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Our group had previously shown that transfer of the
mouse interferon (IFN)-a1 gene into the metastasizing
TS/A mammary adenocarcinoma resulted in T-cell-
mediated tumor rejection and development of antitu-
mor immunity. Moreover, we had shown that the
metastatic ability of TS/A tumor cells producing IFN-a
was strongly impaired, whereas IFN-g expression did
not influence or augmented metastasis formation by
TS/A cells. In this study, we have analyzed the in vitro
and in vivo behavior of various TS/A tumor cell clones
isolated after the transduction with a recombinant
retroviral vector carrying the mouse IFN-b gene. We
have also compared the tumorigenicity of these
clones with that of TS/A cells expressing IFN-a1.
BALB/c mice were inoculated subcutaneously with pa-
rental TS/A cells, transduction control TS/A cells, or
TS/A cells producing IFN-a or IFN-b. Tumor growth
was evaluated by the measurement of tumor masses
and analysis of survival. The features of tumor growth
and rejection were examined by histological and im-
munohistochemical analyses. The metastatic ability
of parental TS/A cells, transduction control TS/A
cells, or TS/A cells producing IFN-a , IFN-b , or IFN-g
was evaluated after intravenous injection of the tumor
cells into BALB/c mice by counting of the lung meta-
static nodules and analysis of survival. A strong inhi-
bition of tumorigenicity and development of tumor
immunity were observed upon subcutaneous injec-
tion of syngeneic mice with TS/A tumor cells produc-
ing high amounts of IFN-b , but not with clones ex-
pressing low levels of the cytokine, as observed for
cells expressing IFN-a. IFN-a secretion by TS/A cells at
the site of tumor growth induced a stronger inflam-
matory response as compared with IFN-b , which ap-
peared to be more active in the inhibition of tumor-

induced angiogenesis. Notably, the metastatic ability
of IFN-b-producing TS/A cells after intravenous injec-
tion was either not affected or only slightly impaired
as compared with parental TS/A tumor cells. In con-
trast, even cells producing low levels of IFN-a proved
to be poorly metastatic. These findings represent the
first comparison of the effectiveness of IFN-a versus
IFN-b produced by genetically modified cells on their
tumorigenic behavior and suggest the existence of
some notable differences in the capabilities of these
two cytokines to induce a host antitumor reactivity in
mice. (Am J Pathol 1999, 154:1211–1222)

Tumor-cell-targeted cytokine gene therapy has recently
received particular consideration as a potential alterna-
tive to systemic administration of cytokines in the therapy
of cancer.1 The possibility of obtaining appropriate cyto-
kine production at the tumor cell site has opened the way
to new strategies for defining more physiological and
selective antitumor therapies with cytokines. It is becom-
ing evident that the antitumor activity of any given cyto-
kine constitutively expressed by tumor cells and the
mechanisms elicited in the host are a function not only of
the intrinsic biological activities of the cytokine itself but
also of the characteristics of the specific tumor model.
Consequently, it is particularly important to conduct sys-
tematic studies on the effects exerted by different cyto-
kines expressed in the same tumor. In recent years, some
groups have joined their efforts for studying the effects of
the transduction of several cytokine genes in one se-
lected tumor model, represented by a poorly immuno-
genic mammary carcinoma (TS/A) metastasizing to the
lung after injection into syngeneic BALB/c mice. The use
of this model allowed a careful comparison of the effec-
tiveness of many cytokines on tumor behavior in immu-
nocompetent animals.2 In this model, we had previously
shown that transfer of the mouse IFN-a1 gene resulted in
a loss of tumorigenicity and an acquired capacity to
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induce a long-lasting antitumor immunity after injection
into syngeneic mice.3 Similar results were more recently
obtained by Tüting and colleagues.4 Moreover, we had
compared the metastatic ability of IFN-a- versus IFN-g-
secreting clones and showed that the expression of
IFN-a into TS/A tumor cells resulted in a potent inhibition
of metastasis formation, whereas IFN-g expression either
did not affect or even enhanced the metastatic behavior
of TS/A cells.3 Notably, despite the many articles pub-
lished on TS/A clones expressing various cytokines (re-
viewed in Ref. 2), studies on TS/A cells producing IFN-b
had not been performed so far. This reflects a more
general lack of information on the effects of IFN-b gene
transfer into tumor cells. In fact, whereas several reports
have shown that IFN-a gene transfer into tumor cells
resulted in a marked inhibition of tumor growth and in-
duction of an antitumor immune response in different
mouse metastatic tumor systems3–8 and in the suppres-
sion of the growth of human tumors implanted into nude
mice,9,10 only two studies describing the tumorigenic
behavior of mouse11 or human12 tumor cells expressing
IFN-b have been performed so far. This is probably due
to the general assumption that the in vivo properties of
IFN-b gene-modified tumor cells are similar to those ex-
hibited by cells producing IFN-a.

In this study, we describe the isolation and the in vitro
and in vivo properties of TS/A cells transduced with a
recombinant retroviral vector carrying the mouse IFN-b
gene. Our results indicate that the subcutaneous (s.c.)
injection of IFN-b-secreting TS/A cells into immunocom-
petent mice results in the induction of a host antitumor
response and tumor rejection, the extent of which is
dependent on the amount of IFN-b secreted and is infe-
rior to that generated by IFN-a-producing TS/A cells. The
metastatic behavior of IFN-b- versus IFN-a-producing
TS/A after intravenous (i.v.) injection was also compared.
The overall results describe important differences in the
ability of these two cytokines of affecting the tumorigenic
behavior and the host response to the tumor.

Materials and Methods

Mice

BALB/c mice, 6 to 7 weeks old, were obtained from
Charles River Breeding Laboratories (Italia Calco, Italy)
and were treated in accordance with the European Com-
munity guidelines.

Cell Lines

TS/A is a tumor cell line established from the first in vivo
transplant of a moderately differentiated mammary ade-
nocarcinoma that arose spontaneously in a 20-month-old
multiparous BALB/c mouse.13 The TS/A parental cell line
used here was reestablished in vitro from a tumor induced
in a BALB/c mouse with eight-passage TS/A cells. TS/A
tumor cells are highly metastatic to the lung after s.c. or
i.v. injection into syngeneic mice; 4 3 104 cells s.c. is
approximately the minimal 100% TS/A parental cell tu-

mor-inducing dose in BALB/c mice. These cells have
been shown to be poorly immunogenic in syngeneic
BALB/c mice.13 TS/A-IFN-g14 and TS/A-IFN-a1

3 cells
have been previously isolated and characterized.3,14

TS/A parental cells were cultivated in Dulbecco’s medium
supplemented with 50 U/ml penicillin, 50 mg/ml strepto-
mycin (BioWhittaker, Verviers, Belgium), and 10% FCS
(Sebam, Berlin, Germany). TS/A parental cells exhibited
a phenotype of resistance to the antiproliferative effect of
IFN-a/b,3 as assessed by cultivating them in the pres-
ence of IFN-a/b.15 The TS/A-IFN-a1 and the TS/A-IFN-g
cells were cultivated in the same medium containing 400
mg/ml G418 (calculated to give 100% antibiotic activity;
Geneticin, Life Technologies, Grand Island, NY). Conflu-
ent monolayers were trypsinized and used for in vitro
and in vivo experiments. GP1E-86 ecotropic16 and
GP1envAm12 amphotropic17 packaging cell lines were
cultivated in HXM medium as described elsewhere.17

GP1envAm12 cells cultivated in the presence of 100
IU/ml mouse IFN-a/b for several passages were used for
production of the LMuIFN-bSN retroviral vector. These
GP1envAm12 cells exhibited a phenotype of resistance
to the antiviral activity of IFN-a/b, as assessed by titering
the viral yield after infection with vesicular stomatitis
virus.18

Retroviral Vector Production and Transduction
of TS/A Tumor Cells

The LXSN retroviral vector,19 containing the neomycin
resistance gene under the control of the SV40 promoter,
was obtained from A.D. Miller (Seattle, WA). The LMuIFN-
bSN retroviral vector was constructed by insertion of a
680-bp murine IFN-b PstI complementary DNA fragment
into the unique PstI site of the pSP72 plasmid (Promega,
Madison, WI). The XhoI-EcoRI fragment was excised from
this construct and inserted into the corresponding restric-
tion sites of the LXSN retroviral vector. In the resulting
construct, the IFN complementary DNA is under the tran-
scriptional control of the 59 retroviral LTR. Both LXSN and
LMuIFN-bSN retroviral vectors were transfected in their
plasmidic form into co-cultures of GP1E-86 plus
GP1envAm12 packaging cells (1:1 ratio) by a standard
calcium-phosphate DNA precipitation procedure. Super-
natants collected 7 days and thereafter after transfection
were assayed for IFN and for recombinant retrovirus (as-
sayed by infecting NIH 3T3 cells with dilutions of the
same supernatants in the presence of 4 mg/ml polybrene
and determining the number of G418-resistant colonies).
The supernatants exhibiting the highest titers of recom-
binant retrovirus and expression of IFN were then used
for transduction of GP1envAm12 cells. The supernatants
of individual clones of transduced GP1envAm12 cells,
isolated by selection into G418-containing medium, were
assayed for IFN and retrovirus production. The superna-
tants of the clones exhibiting the highest titer of LXSN and
LMuIFN-bSN retroviruses were used for transduction of
TS/A parental cells. Briefly, 106 exponentially growing
TS/A cells were infected for 12 hours with undiluted su-
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pernatants containing 8 mg/ml polybrene, grown for 48
hours, and then selected in 0.8 mg/ml G418. Individual
clones were isolated, expanded into cell lines, and sub-
jected to further analysis.

IFN Titration

IFN was titrated on murine L929 cells as described pre-
viously.18 Briefly, L929 cells were seeded at 2 3 104

cells/100 ml/well in 96-well plates in Dulbecco 2% FCS.
After a 24-hour incubation at 37°C in 5% CO2 atmo-
sphere, 100 ml of test supernatants or of a standard
mouse IFN-a/b preparation were added in duplicate to
the first well of each row and serially twofold diluted. An
equal volume of Dulbecco 2% FCS was added to two
series of control wells. After 20 to 24 hours of incubation
at 37°C in 5% CO2 atmosphere, the medium was aspi-
rated from each well, and 100 ml of a vesicular stomatitis
virus suspension (multiplicity of infection of 0.05 PFU/cell)
in Dulbecco 2% FCS were added to each well, except for
the wells serving as uninfected cell controls. After a
1-hour incubation at 37°C in 5% CO2 atmosphere, the
medium was removed and 100 ml of fresh Dulbecco 2%
FCS were added to each well. The cytopathic effect was
observed under a light microscope after 24 and 48 hours
of incubation at 37°C in 5% CO2 atmosphere. One unit of
IFN was defined as the amount necessary to inhibit 50%
of the cytopathic effect. IFN titers are expressed as IU.

Expression of Surface Antigens

The membrane expression of the various proteins was
determined by flow cytometric analysis as described
elsewhere.20 Mouse monoclonal antibodies (MAbs) rec-
ognizing H-2Kd (clone 31-3-4S) and H-2Dd (clone 34-5-
8S) were purchased from Cedarlane (Hornby, Ontario,
Canada); rat MAb against Ly-6A/E (clone D7) was kindly
donated by Dr. E. Shevach (National Institute of Allergy
and Infectious Diseases, Bethesda, MD). Fluorescein-
isothiocyanate-conjugated antibodies against mouse
and rat Ig were purchased from KpL (Gaithersburg, MD).

Morphological Analysis

Groups of three mice were killed 4, 7, and 10 days after
challenge. For histological evaluation, tissue samples
were fixed in 10% neutral buffered formalin, embedded in
paraffin, sectioned at 4 mm, and stained with hematoxylin
and eosin or Giemsa. For immunohistochemistry, ace-
tone-fixed cryostat sections were incubated for 30 min-
utes with anti-CD4 and anti-CD8 (from Sera-Lab, Crawley
Down, UK); anti-Mac-1 (anti CD11b/CD18), anti-Mac-3,
and anti-Ia (all from Boehringer Mannheim, Milan, Italy);
anti-polymorphonuclear leukocytes (RB6–8C5; provided
by Dr. R. L. Coffman, DNAX, Palo Alto, CA); anti-IL-1b
(Genzyme, Cambridge, MA); anti-TNF-a (Immuno Kon-
tact, Frankfurt, Germany); anti-IFN-g (provided by Dr. S.

Landolfo, Turin University, Turin, Italy); anti-IL-6 (Pharm-
ingen, San Diego, CA); anti-iNOS (Transduction Labora-
tories, Lexington, Ky); anti-CD31 and anti-ELAM-1 (pro-
vided by Dr. A. Vecchi, Negri Nord Institute, Milan, Italy);
anti-VEGF, anti-bFGF, and anti-ICAM-1 (Santa Cruz Bio-
technology, Santa Cruz, CA); and anti-VCAM-1 (Pharm-
ingen) antibodies (Abs). After washing, they were over-
laid with biotinylated goat anti-rat, anti-hamster, or anti-
rabbit or horse anti-goat Ig (Vector Laboratories,
Burlingame, CA) for 30 minutes. Unbound Igs were re-
moved by washing, and the slides were incubated with
ABC complex/AP (Dako, Glostrup, Denmark). Quantita-
tive studies of immunohistochemically stained sections
were performed independently by three pathologists in a
blind fashion. At least three samples (one sample per
tumor growth area) and 10 randomly chosen fields in
each sample were evaluated for each point determina-
tion. For microvessel and cell counts, individual mi-
crovessels and cells were counted under a microscope
3400 field (403 objective and 103 ocular lens; 0.180
mm2 per field). The expression of adhesion molecules,
cytokines, and mediators was defined as absent (2) or
scarcely (6), moderately (1), or frequently (11) present
on cryostat sections tested with the corresponding Abs.

Statistical Analyses

The significance of the differences in the mean day of
death was determined by Student’s t-test, those in the
number of lung metastases by Wilcoxon’s rank sum test.

Results

Isolation of IFN-b-Producing TS/A Cell Clones
and Their in Vitro Characterization

TS/A cells were transduced with the retroviral vectors
LMuIFN-bSN and LXSN, whose genomic structure is
schematically depicted in Figure 1. Several individual
clones producing variable amounts of biologically active
IFN-b were isolated, and those clones chosen for further
characterization are indicated in Table 1. Stable levels of
IFN-b secretion were maintained by the different clones
over time, as assessed by titrating the cytokine produced

Figure 1. Structures of the retroviral vectors used for transducing TS/A tumor
cells. For details see Materials and Methods.
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in the culture supernatant before each in vitro and in vivo
experiment, similarly to what previously observed for IFN-
a-producing TS/A clones.3 TS/A-LXSN represents a
clone transduced with the LXSN retrovirus and used as a
control for potential effects of the vector sequences. The
in vitro proliferation rate of the TS/A-IFN-b cell clones did
not differ substantially from that of parental TS/A cells
(Figure 2A), indicating that the constitutive production of
IFN-b did not result in any antiproliferative activity, as
previously shown for IFN-a-producing TS/A clones.3 The
expression of some IFN-inducible surface antigens, such
as class I major histocompatibility complex and Ly-6
molecules, was augmented in the IFN-b-producing TS/A
cell clones as compared with parental TS/A and TS/A-
LXSN cells (Figure 2B), as it was in the previously char-
acterized IFN-a- and IFN-g-producing TS/A cell clones
(I/A.4.60, I/A.2.1000, and I.3.500, respectively).3,14 These
results indicate that the IFN-b gene transduction and
constitutive expression had not led to the selection of
IFN-resistant variants.

In Vivo Growth Characteristics of IFN-b-
Producing TS/A Tumor Cells after s.c. Injection
into Immunocompetent Mice

Figure 3 illustrates the results of a representative exper-
iment in which the in vivo behavior of individual IFN-b-
producing TS/A clones was compared with that of paren-
tal or transduction control TS/A-LXSN cells, on s.c.
injection of 105 tumor cells into syngeneic BALB/c mice.
At this dose, both parental and control TS/A-LXSN tumor
cells formed progressively growing s.c. tumors (Figure
3A) in the totality of the injected mice, which died in
approximately 50 to 60 days (Figure 3B). In contrast, a
varying degree of tumor rejection occurred in the mice
receiving a similar inoculum of IFN-b-producing TS/A
tumor cells, apparently proportional to the amount of
secreted IFN. In fact, whereas the low-producer TS/A-
IFN-b-2 cells (64 IU/ml) provoked tumor formation and
death in all of the injected mice, the intermediate-pro-
ducer TS/A-IFN-b-4 and TS/A-IFN-b-12 cells (256 to 512
IU/ml) and the high-producer TS/A-IFN-b-6, TS/A-IFN-
b-8, and TS/A-IFN-b-10 cells (1024 to 2048 IU/ml) were
completely rejected in 30% to 40% and 60% to 90% of
the animals, respectively (Figure 3, A and B). A notable

increase of the survival time was clearly observed in the
groups of mice inoculated with the high-IFN-b-producer
tumor cells (Figure 3B). A high proportion (50% to 80%)
of the mice surviving the initial inoculum with IFN-b-pro-
ducing TS/A cells rejected a subsequent challenge of
parental TS/A tumor cells, indicating that these animals
had developed a long-lasting antitumor immune re-
sponse (data not shown).

Comparative in Vivo Studies with IFN-b- and
IFN-a-Producing TS/A Clones: Tumorigenicity
of IFN-b- versus IFN-a-Secreting TS/A Tumor
Cells after s.c. Injection

We then compared the tumorigenic characteristics of
some TS/A-IFN-b clones versus those of the IFN-a-pro-
ducing I/A.4.60 TS/A clone (secreting approximately 60
IU/ml of IFN-a) on s.c. injection into BALB/c mice. The
results shown in Table 2 indicate that the increase in
survival time occurring in mice injected with I/A.4.60 tu-
mor cells was comparable to that observed on injection of
TS/A tumor cells producing high amounts of IFN-b. The
percentage of mice undergoing complete tumor rejection
increased proportionally with the amount of IFN-b se-
creted, being maximal in the groups of animals injected
with the TS/A cells producing approximately 2000 IU/ml
IFN (Table 2).

Histology and Immunohistochemistry of TS/A-
IFN-b and TS/A-IFN-a s.c. Tumors

Four days after challenge, parental TS/A cells had al-
ready formed a small solid tumor exhibiting several mi-
totic figures, whereas TS/A-IFN-b and TS/A-IFN-a cells
were not well organized in a tumor mass but were aggre-
gated in several clusters intermingled with host reactive
cells (data not shown). An evident fibroblastic reaction
was present in the stromal tissue surrounding the IFN-
producing tumor cells (data not shown). By day 7, the
tumor mass formed by parental TS/A cells (Figure 4A)
had invaded the fibroadipous tissue and epidermis. Re-
active cells mainly consisted of macrophages and a few
granulocytes, mostly located on the outskirts of the tumor.
By day 10, few areas of ischemic coagulative necrosis
formed of cell debris were present in the center of the
tumor, despite the evenly distributed vascularization. The
tumor then grew progressively with no evident morpho-
logical changes. In contrast, the tumor mass formed by
TS/A-IFN-b and TS/A-IFN-a cells 7 days after injection
exhibited a large central area of ischemic coagulative
necrosis bordered by numerous host-infiltrating cells
(macrophages, lymphocytes, and granulocytes) and
some residual tumor cell aggregates. The tumor growth
area was circumscribed by an impressive fibroblastic
reaction resulting in a fibrous wall (Figure 4, B and C).
Progressively enlarging necrotic areas containing resid-
ual tumor cells were subsequently replaced by granula-
tion tissue (data not shown). Table 3 summarizes the
results of the immunohistochemical analysis performed 7

Table 1. In Vitro Production of IFN-b by Transduced TS/A
Clones

Cell clone
Transduced

retroviral vector
IFN production

(IU/ml)

TS/A parental None ,2
TS/A-LXSN LXSN ,2
TS/A-IFN-b-2 LMuIFN-bSN 64
TS/A-IFN-b-4 LMuIFN-bSN 128
TS/A-IFN-b-12 LMuIFN-bSN 512
TS/A-IFN-b-8 LMuIFN-bSN 1024
TS/A-IFN-b-6 LMuIFN-bSN 2048
TS/A-IFN-b-10 LMuIFN-bSN 2048

Supernatants were harvested and titrated for IFN-b production as
described in Materials and Methods.
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days after tumor challenge. Host-infiltrating cells were
significantly more numerous in TS/A-IFN-a and TS/A-
IFN-b tumors than in parental TS/A tumors and were
mainly represented by macrophages, granulocytes, and

lymphocytes, with CD81 T cells significantly exceeding
CD41 T cells. The macrophage and granulocyte contents
of TS/A-IFN-b tumor were significantly lower than that of
TS/A-IFN-a tumor although higher than that observed in

Figure 2. In vitro growth properties (A) and expression of IFN-inducible membrane glycoproteins (B) in TS/A-IFN-b clones. A: A total of 5 3 105 cells of the
different clones were seeded in 35-mm-diameter petri dishes. On the day indicated, the number of viable cells was determined by trypan blue exclusion. Each
point represents the mean 6 SE value of a triplicate. B: Flow cytometric analysis of the expression of class I H-2 and of Ly-6 glycoproteins in TS/A-b clones was
performed as described in Materials and Methods.
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Figure 3. Tumorigenicity of TS/A-IFN-b clones after s.c. injection into BALB/c mice. Six mice were challenged s.c. with 105 cells of the different clones, as
indicated. A: Mean diameter of the tumor at different times after tumor cell injection. Lines represent data for individual mice. B: Percentage of surviving mice
at different times after tumor cell injection. On day 120, all of the surviving mice were sacrificed and found to be tumor free.
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TS/A parental tumor. Blood vessels were less numerous
in TS/A-IFN-a or TS/A-IFN-b tumors as compared with
parental TS/A tumors, as revealed by staining with the
anti-endothelial cell MAb (anti-CD31) (Table 3 and Figure
4, D–F). The vasculature network substaining TS/A-IFN-b
tumor growth was scarcer than that of TS/A-IFN-a tumors.
Moreover, in both cases the blood vessels were espe-
cially represented at the edge of the tumor mass, being
almost absent in the central area, and were frequently
interrupted and obstructed by thrombi (Figure 4, E and
F). No appreciable differences in the expression of an-
giogenic factors (VEGF and bFGF) were found between
parental TS/A and TS/A-IFN-a or TS/A-IFN-b tumors (Ta-
ble 3), consistent with the results of the immunocyto-
chemical analysis of the expression of bFGF and VEGF in
vitro (data not shown). The endothelial cells in the IFN-
producing tumors were stained by anti-VCAM-1 and anti-
ELAM-1 antibodies, in contrast to that observed in paren-
tal TS/A tumors (Table 3). Expression of pro-inflammatory
cytokines such as interleukin-1b, IFN-g, and tumor necro-
sis factor-a (Figure 4, G–I) was higher in the host cells
infiltrating the TS/A-IFN-a tumors as compared with the
TS/A-IFN-b counterparts and virtually absent in the pa-
rental TS/A tumor cellular infiltrates. The levels of cytokine
expression paralleled those of macrophage iNOS (Table
3 and Figure 4, J–L).

Comparative in Vivo Studies with IFN-b- and
IFN-a-Producing TS/A Clones: Tumorigenicity
of IFN-b- versus IFN-a-Secreting TS/A tumor
Cells after i.v. Injection

We had previously reported that the expression of IFN-a
into TS/A tumor cells resulted in a potent inhibition of
metastases formation on i.v. injection, whereas IFN-g ex-
pression either did not affect or even enhanced the met-
astatic behavior of TS/A cells.3 As the studies summa-
rized above had revealed some dissimilarities in the
patterns of tumor growth/rejection in mice injected s.c.
with TS/A-IFN-b versus TS/A-IFN-a cells, it was of interest
to extend this comparison by using the i.v. route of injec-
tion, including in the same set of experiments TS/A cells
expressing IFN-g. Table 4 shows the results of two ex-
periments in which BALB/c mice were injected i.v. with
parental TS/A cells or different cloned TS/A-IFN-a, -IFN-b,
or -IFN-g cells. In agreement with our previous results, the
TS/A-pc or TS/A-IFN-g cell-injected mice died within sim-

ilar periods of time, whereas a three- to fourfold increase
in survival time was observed in the groups of mice
receiving the TS/A-IFN-a cells, independently from the
amount of secreted IFN. The TS/A-IFN-b cells exhibited
different behaviors on i.v. injection, apparently depen-
dent on the dose of IFN produced by the various clones.
In fact, the survival time of the mice receiving TS/A-IFN-b
cells producing low to intermediate amounts of IFN (TS/
A-IFN-b-2 and TS/A-IFN-b-4) was similar to that of TS/A-
IFN-g cell-injected mice, whereas a significant delay in
the mean day of death occurred in those mice inoculated
with the high-producer cells (TS/A-IFN-b-6 and TS/A-IFN-
b-10). However, in no case was the prolongation of sur-
vival time comparable to that observed in TS/A-IFN-a
cell-injected mice. Quantitative evaluation of lung metas-
tases also indicated that the metastatic ability of TS/A
cells was not impaired by production of low amounts of
IFN-b, whereas a clear reduction in the number of lung
metastatic nodules was observed, at the time of sacrifice,
in mice injected i.v. with TS/A cells secreting high
amounts of the cytokine (Table 5).

Discussion

Type I IFNs are a family of cytokines that elicit diverse
biological activities, including antiviral, antiproliferative,
and immunomodulatory effects.21,22 Although IFN-a and
IFN-b have been considered to share many of their bio-
logical activities, mainly because of the binding to the
same receptor, evidence exists indicating possible dif-
ferences in their in vitro and in vivo effects, in terms of
antiproliferative,23–29 antiviral,30,31 signal transduc-
tion,32–35 immunomodulatory,36–39 anti-invasive,40,41 and
anti-angiogenic properties.42,43 Although IFN-b as a sin-
gle agent has been successfully used in the therapy of
chronic hepatitis C,44 some benign proliferative diseas-
es,45 and most recently in relapsing multiple sclerosis,46

IFN-a is the most widely used cytokine in the therapy of
certain human malignancies,21 and its antitumor activity
is generally assumed to be superior to that of IFN-b, even
though comparative clinical evaluations in cancer pa-
tients have not been performed.

Most of the preclinical studies in animal tumor models
have been done with preparations containing both IFN-a
and IFN-b, in contrast to the human situation where single
subtypes are used. Several reports have indicated that

Table 2. Comparison of Tumorigenicity of TS/A-IFN-b and TS/A-IFN-a Cells When Injected s.c. in BALB/c Mice

Challenging
TS/A cells

IFN produced in
vitro (IU/ml)

Number of mice with s.c. tumor/
total number of mice (%)

Mean day of
death 6 SE*

TS/A parental None 6/6 (100) 63.8 6 4.1
TS/A-IFN-b-2 b (64) 5/6 (83) 65.2 6 5.1
TS/A-IFN-b-4 b (256) 4/6 (67) 78.7 6 7.7
TS/A-IFN-b-6 b (2048) 1/6 (16) .110
TS/A-IFN-b-10 b (2048) 1/6 (16) .86
I/A.4.60 a (64) 1/6 (16) .86

Mice were challenged s.c. with 105 cells as indicated.
*Calculated for dead mice only.
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IFN-b is superior to IFN-a in inhibiting the in vitro prolifer-
ation of different tumor cell types of human origin24–28

and in suppressing in vivo the growth of human tumors
transplanted into immunodeficient mice.26 However, the
in vivo antitumor activity of type I IFNs cannot be pre-
dicted on the basis of the in vitro sensitivity of tumor cells
to the antiproliferative effect of these cytokines, as the
antitumor response induced by type I IFNs is largely
mediated by host immune mechanisms (reviewed in Ref.
22). To our knowledge, no comparative studies of the
antitumor effects of IFN-a versus IFN-b have been per-
formed so far in immunocompetent host-tumor systems.
The results reported in this article represent the first ex-
ample of a comparative study of genetically modified

mouse tumor cells expressing IFN-b with homologous
tumor cells expressing IFN-a (or IFN-g). We found that
TS/A cells transduced with the mouse IFN-b gene exhibit
similar or dissimilar tumorigenic behaviors as compared
with IFN-a1-producing TS/A cells, strictly dependent on
the site of tumor cell injection. In particular, whereas both
IFN-a1- and IFN-b-producing TS/A tumor cells were able
to induce an effective antitumor response after s.c. inoc-
ulation, only the TS/A tumor cells secreting IFN-a1 were
significantly inhibited in their metastatic ability when in-
jected i.v. Although the i.v. route of injection revealed the
most striking difference in the in vivo behavior of IFN-b-
versus IFN-a-producing TS/A cells, some distinct effects
were also noticed in tumor growth and elicitation of host

Figure 4. Histological and immunohistochemical features of the tumor growth area 7 days after the s.c. injection of 106 parental TS/A cells (left panels),
TS/A-IFN-a cells (middle panels), or TS/A-IFN-b cells (right panels). The growth area of TS/A-IFN-a (clone I/A.4.60) (B) and TS/A-IFN-b (clone b-10) (C) tumors
show a large area of ischemic coagulative necrosis (n) circumscribed by an impressive fibroblastic reaction (arrowheads). By contrast, parental TS/A cells (A)
form an invasive tumor mass composed of round to polygonal cells. Tumor cryostat section immunostaining (red color) with anti-endothelial cell MAb shows that
parental TS/A tumor blood vessels are well represented and evenly distributed (D). By contrast, TS/A-IFN-a (E) and TS/A-IFN-b (F) tumor blood vessels are few
and especially represented at the edge of the tumor mass being almost absent in the central necrotic area. The expression of TNF-a (G, H, and I) and iNOS (J,
K, and L), almost absent in parental TS/A tumors (G and J), is evident in reactive cells infiltrating TS/A-IFN-a (H and K) and TS/A-IFN-b (I and L) tumors, being
higher in the former (H and K). Magnification, 3360.
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response after s.c. administration. The degree of tumor
rejection occurring in mice receiving a s.c. injection of
IFN-b-producing TS/A cells was apparently dependent
on the amount of cytokine released, and only the high-
producer cell clones were completely rejected in the vast
majority of the injected mice (Figure 3). This extent of
tumor growth inhibition was obtained in mice injected s.c.
with TS/A cells producing low amounts (60 IU/ml) of
IFN-a1 (Table 2). A recent study reported that murine
fibrosarcoma cells genetically modified for the produc-
tion of IFN-b were significantly suppressed in their tumor-
igenicity when injected s.c. or i.v. into immunocompetent
mice and that this inhibition was dependent, in part, on
the induction of host-mediated mechanisms.11 Interest-
ingly, large amounts of IFN-b were secreted by the mod-
ified tumor cells.11 Our observations suggested that
IFN-a is more potent in inducing an antitumor response
as compared with IFN-b, at least in the TS/A tumor model.
This concept is supported by the comparative histologi-
cal and immunohistochemical analyses of the tumor area
in mice injected s.c. with low-producer TS/A-IFN-a cells
or high-producer TS/A-IFN-b cells. In fact, despite the
presence of extensive necrosis and fibroblastic reaction
in both IFN-a- and IFN-b-TS/A tumors (Figure 4), the
macrophage and granulocyte content of the host cell
infiltrates as well as the level of expression of pro-inflam-
matory cytokines was higher in the area of TS/A-IFN-a

tumor growth as compared with TS/A-IFN-b tumors (Ta-
ble 3). These observations suggest that IFN-b may exert
anti-inflammatory effects. In this regard, it is worth noting
that the therapeutic effects of IFN-b in patients with mul-
tiple sclerosis have been suggested to depend on the
inhibition of the inflammatory response and cytotoxic
function.46

Whereas IFN-a acted as a stronger inducer of an
inflammatory response, inhibition of tumor-induced an-
giogenesis appeared to be a major component of IFN-
b-mediated TS/A tumor rejection. Neoformation of
blood vessels was more strongly impaired in the TS/A-

Table 3. Analysis of the Host-Infiltrating Cells and
Microvessel Content of the Expression of
Angiogenic Factors, Cytokines, and Adhesion
Molecules at 7 Days after the s.c. Injection of 106

Parental TS/A, TS/A-IFN-a, or TS/A-IFN-b Cells in
BALB/c Mice

TS/A
parental

TS/A-IFN-a
(clone I/A.4.60)

TS/A-IFN-b
(clone b-10)

Macrophages 35.0 6 6.3* 94.5 6 11.6† 63.4 6 9.3†

Granulocytes 7.4 6 3.1 51.3 6 7.9† 25.1 6 6.3†

CD81 5.2 6 1.3 57.5 6 6.3† 62.8 6 9.1†

CD41 1.1 6 0.6 38.7 6 5.2† 30.6 6 4.7†

CD31 20.4 6 4.1‡ 13.4 6 2.5§ 8.0 6 1.6§

bFGF 1¶ 1 1
VEGF 1 1 1
IL-1b 2 1 6
TNF-a 6 11 1
IFN-g 2 1 6
IL-6 1 11 1
iNOS 2 1 6
ICAM-1 6 1 1
VCAM-1 2 1 1
ELAM-1 2 1 6

*Cell counts were determined at 3400 in a 0.180-mm2 field. At least
10 fields per tissue sample were evaluated. Values are expressed as
mean 6 SD.

†Value significantly higher (P , 0.001) than that observed in TS/A
parental tumor.

‡Microvessel count was performed in at least 10 3400 fields (0.180
mm2 per field) on cryostat sections tested with anti-endothelial (CD31)
MAb.

§Value significantly lower (P , 0.001) than observed in TS/A
parental tumor. The TS/A-IFN-b tumor value was significantly lower
(P , 0.005) than that observed in TS/A-IFN-a tumor.

¶The expression of adhesion molecules, cytokines, and mediators
was defined as absent (2) or scarcely (6), moderately (1), or
frequently (11) present on cryostat sections tested with the
corresponding antibodies.

Table 4. Comparative Evaluation of the Tumorigenicity of
TS/A-IFN-a, TS/A-IFN-b, and TS/A-IFN-g Cells upon
i.v. Injection into Immunocompetent Mice

Experiment
Challenging TS/A

cells (IFN)
Mean day of
death (6SE)*

1 TS/A parental (none) 17.0 6 0.4
TS/A-LXSN (none) 22.2 6 0.6
I/A.4.60 (a) 73.3 6 6.1
I/A.2.1000 (a) 66.3 6 3.5
TS/A-IFN-b-2 (b) 27.8 6 6.5†‡

TS/A-IFN-b-4 (b) 35.1 6 8.4†‡

TS/A-IFN-b-6 (b) 38.3 6 3.4†§

TS/A-IFN-b-10 (b) 40.3 6 2.3†§

I.2.4 (g) 28.5 6 3.9
I.3.500 (g) 22.8 6 0.7

2 TS/A parental (none) 20.1 6 0.9
TS/A-LXSN (none) 17.0 6 0.5
I/A.4.60 (a) 73.0 6 6.7
TS/A-IFN-b-2 (b) 21.8 6 0.7†‡

TS/A-IFN-b-4 (b) 22.3 6 1.5†‡

TS/A-IFN-b-6 (b) 34.1 6 2.8†§

TS/A-IFN-b-10 (b) 39.8 6 4.3†§

I.3.500 (g) 20.6 6 1.7

Six- to seven-week-old BALB/c mice were injected i.v. with 5 3 104

cells of the indicated cell line. There were six mice per group in each
experiment.

*All of the injected mice in each experimental group died. The mean
survival times of the mice injected with TS/A-IFN-a cells are underlined.

†P , 0.005 versus I/A.4.60 or I/A.2.1000 cell-injected mice.
‡Not significant versus I.2.4 or I.3.500 cell-injected mice.
§P , 0.002 versus I.2.4 or I.3.500 cell-injected mice.

Table 5. Metastatic Potential of TS/A-IFN-a, TS/A-IFN-b, and
TS/A-IFN-g Cells Injected i.v.

Challenging TS/A
cells (IFN)

Lung colonies

Incidence Median Range

TS/A parental (none) 5/5 34 26–51
I/A.4.60 (a) 5/5 13† 4–23
I/A.2.1000 (a) 5/5 5† 1–8
TS/A-IFN-b-4 (b) 5/5 38‡ 3–76
TS/A-IFN-b-6 (b) 5/5 12† 8–26
TS/A-IFN-b-10 (b) 5/5 6† 3–11
I.3.500 (g) 5/5 117† 41–168

Six- to seven-week-old BALB/c mice were injected i.v. with 5 3 104

cells of the indicated cell lines. After 20 days, all of the mice in each
group were sacrificed for evaluation of lung metastases, which was
performed as described elsewhere.11 The lung metastatic nodules
formed by both TS/A-IFN-b and TS/A-IFN-a tumor cells appeared, at a
gross examination, smaller in size and flatter as compared with the
metastases developed in mice injected with parental or IFN-g-
producing TS/A tumor cells.

†P , 0.05 versus TS/A parental cell-injected mice.
‡Not significant versus TS/A parental cell-injected mice.
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IFN-b-10 tumor areas as compared with I/A.4.60 tu-
mors (Figure 4 and Table 3). The inhibition of tumor-
induced angiogenesis and induction of extensive
ischemic necrosis in the tumor area by type I IFNs are
well documented phenomena in animal models.47,48

Moreover, IFN-a was the first of the known inhibitors of
angiogenesis to be evaluated clinically and to show its
therapeutic potential in angiogenic diseases, such as
childhood hemangiomas and Kaposi’s sarcoma.49,50

Initial studies by Sidky and Borden51 indicated that the
inhibition of tumor-induced angiogenesis mediated by
type I IFNs was independent of their antiproliferative
activity and tumor species specific, suggesting that
these cytokines could modulate angiogenic signals
provided by the tumor cells. Notably, recent reports by
Fidler’s group indicate that endogenous IFN-b may act
physiologically as a potent inhibitor of tumor-induced
angiogenesis in the subcutis,52 where its production by
fibroblasts or epithelial cells might modulate the ex-
pression of basic fibroblast growth factor (bFGF), a
potent inducer of angiogenesis. More recently, this
group showed that IFN-b is able to induce a stronger
down-regulation of bFGF expression in vitro in a variety
of human tumor cell lines as compared with IFN-a.42 As
for the data presented in this article, it might appear
that, consistently with data from other groups,42,52

IFN-b is superior to IFN-a in terms of anti-angiogenic
effects (Table 3). However, careful studies by compar-
ing several clones producing comparable amounts of
IFNs are necessary to address this issue. On the other
hand, the factors/mechanisms involved in the anti-an-
giogenic effects of IFNs in this system remain un-
known. Notably, the immunohistochemical analysis
showed that in both IFN-a- and IFN-b-producing TS/A
tumors the expression of bFGF and vascular endothe-
lial growth factor was not diminished as compared with
parental TS/A tumors, indicating that, at least in this
tumor model, the IFN-mediated inhibition of tumor an-
giogenesis is not dependent on the down-regulation of
the expression of these growth factors, considered to
be major positive regulators of angiogenesis in vivo.

The most notable difference between TS/A-IFN-b
and TS/A-IFN-a tumor cells concerned their relative
metastatic ability after i.v. injection. In fact, TS/A tumor
cells producing low levels of IFN-b exhibited a meta-
static behavior similar to parental TS/A cells, and only
the cell clones secreting high amounts of the cytokine
were slightly inhibited, as indicated by the survival time
of the injected mice (Table 4). In contrast, IFN-a-se-
creting TS/A cells were strongly impaired in their ability
of forming lung metastases.3 It should be noted that the
mice injected with the high-producer TS/A-IFN-b cells
presented, at the time of sacrifice, a number of lung
metastases comparable to that of the mice injected
with the low-producer TS/A-IFN-a cells (Table 5). Nev-
ertheless, mice injected with the low-producer TS/A-
IFN-a cells survived much longer than animals injected
with the high-producer TS/A-IFN-b cells (Table 4), sug-
gesting that even low levels of IFN-a may be superior in
maintaining an immunological control of metastatic
growth. In the light of several findings describing dif-

ferent signal transduction pathways elicited by IFN-a
versus IFN-b in some cell systems,32–35 we can envis-
age that IFN-a can induce, more efficiently than IFN-b,
certain signals leading to the activation and/or differ-
entiation of specific subsets of host T cells relevant for
the generation of a long-lasting cell-mediated antitu-
mor immune response. Alternatively, we may assume
that the poor effectiveness of IFN-b in suppressing the
metastatic growth of TS/A cells can be simply due to a
more rapid catabolism and clearance of the locally
produced IFN-b as compared with IFN-a. This hypoth-
esis is supported by early studies on the distribution,
catabolism, and pharmacokinetics of IFNs (for a review
see Ref. 53), showing that IFN-b differs from IFN-a in its
higher lipophilia and greater tissue affinity.

In conclusion, the results presented herein represent
the first evidence that IFN-a and IFN-b can exert different
effects on the in vivo behavior of the same tumor cells and
suggest that IFN-a may act as a stronger adjuvant in the
generation of an effective antitumor immune response.
Our study underlines the importance of comparative
studies for a better understanding of the different re-
sponses observed in patients and for the identification of
novel and more selective interventions in the therapy of
cancer.
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