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ABSTRACT

Highly metastatic u//3-interferon (IFN-o/ÃŸ)-res!stant Friend leukemia
cells (FLO were transfected with a retroviral vector (pLTneoL-5) con
taining the mouse 11Nâ€¢¿�<,,gene. Transfected clones were isolated and tested
for their capacity to secrete IFN-0| and their tumorigenicity when injected

s.c. into immunocompetent syngeneic DBA/2 mice. Almost all 111 clones
producing IFN in the range of 16-512 units/ml failed to grow when in

jected s.c. or i.p. into normal mice, whereas control I I.( (transfected with

a vector without the IFN gene) exhibited the highly malignant phenotype
of the original FIX. High levels of IFN were detected in peritoneal fluid,
tumor extracts, and sera of mice given injections of IFN-producing cells.
Injection of mice with antibodies to IFN-a/ÃŸresulted in the development
of tumor ascites in mice transplanted i.p. with IFN-producing I I ( . In
contrast to the tumor rejection observed in immunocompetent mice, IFN-
producing FLC were highly tumorigenic when transplanted into immuno-
suppressed nude mice. Mice given injections of IFN-producing FLC de
veloped a long-lasting tumor-specific immune resistance to subsequent

injection with highly metastatic FLC. Simultaneous s.c. injection of both
metastatic FLC ( = 10-' 50% lethal doses) and IFN-producing cells resulted

in potent inhibition of the tumor growth, with a survival rate of approx
imately 50% for injected mice. Contralateral injection (s.c.) of IFN-pro

ducing FLC into mice with established metastatic tumors produced a
marked inhibition of tumor growth, with a survival rate of 10% for
injected mice.

These results indicate that: (ai the genetic mod Â¡finitionof highly met
astatic FLC by means of transfer of the IFN-a, gene results in potent
tumor cell rejection, which is mediated by an IFN-induced host immune
response; (6) injections of IFN-producing tumor cells are effective in

inhibiting tumor growth in mice with established metastatic tumors. These
data suggest that tumor cells transfected with the IFN-a gene might be

used as an effective therapy for the treatment of certain human metastatic
tumors, provided that suitable strategies are defined to prevent growth of
the cytokine-producing cells.

INTRODUCTION
Applications of "tumor cell-targeted cytokine gene therapy" (i.e.,

genetic engineering of tumor cells to produce a given cytokine) have
proven useful in determining the potential of this antitumor therapy
approach in experimental animal systems. This approach has been
used successfully to investigate the antitumor effects of IL-21 (1-3),

IL-4 (4-6), IFN-7 (7. 8), tumor necrosis factor (9-11 ), IL-7 (12), and
granulocyte-colony-stimulating factor (13). In most of these studies
(2, 3, 6-8), it has been possible to elucidate the effector mechanisms

responsible for the protective response against the tumor.
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Tumor cell-targeted cytokine gene transfer may overcome some of

the practical drawbacks of systemic cytokine treatment (e.g., short
half-life, difficulty of obtaining the optimal doses at the tumor site,

toxicity) and represents a more physiological in situ cytokine therapy
which can effectively activate a host immune response to the tumor
(1-13). Nevertheless, to define the potential usefulness of this ap

proach in human cancer therapy, it is essential to evaluate the efficacy
of in situ cytokine production by tumor cells against an already
established tumor. In previous studies, we have used mice transplanted
with highly metastatic FLC to investigate the antitumor effects of
different cytokines (14-23). In this particular tumor system, repeated
injections of high doses of IFN-a/ÃŸwere highly effective in inhibiting

tumor growth in mice given i.p., s.c., or i.v. injections of FLC ( 14, 16,
18). Results from experiments with IFN-a/ÃŸ-resistant FLC indicated

that IFN was not acting directly on the tumor cells but through
IFN-induced host mechanisms (15. 20, 22).

Although IFN-a is currently in use as an antitumor agent in some

cancers (reviewed in Refs. 24 and 25), to our knowledge no studies
have thus far been performed with genetically modified tumor cells
producing this cytokine. Because of the strong response to IFN-a/ÃŸ

therapy, the FLC system appeared to be a useful model to investigate
the role of local IFN-a production on tumorigenicity as well as the

therapeutic efficacy of treating established FLC tumors using genet
ically modified IFN-producing tumor cells.

In this study, we evaluated the tumorigenicity and the host antitu-

mor response in mice given injections of FLC genetically modified to
secrete IFN-a,. We demonstrate that the contralateral injection of
IFN-producing cells into mice with established metastatic tumors

results in a marked antitumor effect. These results provide a rationale
for the use of IFN gene-transfected tumor cells as a therapy against

metastatic tumors.

MATERIALS AND METHODS

Mice. Male DBA/2 and nude Swiss mice, 6-7 weeks old, were obtained

from Charles River Breeding Laboratories (Italia Calco, Italy). The SIA nude
mice, were prepared as described in detail elsewhere (26).

Tumor Cells. 3C1-8. an IFN-a/ÃŸ-resistantclone of FLC passaged in vitro.

was originally obtained from Dr. E. Atfabris. Rome. Italy (27). The cells were
subsequently passaged in vivo by weekly i.p. injections imo DBA/2 mice
(in vivo passaged FLC). These FLC were highly metastatic for the liver and
spleen (28) and exhibited a specific membrane glycoprotein pattern distinct
from the original nonmetastatic FLC (29). Clones derived from the in vivo
passaged FLC maintained the highly metastatic phenotype even after several in
vitro passages (28). These highly metastatic FLC were used for the transfection

experiments described below.
FLC were cultivated in RPMI 1640 supplemented with 10% FCS. The

phenotype of IFN resistance was confirmed several times in the course of these
experiments by cultivating in vivo passaged cells in the presence of IFN-a/ÃŸas

described elsewhere (14).
The transfected cell lines were cultured in the same medium containing 300

Hg/ml of G4I8 (calculated to give 100% antibiotic activity; Geneticin; GIBCO.
Grand Island. NY).
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The ESb lymphoma. a spontaneous melasen i- variant of a methylcholan-
threne-induced T-cell lymphoma (30), was oblained from V. Schirrmacher

(Heidelberg. Germany) and was passaged by i.p. injection into DBA/2 mice.
Relroviral Vectors and Transfection Assays. pLTneoL-5 is a retroviral

vector containing sequences from Moloney murine leukemia provirus DNA
and the bacterial gene for neomycin resistance under the control of the herpes
simplex virus thymidine kinase (tk) promoter as a selection marker. The 5'
LTR and the .V LTR are derived from pSV(X) (31). At the 5' end. the viral

sequences extend to position 563 of Moloney murine leukemia virus (32) and
at the 3' end the viral sequences are from pSV(X) starting at the Xhi>\ site (31).

The tk promoter is a 250-base pair Pvull-Bf>l\\ promoter fragment of the ik

gene of herpes simplex virus (33). The neomycin resistance (NEO) gene is the
1.0-kilobase pair Bf>ll\-Nri<\ fragment derived from pSV,NEO (34). pL-
MuIFN-<i|TneoL was constructed by insertion of a 690-base pair MulFN-a,

Himllll-EfÂ»R\ complementary DNA fragment (35). tailored with BamH\ link
ers, into the unique BumHl site of pLTneoL-5. The IFN complementary DNA
is under the transcription control of the 5' LTR. The constructs were trans-

fected into in vivo passaged 3C1-8 cells by electroporation in a Gene-Pulser
apparatus (Bio-Rad). Exponentially growing cells (6-8 x IO6) were resus-

pended in 8(K) ul of phosphate-buffered saline, placed in an electroporation
cuvet (0.4-cm gap), and subjected to 200 V and 500 uF. After electroporation.

the cell suspension was incubated on ice for 30 min. diluted in 10 ml of RPMI
1640 supplemented with 10* PCS, and incubated at 37Â°Cin 0.5% CO2
humidified atmosphere. After 48 h. the cells were diluted to 2 x IO5 cells/ml

in RPMI 1640-10% FCS containing 300 ug/ml of G4I8. Four days later the

cells were plated in the same selection medium containing 1% methylcellulose
(Fluka). at I0? cells/ml. After 7-10 days, single colonies were picked and

transferred into selection medium, in which they were maintained.
IFN and Antibodies. IFN was titrated on L929 cells as described previ

ously (36). IFN titers are expressed as IU. A rat monoclonal antibody to
MuIFN-a was prepared in our laboratory using the 4E-A1 hybridoma clone

(37), as described elsewhere (36). The origin and characterization of sheep
polyclonal antibodies to mouse IFN-a/ÃŸhave been described elsewhere (38).

Neutralization assays were performed as described previously (36).
Titration of Antibodies against FLC in Sera of FLC-injected DBA/2

Mice. Titration of antibodies against 3CI-8 FLC was performed by a radio-
immunoassay, using a I25l-labeled anti-mouse immunoglobulin, as described

in detail elsewhere (22).
Statistical Analyses. Data were analy/.ed by Student's r test.

RESULTS

Isolation and in Vitro Characterization of IFN-a/ÃŸ-resistant
3C1-8 Clones Secreting MuIFN-a,. Plasmids pLTneoL-5 and pL-
MuIFN-a,TneoL were transferred into parental 3C1-8 FLC by elec
troporation. Individual G418-resistant clones were isolated and grown
in vitro. One clone (3C1-8-TC2), selected after transfection of pLT-

neoL-5, was used as a transfection control cell line. Individual clones
obtained after transfection of the pLMuIFN-a,TneoL plasmid were

tested for their ability to secrete constitutively biologically active IFN
into the culture supernatant.

Table 1 shows the IFN activity found in the culture supernatants of
6 representative IFN-a,-transfected 3CI-8 clones. There was a con-

Table1IFNproductionb\ Iransfectetlclones
Supemaianis were harvested from confluent cell cultures and titrated tor IFN produc

tion as described in "Materials and Methods."

Table 2 Tutnorigenk-ity of lFN-arCl-H Â»nilTC-2 FLC when injected i.e., i.p..

or i.v. into DBA/2 mice

Male DBA/2 mice. 6 weeks old, were given injections of either transfection control or
IFN-producing FLC as indicated.

Cellclone3CI-8

(parentalcells)TC-2"
(transfectioncontrol)IFN-a

-Cl-ll*IFN-aIFN-aIFN-aIFN-aIFN-a-CI-3*-CI-4*-CI-5*-Cl-6fc-Cl-9fcIFN

production
(lU/ml)<4<4256-51264-1288-16<4<4<4

TC-2 FLC IFN-ai-Cl-ll FLC

No. of dead
Route of No. of cells mice/total
injection injected

No. of dead
Day of death mice/total Day of death

no. of mice (mean Â±SE) no. of mice (mean Â±SE)

S.C.i.p.i.V.2 x10*2x
10Â»2x

IO52
xIO45x

lu65
x10Â»5
x IO423/236/66/69/93/33/33/333.9

Â±1.535.5
Â±2.725.2

Â±1.428.4
Â±1.6ll.0Â±012.0

Â±014.7
Â±0.31

3/300/61/101/103/30/30/360.4Â±7.2">120h60"60"35.3

Â±1.7>\Ã¬Ã¬h>133*

" Clone isolated after transfection of parental 3CI-8 cells with the pLTneoL-5 plasmid.
'' Clone isolated after transfection of parental 3CI-8 cells with the pLMuIFN-a.TneoL

plasmid.

" Calculated only for dead mice; P < 0.001 compared to mice given injections of the

same number of TC-2 FLC.
''At the indicated days, surviving mice were sacrificed and found to be tumor free.

siderable variability in the amount of IFN produced among the dif
ferent IFN-a i-transfected clones. The control transfected cells did not

produce any IFN activity. The extent of IFN production proved to be
a stable characteristic of each clone and remained constant during
continuous in vitn> culture. The IFN secreted by the producer clones
was completely neutralized by a monoclonal antibody to MuIFN-a,

(data not shown).
The IFN-producing 3C1-8 clones showed the same cell morphology

and HI vitro growth properties as the parental and transfection control
FLC (assessed by measuring the cloning efficiency in methylcellu
lose). All IFN-a,-transfected clones maintained the phenotype of re
sistance to IFN-a/ÃŸcharacteristic of the parental IFN-a/ÃŸ-resistant
3C1-8 FLC (27).

Markedly Decreased Tumorigenicity of IFN-a,-producing 3C1-
8-FLC Injected s.c., i.p., or i.v. into DBA/2 Mice. Table 2 summa
rizes the results of experiments in which DBA/2 mice were given s.c.,
i.p., or i.v. injections of different numbers of control transfected cells
(TC-2) or IFN-producing cells (IFN-arCl-l 1). TC-2 cells were ca

pable of inducing s.c. tumors and all the injected mice died with
extensive liver and spleen mÃ©tastases,as did mice given injections of
parental 3C1-8 cells. Both TC-2 and parental FLC had the same 50%
lethal dose (i.e., approximately IO2cells). In contrast, injection of 2 X
IO5 IFN-a,-Cl-Il cells did not result in any tumor growth. In mice
inoculated with 2 x 1()6IFN-producing FLC, tumor development was

observed in approximately 40% of the injected animals. Interestingly,
some of the tumors from these mice underwent complete regression
3^t weeks after tumor cell injection.

When IFN-producing FLC were injected i.p. or i.v., a dramatic

decrease in their tumorigenic potential compared to control trans
fected cells was also observed. Notably, IFN-a,-CI-ll FLC often

formed solid tumors when high numbers of cells were injected i.p.,
whereas control transfection cells grew as hemorrhagic ascites, similar
to the original in wYo-passaged FLC.

We then compared the capability of different transfected clones to
form solid tumors when injected s.c. into DBA/2 mice. As shown in
Fig. 1, the three clones producing detectable amounts of IFN (i.e., in
the range 16-512 lU/ml) failed to grow as s.c. tumors, whereas two
transfection control clones as well as three IFN-nonproducing clones
independently transfected with the pLMuIFN-a,TneoL plasmid ex

hibited the highly tumorigenic phenotype characteristic of the parental
3C1-8 FLC. These results indicated that a detectable secretion of IFN
was necessary for in vivo rejection of transfected FLC, when these
cells were injected s.c. in syngeneic mice.

Detection of IFN in Tumor Extracts, Serum, and Peritoneal
Washings of DBA/2 Mice Given s.c. or i.p. Injections of IFN-
producing FLC. It was of interest to determine whether the injection
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Fig. I. Relationship between IFN production and in vivo tumor growth of different

3C1-8 clones. The values were obtained from different experiments in which 6-7-week-old
male DBA/2 mice were given s.c. injections of 2 X IO6cells as indicated. The conditioned
medium from each clone was tested for IFN activity as described in "Materials and
Methods." Each s\mbol under the dashed line represents a mouse in which no tumor

growth was detected. Each symbol above the dashed line indicates the size of the tumor
developed in an individual mouse, measured 20-22 days after tumor cell injection.
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Fig. 2. /n vivo production of IFN in mice transplanted with IFN-ai-Cl-ll FLC. Six-

week-old DBA/2 mice were given either s.c. or i.p. injections of TC-2 or IFN-ai-Cl-ll
FLC (2 X IO*1)as indicated. At different times after tumor injection, 3 mice from each

group were sacrificed. Serum and tumor extracts (obtained from mice given s.c. injec
tions), and peritoneal washings (obtained from mice given i.p. injections) were tested for
IFN activity as described in "Materials and Methods." Tumor extracts were prepared as

follows. Tumors were measured with calipers and ground in a mortar with I ml of cell
culture medium; after centrifugation the supernatant was tested for IFN activity. O. mice
given injections of TC-2 cells; â€¢¿�mice given injections of IFN-o,-Cl-l 1 cells.

of IFN-producing FLC resulted in a detectable IFN production in vivo.

As shown in Fig. 2, high titers of IFN were found in the tumor extracts
as well as in the sera from mice given s.c. injections of high numbers
of IFN-a,-Cl-l 1 FLC, whereas no detectable IFN activity was found

in the corresponding samples from mice given injections of control
transfection cells. Likewise, high amounts of IFN were also found in
the peritoneal cavity of mice given i.p. injections of IFN-producing

tumor cells at different times after tumor cell injection. The IFN
activity found in either tumor extracts or sera from mice given injec
tions of IFN-a,-Cl-ll FLC was completely neutralized by mono
clonal antibodies to IFN-a, (data not shown).

Administration of Antibody to Mouse IFN-o/ÃŸEnhances Tu
mor Growth in Mice Given i.p. Injections of IFN-producing FLC.
As shown in Table 3, injection into mice of antibodies to IFN-a/ÃŸ

resulted in the development of rapidly growing tumors in mice trans
planted with IFN-arCl-ll cells and all the mice died with hemor-
rhagic ascites. Administration of anti-IFN had no significant effect on

the i.p. growth of transfection control cells.
Tumorigenicity of IFN-producing 3CI-8 FLC When Trans

planted into Immunodeficient SIA Nude Mice. Injection of IFN-
producing FLC in splenectomized, irradiated, anti-asialo-GM,-treated

(SIA) nude mice led to rapid tumor growth and subsequent death of all
the treated mice with a time course comparable to that observed in
mice given injections of transfection control cells (Fig. 3). These
results clearly indicated that the in vivo rejection of IFN-producing
3C1-8 cells was not due to a loss of the in vivo growth capacity of these
cells but rather to an IFN-induced host-mediated response in the

immunocompetent mouse host.
Injection of IFN-producing 3C1-8 FLC Results in the Develop

ment of a Long-Lasting Tumor-specific Protective Response
against Subsequent Challenge with Metastatic Parental 3CI-8
FLC. We then investigated whether the injection of IFN-producing
3C1-8 cells could elicit an immune response which was tumor specific
and long-lasting. DBA/2 mice were given s.c. injections of IFN-
producing FLC (2 X IO6 cells) and 60 days later, tumor-free mice
were challenged with 2 X IO6 parental 3C1-8 or unrelated ESb lym-

phoma cells. All control untreated mice developed rapidly growing
tumors and died with liver and spleen mÃ©tastases25-30 days after
tumor challenge. In contrast, mice given preinjections of IFN-produc
ing cells were completely resistant to the growth of parental 3CI-8

cells but not to the growth of unrelated ESb tumor cells (Table 4). Sera

Table 3 in vivo growth of IFN-at-Cl-ll cells injected i.p. into mice treated
with antibodies lo IFN-a/ÃŸ

DBA/2 mice, 6 weeks old, were given i.p. injections of 0.2 ml of antibodies to IFN-a/ÃŸ
(neutralizing tiler, I0~6 against 8 IU of mouse IFN-a/ÃŸ)or left untreated. After 30 min
mice were given i.p. injections of 2 x IO6 cells. On day 4, the anti-IFN-treated mice were

further given i.p. injections of the same antibody preparation.

TumorcellsinjectedTC-2TC-2IFN-a

,-Cl-11IFN-a,
-CI- 11TreatmentNoneAnti-IFN-a/ÃŸNoneAnti-IFN-a/ÃŸNo.

ofmicedead/totalno.

ofmice3/33/30/33/3Day
ofdeath(mean

Â±SE)14.7

Â±0.313.7
Â±0.3>25"15.0

Â±0
" At this time the mice were sacrificed and the peritoneal washings were tested for the

presence of [FN. The titers of IFN were 8-10 x 10' lU/ml.

1OO-

8O-0>

60-sW

W4001.0

^ 20-O

(iI 5 1O 15 2O 25 3035Days

Fig. 3. Tumorigenicity of IFN-produdng FLC in SIA nude mice. SIA nude mice were
given s.c. injections of 2 X IO6 TC-2 (â€¢)or IFN-a,-Cl-ll FLC (O). There were 10

mice/group.
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recovered from mice 30-60 days after injection of 3C1-8-IFN cells

exhibited high liters of antibodies to FLC (ranging between 1:640 and
1:1280), as assessed by radioimmunoassay (data not shown). These
results indicated that IFN-producing 3C1-8 cells were capable of in
ducing a tumor-specific host immune response for at least 2 months

after the original injection.
To characterize the host immune cells responsible for the antitumor

activity, we performed Winn assays by mixing parental metastatic
cells with splenocytes from control mice or mice given injections of
IFN-producing cells, before s.c. injection into recipient animals. No

antitumor activity was observed when spleen cells from mice given
injections of control transfection cells were used. In contrast, spleen
cells from mice given injections of IFN-producing 3C1-8 cells were

capable of protecting 60% of the recipient mice against the growth of
parental 3C1-8 cells (data not shown).

Mixed Tumor Transplantation Assays Using IFN-producing

Cells: Inhibitory Effect on the Growth and Metastasis Formation
of the Parental in ViVo-passaged FLC. Fig. 4 summarizes the re
sults of a typical mixed tumor transplantation assay in which DBA/2
mice were given a s.c. injection of a suspension containing 2 X IO5

3C1-8 parental cells (approximately 1000 50% lethal doses) and 2 X
IO6 IFN-producing or transfection control FLC. TC-2 cells did not

inhibit the growth of the parental tumor cells. Incontrasi, IFN-a,-Cl-3

cells efficiently protected the mice from the growth of the parental
3CI-8 cells resulting in a 56% survival rate. A low producer clone
(IFN-a,-Cl-4) also exhibited some protective effect. These results
indicated that IFN-producing 3C1-8 cells were capable of acting in

trans to inhibit the growth of metastatic parental cells.
Antitumor Effects of Viable IFN-producing 3C1-8 Cells When

Injected into Mice with Established Parental Tumors. A challeng
ing issue in adoptive immunotherapy is the evaluation of the possible
efficacy of a given strategy in curing established tumors. We first
determined whether single injections of IFN-producing FLC at dif

ferent times after inoculation of parental metastatic cells could exert
an antitumor effect. A single contralateral injection of 2 X IO6 IFN-
producing cells 1 or 3 days after the injection of 2 X IO5parental cells

proved to be very effective in delaying the growth of the parental
tumor, resulting in a doubling of the survival time compared to control
mice (Fig. 5A). Single injections of IFN-producing FLC on day 5 or

8 were less effective but still resulted in a significant increase in the
mean survival time (P < 0.001 versus control FLC-injected mice).

As shown in Fig. 5B, repeated contralateral injections of IFN-

producing FLC cells were highly effective in inducing an antitumor
response in mice with 3-day metastatic FLC tumors and 10% of the

mice were tumor free 120 days after tumor cell injection.

DISCUSSION

Tumor cell-targeted cytokine gene therapy has received particular
attention in recent studies as a potential alternative to systemic ad-

Tuhle 4 Tnmorigenicil\' of hontol<ti>oiis or helerologoiis munir* in mice previously
f>i\'en injection* of IFM-producing 3C1-K

Male DBA/2 mice. 6-7 weeks old. were given s.c. injections of 2 x 10'' IFN-arCl-l 1

cells or kept uninjected. After 60 days, some mice from each group were given s.c.
injections of either 2 x 10* parental 3CI-8 cells or 2 x IO6 ESb cells.

PretreatmentNone

NoneIFN-a
i-Cl-3

!FN-a,-CI-3Tumor

challenge3CI-8.

parental
ESb3C1-8,

parental

ESbNo.

of micewiths.c.
tumors (day 30)/

total no. ofmice6/6

6/60/6"

6/6

B

Days

" On day 30, surviving mice did not exhibit any solid s.c. tumor. Mice were then

sacrificed and found to he tumor free by gross examination of the visceral organs.

Fig. 4. Inhibition of the parental tumor growth by IFN-producing FLC ("mixed tumor
transplantation assay"). Parental 3CI-8 cells (2 x 10') were mixed with 2 x 10'' 3CI-8-

TC-2 or IFN-producing FLC and injected s.c. into 6-7-week-old male DBA/2 mice. Some
control mice were given s.c. injections of only IFN-orrCl-4 or IFN-ai-Cl-3 cells (2 X
10''). On day 120. all the surviving mice were sacrificed and found to be tumor free. None
of the mice given injections only of IFN-orCl-4 or IFN-o<i-Cl-3 cells developed any
tumor. For statistical analyses, an arbitrary survival time of 120 days was considered for
all the surviving mice. A, percentage of mice with tumor at different times after tumor cell
injection; B. percentage of surviving mice at different limes after tumor cell injection.
Group A (â€¢).mice given injections of parental FLC and TC-2 cells ( 16 mice); Group B
(D), mice given injections of parental FLC and IFN-a,-CI-4 cells (6 mice): Group C (O),
mice given injections of parental FLC and ]FN-a,-Cl-3 cells (16 mice). *,P < 0.0001
versus Group A; P < 0.007 versus Group C. **. P < 0.0001 versus Group A.

ministration of cytokines in the therapy of cancer (1-13, 39). The

possibility of obtaining suitable cytokine production at the tumor cell
site has opened new strategies for defining more physiological and
selective antitumor therapies with cytokines.

IFN-Q was the first cytokine to be used in clinical trials with cancer

patients and is currently in use for the treatment of some types of
human tumors (24, 25). Major restrictions in the IFN-a therapy have

been the adverse side effects often observed in patients treated with
high doses of IFN (40). The data reponed here represent the first
example of tumor cell-targeted gene therapy with IFN-a in an exper

imental tumor model. Our results demonstrate that highly metastatic
FLC genetically modified to secrete IFN-a, exhibit a marked loss of

their tumorigenic potential when injected into syngeneic mice. Like
wise, these genetically modified IFN-producing FLC inhibited the

growth of metastatic parental cells in a mixed transplantation assay. It
is of interest to underline that high tilers of IFN were found in the sera,
tumor extracts, or peritoneal washings of mice infected with IFN-

producing FLC. indicating that a remarkably high level of IFN pro
duction was maintained in vivo in these animals. The relevance of this
in vivo production of IFN in the inhibition of the in vivo growth of
IFN-producing FLC is supported by the finding that the injection of
anti-IFN antibodies resulted in rapid tumor growth in these mice. The
finding that IFN-producing FLC were highly tumorigenic when in-
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Fig. 5, Antilunn>r activity hy single (A ) or repeated (H} treatment with IFN-producing
FLC in mice transplanted with inetaslalic parental cells. In A. lil'ty 6-7-week-old male

DBA/2 mice were given s.c. injections of 2 X 10" parental 3CI-8 cells and divided into
5 groups of 10 mice. Mice were subjected to a single contralterai s.c. injection of 2 x 10*'
IFN-cti-CI-l I cells, on days 1(Group B. Ol, 3 (Group C. A). 5 (Group D, D). or 8 (Group
E, X). respectively, after injection of parental cells. One group (Group A. 0) was given
injections of parental 3C1-8FLC and not treated with IFN-proiliicing FLC. For Groups lÃ¬.
C. D, and E. Ihe P values rersun Group A were SO.OOI.In B. 6-week-old male DBA/2 mice
were given s.c. injections of 2 x 10" parental 3CI-8 cells. On day 3. mice were divided

into 2 groups of 10 mice. One group was subjected to a contralateral s.c. injection of 2 x
IO6 IFN-ai-CI-ll FLC. on days 3. 6. II. 14. 18. and 21. The other group was left

untreated. Group A <â€¢).mice given injections of Ihe original inetastatie FLC only: Group
B (O). mice given injections of metastatic FLC and further treated with IFN-ai-CI-ll
cells from day 3 as indicated. On day 120. the surviving mouse in Group B was sacrificed
and found to be tumor free. (For statistical analysis, an arbitrary survival time of 120days
was considered for this surviving mouse.) The P value of Group A irrv/i.v Group B was
0.0001.

jected into immunosupprcssed nude mice indicates that these geneti
cally modified tumor cells had not lost their intrinsic ability to pro-
literate I'Mvim but that their injection into an immunocompetent

mouse host induced a host response (o the tumor. Moreover, mice
given injections of IFN-producing FLC developed a tumor-specific

immune resistance, which was associated with the development of a
specific antibody response to FLC and the generation of spleen cells
endowed with potent antitumor activity. In recent studies, we have
extensively investigated the host immune mechanisms involved in the
IFN-mediuted suppression of metastatic tumor growth in mice given
injections of FLC (20. 22). In particular. IFN-Â«/ÃŸdid not inhibit the

development of FLC mÃ©tastasesin immunodeficient nude mice (20);
moreover, spleen cells and anti-FLC antibodies from IFN-treated tu
mor-bearing mice exhibited a marked antitumor effect in transfer

immunotherapy experiments (22). We may postulate, therefore, that
the host immune mechanisms activated in mice given injections of
IFN-producing cells are similar to those previously observed in tumor-

bearing mice treated with exogenous IFN-a/ÃŸ. Further studies are,

however, necessary to verify this assumption.
Although several studies are now available on the in vivo behavior

of genetically modified cytokine-producing tumor cells (1-13), only
one has thus far described the effects of cytokine-producing tumor

cells against established tumors (6). The results reported in this article
indicate that repeated s.c. injections of IFN-producing cells in mice

with established metastatic tumors result in a definite antitumor effect.
The finding that the IFN-a, gene therapy was effective in a highly

metastatic tumor system (such as the FLC model) further supports the
potential interest of these approaches for the treatment of malignant
tumors. The major drawback in the use of viable IFN-producing tumor

cells for the therapy of established tumor is the fact that injection of
high numbers of these cells may result in tumor growth. The definition
and the optimi/ution of antitumor cytokine gene therapy strategies
making use of irradiated cytokine secreting tumor cells would there
fore be very valuable with respect to the safety issue. However, our
preliminary experiments indicate that the treatment of established s.c.
FLC tumors with irradiated IFN-a,-Cl-11 cells does not result in any

significant therapeutic effect (data not shown). To overcome the pos
sible risk of using tumor cells still endowed with an intrinsic growth
capacity in an immunodepressed host, it might be possible to design
appropriate retroviral vectors containing, in addition to the cytokine
gene, a second gene conferring sensitivity to a cytotoxic drug. Infec
tion of tumor cells or primary tumor tissue with such a vector might
allow a controlled in vivo growth of tumor cells, which can be selec
tively eliminated upon administration of the drug. Although further
studies are required to define the necessary conditions for such an
approach, our data provide the experimental basis for the use of IFN
gene-transfected tumor cells as a potent selective agent for the treat

ment of metastatic tumors.
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