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TGF-s play diverse and complex roles in many biological processes. In tumorigenesis, they can func-
tion either as tumor suppressors or as pro-oncogenic factors, depending on the stage of the disease.
We have developed transgenic mice expressing a TGF-f} antagonist of the soluble type Il TGF-f3 recep-
tor:Fc fusion protein class, under the regulation of the mammary-selective MMTV-LTR promot-
er/enhancer. Biologically significant levels of antagonist were detectable in the serum and most tis-
sues of this mouse line. The mice were resistant to the development of metastases at multiple organ
sites when compared with wild-type controls, both in a tail vein metastasis assay using isogenic
melanoma cells and in crosses with the MMTV-neu transgenic mouse model of metastatic breast can-
cer. Importantly, metastasis from endogenous mammary tumors was suppressed without any
enhancement of primary tumorigenesis. Furthermore, aged transgenic mice did not exhibit the severe
pathology characteristic of TGF-§ null mice, despite lifetime exposure to the antagonist. The data
suggest that in vivo the antagonist may selectively neutralize the undesirable TGF-P associated with
metastasis, while sparing the regulatory roles of TGF-Bs in normal tissues. Thus this soluble TGF-f3

antagonist has potential for long-term clinical use in the prevention of metastasis.
J. Clin. Invest. 109:1607-1615 (2002). d0i:10.1172/JC1200215333.

Introduction

TGF-Bs are multifunctional growth factors that regu-
late development, functional and proliferative home-
ostasis, and response to environmental challenge (1).
The central importance of these growth factors in
humans is underscored by the fact that many disease
processes are associated with aberrant TGF-f function.
Loss of normal TGF-f function has been implicated in
the pathogenesis of cancer, atherosclerosis, and
autoimmune and inflammatory diseases, while exces-
sive TGF-P production has been implicated in fibro-
proliferative disorders, immunosuppression, success-
ful parasite infection, and metastasis (2-9).

The role of TGF-Bs in tumorigenesis is particularly
complex. Clinical and mouse model data show that the
TGF-B system can clearly function as a tumor suppressor
pathway, and reduction or loss of TGF-B receptors or
downstream signaling components is seen in many
human tumors (for reviews, see refs. 2-5). However, late-
stage human tumors frequently show a paradoxical

increase in expression of TGF-fs that is associated with
increased metastasis and poor prognosis (10). The cur-
rent rationalization for these observations is that TGF-fs
function as tumor suppressors early in tumorigenesis
when epithelial cell responsiveness to TGF-f is still rela-
tively normal. Later in the process, genetic or epigenetic
alterations in multiple pathways compromise the tumor
suppressor activity, and the TGF-Bs then function pre-
dominantly as oncogenes to promote the progression to
aggressive metastatic disease (2).

Ideally in a clinical setting, one would want to selec-
tively neutralize the TGF-P that is involved in disease
pathogenesis without affecting the normal protective
and homeostatic roles of TGF- in unaffected tissue.
TGF-B antagonists of various types have been used
successfully to ameliorate TGF-B-driven lesions,
especially fibrosis, in animal models (11-16). Howev-
er, most of these studies have been short-term, or
have involved local delivery of the antagonist. The
consequences of long-term systemic exposure to
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high-affinity TGF-B antagonists have not been
assessed, particularly regarding the likelihood of
increased spontaneous tumorigenesis and immune
system dysfunction, as would be predicted from the
phenotypes of the TGF-B1 null mouse (17-19).

Fusion of the extracellular ligand-binding domain of
the type II TGF-P receptor to the Fc domain of human
IgG; gives a particularly high-affinity, stable TGF-3
antagonist herein referred to as SR2F (20). Other
cytokine antagonists of this soluble receptor:Fc fusion
protein class have already proven to be clinically useful,
as evidenced by the recent approval of the TNF-o. antag-
onist etanercept for the treatment of rheumatoid arthri-
tis (21). In the present work, we have generated a trans-
genic mouse model that has widespread expression of
the SR2F TGF-P antagonist throughout its lifetime,
and we show that the mice are protected against exper-
imental metastasis without significant adverse side
effects. The data suggest that this antagonist may be
capable in vivo of selectively neutralizing the undesir-
able TGF-P that is associated with metastasis, while not
affecting the TGF-P that is involved in maintenance of
normal homeostasis.

Methods

Generation of SR2F transgenic mice. The SR2F TGF-f3
antagonist comprises the extracellular domain of the
human type I TGF-P receptor fused to the Fc domain
of human IgG, (Figure 1a). Plasmid JP109-6, contain-
ing a form of the SR2F cDNA with two small introns in
the Fc domain for enhanced expression in vivo, was
obtained from Monica Tsang (R&D Systems Inc., Min-
neapolis, Minnesota, USA). The SR2F insert was sub-
cloned into the pSKMMTV-SVPA vector (22) to gener-
ate a transgene in which the SR2F coding sequence is
flanked by the MMTV-LTR promoter-enhancer and the
SV40 3’ UTR and polyadenylation signal on excision
with BgllI and Spel (Figure 1b). The transgene was
injected into the pronuclei of inbred FVB/NCr zygotes
(23). Six founders were obtained, of which five showed
germline transmission and two expressed the transgene.
The higher-expressing line (MMTV-SR2F) was bred to
homozygosity for further analysis. Age- and sex-
matched wild-type FVB/NCr mice were used as con-
trols. Mice were housed in an Association for Assess-
ment and Accreditation of Laboratory Animal Care
accredited facility under conditions that met or exceed-
ed NIH guidelines.

Stable transfections and growth inhibition assays. For high-
level expression in vitro, the SR2F insert was subcloned
into pcDNA3 (Invitrogen Corp., Carlsbad, California,
USA). The human breast cancer cell line MDA MB435
(gift of Stephen Byers, Lombardi Institute, Washington,
DC, USA) was stably transfected with pcDNA3 vector
alone, pcDNA3-SR2F, or pcDNA3-DNR, where DNR is
a membrane-bound dominant-negative form of the type
II TGF-f receptor (24). For growth inhibition assays,
transfected cells were seeded at 10° cells/well in 24-well
plates in DMEM with 10% FBS. After 24 hours, the cells

were switched to assay medium containing DMEM, 0.1%
FBS, and 10 ng/ml EGF, and allowed to condition the
medium for 24 hours prior to the addition of 5 ng/ml
TGF-B1 (R&D Systems Inc.) or vehicle control. After a
further 22 hours, cells were pulsed with 3H-thymidine
for 2 hours and harvested (25). For determining the
molar ratio of SR2F to TGF-f — required to neutralize
the growth-inhibiting effects of TGF-§ — the highly sen-
sitive Mv1Lu cell line was used (American Type Culture
Collection, Rockville, Maryland, USA). TGF-B1 (2 pM)
was present in all wells, with or without 0-200 pM puri-
fied SR2F protein (R&D Systems Inc.).

Northern blots and in situ hybridization. RNA was extract-
ed from tissues using Trizol reagent according to the
manufacturer’s instructions (Life Technologies Inc.,
Gaithersburg, Maryland, USA). Fifteen micrograms of
total RNA were loaded per lane, and blots were
hybridized with a 520-bp 32P-labeled probe specific for
the Fc domain of SR2F. Ethidium bromide-stained
ribosomal bands were visualized to access uniformity of
RNA loading. The probe was generated by PCR ampli-
fication using the primer pair 5’-CGAAGACCCTGAGGT-
CAAGT-3’ (forward) and 5-GAGGCTCTTCTGCGTGTAG-
3’ (reverse), and was cloned into the pCR2.1 vector
(Invitrogen Corp.). In situ hybridization was performed
on paraformaldehyde-fixed tissue sections. The same
Fe-specific probe was transcribed using Genius Kit 4
(Boehringer Mannheim Biochemicals Inc., Indianapo-
lis, Indiana, USA) to generate sense and antisense
probes. Hybridization of slides using digoxygenin-
labeled probes was performed as previously described
(26). Slides were counterstained with nuclear fast red.

SR2F ELISA. A sensitive and specific ELISA for
quantitation of SR2F was developed. Tissues were
homogenized in extraction buffer (1% Nonidet P40,
150 mM NacCl, 50 mM Tris-Cl, pH 7.4, and 20 pg/ml
4-(2-aminoethyl)-benzene sulfonyl fluoride) and clari-
fied. Nunc MaxiSorp microtiter plates (Nalge Nunc
International, Rochester, New York, USA) were coated
overnight at 4°C with 1 pg/well of goat anti-human
IgG (Jackson ImmunoResearch Laboratories, West
Grove, Pennsylvania, USA). After washing and blocking
with Tris-buffered saline (TBS) and casein (BioFX Lab-
oratories Inc., Owings Mills, Maryland, USA), serum or
tissue samples or purified SR2F standard (1-100
pg/well; R&D Systems Inc.) serially diluted in
TBS/casein were added for a 1-hour incubation at
room temperature. The detection antibody was 12.4
ng/well of biotinylated anti-TGF-P receptor type II
(BAF241; R&D Systems Inc.). Color was developed
using a 1:10,000 dilution of streptavidin-conjugated
peroxidase (016-030-084; Jackson ImmunoResearch
Laboratories) with peroxidase substrate (TMBW-0100-
01; BioFX Laboratories Inc.).

Western blots and ligand affinity crosslinking. For Western
blots, mammary gland extracts (20 ug/lane) from wild-
type or transgenic mice were run on 4-12% nonreduc-
ing Tris-glycine gels and blotted onto nitrocellulose.
Purified SR2F (2 ng/well) was used as a positive control.
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Blots were probed with 0.2 ug/ml anti-human Fc anti-
body (109-005-098; Jackson ImmunoResearch Labora-
tories), with or without an excess of human IgG (S
lg/ml) to demonstrate antibody specificity. For ligand
affinity crosslinking, sera from 3-month-old virgin
transgenic or wild-type mice were used, and purified
SR2F (2 ng/0.1 ml) was spiked into wild-type serum or
PBS as a positive control. '2I-TGF-B1 (131 pCi/ug) was
added to a final concentration of 0.4 nM, and the reac-
tion mixture was incubated on ice for 1 hour. Disuccin-
imidylsuberate (Pierce Chemical Co., Rockford, Illinois,
USA) was added to a final concentration of 1 mM and
incubated for 30 minutes at room temperature.
Crosslinked samples were run on a 6% Tris-glycine gel
under nonreducing conditions and exposed to film.

Tail vein metastasis assay. The isogenic metastatic ame-
lanotic melanoma cell line 37-32, derived from a
melanoma arising in the HGF/SF transgenic mouse
line MH-37, was cultured as previously described (27).
Transgenic and age-matched wild-type male mice (aged
2-4 months) were injected intravenously with 10° cells
in 0.1 ml of DMEM via the tail vein. In one experiment,
mice were euthanized 21, 28, and 35 days after injection
(5-10 mice/genotype group/timepoint). A second
experiment looking at the dependence of metastatic
efficiency on SR2F levels used 4-5 mice per genotype
group, with all mice euthanized after 35 days. Mice
were examined grossly at necropsy for the presence of
metastases in internal organs. Microscopic quantita-
tion of metastases was performed on representative
cross sections of formalin-fixed, paraffin-embedded tis-
sue stained with hematoxylin and eosin, by a board-cer-
tified veterinary pathologist (M.R. Anver). For the liver,
two sections of each liver lobe were examined.

Tumorigenesis in MMTV-neu mice. Homozygous MMTV-
neu mice [FVB/N-TgN(MMTV-neu)202Mul] were
obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA) and crossed with FVB/NCr control mice
or with homozygous MMTV-SR2F mice to generate two
experimental cohorts, having either the nex oncogene
alone (29 mice) or both nex and SR2F (38 mice). Female
mice were cycled through one round of pregnancy and
lactation to increase expression of the transgenes. Mice
were palpated biweekly for mammary tumors and were
euthanized when any primary tumor reached 2 cm in
diameter or if the mouse appeared morbid. Tumor vol-
ume was calculated by the formula V= LS X 0.4 where L
and S are the longest and shortest dimensions, respec-
tively (28). Tumors, mammary glands, and lungs were
collected for histological analysis, and serum was col-
lected for assay of circulating SR2F levels.

Analysis of nonimmune phenotypes. Complete necropsies
were performed on 22 female FVB/NCr mice and 20
female SR2ZF** mice 16-26 months of age, with a mean
age of 20 + 2 months for the FVB/NCr group and 21 + 4
months for the SR2F group. Both virgin and parous
mice were analyzed. At necropsy all mice were examined
for the presence of gross lesions. Thirty-three organs
were routinely harvested for histologic observation, as

were any additional tissues with lesions. Hematoxylin
and eosin-stained sections of formalin-fixed paraffin-
embedded tissue were examined by a board-certified vet-
erinary pathologist (M.R. Anver). Serum and mammary
glands were also collected for determination of SR2F lev-
els by sandwich ELISA.

Immunophenotyping. Whole blood was collected from
transgenic and wild-type female mice by cardiac punc-
ture, and complete blood cell counts and white blood
cell differential were determined by Ani Lytics Inc.
(Gaithersburg, Maryland, USA). To determine spleen
cell counts, spleens were excised and ruptured, and ery-
throcytes were lysed with ACK lysing buffer (BioWhit-
taker Inc., Walkersville, Maryland, USA). Total spleen
cells were counted using a hemocytometer, and were
stained and analyzed by FACSCalibur using CellQuest
software (Becton Dickinson and Co., San Jose, Califor-
nia, USA). For direct staining to determine total leuko-
cyte distribution and to quantitate the activated and/or
memory T cell phenotypes, the following conjugated
antibodies were purchased from BD Pharmingen (San
Diego, California, USA): anti-CD69 FITC, anti-CD25
phycoerythrin (PE), anti-CD62L FITC, anti-CD44 PE,
anti-CD4 PerCP, allophycocyanin (APC), anti-CD8
PerCP, anti-CD3 APC, anti-B220 APC, anti-NK1.1 PE,
anti-CD11b FITC, and anti-Ly-6G (Gr-1) PE. Before
staining, Fc receptors were blocked with anti-CD16/32
antibody (2.4G2; BD Pharmingen).

Results

Validation of the SR2F antagonist in vitro. The MDA MB435
human breast cancer cell line was stably transfected with
SR2F, or with DNR as a positive control. The growth-
inhibiting effect of TGF-f} was largely eliminated in cells
transfected with SR2F, and was completely abolished in
cells transfected with DNR (Figure 1c). This shows that
endogenously synthesized SR2F is capable of protecting
the cells against the biological effects of added TGF-f.
The lower efficiency of SR2F compared with DNR prob-
ably reflects the extensive dilution of the secreted SR2F
in the culture medium. Using purified SR2F protein, we
determined thata 50:1 molar ratio of SR2F to TGF-f1 is
required for 90% neutralization of biological activity in
vitro (Figure 1d). As has been shown previously, the
SR2F could only bind TGF-f1 and TGF-B3, not TGF-32
(ref. 20 and our data, not shown).

Characterization of MMTV-SR2F transgenic mice. High-
level expression of SR2ZF mRNA was observed in the
mammary gland and salivary gland of homozygous
transgenic females of the MMTV-SR2F line, with
lower expression in the lung and lymphoid tissue (Fig-
ure 2a). In situ hybridization showed that SR2F
mRNA expression in the mammary gland was restrict-
ed to the epithelial cells (Figure 2b). Extracts of trans-
genic mammary glands showed a band of the expect-
ed size for the dimeric SR2F on Western blots (Figure
2¢). By ELISA, SR2F protein was found at the highest
levels (200-1,000 ng/g) in the mammary glands and
male accessory sex organs of adult mice, with lower
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Antagonist design and in vitro validation. (a) Soluble TGF-f} antag-
onist SR2F. This antagonist consists of the extracellular domain of
the human type Il TGF-P receptor fused to the Fc domain of human
IgG1. It can bind TGF-B1 and TGF-B3, but not TGF-B2. (b) Trans-
gene construct. Transgene expression is driven by the mammary-
selective MMTV-LTR promoter/enhancer. Small introns are present
in the Fc domain of SR2F and the SV40 3" UTR to enhance trans-
gene expression in vivo. (c) Reversal of the growth-inhibiting effects
of TGF-B1 by transfected SR2F. MDA MB435 cells stably trans-
fected with empty vector (pcDNA3), membrane-bound dominant-
negative type || TGF-P receptor (DNR), or SR2F were assayed for
their resistance to the growth-inhibiting effects of added TGF-f31
(5 ng/ml). Cell proliferation is normalized to the “no TGF-” con-
dition for each construct. Results are the mean + SD of three deter-
minations. (d) Determination of the molar ratio of purified SR2F
to TGF-B1 required for neutralization of TGF-B activity. The ability
of increasing amounts of purified SR2F to reverse the growth-
inhibiting activity of 2 pM TGF-B1 on Mv1Lu cells was determined.
Results are the mean + SD for three determinations.

but detectable levels (30-150 ng/g) in all other organs
except the brain (Figure 2d and data not shown). The
presence of SR2F in organs such as the kidneys, which
show no SR2F mRNA expression, probably reflects
sequestration from the circulation, since high levels of
SR2F protein were also found in the serum (Figure
2d). Serum levels of SR2F were highest in very young
mice, due to the additional presence of maternally
transferred protein. By monitoring the decrease in cir-
culating SR2F levels with time in the wild-type off-
spring of hemizygous transgenic mothers, we could
calculate an in vivo half-life for the SR2F protein of
12.3 + 0.5 days (Figure 2e). Note however that circu-
lating SR2F levels in transgenic mice were generally
maintained at > 200 ng/ml throughout the life span
of the animal, due to endogenous synthesis (not
shown). The ability of SR2F made in vivo to bind to
TGF-P was determined by ligand affinity crosslinking.
125]-TGF-B1 bound to an identical band in transgenic
serum and in wild-type serum spiked with puri-
fied SR2F (Figure 2f). In contrast, TGF-B bound only
to a high-molecular-weight band corresponding to

0p-macro-globulin in wild-type serum. This indicates
that the SR2F made in vivo is correctly folded and is
capable of binding TGF-3 with higher affinity than
can the major serum binding protein o;-macroglobu-
lin, which is present in great excess.

The MMTV-SR2F mouse is protected against metastasis in a
tail vein metastasis model system. Several studies have
implicated TGF-Bs as prometastatic agents (29-31). To
determine whether expression of SR2F would protect
against experimental metastasis, age-matched cohorts
of 3- to 4-month-old male MMTV-SR2F and wild-type
FVB/NCr control mice were challenged by injection of
the isogenic metastatic melanoma cell line 37-32 into
the tail vein. A statistically significant decrease in the
number of grossly detectable liver metastases was seen
in MMTV-SR2F mice at both 28 and 35 days after
injection of the cells (Figure 3a). On histological analy-
sis, the MMTV-SR2F mice showed a two- to threefold
decrease in the number of metastases per organ for all
metastatic sites at 35 days (Figure 3b). For the liver,
which was the most efficiently colonized site, the dif-
ference was statistically significant (P = 0.03 by Student
t test for independent samples). In a separate experi-
ment using 7-week-old mice, in which circulating SR2F
levels varied quite widely among the transgenic cohort
due to variable maternal transfer, there was a dose-
dependent decrease in the number of liver metastases
with increasing levels of circulating SR2F (Figure 3c).

The SR2F antagonist protects against metastasis from a pri-
mary mammary tumor without affecting development of the
primary tumor. To determine whether the SR2F antago-
nist was effective in protecting against metastasis from
a primary tumor arising in its natural site, we crossed
MMTV-SR2F mice or control FVB/NCr mice with the
MMTV-nex mouse model of metastatic breast cancer
(32). In this model, mammary tumorigenesis is initiated
by overexpression of the rat homologue of the
HER2/erbB2/nen protooncogene. Since TGF-B is
thought to act as a tumor suppressor in the early stages
of tumorigenesis, we also wished to determine whether
there were any adverse tumor-promoting effects follow-
ing chronic exposure to the TGF-f} antagonist during all
stages of tumorigenesis. Mice were palpated for tumors
weekly, and were necropsied when they appeared morbid
or when any tumor reached 2 cm in diameter. At the
time of necropsy, circulating SR2F levels in bigenic
(nen/SR2F) mice were averaged 18.0 + 10.2 lig/ml (range
4.3-38.8 pg/ml). This is significantly higher than is nor-
mally found in parous SR2F mice (~1 ng/ml), and prob-
ably reflects additional production of SR2F by the
tumor cells. In the 58-week time frame of the study, 25
0f 29 (86.2%) mice in the nex group and 33 of 38 (86.8%)
mice in the nes/SR2F group developed palpable mam-
mary tumors. Tumor latency, as determined by the age
at which a palpable tumor was first detected, was unaf-
fected by the presence of SR2F (Figure 4a). Similarly,
there was no effect of SR2F on tumor multiplicity or
total tumor burden per mouse. nex mice had 2.4 + 1.8
tumors per mouse, while nes#/SR2F mice had 2.4 + 1.7
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Figure 2

TGF-B antagonist expression and function in the MMTV-SR2F mouse. (a) Expression of SR2F mRNA in different tissues. RNA was prepared
from an adult virgin female transgenic mouse and probed for SR2F. (b) Cell type-specific expression of SR2F in the mammary gland. In situ
hybridization showed specific expression of SR2F mRNA in the mammary ductal epithelial cells (ECs) but not in the mammary fat pad (FP)
or blood vessels (BVs) of a virgin transgenic mouse. (c) SR2F protein in the transgenic mammary gland. Western blots of mammary gland
extracts from wild-type or transgenic (TG) mice were probed with anti-human Fc antibody (anti-huFc), with or without an excess of human
immunoglobulin G1 (hulgG) to demonstrate specificity. Purified SR2F was the positive control. (d) SR2F protein levels in serum and tissues
from transgenic mice. Sera and tissue extracts from 2.5-month-old virgin transgenic mice were assayed for SR2F protein. Results are the
mean + SD for three mice of each sex. (e) In vivo stability of SR2F. Serum levels of SR2F in the wild-type offspring of hemizygous transgenic
dams were determined various times after birth. The serum half-life (Ty,2) of SR2F was calculated from the decay curve. (f) Ability of SR2F
in transgenic serum to bind TGF-B1. Serum from wild-type or transgenic mice was probed for TGF-} binding proteins by ligand affinity
crosslinking with '251-TGF-B1. Purified SR2F spiked into saline or wild-type serum were the positive controls. Mam gl., mammary gland; Sal.
Gl., salivary gland; Mes. LN, mesenteric lymph node ; Sal. gl, salivary gland; Sm. int., small intestine; SV, Seminal vesicle; MWM, molecular
weight markers; 0,M, 0l,-macroglobulin.

tumors per mouse. The average total tumor burden for
the nex mouse was 1.8 + 1.0 cm?3, while for the neu/SR2F
mouse it was 1.7 + 1.0 cm3. In contrast to the lack of
effect on tumor latency, multiplicity, and size of the pri-
mary mammary tumors, the presence of SR2F signifi-
cantly decreased the incidence of lung metastases in this
model, by 3.3-fold (Figure 4b). This suggests that pro-
longed exposure to SR2F can protect the mouse against
metastasis from an endogenous primary tumor without
accelerating formation of the primary tumor.

Prolonged exposure to the SR2F TGF-f3 antagonist is not asso-
ciated with major adverse side effects. In genetically engi-
neered mouse models, loss of TGF-f function is associ-
ated with profound immune system dysfunction and
increased spontaneous tumorigenesis (17-19, 33, 34). To
determine whether prolonged exposure to the SR2F

TGF-B antagonist had similar effects, we analyzed
MMTV-SR2F and wild-type FVB/NCr mice for immune
phenotype and spontaneous pathology. At a very early
age, the TGF-B1 null mouse develops a lymphoprolifer-
ative syndrome with autoimmune manifestations and
myeloid hyperplasia (17, 18, 35, 36). However, in an
analysis of 7- to 10-month-old MMTV-SR2F and
FVB/NCr mice, we found no significant differences in
numbers of circulating white blood cells, red blood cells,
platelets, or segmented neutrophils (data not shown).
No lymphadenopathy or splenomegaly were observed,
and FACS analysis of spleen cells showed that the
MMTV-SR2F mice had the normal proportion of B cells
and of CD4 and CD8 single-positive T cells, suggesting
there was no abnormal expansion of lymphocytes in the
periphery. More detailed analysis of the splenic T cell
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population in larger cohorts of mice showed that the
expression levels of early activation markers of T cells,
such as CD69 and CD25, were the same in MMTV-SR2F
mice and wild-type controls (data not shown). There was
a small but significant increase in the fraction of CD4*
T cells with memory phenotype (CD4*CD44bighCD621w;
see Figure 5) and in CD8* memory T cells (data not
shown) in older MMTV-SR2F mice compared with age-
matched controls. However, the increased acquisition of
memory phenotype was minimal in comparison with
that seen in the TGF-$1 null mice (Figure 5).

To determine whether there were other effects of pro-
longed exposure to SR2F, complete necropsies were
performed on cohorts of 22 female FVB/NCr mice
(mean age 20 + 2 months) and 20 female MMTV-
SR2F*/* mice (mean age 21 + 4 months). At the time of

Figure 4

Effects of SR2F on primary tumorigenesis and metastasis in the
MMTV-neu transgenic model of metastatic mammary cancer.
MMTV-neu mice were crossed with FVB/NCr control mice or MMTV-
SR2F mice to generate cohorts that either expressed neu alone (neu)
or were bigenic for the neu and SR2F transgenes (neu/SR2F). Mice
were cycled through one round of pregnancy and then monitored for
development of tumors. (a) Tumor latency. Latency was determined
as the time to first appearance of a palpable mammary tumor. The
mean latency was 34 weeks for the neu group and 32.5 weeks for the
bigenic neu/SR2F group (not statistically different). (b) Metastasis.
Lungs from mice in both genotype groups were examined histologi-
cally for the presence of metastases.

Figure 3

Effect of SR2F on metastatic efficiency in a tail-vein injection assay.
(a) Macroscopically detectable liver metastases at different times after
inoculation. Wild-type or transgenic (SR2F) mice were injected in the
tail vein with 106 isogenic 37-32 melanoma cells. After 21, 28, and 35
days, mice were necropsied and the number of macroscopically visi-
ble metastases on the liver surface was quantified. The 21-day time-
point had five mice per genotype group, while the remaining time-
points had ten mice per genotype group. (b) Effects on metastatic
efficiency in different internal organs. The number of histologically evi-
dent metastases was quantified in all tissues that showed evidence of
gross metastases in mice necropsied at 35 days after inoculation. Two
representative cross sections of each lobe were assessed for the liver
and a single representative cross section was analyzed for other
organs. Ten mice were used per genotype group. (c) Dose dependen-
cy of SR2F effect on metastatic efficiency. In a replicate experiment of
the one described in a, the number of histologically detectable metas-
tases in representative cross sections of the liver were quantitated and
plotted against the circulating SR2F levels, as measured by sandwich
ELISA on serum prepared at necropsy. The data for the wild-type
cohort (0 ng/ml SR2F) are presented as mean + SD (n = 4). R repre-
sents the correlation coefficient for the linear curve fit.

necropsy, SR2F levels in the transgenic group were aver-
aged 930 + 551 ng/ml (range 207-1,958 ng/ml) in the
serum and 496 + 287 ng/g (range 127-976 ng/g) in the
mammary gland. The mean serum level of 930 ng/ml
would be sufficient to neutralize 5 ng/ml TGF-B, which
is more than saturating for most known biological
responses. Thus the amount of SR2F in these aged
mice was potentially more than adequate for neutral-
ization of endogenous TGF-f. Despite these high lev-
els of SR2F, there was no increase in the incidence of
neoplastic lesions in any organs in the aged MMTV-
SR2F mice compared with FVB/NCr controls (Table 1).
The mean number of tumors per mouse was 1.5 + 1.1
(n = 20) for SR2F mice and 1.6 + 1.4 (n = 22) for
FVB/NCr mice. In particular, colon tumors, which arise
at high incidence in the TGF-$1 null mouse (19), were
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Figure 5

Effects of prolonged exposure to SR2F on memory T cell phenotype.
The percentage of CD4* T cells with a memory T cell phenotype
(CD4*CD44"MehCD62L"") was determined by FACS analysis of
spleens from wild-type and MMTV-SR2F transgenic mice at different
ages. TGF-B1 null (TGF-B1~/-) and age- and strain-matched wild-type
(TGF-B1%*) mice are shown for comparison. The TGF-B1 null mice
do not survive beyond about 3 weeks of age.

not found in either genotype group. Furthermore,
there was no evidence for the diffuse vasculitis that is
characteristic of the TGF-B1 null mouse (17, 18). The
incidence of lymphocytic infiltration of the lung, kid-
ney, and pancreas of the aged SR2F mice was increased
compared with wild-type controls (data not shown).
However, when present, the infiltrates were in the min-
imal to mild severity range, which is very different from
the severe multifocal inflammatory response that lim-
its the life span of TGF-B1 null mice. Similarly, the
severe myocarditis that is a prominent feature of the
TGF-B1 null mice (17) was not seen in the aged SR2F
mice. Spontaneous murine cardiomyopathy is an age-
related degenerative lesion of mice (37). The incidence
of this condition, which is characterized by chronic

inflammation and myofiber degeneration, was slight-
ly increased in SR2F mice (95% of SR2F mice had the
lesion, compared with 68% of FVB/NCr controls;
P =0.04). However, again the severity of these lesions,
when present in either genotype, was only minimal to
mild, and was not associated with any morbidity.

Discussion
Expression of TGF-fs, particularly TGF-B1, is
increased in many human cancers and is correlated
with enhanced invasion and metastasis (10). In breast
cancer, TGF-B1 protein levels are increased at the
advancing edge of primary human breast carcinomas
and in lymph node metastases (38). Both the primary
tumors and metastases appear to secrete TGF-B1 into
the circulation, since newly diagnosed breast cancer
patients were found to have elevated plasma TGF-B1
levels that were normalized by surgical resection in
node-negative, but not node-positive, patients (39).
Recent studies have shown that treatment with neu-
tralizing TGF-f antibodies can suppress metastasis in
mice inoculated with a variety of tumor cells, thereby
confirming a causal role for TGF-P in the metastatic
process (29-31). These observations make TGF-f§ an
attractive molecular target for novel strategies for the
prevention of metastasis. However, TGF-Bs and their
receptors are almost ubiquitously expressed in mam-
malian tissues (1). This poses a major conceptual prob-
lem with the long-term clinical use of TGF-f} antago-
nists because of the likelihood of adverse side effects
due to interference with the many important roles that
TGF-Bs play in normal tissues (1).

In the present study, we have shown that prolonged
exposure to SR2F, a TGF-P antagonist of the soluble
receptor:Fc fusion protein class, confers significant

Table 1
Tumor incidence in aged FVB/NCr and MMTV-SR2F mice

FVB/NCr SR2F
Tumor type Incidence % Incidence %
Gall bladder, papilloma 1/16 6.3 1/19 5.3
Harderian gland, adenoma 1/18 5.6 1/20 5.0
Hematopoietic neoplasm, histiocytic sarcoma 3/18 16.7 1/19 5.3
Hematopoietic neoplasm, lymphoma FCC 0/18 0 1/19 5.3
Kidney, lipoma 0/18 0 1/20 5.0
Liver, hepatocellular adenoma 1/18 5.6 0/20 0
Lung, alveolar adenoma 8/17 47.1 5/20 25.0
Lung, alveolar carcinoma 4/17 23.5 4/20 20.0
Mammary gland, carcinoma 4/22 18.2 3/20 15.0
Mammary gland, other (mixed tumor, pilomatrixoma) 1/22 4.5 1/20 5.0
Pancreas, islet cell adenoma 1/17 5.9 1/20 5.0
Pituitary adenoma, pars distalis 6/18 33.3 9/20 45.0
Skin, lymphangiosarcoma 1/18 5.6 0/19 0
Spleen, hemangiosarcoma 1/18 5.6 0/20 0
Stomach, nonglandular, squamous carcinoma 1/19 5.3 0/20 0
Uterus, hemangioma 1/22 4.5 0/20 0
Uterus, leiomyoma 2/22 9.1 0/20 0

The incidence is given as the number of mice with the particular tumor divided by the number of mice examined for that organ. Mice were a mix of virgin and
parous females aged 16-26 months.
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protection against metastasis arising either from an
endogenous primary tumor or from injection of
metastatic cells. Furthermore, we have shown that the
antagonist does so without either enhancing the devel-
opment of the primary tumor or inducing the life-
threatening pathology that is seen in many mouse
models in which TGF-B function is experimentally
compromised by other mechanisms. For example, the
TGF-B1 null mice have profound immune system
defects and invariably develop a lethal multifocal
inflammatory syndrome with many features of
autoimmune disease (17, 18, 35). When crossed onto
a Rag2 null background to prevent the lethal inflam-
mation, TGF-B1 null mice develop colon carcinomas
with high incidence (19). Similarly, experimentally
diminished TGF-f signaling can promote tumorigen-
esis in many other epithelial tissues (24, 40, 41). How-
ever, in an extensive analysis of our aged MMTV-SR2F
transgenic mice, we found that lifetime exposure to
this form of TGF-B antagonist did not cause any
increase in spontaneous tumorigenesis. Furthermore,
the only immune phenotype observed in these mice
was a small increase with age in the memory T cell
population and a clinically insignificant increase in
the incidence of minimal to mild lymphocytic infil-
trates in the lung, pancreas, and kidney of 16- to 26-
month-old animals.

Our data suggest that the SR2F TGF-f antagonist is
capable of discriminating in vivo between the TGF-f3
that is associated with maintenance of normal home-
ostasis and the undesirable TGF-f that is involved in
disease pathogenesis. We speculate that this discrimi-
nation may be either on the basis of TGF-B dose or
accessibility. Late-stage metastatic disease, like many
fibroproliferative disorders, is characterized by over-
expression of TGF-Bs (8, 10). For a given tissue, there
may be a critical threshold dose of TGF-f3 above which
undesirable genetic programs get activated. If this is
so, the SR2F levels in our study may have been suffi-
cient to reduce TGF-B to below the threshold level
required for the promotion of metastasis while
remaining above that needed for normal physiological
function. Alternatively, the biological latency of
TGF-B may be the feature that provides the therapeu-
tic window of opportunity. Nearly all cells make
TGF-B in a biologically latent form that must be acti-
vated before the ligand can bind to the receptor (42).
Little is known about this process in vivo due to the
difficulties in distinguishing latent and active TGF-f3
in situ. However, it has recently been shown that in the
normal mammary gland, activation of latent TGF-f3
occurs very locally on a cell-by-cell basis, with active
TGF-P restricted to the cell surface (43). Although the
activation of TGF-f by tumors in situ has not yet been
studied, it is known that highly metastatic cells in cul-
ture secrete a significant fraction of TGF-B in its active
form, while normal cells secrete TGF-3 almost exclu-
sively in the latent form (44, 45). This raises the possi-
bility that a relatively bulky antagonist like SR2F may

have poor access to the cell-associated active TGF-B in
normal tissues and early-stage tumors, but may be
capable of effectively neutralizing the large amounts
of more widely disseminated active TGF-3 that are
present in pathological states.

The biological mechanisms underlying the suppres-
sion of metastasis by SR2F in the models we have used
are currently unclear. In the tail vein metastasis model,
we believe the SR2F is affecting a step that is subse-
quent to extravasation. Studies in other model systems
have shown that extravasation is not generally a limit-
ing step, but rather that the formation of micrometas-
tases from dormant single cells and the progression of
micrometastases to macrometastases are the two most
vulnerable steps (46). Our preliminary data suggest
that the early formation of micrometastases by the
melanoma cells in the liver of SR2F mice is at least as
efficient as in the wild-type hosts, but that these small
lesions fail to progress to form larger metastatic foci
(data not shown). Indeed, metastases in the SR2F
transgenic mice had a slightly lower proliferation rate
than did those in wild-type mice (17.7% + 5.2% bro-
modeoxyuridine-labeled cells vs. 23.7% + 6.9%, respec-
tively; P =0.016), while apoptosis was essentially unde-
tectable in metastases arising in mice of either genotype
(data not shown). Since the 37-32 cells are growth-
inhibited by TGF-B in vitro (data not shown), the in
vivo proliferation data suggest that SR2F is acting indi-
rectly to suppress metastasis. Plausible indirect mech-
anisms include enhanced immune surveillance and
diminished angiogenesis (2, 47), and we are actively
investigating these possibilities.

In summary, our data show that prolonged exposure
to the SR2F TGF-P antagonist can significantly sup-
press metastasis in mice without any adverse side
effects. Together with its high affinity and prolonged
in vivo half-life, this unexpected selectivity makes the
SR2F TGF-PB antagonist an attractive candidate for
clinical use. Most cancer patients die from their metas-
tases, so chronic administration of SR2F to patients
following diagnosis of a primary tumor might improve
mortality by decreasing metastatic efficiency. Further-
more, this approach could be broadly applicable, since
elevated TGF-P has been associated with poor progno-
sis in a wide variety of tumor types (10).
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