated to gelatin with a water-soluble carbo-
diimide. The IKN-gelatin conjugate was much more efficient than free
IFN in activating mouse peritoneal macrophages (M<Ã>)in an in vitro
experiment to inhibit the growth of IFN-resistant subline cells (RR1) of
murine fibrosarcoma. A single i.p. injection of the conjugate administered
to normal mice was also more effective than one of free IFN in activating
peritoneal M :>and natural killer cells in peritoneal exÃºdate cell and
spleen cell populations. In the investigation on body distribution of the
IFN-gelatin conjugate, an enhanced affinity to M<;>as well as a prolonged
retention were observed in comparison with free IFN. An injection of the
IFN-gelatin conjugate i.p. was more effective than one of free IFN in
suppressing the in vivo growth of not only IFN-sensitive SS2 cells but
also RRI cells in the peritoneal cavity of mice, although RR1 cells were
only susceptible to the indirect effect of IFN via host cells, in contrast to
SS2 cells. In addition to an increased recruitment of Mo to the peritoneal
cavity in RRI-bearing mice receiving i.p. injection of the IFN-gelatin
conjugate, these Mo were activated to inhibit the in vitro growth of RRI
cells. These results indicate that the IFN-gelatin conjugate is a promising
antitumor agent that is much more effective than free IFN. The dose of
IFN in the conjugate required for exerting the antitumor effects is much
lower than that of free IFN, which leads to a reduction of adverse effects
of IFN.

INTRODUCTION

Potentiation of host resistance against a variety of neoplasms
by means of natural and recombinant human interferons has
been extensively examined. Information is accumulating that
IFNs2 potentiate the host defense system against tumor cell
growth (1-4) in addition to their direct inhibitory actions on
tumor cells. A plausible mechanism seems to be the activation
of NK cells (5-8) and macrophages/monocytes (3, 4, 9-11) and
enhancement of antitumor T-cell immunity (12, 13). However,
several obstacles, such as the rapid catabolism and pyrogenicity
of IFNs, remain to be overcome to achieve the successful
therapeutic use of IFNs. To increase the efficiency of delivering
IFN to M<t>,we have designed gelatin microspheres as carriers
of IFN to be ingested by M</>,taking advantage of the intrinsic
opsonic property of gelatin for M</>(14). The gelatin micro-
sphere containing IFN is far more effective than free IFN in
enhancing the inhibitory activity of mouse peritoneal M0
against tumor cell growth in vitro (15). Under the in vivo
condition of tumor-bearing mice, the therapeutic effect of gel
atin microspheres containing IFN was strong Injection of the
IFN-containing microspheres i.p. was effective in suppressing
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tumor cell growth in mouse peritoneum (16). However, the
difficulty in reducing the size of the microspheres restricts their
therapeutic usage. Moreover, the systemic effects of IFN, such
as the augmentation of NK activity and M0 recruitment, were
not observed in mice receiving the microsphere injection. There
fore, it is desirable to design new dosage forms for delivering
IFN to M<j>without affecting its systemic effect.

In the present study, the effective delivery of IFN to M0 was
attempted through its conjugation with gelatin. The antitumor
effect of the IFN-gelatin conjugate in tumor-bearing mice was
investigated to examine its in vivo effectiveness. We also de
scribe its effect on N K activity.

MATERIALS AND METHODS

Mice. Specific pathogen-free male and female BALB/cCrSlc mice
aged 3-5 months were obtained from Japan SLC, Inc. (Shizuoka,
Japan). No sexual difference was observed in the in vivo tumor cell
growth.

IFN. Recombinant human o-interferon A/D (I x IO8 lU/mg pro

tein), provided by the Nippon Roche Research Center (Kamakura,
Japan), was used as a representative of IFN. This IFN is the product
of a hybrid DNA of A and D clones and is known to be effective against
mouse tumor cells as well as human tumor cells (17). The endotoxin
level in the original preparation was determined by the Limulus test to
be 1.6ng/100^gIFN(l x IO7IU) or less.

Culture Medium and Reagents. Cell culture was performed in RPMI-
1640(Nissui Seiyaku Co., Ltd., Tokyo, Japan) supplemented with 10%
FCS (LPS content, <0.01 ng/ml: M.A. Bioproducts. Walkersville,
MD), 5 itiM i-glutamine, and penicillin (100 units/ml) and buffered
with 5 m\t 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid and
NaHCO.i at pH 7.2. HBSS and phosphate-buffered saline solution were
obtained from Nussui Seiyaku Co.. Ltd. (Tokyo, Japan). LPS (Esche-
richia coli 0111:B4) was purchased from Difco Laboratories (Detroit,
MI). Gelatin used here was of alkaline type (pi 5.1; Nitta Gelatin Co.,
Ltd., Osaka, Japan), although any kind of gelatin could be used for this
procedure. Na251CrO4(1 mCi/ml) and Na'"I (100 mCi/ml) were ob

tained from NEN Research Products (Dupont, Wilmington, DE). Other
chemical reagents of guaranteed grade were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) and used as obtained.

Conjugation of IFN to Gelatin. IFN was conjugated to gelatin with a
water-soluble carbodiimide, EDCI, according to the method of Sheehan
and Hess (18) with slight modification. Varying amounts of IFN were
resolved in 20 ml of 0.05% gelatin solution in 0.05 M phosphate buffer
(pH 4.7). After addition of 10 mg of EDCI to the solution, the
conjugation reaction was allowed to proceed under gentle stirring for
12 h. The resulting IFN-gelatin conjugate was purified by dialysis
against phosphate-buffered saline at 4Â°Cfor 24 h, sterilized by filtration

through a 0.22-^m Millex-GS millipore filter (type SLGS025OS; Japan
Millipore, Ltd., Tokyo. Japan), and stored at 4Â°Cuntil use. i:5I-labeled

IFN prepared by the method of Greenwood and Hunter (19) was
similarly conjugated to gelatin. The radioactivity of the conjugate
prepared was measured and compared with that of I2il-labeled IFN fed

in to estimate the recovery of IFN amount after conjugation. The
recovery' was 38.3%, irrespective of the concentration of EDCI. In this

paper, the amount of IFN is compared on a protein basis and indicated
in terms of that contained in the IFN-gelatin conjugate. Furthermore,
the recovery of IFN activity was 5.7% when the antiviral activity of
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unlabeled IFN before and after gelatin conjugation was compared
according to the method of Rubinstein et al. (20).

Tumor Cells. SS2 and RR1 cells were isolated and cloned in our
laboratory from an ascitic nonadherent Meth A cell line (methylchol-
anthrene-induced fibrosarcoma of BALB/c mice), in which SS2 cells
are IFN-a,/3,7 sensitive and RR1 cells are IFN resistant under in vitro
as well as in vivo conditions (3, 4). Both cell lines were maintained by
in vitro culture regularly monitoring IFN sensitivity. These cells were
regularly tested and found to be free of Mycoplasma. The in vitro
growth of SS2 cells was inhibited by the IFN-gelatin conjugate in
contrast to RR1 cells (data not shown).

In Vitro Activation of Mouse Peritoneal M# with IFN-Gelatin Con
jugate. Mouse peritoneal Mtf>were prepared as described (15). Briefly,
mice were injected i.p. with 2 ml of thioglycollate medium (Brewer's

medium; Difco Laboratories, and PEC were collected 4 days later by
lavage of the peritoneal cavity with cold HBSS. The PEC were washed
twice with RPMI-1640 by centrifugation (1000 rpm, 5 min, 4Â°C)and
resuspended in RPMI-FCS at 5 x IO5M^/ml. Aliquots of 1 ml of cell
suspension were seeded on 16-mm dishes of 24-well multiwell culture
plates (A/S; Nunc, Kamstrup, Roskilde, Denmark). After incubation
at 37Â°Cin a 5% CO2/95% air atmosphere for 2 h, nonadherent cells

were removed to prepare adherent cell monolayers, which contained
more than 95% M0 as estimated by morphological and phagocytic
properties.

M0 (5 x IO5in 1 ml of RPMI-FCS) were pretreated for 8 h at 37Â°C

with free IFN, 10 ^g IFN-gelatin conjugate, or free IFN and IFN-free
gelatin in the presence or absence of 10 ng/ml LPS. In all cases, the
dose of the conjugate was 10.4 ^g/5 x 10s M0. After washing M0 to
remove the IFN-gelatin conjugate and free IFN, RR1 cells (2.5 x IO4
in 1 ml of RPMI-FCS) were added to the M</>monolayers and cultured
for 48 h. IFN-untreated, but similarly prepared M0 exerted no inhibi
tory effect on tumor cell growth. The number of viable RR1 cells was
determined by a trypan blue dye exclusion test. The inhibitory activity
of M0 for RR1 cell growth was evaluated according to the formula

% growth inhibition =

[(No. of tumor cells cultured without M0)
- (No. of tumor cells cultured with M0)j x 100

No. of tumor cells cultured without M0

In Vitro Antitumor Activity of Peritoneal M<f>from Normal Mice
Receiving a Single Injection of IFN-Gelatin Conjugate. PEC were har
vested by lavage with HBSS from the peritoneal cavity of mice receiving
i.p. injections of IFN-gelatin conjugate or other agents 24 h previously,
washed twice by centrifugation (1000 rpm, 5 min, 4Â°C),and resus
pended in RPMI-FCS at the density of 5 x 105M0/ml. One-mi aliquots
of the cell suspension were incubated at 37Â°Cfor 2 h in 16-mm dishes

of 24-well multidish culture plates to prepare the monolayers of adher
ent cells. More than 85% of the adherent cells had morphological and
phagocytic properties of M0. After further incubation of the M<Â£
monolayers in fresh RPMI-FCS culture medium for 1 to 5 days, RR1
cells (2.5 x 10" in 1 ml of RPMI-FCS) were added to each well and

cocultured for 48 h to assess the antitumor activity of M</>as described
above.

NK Activity in the Peritoneal Cavity and Spleen of Mice Receiving
i.p. Injections of IFN-Gelatin Conjugate. At various times after i.p.
injection of IFN-gelatin conjugate or other agents, host PEC and spleen
cells were isolated to assess their NK activity. PEC were harvested from
the peritoneal cavity with HBSS, followed by washing with HBSS by
centrifugation. Spleens were removed aseptically and crushed with the
hub of a syringe in HBSS. The cell suspension and spleen fragments
were passed through a 100-gauge stainless steel mesh, and erythrocytes
were lysed with buffered ammonium chloride solution at room temper
ature for 1 min. The cells were then centrifuged and washed three times
with HBSS.

"Cr release assay was used to detect NK activity (6). YAC-1 lym-
phoma cells were used as target cells and labeled with "Cr at the
concentration of 20 ^Ci/106 cells at 37Â°Cfor 1 h. Various numbers of
the above PEC and spleen cells were incubated with 1 x IO4 of "Cr-

labeled YAC-1 cells in round-bottomed 96-well multiwell culture plates
(1 63320; Nunc) in a final volume of 200 ^I/well at 37Â°Cfor 6 h. The

effectontarget ratios used here were 20:1 and 100:1 in a NK assay of
PEC and spleen cells, respectively, unless otherwise mentioned. The
radioactivity in the culture supernatant was counted in a gamma coun
ter. Cytotoxicity was calculated as

^ _ [(Experimental cpm) â€”¿�(spontaneous cpm)] x 100
(Maximum cpm) - (spontaneous cpm)

Spontaneous release of 5'Cr from target cells was determined by cul-
turing YAC-1 cells alone and ranged between 10 and 15% of the
maximum release which was obtained by incubating 5lCr-labeled target

cells with 1% sodium dodecyl sulfate solution.
Body Distribution of IFN-Gelatin Conjugate. Free '"I-labeled IFN (5

x 10' IU) and 52.2 ^g IFN-gelatin conjugate containing 5 x IO1 IU
i:5I-labeled IFN were injected i.p. into normal or SS2-bearing mice
which had been injected i.p. with 4 x IO6SS2 cells 7 days previously.
The mixture of 52.2 ^g IFN-free gelatin and 5 x IO3IU free 125I-labeled

IFN was also injected as an additional control. Mice were anesthetized
with ether 30 min later, and the mouse ascites and blood were collected
by lavage of the peritoneal cavity with HBSS and direct bleeding from
the heart, respectively. The heart, liver, spleen, and kidney were re
moved, and the radioactivity of each organ was counted in an autowell
gamma counter (ARC-300; Aloka Co., Ltd., Tokyo, Japan). Moreover,
the ascites harvested were separated into cell and residual liquid frac
tions. The cell fraction was divided into host PEC and SS2 tumor cells
by a counterflow centrifugal elutriation (JE-6B rotor; Beckman) to
estimate their radioactivity.

In Vivo Experiments. SS2 and RR1 cells were usually inoculated i.p.
to assess the effect of IFN-gelatin conjugate on their in vivo growth
after the acclimatization of in v/rro-cultured cells to in vivo conditions
(3, 4).

Mice were inoculated i.p. with 4 x IO6 SS2 cells or 2 x IO6 RR1

cells in 0.5 ml of HBSS at Day 0. The therapeutic experiments with
the IFN-gelatin conjugate were conducted according to the different
protocols of i.p. injection; a single injection at Day 6 or three injections
at Days 3, 5, and 7 for the experiment with SS2 cells and daily injection
from Day 3 to Day 6 for that with RR1 cells. The mice received i.p.
injections of 0.5 ml of 0.15 M NaCl alone or that containing 52.2 Â¿igof
IFN-free gelatin, various amounts of free IFN, or 52.2 p%of the IFN-
gelatin conjugate containing 5 x IO2or 5 x 10' IU IFN.

The in vivo growth of tumor cells was determined by counting the
number of SS2 and RR1 cells recovered from mice I day after the last
i.p. injection of the IFN-gelatin conjugate or other agents. Mice were
exsanguinated by severing carotid arteries, and the viable cells harvested
by lavage of the peritoneal cavities with HBSS were counted by the
trypan blue dye exclusion test. Both tumor cell lines inoculated i.p. did
not form solid tumors and were readily distinguishable from host PEC
by their large size. Aliquots of cell suspensions were smeared onto glass
slides by using a cytocentrifugation device (Cytospin II; Sandor Co.,
Ltd., Tokyo, Japan), fixed, and stained with May-GrÃ¼nwald-Giemsa
stain for microscopic observation.

Antitumor Activity of Peritoneal M<t>from RR1-bearing Mice Receiv
ing IFN-Gelatin Conjugate. Cells harvested from the peritoneal cavity
of RR1-bearing mice in each experimental group by lavage with HBSS
were pooled and fractionated by counterflow centrifugal elutriation to
obtain M0 populations. The collected cells were readily separated by
altering the flow rate and rotation speed of the elutriation apparatus.
Cells were fractionated in the following order: erythrocytes; lympho
cytes; M0/polymorphonuclear leukocytes; and SS2 cells with an in
crease in the flow rate or a decrease in the rotation number. Two
hundred ^1 of the PEC suspension containing various numbers of M0
were placed into each dish of 96-well multidish culture plates (1 67008;
Nunc) and incubated at 37Â°Cfor 2 h. As the M<Acontent varied from

50 to 70% depending on therapeutic agents given to mice, the number
of M0 was determined from smear preparation of PEC. After removal
of nonadherent cells, the adherrent cells, were cultured with 1 x IO4
RR1 cells in 200 p.\of RPMI-FCS, and the number of viable RR1 cells
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was determined 24 h later to assess the antitumor activity of M0
populations as described above.

Statistical Analysis. Data were treated statistically with Student's t

test.

RESULTS

In Vitro M(t>Activation with IFN-Gelatin Conjugate. The
dose-response curves of free IFN and IFN-gelatin conjugate in
M0 activation are illustrated in Fig. 1. The M$ pretreated with
free IFN alone barely inhibited the growth of tumor cells,
whereas the inhibitory activity on tumor growth was augmented
by the addition of LPS, although LPS at this dose alone (data
not shown) or with a low dose of free IFN did not induce any
significant M</>activation. On the other hand, a remarkable
augmentation of the activity of M$ was observed when they
were pretreated with the IFN-gelatin conjugate even without
the addition of LPS. The amount of IFN in the conjugate
required for activating M<Â£was about IO5to IO6times less than

that of free IFN given to M0 together with 10 ng/ml of LPS.
The addition of LPS shifted the dose-response curve of the
conjugate toward the lower direction by about one order of
magnitude. Pretreatment of M<Â£with IFN-free gelatin alone
could not lead to any M<t>activation, but the addition of IFN-
free gelatin resulted in a slight augmentation of Mo activation
induced by free IFN plus LPS or that of weak activation due to
free IFN.

M<t>Activation in Mice Receiving a Single Injection of IFN-
Gelatin Conjugate. Antitumor activity of the peritoneal Mo and
the duration of M$ activation are shown in Fig. 2. The IFN-
gelatin conjugate injection stimulated the antitumor activity of
M<Â£,and the activated state was retained for longer than 5 days.
On the contrary, little or no effect of IFN-free gelatin and free
IFN injections on M<Â¿>activation was observed. Moreover, a
simple mixture of free IFN and IFN-free gelatin also had only
a limited effect in inducing the antitumor activity of M</>,
indicating that the conjugation of IFN with gelatin is very
effective in activating M$.

Augmentation of NK Activity in Mice Receiving a Single
Injection of IFN-Gelatin Conjugate. The NK activity by free
IFN and IFN-gelatin conjugate is illustrated in Fig. 3. The
injection of 1 x IO5 IU free IFN was effective in enhancing the
NK activity of PEC in contrast to 1 x IO2 IU IFN. However,
NK activity was remarkably enhanced by the IFN-gelatin con
jugate containing such a low dose of IFN at 1 x IO2 IU. The

10"Â° 10"' 10 10"J 10"' 10" 10" 10 10' 10

Amount of IFN in preculture of M* (IU)

Fig. 1. The inhibitory activity of mouse peritoneal M<t>on in vitro growth of
RR1 tumor cells. M<i>in 1 ml of medium were pretreated for 8 h at 37*C with
free IFN (A), free IFN + 10 ng/ml LPS (A), free IFN + IFN-free gelatin (D), free
IFN + 10 ng/ml LPS + IFN-free gelatin P). IFN-gelatin conjugate (O), and
IFN-gelatin conjugate + 10 ng/ml LPS (â€¢).Percentage of growth inhibition of
Mrt>pretreated with 10 Mg/ml LPS was 48% in this experiment. Points, geometric
means of triplicate cultures: bars, SE.

l
Period

2
after

3 A 5
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Fig. 2. Durability of inhibitory activity of mouse peritoneal MÂ«for in vitro
growth of RR 1cells by a single i.p. injection of free IFN or IFN-gelatin conjugate.
Mice were injected i.p. with 0.15 M NaCl (A). 5 x 10' IU free IFN (â€¢),52.2 ,,g
IFN-gelatin conjugate containing 5 x IO3 IU IFN (O), 52.2 ,/g IFN-free gelatin
(A), and 52.2 ng IFN-free gelatin + 5 x IO3IU free IFN (â€¢).Mice were sacrificed
24 h after rejection to prepare a M>>monolayer. RR1 cells were added to the M"
culture immediately after M... preparation or 1,2. 3. 4, or 5 days later. Points,
geometric means of triplicate cultures; han. SE.

injection of IFN-free gelatin did not augment NK activity, and
the activity was not affected by the addition of IFN-free gelatin.
A similar trend was also observed for spleen cells.

Dose-response curves of the IFN-gelatin conjugate and free
IFN in NK activation are given in Fig. 4. In both free IFN and
IFN-gelatin conjugate, NK activity increased as the injected
dose of IFN increased. When conjugated with gelatin, the
amount of IFN needed to augment NK activity was about 1000
times less than that of free IFN. The effectiveness of the IFN-
gelatin conjugate on the augmentation of NK activity was
observed for both PEC and spleen cells.

The time course of NK activity of PEC and that of spleen
cells of mice receiving the IFN-gelatin conjugate or free IFN is
illustrated in Fig. 5, A and B, respectively. No difference in the
time course profile of NK activity was observed between free
IFN- and conjugate-stimulated cells. The activity attained the
maximal level by 2 days with IFN injection, followed by a
gradual decrease with time over days. Similar profiles of NK
activity of spleen cells were observed regardless of gelatin
conjugation. Moreover, the period of NK activity was extended
by conjugation of IFN with gelatin compared with free IFN for
both PEC and spleen cells.

Body Distribution of IFN-Gelatin Conjugate after i.p. Injec
tion. The result on the body distribution of IFN-gelatin conju
gate is shown in Table 1. The body distribution of IFN was
considerably changed by its gelatin conjugation in comparison
with free IFN. The retention time of IFN in the peritoneal
cavity of mice was remarkably increased by the conjugation
with gelatin, and the retention in SS2-bearing mice was much

longer than that in normal mice.
A high accumulation of the IFN-gelatin conjugate in liver

and spleen of normal mice was observed in comparison with
that of SS2-bearing mice. This may be explained in terms of a
clearance by the reticuloendothelial system. In normal mice,
the conjugate injected is readily transferred from the perito
neum to systemic circulation and leads to elimination by the
reticuloendothelial system in the liver and spleen. On the other
hand, the physiological features of tumor-bearing mice are quite
different from those of normal mice. Thus, it may be surmised
that the presence of tumor cells brings about the impairment
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Fig. 3. Augmentation of NK activity by a single i.p. injection of free IFN or
IFN-gelatin conjugate. Mice were sacrificed to prepare PEC (A) and spleen cells
(B) for assessment of NK activity 48 h after injection of 0.15 M NaCl (A), 1 x
IO2 IU free IFN (â€¢),1 x IO5 IU free IFN (D), 10.4 ^g IFN-gelatin conjugate
containing 1 x 10! IU IFN (O), 10.4 â€ž¿�gIFN-free gelatin (A), and 10.4 â€ž¿�gIFN-
free gelatin + 1 x IO2 IU free IFN (â€¢).Points, geometric means of triplicate

cultures; bars, SE.

10 10
10" 10' 10' IO' 10J 10'

Amount of IFN injected (IU/mouse)

Fig. 4. Augmentation of NK activity by i.p. injection of free IFN (â€¢.A) or
IFN-gelatin conjugate (O, A). Mice were sacrificed 48 h after injection to prepare
PEC (O, â€¢¿�)and spleen cells (A, A) for assessment of NK activity. Points, geometric
means of triplicate cultures: bars, SE.

of reticuloendothelial system functions and the augmented mo
bilization of host cells to the peritoneum which causes a reduced
transfer of the conjugate to systemic circulation.

To elucidate the distribution of IFN in the peritoneal cavity
of SS2-bearing mice in more detail, the ascites of those receiving
the conjugate and/or free IFN injection were separated into 3
fractions to measure their radioactivity. The result is given in
Table 2. The number of PEC and SS2 cells collected was about
6.1 x IO7 and 9.6 x IO7, respectively, and M0 percentage in

the PEC fraction was 46.8%. Although free IFN and the IFN-
gelatin conjugate were distributed to SS2 cells at a similar level,
the radioactivity of IFN associated with the PEC fraction was
significantly increased by the gelatin conjugation. No increased
affinity of IFN to the PEC fraction was observed by simple
mixing of IFN with IFN-free gelatin.

Effect of IFN-Gelatin Conjugate on the Growth of SS2 Cells
in the Peritoneum. Fig. 6 shows the number of viable SS2 cells
in the peritoneal cavity. A slight inhibitory effect on in vivo SS2
cell growth was observed by a single injection of the conjugate
in contrast to free IFN injection, although the IFN dose was
low (experiment 1) (P < 0.05). In experiment 2, the number of
SS2 cells decreased as the dose of IFN increased for both free
IFN and the IFN-gelatin conjugate. However, the growth of

SS2 cells in mice treated with the conjugate was significantly
reduced in comparison with that in the free IFN-treated mice,
although the dose of IFN injected for the conjugate was lower
than that for free IFN.

Effect of IFN-Gelatin Conjugate on the Growth of RR1 Cells
in the Peritoneum. The number of viable RR1 cells is illustrated
in Fig. 7. RR1 cells were resistant to both free IFN and the
IFN-gelatin conjugate in vitro (data not shown). The growth of
RR1 cells in mice treated with 5 x IO4 IU but not 5 x IO3 IU

free IFN was reduced. A remarkable reduction of the number
of RR1 cells was observed in mice receiving the IFN-gelatin
conjugate containing a dose of IFN (5 x 10' IU) that was

ineffective in the in vivo RR1 cell growth in free form.
It was demonstrated that IFN injection augmented M<Â£mo

bilization in the tumor-bearing peritoneal cavity (3, 4). M</>
recruitment by the injection of IFN-gelatin conjugate was ex
amined to compare with that of free IFN. The results in RR1-
bearing mice are shown in Fig. 8. The percentage of PEC
components was determined in smeared, Giemsa-stained prep
arations, and the number of each cell type was calculated. The
number of RR1 cells was smaller in free IFN and IFN-gelatin
conjugate-treated than in 0.15 M NaCl-treated control mice.

Â£

2345
Period after injection (day)

1 2
Period after

345
injection (day)

Fig. 5. A, time course of NK activity of PEC after i.p. injection of free IFN or
IFN-gelatin conjugate. Mice were injected i.p. with 0.15 M NaCl (A), 1 x IO2IU
free IFN (â€¢).I x 10' IU free IFN (D), 10.4 Kg IFN-gelatin conjugate containing
1 x IO2 IU IFN (O), 10.4 >,g IFN-free gelatin (A), and 10.4 Kg IFN-free gelatin
-I- 1 x IO2 IU free IFN (â€¢).Points, geometric means of triplicate cultures; bars,

SE. B, time course of NK activity of spleen cells after i.p. injection of free IFN
or IFN-gelatin conjugate. Mice were injected i.p. with 0.15 M NaCl (A), 1 x IO2
IU free IFN (â€¢),1 x 10' IU free IFN (D). 10.4 Kg IFN-gelatin conjugate
containing 1 x IO2 IU IFN (O). 10.4 â€ž¿�gIFN-free gelatin (A), and 10.4 Kg IFN-
free gelatin + 1 x IO2 IU free IFN (â€¢).Points, geometric means of triplicate
cultures; bars, SE.
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Table 1 Body distribution oflFN-gelatin conjugate and free IFN after i.p. injection to normal and SS2-bearing mice
Normal and SS2-bearing mice received i.p. injection of '"I-labeled IFN-gelatin conjugate or free '"I-labeled IFN with or without IFN-free gelatin, and each organ

was removed 30 min later to measure the radioactivity as described in "Materials and Methods."

Percentage radioactivity"

Organ

Normal mice SS2-bearing mice

Conjugate Free IFN
Free IFN +

gelatin Conjugate Free IFN
Free IFN +

gelatin

BloodHeartLungLiverSpleenKidneyPeritoneal

washing3.48

Â±0.040.08
Â±0.020.04
Â±0.0110.17
Â±1.822.74
Â±0.090.86
Â±0.0731.48
Â±2.103.24

Â±0.060.09
Â±0.050.01
Â±0.010.96
Â±0.280.13

Â±0.010.37
Â±0.0816.35
Â±3.202.260.020.060.640.1

10.460.080.000.020.260.020.0314.62

4.623.69

Â±0.060.000.000.78

Â±0.060.62
Â±0.092.08
Â±0.0851.86
Â±2.062.90

Â±0.010.19
Â±0.010.50

Â±0.011.32
Â±0.120.29

Â±0.062.31
Â±0.1024.99

Â±1.021.81

Â±0.020.000.40

Â±0.030.58
Â±0.090.27
Â±0.071.27

Â±0.0615.17
Â±3.60

Â°Radioactivity recovered in each organ is expressed as a percentage of the total radioactivity administered (mean Â±SE).

Table 2 Distribution of IFN-gelatin conjugate ana free /FA' to PEC and tumor
cell fractions after i.p. injection to SS2-bearing mice

SS2-bearing mice received i.p. injection of '"I-labeled IFN-gelatin conjugate
or free '"I-labeled IFN with or without IFN-free gelatin, and PEC and tumor

cells were fractionated 30 min later to measure the radioactivity as described in
"Materials and Methods."

Percentage radioactivity"

Fraction Conjugate Free IFN Free IFN + gelatin

Total
Peritoneal

fluid
PEC
Tumor cells

59.71 Â±3.00* 34.32 Â±4.65
57.27 Â±2.00 (95.9)f 33.20 Â±2.21 (96.7)

1.13 Â±0.03 (1.9)
1.31 Â±0.02(2.2)

0.04 Â±0.01 (0.2)
1.08 Â±0.03 (3.1)

26.62 Â±2.27
25.79 Â±1.06(96.9)

0.03 Â±0.02 (0.1)
0.80 Â±0.04 (3.0)

" Radioactivity recovered is expressed as a percentage of the total radioactivity

administered.
* Mean Â±SE.
' Ratio of percentage radioactivity of total H BSS harvested from the peritoneal

cavity of SS2-bearing mice.

The number of PEC was smaller in control mice and slightly
larger in IFN-treated mice than the number of RR1 cells. The
reduction of RR1 cell number seems to result from the eminent
increase of M<t>infiltration in the IFN-treated mice. The number
of M0 and their percentage in PEC, shown in parentheses,
increased by IFN treatment: 14.0 x IO6 (46.8%) in the control
group; 57.4 x IO6 (67.5%) in the free IFN-treated mice (5 x
IO4 IU/day); and 43.2 x IO6 (66.4%) in the conjugate-treated
mice (5 x IO3 IU/day), respectively. The injection of IFN-free

gelatin induced a slight increase in the Mo number but was
ineffective in suppressing the in vivo growth of RR1 cells.

\IÂ«/iActivation in Tumor-bearing Mice Receiving IFN-Gelatin
Conjugate. The antitumor effect of M0 populations prepared
from the PEC of RR1-bearing mice receiving i.p. injections of
IFN-gelatin conjugate or other agents is shown in Fig. 9. The
injection of 5 x IO3IU free IFN did not enhance the inhibitory

activity of Mtf>for in vitro RR1 cell growth, and the activity
induced was similar to that induced by the injection of 0.15 M
NaCl or IFN-free gelatin. However, M$ from mice receiving
injections of the IFN-gelatin conjugate containing 5 x IO3 IU

IFN were activated to suppress RR1 cell growth as well as M$
from mice receiving 5 x 10" IU free IFN.

DISCUSSION

The results of the present experiment clearly demonstrate
that IFN-gelatin conjugate enables M</>to exhibit inhibitory
activity for tumor cell growth far more efficiently than free
IFN. The total amount of IFN in the culture required for M4>
activation by the IFN-gelatin conjugate is about IO5 to IO6

times lower than that required for activation by free IFN plus
LPS (Fig. 1). Furthermore, M<b activation by the conjugate

does not require the aid of LPS, although LPS is necessary as
a second signal for activating M<Â£primed with free IFN. More
over, M0 harvested from normal mice receiving i.p. injection
of the conjugate alone were activated to inhibit the in vitro
growth of RR1 cells, although the injection of free IFN into
normal mice did not induce M</>activation (Fig. 2) (3, 4). The
effect was similar when gelatin microspheres containing IFN
were used for M0 activation (15, 16). Thus, it seems possible
that a mechanism of M$ activation by IFN involving internal-
ization through an IFN receptor and through other distinct
routes may exist. It may be plausible that the IFN-gelatin
conjugate effectively functions to augment cytokine production
and autocrine mechanisms of M$, leading to M$ activation by
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Fig. 6. In vivo growth of SS2 cells in the peritoneal cavity of mice receiving
i.p. injection of free IFN or IFN-gelatin conjugate. SS2 cells (4 x 10*) were
inoculated i.p. at Day 0, and recipient mice received a single i.p. injection on Day
6 (Exp. 1) and three i.p. injections on Days 3, 5, and 7 (Exp. 2) of free IFN or
the IFN-gelatin conjugate. Viable SS2 cells were counted 1 day after the last
injection. Points, number of cells in each mouse.
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Fig. 7. In vivo growth of RRl cells in the peritoneal cavity of mice receiving
i.p. injection of free IFN or IFN-gelatin conjugate. RRl cells (2 x 10') were

inoculated i.p. at Day 0, and recipient mice received daily i.p. injections of free
IFN or the IFN-gelatin conjugate from Day 3 to Day 6. Viable RRl cells were
counted at Day 7. Points, number of cells in each mouse.

the conjugate alone. In addition, gelatin conjugation was effec
tive in enhancing the ability of IFN itself for targeting to M</>
and prolonging the retention of IFN in the peritoneal cavity
after i.p. injection (Tables 1 and 2). These features of IFN-
gelatin conjugate itself lead to an efficient induction of antitu-
mor activation of M<Â£by the conjugate.

Gelatin is a denatured type of collagen which occupies one-
third of the total proteins present in the body and hence has a
pronounced opsonic property in M<Â£phagocytosis (14). We
have demonstrated that the gelatin microspheres containing
IFN are more effective than free IFN in potentiating the in
vitro tumor growth inhibitory activity of M$ (15). Under in vivo
conditions, the microspheres were also effective in activating
M<t>for antitumor function in comparison with the free form
(16). However, the difficulty in reducing the size of the micro-

spheres restricts their therapeutic usage, and it is necessary to
elaborate different delivery systems for IFN to M0. In addition,
it is demonstrated that incorporation into the microsphere
prevented IFN from exerting inherent systemic effects, such as
direct cytostatic effects against tumor cells and augmentation
of M0 recruitment and NK activity (16). Thus, in the present

study, a water-soluble form of administration was used to target
IFN to M$ through its direct conjugation with gelatin, in view
of the fact that gelatin is more readily pinocytosed by M$ than
other opsonic proteins (21). We have already demonstrated that
conjugating with gelatin enabled muramyl dipeptide to poten
tiate the inhibitory activity of M0 for tumor cell growth in vivo
as well as in vitro (21, 22). Results obtained from the present
study demonstrate that the dosage form of conjugate type is
superior to that of microsphere type. The IFN-gelatin conjugate
effectively augmented NK activity at the dose of IFN 1000
times lower than that of free IFN (Figs. 3, 4, 5A, and 5B).
Moreover, the ability of IFN to augment M$ recruitment was
retained in the IFN-gelatin conjugate (Fig. 8). Thus, the con
jugate is an effective dosage form for delivering IFN to M$
without losing its systemic effects.

A water-soluble carbodiimide was chosen to prepare IFN-

gelatin conjugate because of its mildness in the reaction process.
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Fig. 8. Number of RRl cells and numbers and PEC components of RRl -
bearing mice receiving daily injections of free IFN or IFN-gelatin conjugate. The
experimental schedule was the same as in the experiment of Fig. 7. PMN,
polymorphonuclear leukocytes; L, lymphocytes. Columns, mean cell numbers of
8 to 10 mice: ears, SE.

IO/, 20/,
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Fig. 9. In vitro antitumor activity of M0 populations obtained from RR1-
bearing mice receiving i.p. injections of free IFN or IFN-gelatin conjugate. Mice
received daily i.p. injections of 0.15 M NaCI (A), 5 x 10' IU free IFN (â€¢),5 x
IO4IU free IFN (D), 52.2 ng IFN-gelatin conjugate containing 5 x 10' IU IFN
(O), and 52.2 up IFN-free gelatin (A) from Day 3 to Day 6. M<Â£populations were
prepared at Day 7 from 7 to 8 mice each and pooled. Varying numbers of M0
were cultured with 1x10* RRl cells, and the viable RRl cells were counted 24
h later. Points, geometric means of triplicate cultures; bars. SE.
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Carbodiimide helps couple between the carboxyl and amino
groups present in gelatin and IFN molecules, yielding a complex
mixture of products differing in their molecular size and com
position. No cloudy appearance was observed in the solution
due to intermolecular or mutual cross-linking of their proteins.
Chromatographie studies of the IFN-gelatin conjugate suggest

that the conjugates seem to have the microgel structure of
gelatin associated with IFN, with a molecular weight higher
than 2,000,000 (data not shown). The IFN-gelatin conjugate
exhibits a high inhibitory activity for tumor cell growth in
comparison with free IFN, although the antiviral activity of
IFN remaining in the conjugate apparently decreases. This
implies that every activity of IFN may be the function of a
different part of the IFN molecule. It is likely that gelatin
conjugation impairs functional groups present in the IFN mol
ecule which contribute to its antiviral function. Thus, the car-
bodiimide method used here is effective in preparing the IFN-
gelatin conjugate which functions effectively to enhance the
antitumor effect of IFN but not its antiviral activity.

A strong therapeutic effect of IFN-gelatin conjugate com
pared with free IFN was observed in mice bearing IFN-resistant
RR1 cells as well as IFN-sensitive SS2 cells (Figs. 6 and 7).
Fig. 8 shows that the number of host cells infiltrating into the
peritoneal cavity of RR1 cell recipients was significantly larger
in free 5 x IO4IU IFN and conjugate-treated mice than in IFN-

untreated mice and slightly larger than that of RR1 cells in the
two IFN-treated groups. A significant difference in the RR1
cell number between the groups with or without IFN treatment
paralleled the increase in M0 recruitment in IFN-treated mice.
This implies that the indirect effect of IFN on RR1 cells may
be mediated by M<Â¿>.The participation of M$ in the indirect
effect is suggested by the experiment of Fig. 9. In this experi
ment, it was found that the M<f>populations from IFN-treated
RR1 recipients were more effective than those from IFN-
untreated ones in suppressing the in vitro growth of RR1 cells.
Moreover, the suppressive effect could be induced by the con
jugate at a dose of IFN lower than that of free form.

It may be concluded that the IFN-gelatin conjugate injected
is readily incorporated by M$, activating M<2>antitumor activity
and leading to the suppression of in vivo tumor cell growth. It
should be emphasized that the amount of IFN in the conjugate
required for exerting a significant antitumor effect is much
lower than that of free IFN, which leads to a reduction of
adverse effects of IFN. No serious side effects of the conjugate
in treated SS2- and RR1-bearing mice were observed. Although
gelatin has been used as a safe plasma expander (23), its
immunological and pathological effects should be checked care
fully before clinical application. These findings indicate that
the gelatin conjugate is a promising delivery form for targeting
IFN to M0, leading to potentiation of M$ for in vivo antitumor
activity. This procedure of gelatin conjugation is applicable to
any antitumor cytokine, and applications will be reported on in
the near future.
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