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Synergistic Antitumor Effects of Carboplatin and Interferons on Hepatic Metastases
of Colon Carcinoma 26 and M5076 Reticulum Cell Sarcoma
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The effects of combination therapy including various antitumor agents and interferon on mice bearing
hepatic metastases of colon carcinoma 26 were determined. Combined treatment with interferon-
¢ A/D and carboplatin (CBDCA) was associated with a considerably more pronounced antitumor
effect than was treatment with either drug alone, Murine interferon-5 and -y each also potentiated the
antitumor activity of CBDCA. Combination therapy with interferon-a A/} and CBDCA also resulted
in marked inhibition of hepatic metastasis of M5076 reticulum cell sarcoma. However, interferon-3
did not potentiate the antitumor activity of CBDCA against either subcutaneously implanted colon
carcinoma 26 or pulmonary metastases of this tumor. Thus, in our model the combined administration
of interferon and CBDCA was associated with a synergistic antitumor effect on hepatic metastases

alone,
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Interferon-a and -5 are currently available for clinical
use. Both drugs are therapeutically efficacious in the
treatment of certain types of leukemia and lymphoma,
as well as of renal cell carcinoma. Their efficacy in the
treatment of most other human solid tumors is, however,
limited. Recently, it has been reported that interferons
potentiate the antitumor effect of 5-fluorouracil? and
that the metabolism of 5-fluorouracil may be modified by
interferon.” Tumor cell function may be altered due to
structural changes that increase the net negative charge
on the cell surface” and changes in the density of the
plasma membrane induced by interferon.” These changes
may facilitate the penetration of some antitumor agents
into tumor cells. In addition, interferon may induce
various host-mediated immunomodulating effects, such
as the augmentation of natural killer (INK) cell activity,
which apparently play an important role in the preven-
tion of metastasis.” These findings suggest that the com-
bination of interferon with other commonly used anti-
tumor agents may yield improved treatments for cancer.

In Japan, colorectal cancer has been increasing in
frequency. In affected patients, hepatic metastasis may
have a deleterious effect on survival and is associated
with a low rate of response to systemic chemotherapy.®
We therefore studied the therapeutic effect of antitumor
agents administered in combination with interferon on
hepatic metastasis in mice. In addition, we compared the
antitumor activity of combination therapy against he-
patic metastases of colon carcinoma 26 with that against
pulmonary metastases and subcutaneously implanted
colon carcinoma 26. Comparisons of the activities
against these tumors may yield information useful for the
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selection of antitumor agents effective against tumors
that metastasize to specific organs.”

MATERIALS AND METHODS

Chemicals We used cisplatin (Nippon Kayaku Co., Ltd.,
Tokyo), carboplatin (CBDCA, Bristol-Myers Squibb
K.K., Tokyo), cyclophosphamide and vindesine (Shionogi
& Co., Ltd., Osaka), doxorubicin, 5-fluorouracil and
mitomycin-C (Kyowa Hakko Kogyo Co., Ltd., Tokyo)
and pirarubicin (Meiji Seika Kaisha, Tokyo).
Animals Inbred, 5-week-old male BALB/c, CDF,,
C57BL/6 and BDF, mice weighing approximately 22 g
each were obtained from Japan SLC (Hamamatsu).
These were maintained under specific-pathogen-free con-
ditions in our laboratory.
Tumor Colon carcinoma 26 was maintained in vivo by
serial subcutaneous transplantation in BALB/c mice,
and CDF, mice were used for experimenis. For these
experiments, tumors freshly excised from tumor-bearing
mice were minced in Hanks® balanced salt solution (Life
Technologies, Inc., Grand Island, NY) and strained
through a 120 stainless-steel mesh. Viability was deter-
mined by trypan blue dye exclusion. Cells were diluted to
the desired concentration. Six to eight mice were used for
each dose tested. For subcutaneous implantation, colon
carcinoma 26 cells were suspended and an aliquot con-
taining 5 10° cells was injected into the right thigh of
each mouse on day 0,

M5076 reticulum cell sarcoma (M3076) was main-
tained in vivo by serial intraperitoneal transplantation in
C57BL/6 male mice, and BDF, mice were used for



experiments with this tumor. MS5076 cells (3108
cells/mouse) were injected into the tail vein on day 0.
These mice were then randomized prior to allocation to
the various experimental groups.

Experimental procedure for induction of hepatic metas-
tases of colon carcinoma 26 Colon carcinoma 26 cells
formed pulmonary metastases in mice following intra-
venous injection {2 X 10* viable tumor cells/mouse). How-
ever, multiple hepatic metastases of this tumor can be
induced, as we have previously shown.® Briefly, mice
were anesthetized with ether, a left subcostal incision
(about 3 mm in length) was made, and the spleen was
externalized. A 27-gauge needle (Terumo Japan, Tokyo),
was used to puncture the splenic capsule, and 53X 10*
viable tumor cells suspended in 0.1 ml of Hanks’
balanced salt solution were injected directly into the
upper pole of the spleen. Gentle pressure was applied for
a period of 10 s to prevent hemorrhage and tumor cell
extravasation. The arteria and vena linealis were then
clamped with a medium hemoclip (Edward Weck & Co.,
Inc., Research Triangle Park, NC), and the spleen was
removed 20 s after the tumor cells had been implanted.
The abdomen was sewn using surgical suture, and the
skin. was closed with disposable skin clip applicators
(Avlox 12, Medi Plast, Sweden). The mice were allowed
to recover and were then randomized prior to allocation
to the different groups. Many metastases (more than
100), each approximately 0.3 mm in length, were found
in the liver seven days after implantation. The lifespan
of untreated CDF, mice bearing hepatic metastases was
narcow in range; the mean survival time of the untreated
mice was 18.5£0.4 (SE) days (n=111). All dead
animals had numerous metastases, and these were con-
fined to the liver (liver weight of untreated controls at
death=35,601+0.13 (SE) g, n=111; liver weight of normal
mice=0.990.01 g, n=60).

Treatments Recombinant human interferon-cA/D,
which was the product of a hybrid DNA of A and D
clones, was a generous gift from Dr. Ishitsuka, Nippon
Roche Research Center, Kamakura (specific activity:
2.04X 10" IU/ml). Recombinant murine interferon-3
(specific activity: 5.5X 107 IU/mg protein) and inter-
feron-y (specific activity: 4.6 X 10° U/mg protein) were
provided by Toray Industries, Inc., Kamakura. For ex-
periments with colon carcinoma 26, these interferons
were administered daily by intraperitoneal injection at
doses of 1 to 2 10° IU/mouse on days 6 through 8 and
13 through 15. CBDCA was injected intravenously at
100 (maximum tolerated dose) and 50 mg/kg on days 7
and 14. The other antitumor agents were injected in-
travenously at their maximum tolerated doses on days 7
and 14. On the other hand, for experiments involving
M5076, interferon-aA/D was administered by intra-
peritoneal injection at a dose of 2X10° IU/mouse on
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days 7, 11 and 15, CBDCA (50 mg/kg) was injected
intravenously on days 7, 11 and 15. The animals were
observed daily in order to determine survival time during
a 100-day (colon carcinoma 26) or 120-day (M5076)
follow-up period. The antitumor effect was determined
by comparing the mean survival time of each group
receiving treatment with that of the control group, and
expressed as the increase in life-span (ILS). At the time
of death of colon carcinoma 26-bearing mice, an autopsy
was performed, and many hepatic or pulmonary metas-
tases were observed in mice subjected .to intrasplenic or
intravenous injection of the tumor, respectively. The
mice without tumeor on day 100 were designated ‘cured.’
Autopsy was performed in order to check for the pres-
ence of tumor colonies in the liver or other organs in
mice bearing M5076 at death (control and interferon-
aA/D groups} or on day 120 (CBDCA and its combina-
tion groups).

Cell culture Colon carcinoma 26 cells to be cultured
were prepared from tumor tissues. Cells were subcul-
tured seven times and used for experiments, Cells were
grown in 96-well tissue culture dishes (Falcon, Becton
Dickinson Labware, Lincoln Park, NJ) at 37°C in a
humidified atmosphere with 5% CQ,. The initial cell
density was 5x10° cells per well. Each well contained
180 1l of Eagle’s minimum essential medium supple-
mented with vitamins, sodium pyruvate, non-essential
amino acids and 1-glutamine with 10% fetal bovine
serum (Gibco, Grand Island, NY). Twenty-four hours
after the beginning of culture, graded concentrations of
interferon-8 (10 1) and CBDCA (10 1) were added.
The cytotoxic effects of these drugs were assessed using
the MTT test 24 h after their addition. Results were ex-
pressed as the relative percentage absorbance compared
to that of the controls not receiving drugs. Absorbance
was tested at 540 nm and measured using an Elisa
Analyzer (ETY-96R, Toyo Sokki; Tokyo). Each experi-
mental data point is the mean of guadruplicate determi-
nations.

Statistical analysis The means of the various experimen-
tal groups were compared by using Student’s 7 test.

RESULTS

The effects of antitumor agents, in combination with
interferon-¢A/D, -8 and -7, on survival of mice bearing
established hepatic metastases were determined (Tables
I-III). As shown in Table I, combined administration of
CBDCA at 50 mg/kg and interferon-a A/D resulted in
significantly greater prolongation of life than did admin-
istration of the single agents alone (Expt. I, P=0.031;
Expt. II, P=0.003). When CBDCA at a dose of 100
mg/kg (maximum tolerated dose) was combined with
interferon-aA/D, two out of six mice tested were cured;
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Table 1. Effect of Interferon-aA/D and Antitumor Agents
in Combination or as Single Drugs on Hepatic Metastases of
Colon Carcinoma 26-bearing Mice

Antitumor Dose Interferon- Survival? Increase in
agent (mgrkg) aA/D (days) life-span (%)
Expt. I

Control 19.7£0.9

Adriamycin  12.5 - 426x22 116
Adriamycin  12.5 +  43.0L1.5 118
Pirarubicin  12.5 — 363128 24
Pirarubicin 12,5 + 33.0%£2.2 68
Cisplatin 5 — 32.5+3.2 65
Cisplatin 5 + 40.4=5.8(1/6)Y 105
CBDCA 50 - 258129 31
CBDCA 50 + 4901 102%(2/6) 149

Expt. II

Control — 16.3+0.6

Interferon 4+ 23.3%26 43
Vindesine 2.5 — 17.3£+2.3 6
Vindesine 2.5 +  26.,5%3.7 63
Cyclophos- 100 - 345+27 112

phamide

Cyclophos- 100 + 32.0X1.6 26
phamide

CBDCA 50 - 205£1.6 26
CBDCA 50 + 33.513.1%(1/6)? 106
CBDCA. 100 — 30.3+54 86
CBDCA 100 + 39.8£9.2(2/6)¥ 144

Interferon-aA/D (2% 10° IU/mouse/day) was injected i.p. on
days 6 through 8 and 13 through 15. Antitumor agents were
injected i.v. on days 7 and 14.

@) Mean*SE (cured mice were excluded from calculations).
b) Number of cured mice per total number of treated mice,
on day 100. )

®* P<0.05, ** P<0.01, compared to results obtained with
the antitumor agent alone.

Table II. Effect of Murine Interferon8 and Antitumor
Agents in Combination or as Single Drugs on Hepatic
Metastases of Colon Carcinoma 26-bearing Mice

Antitumor Dose Inter- Survival® Increase in
agent (mg/kg) feron-3 (days) life-span (%)

Control - 172x11

Interferon-3 +  17.6%1.7 2
5-Fluorouracil 100 - 22.0x1.2 28
5-Fluorouracil 100 -+ 22,5126 31
Mitomycin-C 5 — 265118 54
Mitomycin-C 5 - 29.7+2.0 73
CBDCA 100 - 31.3x25 82
CBDCA 100 +  [39718.11(3/6)®  [131]

Murine interferon-3 (13X 10° IU/mouse/day) was injected i.p.
on days 6 through 8 and 13 through 15, Antitumor agents
were injected i.v. on days 7 and 14.

a) MeanESE (cured mice were excluded from calculation).
b) Number of cured mice per total number of treated mice,
on day 100.
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when either of the drugs was used alone, no mouse was
cured. The antitumor activity of doxorubicin, pirarubi-
cin or cyclophosphamide was not potentiated by inter-
feron-@A/D. The antitumor activities of cisplatin and
vindesine each tended to be potentiated by interferon-
aA/D, though the differences between results obtained
with antitumor agent alone and those in combination
with interferon-®A/D were not statistically significant.

Interferon-aA/D (2X 10° IU/mouse) had some anti-
tumor activity against hepatic metastases of colon carci-
noma 26, while interferon-8 (2<10° IU/mouse) and
interferon-y (1X10° U/mouse) each had little effect
(Tables IT and IIT). Interferon-5 also potentiated the
antitumor activity of CBDCA (100 mg/kg); combina-
tion of these two agents resulted in the long-term survival
of three out of six mice tested. On the other hand, the
antitumor activity of 5-fluorouracil or mitomycin-C was
not potentiated by interferon-3 in this treatment regimen
(Table II).

Interferon-y also potentiated the antitumor activity of
CBDCA, and combination therapy with these two agents
resulted in significantly greater prolongation of life of
hepatic metastasis-bearing mice than did treatment with
CBDCA alone (Table III).

M35076 is known to form hepatic metastases when cells
are injected into the tail vein.® The combination of
interferon-aA/D and CBDCA also had a marked anti-
tumor effect on hepatic metastases of M5076 (Table IV).
On day 120, all mice given the combination therapy of
CBDCA and interferon-aA/D had no tumor in any
organ, while five of six mice tested with CBDCA alone

Table III. Effect of Murine Interferon-3 and -y on Anti-
tumor Activity of Carboplatin against Hepatic Metastases of
Colon Carcinoma 26

Increase in
Survival (days)

Drug (mean X SE) llff;;bp)an

Centrol 20.8+1.5

Interferon-8 (2 X 10° IU/mouse) 21.2+0.8 2
Interferon-y (1<X10° U/mouse) 21.0=1.8 1
Interferon-8 + Interferon-y 22716 9
CBDCA (50 mg/kg) 242116 l6
CBDCA + Interferon-3 33.2L2.0% 60
CBDCA + Interferon-y 3532471/ 710

Murine interferon-8 and -y were injected i.p. daily on days 6
through 8 and 13 through 15. CBDCA (50 mg/kg) was
injected i.v. on days 7 and 14.

a) Number of cured mice per total number of treated mice,
on day 100. Cured mouse was excluded from calculation of
survival.

¥ P<0.05, k% P<0.01, compared to result with CBDCA
alone.



Table IV. Effect
bearing Mice
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of Interferon-aA/D and CBDCA in Combination or as Single Drugs on M5076-

Number of hepatic

Drug Survival® Increase in metastasis-bearing Liver weight®
+ (days) life-span (%} mice®/treated mice (8)
Control 18.5%0.5 — 6/6 3.9710.11
IFN-aA/D 20.5+1.1 i 6/6 39110.14
CBDCA >120 > 549 5/6 3.93+1.39
CBDCA
+IFN-zA/D >120 >549 0/6 1.67+0.09

a) Mean L SE of six mice.

b) Number of hepatic metastasis-bearing mice and liver weights were determined at death in the case
of Contrel and IFN-aA/D groups, or on day 120 in the case of CBDCA and CBDCA plus IFN-

aA/D groups.

Table V. Effect of Interferon-¢A/D and Antitumor Agents
in Combination or as Single Drugs on Pulmonary Metastases
of Colon Carcinoma 26-bearing Mice

Antitemor Dose Interferon- Survival® Increase in
agent (mg/kg) aA/D (days) life-span (%)

Control - 19.80.5

Interferon-g A/D + 21.8+1.3 10
Cisplatin 5 - 27.3*1.5 38
Cisplatin 5 + 28.4+2.5 43
CBDCA 100 - 29.713.6 50
CBDCA 100 + 30.0x3.1 52
CBDCA 50 — 23.0X=1.0 16
CBDCA 50 + 245+1.3 24

Interferon-cA/D (2x10° IU/mouse/day) was injected i.p.
on days 6 through 8 and 13 through 13. Antitumor agents
were injected i.v. on days 7 and 14.

a) Mean = SE of survival of six mice.

had one or two large tumors in the liver. All mice treated
with interferon-a A/D alone had numerous large hepatic
metastases.

On the other hand, interferon did not potentiate the
antitumor effect of CBDCA on subcutaneously im-
planted colen carcinoma 26. There were no significant
differences between the antitumor activities of drugs
given in combination or as single agents (mean survival
days: control, 29.7£2.8 (SE) days; CBDCA, 40.513.3
days; interferon-3, 38.5 2.2 days; CBDCA +interferon-
B, 42.314.7 days).

Metastasis following intrasplenic injection of colon
carcinoma 26 was confined to the liver, while injection
via the tail vein resulted in metastases confined to the
lung. In experiments testing treatment of pulmonary
metastases, no significant differences were found between
the antitumor activity of drugs given in combination or
as single agents (Table V).
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Fig. 1. Effect of interferon-3 on CBDCA toxicity towards
colon carcinoma 26 cells. Colon carcinoma 26 cells were incu-
bated with varying concentrations of CBDCA. in the absence
of interferon-8 (CO), or in the presence of either 10* IU/ml
(®) or 10° IU/ml of interferon-3 (M). This procedure
was repeated three times, and the results shown are those of
a single typical experiment.

o
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The growth-inhibitory effects of CBDCA and inter-
feron-8 against cultured colon carcinoma 26 are illus-
trated in Fig. 1. Interferon-8 itself had no growth-
inhibitory effect. The combination of interferon-3 and
CBDCA was more cytotoxic than was CBDCA alone.
In particular, synergism of growth-inhibitory effect was
observed for the combination of high concentrations of
interferon-8 and low concentrations of CBDCA.
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DISCUSSION

Although interferons themselves have little direct in-
hibitory effect on tumor cells, the effect of certain anti-
tumor agents is enhanced when they are used in combina-
tion with interferon, which may modify the matabolism
of antitumor agents such as 5-flucrouracil.?> Moreover,
NK activity is augmented by interferon, and NK cells
may have greater activity against tumor cells which have
already been damaged by antitumor agents. The adminis-
tration of interferon might therefore result in enhance-
ment of the effect of antitumor agents currently in clinical
use. Preclinical studies of the interactions between inter-
feron and each of cyclophosphamide,' cisplatin'™** and
vinblastin'® have been reported.

Recently, cases of colorectal cancer have been increas-
ing in Japan, This cancer frequently metastasizes to the
liver. Therapy for hepatic metastasis is therefore re-
quired; systemic chemotherapy, however, has been found
to be only minimally effective. In this study we attempted
to determine which drugs might be potentiated by inter-
feron as regards their effectiveness in the treatment of he-
patic metastases. In our model of hepatic metastasis using
colon carcinoma 26, the combination of an interferon
with certain antitumor agents, in particular CBDCA, was
associated with synergistic antitumor effects against
hepatic metastases but not against subcutaneously im-
planted tumor or pulmonary metastases. The number
of hepatic metastases as detected in histological examina-
tion of the liver five days after combination therapy with
interferon and CBDCA was considerably less than that
after treatment with either drug alone. Moreover, this
combination had a marked antitumor effect on hepatic
metastases of M5076. In an in vitro study using K562,
the efficacy (in terms of cytotoxicity) of low concen-
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