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injection of 2-3 X IO6 viable Colon26 cells in 0.1 ml of complete medium

without 50 /J.M 2-mercaptoethanol. The spleen was then removed after the

artery and vein lienalis were clamped. The abdomen and skin were surgically

sutured. The mice were allowed to recover ( 1 or 3 days) and were randomized

before being distributed in cages on the day when treatment began.
Antitumor Activity of KRN7000. CDF, mice were inoculated with Co-

Ion26 cells by intrasplenic injection on day 0. Mice were divided into the
following two groups (20/group): control (no treatment) and KRN7000 treat
ment. KRN7000 at a dose of 100 fig/kg was i.v. administered on days 1. 5. and
9. Mice were euthanized on days 8, 11, and 15 (five per group), and the liver
was removed for weighing (Fig. 2).

For the study of dose dependency, vehicle and graded doses of KRN7000
(0.1 ng/kg-1 mg/kg) were i.v. injected into BALB/c mice (10/group) on days

1, 5 and 9, and liver weight was measured (5/group) on day 14.
Antitumor Effect of KRN7000 in Mice with Established Hepatic Me

tastasis of ( '(ilon26 Cells. CDF, mice were inoculated with Colon26 cells by

intrasplenic injection on day 0. Mice were divided into the following two

groups (20 or 25/group): control (no treatment) and KRN7000 treatment.
KRN7000 at a dose of 100 jig/kg was i.v. administered on days 3, 7. and 11.
Mice were euthanized on days 3. 9. 21 and 28 (five mice per group, except for
three in the control group on day 28 because of earlier deaths), and the liver
was removed for weighing and then fixed in phosphate-buffered 10% formalin.
Paraffin-embedded liver sections (five specimens/liver) were prepared from
the formalin-fixed livers and stained with H&E.

Comparison of Antitumor Activity between KRN7000 and II.-12. The
antitumor activities of KRN7000 and IL-12 were compared in three experi

mental groups (10 BALB/c mice/group): control (no treatment) and KRN7000
and IL-12 treatment. KRN7000 (100 /xg/kg) was i.v. administered on days 1,
5, and 9. IL-12 (1 ng/mouse) was i.p. administered on days 1, 3. 5. 7. and 9

(17). Liver weight (five/group) was measured on day 18.
In addition, we observed the survival periods of Colon26-bearing mice (five

mice per group) in all of the above experiments. Mice surviving more than 100
days were judged as cured.

Rechallenging Test with Colon26 and Meth A Cells Administered to
Cured Mice. The four cured mice in KRN7000 treatment group, one cured
mice in IL-12 treatment group (Fig. 5ÃŸ),and five nearly age-matched no-

treatment BALB/c mice (control group) were s.c. inoculated with Colon26
cells (IO5 cells/mouse) on day 161. Tumor volume and the survival or death of

each mouse were noted. After confirming that the cured mice completely
rejected the rechallenged Colon26 tumors, Meth A (IO5 cells/mouse) were s.c.

implanted into the cured mice and five almost age-matched, no-treatment

BALB/c mice on day 293, and the tumor volume and survival or death of each

mouse were noted.

RESULTS

Lytic Activity of KRNTOOO-treated Hepatic MNC. We first es
timated the lytic activity against YAC-1 and Colon26 cells of hepatic

MNC obtained from mice that were treated 3 days previously with or
without KRN7000 (100 Me/kg). As shown in Fig. ÃŒA,KRN7000
significantly augmented the lytic activities of hepatic MNCs against
both types of tumor cells compared with the controls (no treatment).
In addition. KRN7000 treatment induced approximately a 4-fold

increase in the number of MNCs compared with the control. We
characterized the hepatic MNCs on FACSort using anti-NKl.l mAb
and anti-CD3 mAb. As shown in Fig. IÃŸ,KRN7000 administration
induced an approximate 4-fold increase in the NK1.1 *CD3 (NK)

cell percentage (23.1%) among hepatic MNCs. in comparison with the
control (6.5%). We then sorted the NK cells among the KRN7000-

treated hepatic MNCs to estimate their lytic activity against Colon26
cells. As shown in Fig. 1C, the sorted NK cells (E:T = 10:1 ) and the
parental MNCs (E:T = 40:1) possessed equal lytic activity against
tumor cells. This result demonstrated that liver-associated NK cells

activated by KRN7000 were the main contributors to the in vitro
killing of Colon26 cells, and it suggested that KRN7000 treatment
might be able to induce killing of Colon26 cells in the liver.
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Fig. 1. Lylic activities of KRNTOOO-treated hepatic MNC and sorted NK cells against

tumor cells. A. hepatic MNCs were prepared from normal BDF, mice or from mice treated
with KRN70Ã•X)( 100 ng/kg) 3 days previously. The lytic activities of the hepatic MNCs
at E:T ratios of 7.5:1. 15:1. and 30:1 were evaluated hy (he 4-h "Cr release method H.

the characleri/ation of the hepatic MNC was performed hy fluorescence-activated cell
sorting analysis using phycoerythrin-anti-NKI. ! mAh and FITC-anti-CD3 mAb. C,
NK1.I*CD3 cells in the hepatic MNC from KRN7(XX)-pretreated mice were sorted
using a FACSort instrument. The lytic activities of sorted NK1.I +CD3 cells or hepatic
MNCs against Colon26 cells were evaluated by the 4-h slCr release method. Dtiiu Â¡mints.

means of triplicate determinations; bars. SD.

Antitumor Effects of KRN7000 in Mice with Hepatic MÃ©tasta
ses of Colon26 Cells. We next evaluated the antitumor activity of
KRN7000 (100 fj.g/kg) in mice with Colon26 liver metastasis. As
shown in Fig. 2A, the liver weight of control mice increased daily and
reached 3.5-fold that of normal mice (around 1 g) on day 15; all

control mice died within 40 days. In contrast, there was no increase in
liver weight among KRN7000-treated mice, and the cure rate among

these animals was 100%. Fig. 2B shows macroscopic observations of
livers on day 15 of the above two groups. Many tumor nodules can be
clearly observed in the livers of the control group, but no obvious
tumor nodules were observed in the KRN7000-treated livers. This

demonstrated that the liver weight increase is an accurate reflection of
tumor growth in the liver.

Dose Dependency of KRN7000 in Mice with Hepatic MÃ©tastases
of Colon26 Cells. We then examined the dose dependency of
KRN7000 (0.1 ng/kg-1000 /j.g/kg) inhibition of Colon26 liver mÃ©

tastases. As Fig. 3 shows. KRN7()(K) suppressed the liver weight
increase in a dose-dependent fashion, and there was a significant
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Fig. 2. Anlitumor activity of KRN7000 in mice
with hepatic metastasis of Colon26 cells (A) and
the macroscopic appearance of their livers on day
15 (B). Colon26 cells (3 X IO* cells/mouse) were

intrasplenically inoculated into CDF, mice on day
0. KRN7000 ( 1(K)/Â¿g/kg)was '-v- administered on
days 1.5, and 9. Mice in the control group were not
treated. A, the liver weights of each group were
measured on days 8, 11, and 15. Data points.
means (5 mice/group); bars. SE. Statistical signif
icance was evaluated by the two-sided unpaired
Student's 1 test. *, P < 0.05; **. P < 0.01. B.

macroscopic observation of livers from the above
described two groups on day 15.
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retardation of tumor growth in the liver over a broad range of
KRN7000 dosages, ranging from 1 ng/kg to 1000 fig/kg. Observation
of survival showed that, although the control mice died within 26
days, 40, 60, and 60% of mice were cured by the treatment of
KRN7000 at doses of 10, 100, and 1000 Â¿tg/kg,respectively.

Dose of KRN7000 (ug/kg)

Fig. 3. Dose-dependenl antitumor activity of KRN7000 in mice with hepatic metastasis
of Colon26 cells. Colon26 cells (2 X 10ft cells/mouse) were intrasplenically inoculated

into BALB/c mice on day 0. Graded doses of KRN7000 (0.1 ng/kg-1000 ng/kg) or
vehicle were i.v. administered on days 1, 5. and 9. Mice in the control group were not
treated. Liver weights were measured on day 18. Columns, means (5 mice/group); bars.
SE. Statistical significance was evaluated by the two-sided unpaired Student's / test. *,

P < 0.05; **, P < 0.01; ***. P < 0.001 (compared with control group).

Antitumor Effect of KRN7000 in Mice with Established He
patic Metastasis of Colon26 Cells. To test whether KRN7000 is
effective against established tumors in the liver, we first conducted
microscopic observation of livers 3 days after Colon26 inoculation,
based on a report by Eisenthal et al. (18). As shown in Fig. 4, B and
C, small but established tumor nodules obviously existed in the livers
at this time point. We, therefore, started treatment with KRN7000
from day 3. The liver weight of control mice increased daily and all
these mice died within 40 days, but KRN7000 completely inhibited
the liver weight increase (Fig. 4A) and resulted in 100% cure rate. The
microscopic observation demonstrated that there were many large
tumor nodules in the marginal regions of control livers on day 9 (Fig.
4D), although we found no obvious tumor nodules in 25 specimens of
KRN7000-treated livers, except for several traces suggesting the

existence of tumor nodules in marginal regions (Fig. 4E). These data
demonstrate that KRN7000 had a capacity to regress established
Colon26 tumors.

Comparison of the Antitumor Activities of KRN7000 and II ,-
12. Because it is known that IL-12 possesses marked antitumor ac

tivity against many murine tumor systems (15, 17), we compared the
antitumor effects of KRN7000 and IL-12. IL-12 significantly inhib

ited the growth of Colon26 cells in the liver, and its potency was the
similar to that of KRN7000 (Fig. 5A). In addition, KRN7000 and
IL-12 prolonged the survival periods of Colon26-bearing mice and

produced 80 and 20% of cure rates, respectively (Fig. 5ÃŸ).
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Fig. 4. Antitumor activity of KRN7000 in mice with established hepatic metastasis of Colon26 cells (A) and microscopic observation of liver section (B-E). A. Colon26 cells (3 X IO6

cells/mouse! were intrasplenkally inoculated into CDF, mice on day 0. KRN7IXX) ( I(X) /Â¿g/kg)was i.v. administered on days 3. 7. and I I. Mice in the cuntnil group were not treated.
The liver weights were measured on days 3,9, 21, and 28. Data pomrs, means (5 mice/group except for 3 in the control group on day 28); bars, SE. Statistical significance was evaluated
by the two-sided unpaired Student's l test. *, P < 0.05; **; P < 0.01. B and C, microscopic observation of liver section of control mice on day 3. Magnifications, X25 (Bl and XI00

(O. D, microscopic observation of liver section of control mice on day 9. Magnification, (X12.5. Â£.microscopic observation of liver section of KRN7(XX)-treated mice on day 9.
Magnification, XI2.5.

Tumor-specific Immunity Is Induced in KRNTOOO-treated
Mice. To test whether the cured mice had acquired tumor-specific

immunity, Colon26 cells were s.c. inoculated into these mice and
nearly age-matched control mice. Colon26 tumor growth occurred in

all control mice, which died within 52 days after tumor inoculation. In
contrast, all cured mice completely rejected the rechallenged tumor
cells (Fig. 5C). Therefore, we s.c. inoculated Meth A cells into the
cured mice and nearly age-matched control mice. As shown in Fig.
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Fig. 5. Comparison of the effects of KRN70UO and IL-12 in mice with Colon26 hepatic

metastasis on inhibition of tumor growth M). prolongation of survival (ÃŸ).and specificity
of the immune response in cured mice rechullenged with either Colon26 (O or Meth A
(DÃ¬tumor cells. Colon26 cells (2 X IO6 cells/mouse) were Â¡ntrasplenically inoculated into

BALB/c mice on day 0. The treatments of the KRN7000 and the control groups were
conducted as shown in Fig. 2. IL-12 ( 1 ng/mouse) was i.p. injected into mice on days 1.

3, 5, 7, and 9. A. the liver weights were measured on day 18. Columns, means (5
mice/group); ham, SE. Statistical significance was evaluated by the two-sided unpaired
Student's I test. **, P < 0.01 (compared with control group). B. survival curves for treated

and control mice. Statistical significance was evaluated by the log-rank test. *. P < 0.05;
**, P < 0.01 (compared with control group). C. cured mice in the KRN70(X) or IL-12
treatment groups and five no-treatment BALB/c mice (control group) were s.c. inoculated
with Colon26 cells ( IO5 cells/mouse) on day 161. Dalli Â¡toint.1*.mean tumor volumes. D.
Meth A ( IO5cells/mouse) were s.c. implanted into the cured mice or into five no-treatment

control BALB/c mice on day 293. Data points, mean tumor volumes.

5D, none of the mice in either group rejected the inoculated Meth A
cells, and all died within 56 days after tumor inoculation. Further
more, we obtained similar results in other tumor rechallenge tests
(data not shown).

DISCUSSION

To test the possibility that KRN7000 would be useful for the
treatment of the colorectal metastasis, we conducted this study using
the Colon26 liver metastatic model. Although KRN7000 did not
suppress tumor growth of s.c. inoculated Colon26 cells (19), we found
that KRN7000 showed marked antitumor activity in mice with hepatic
metastasis of Colon26 tumor. Our study of dose dependency (0.1

ng/kg-1000 /xg/kg) of KRN7000 demonstrated that this agent has
significant tumor growth-inhibitory effects over a broad range of
dosages (1 ng/kg-1000 pt-g/kg; Fig. 3). The comparative study of
KRN7000 and IL-12 demonstrated that the capability of KRN7000 in
prevention of Colon26 growth in the liver was similar to that of IL-12

(Fig. 5A) and that the ability of KRN7000 to produce cured mice was
stronger than that of IL-12 (Fig. 5ÃŸ).Furthermore, to estimate the

efficacy of KRN7000 in the Colon26 liver metastasis model, we
compared the antitumor activities of KRN7000 and three kinds of
chemotherapeutic agents (5-fluorouracil, mitomycin C, and ADR),
which were selected based on the report by ligo et al. (8). 5-Fluorou-
racil and mitomycin C, which have been used clinically in the intraar-

terial treatment of colorectal carcinoma (20), possessed significant
antitumor activity, but ADR did not suppress tumor growth in the
liver, and it did not prolong survival of Colon26-bearing mice (data

not shown). The results concerning ADR are contrary to those re
ported by ligo et al. (8), but they are consistent with a previous report
by Mayhew et al. (7). Considering that human colorectal carcinoma
metastasizing to the liver have not been reported to be sensitive to
ADR (21), our result seems to more closely reflect the clinical
situation in humans. Even under such experimental conditions, it is of
interest that KRN7000 significantly inhibited the growth of Colon26
cells (Figs. 2, 3, and 5), it regressed established Colon26 tumors in the
liver (Fig. 4), and it resulted in high cure rates (60% or more). In
addition, KRN7000 had marked antitumor activity against mice with
liver metastasis of murine T-lymphoma EL-4 cells (22) or B16 cells.3

These results suggest that KRN7000 will be useful for treatment of
liver mÃ©tastasesof various cancers, including but not limited to
colorectal carcinoma.

KRN7000-treated MNC showed strong lytic activity against both
YAC-1 and Colon26 cells (Fig. 1A). On the basis of the reports (11,
12) that liver-associated NK cells play an important role in the

antimetastatic activity of biological response modifiers, we tested the
lytic activity of sorted NK cells obtained from KRN7000-treated
hepatic MNC against Colon26 cells. We found that highly KRN7000-
activated. liver-associated NK cells were the main contributors to the

Colon26 killing (Fig. 1C). In addition, the tumor rechallenge test
demonstrated that the cured mice treated with either KRN7000 or
IL-12 acquired tumor-specific immunity (Fig. 5, C and D). Because
CTLs play an important role in the induction of tumor-specific im
munity (23, 24), this result strongly suggested that tumor-specific

CTLs were induced in the cured mice. Moreover, it was recently
demonstrated that KRN7000 functionally activates VÂ«14+ NK1+T

cells, a novel T-cell lineage, to prevent tumor liver metastasis (25).

These results suggest that activated antitumor effector cells, such as
NK cells, T cells, and NK1+T cells, play an important role in the

manifestation of the antitumor activity induced by KRN7000.
Preclinical studies using mice, rats, and monkeys have demon

strated vital, non-treatment-related changes in the mortality, general

vital signs, or hematological and biochemical parameters by the
administration of KRN7000, even at the relatively high dose of 2200
/j.g/kg for 28 days (data not shown). In addition. KRN7000-pretreated

human DCs significantly stimulated autologous and allogeneic mixed
leukocyte reaction responses.4 Taken together, the findings in the

present study strongly suggest that KRN7000 will be useful for the
treatment of colorectal liver metastasis.

1 H. Nakamura. K. Motoki, 1. Serizawa. M. Sato. R. Nakagawa. R. lijima. H. Ueno, A.

Shimosaka. and Y. Koezuka. Antitumor activity of a-galactosylceramide, KRN7000. in
mice with the melanoma B16 hepatic metastasis and immunohistological study of tumor
infiltrating cells, submitted for publication.

4 Manuscript in preparation.
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