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ABSTRACT

In an attempt to identify and quantitate latent and active forms of
transforming growth factor ft (TGF/?) without the use of cell cultures and
to test for autocrine stimulation by TGF/?, rabbit antibodies were raised
against native human and porcine platelet-derived TGF/?. A radio-
immunoassay for TGF/? was developed using radioiodinated TGF/?, anti-

TGF/? antibodies, and protein A. Inhibition in the radioimmunoassay was
achieved with nanogram quantities of TGF/8, comparable to the sensitivity
of radioreceptor assays. Analyses of the TGF/8 levels of conditioned
medium from cultured cells indicated that the latent form(s) of TGF/? is
not detectable in the radioimmunoassay established using antibodies
raised against native TGF/8. Immunoprecipitation analysis of radiolabeled
conditioned medium revealed a specific M, 25,000 band only after acidi
fication. A M, 62,000 protein was observed with and without prior
acidification of the medium but could not be competed with unlabeled
TGF/S in the immunoprecipitation indicating antigenic unrelatedness. The
anti-T(.'K/? IgG inhibited the binding of [125I]TGF0 to the cell surface

receptors in a radioreceptor assay. TGF/? inhibition of A549 cell growth
was reversed by the antibodies, which also neutralized the growth inhib
itory effects of TGF/3 on AKR-2B cells in a monolayer [>H|thymidine

incorporation assay as demonstrated by prevention of TGF/3 inhibition of
insulin and epidermal growth factor-stimulated DNA synthesis. The

antibodies also effectively inhibited spontaneous soft agar growth of
AKR-MCA fibroblasts, providing evidence for autocrine secretion of
TGF/3 as a mechanism of their anchorage-independent growth.

INTRODUCTION

TGF/33 is an important inhibitor and stimulator of cell growth

which was originally identified as a growth stimulatory factor
in medium conditioned by chemically transformed AKR-MCA
cells (1, 2). Platelets were found to be a rich source of TGF/ÃŽ
(3) and purification from platelets (4) permitted partial sequenc
ing and cloning of the gene (5). Recent studies have indicated
that there are two different forms of TGF/3, TGF/31 and TGF/32
(6). The amino terminal sequences of the two chains differ
significantly (6, 7).

Specific binding of TGF/3 to cell surface receptors has been
observed using different cultured cells (8, 9). Cross-linking
studies have revealed a M, 300,000 polypeptide which forms
disulfide bonded multisubunit complexes at the cell surface
(10). In addition, two lower molecular weight receptors or
binding proteins have been demonstrated (11). Biological assays
have suggested that the majority of the effects of TGF0 are
mediated via the high molecular weight receptor, although a
role(s) of the low molecular weight proteins cannot be excluded
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While TGF/3 stimulates proliferation of selected fibroblastic
cells, it is a potent growth inhibitor for most cell types (1, 12).
It belongs to a group of specific growth regulatory polypeptides
which participates in the control of cell proliferation and dif
ferentiation (1, 13-15). The other known TGF/3-like proteins
are the inhibins (16), their /3-chain dimers, "activins" (17, 18),

MÃ¼llerianinhibiting substance (19), and a predicted protein
product of the decapentaplegic gene complex ofDrosophila (20)
as shown by complementary DNA sequence analyses. These
proteins appear to form a common family of growth regulators,
which have divergent physiological functions (21). However, no
reports of immunological relatedness between these proteins
have been published.

TGF/3 is released by platelets and cultured cells mostly in an
inactive form (22). TGF/3 can be irreversibly activated by treat
ment at low or high pH (22, 23). Evidence for a high molecular
weight form of TGF/Ã®and a plausible carrier protein has been
obtained from platelets and cultured cells (22). The molecular
nature of the inactive form(s) of TGF/3 has not been character
ized thus far. Like many other cell types, the clinically trans
formed AKR-MCA cells release TGF/3 mostly in a latent form
(24). They are also capable of responding to TGF/3 with en
hanced growth in soft agar (25). Whether the endogenously
produced TGF/3 stimulates the cells in an autocrine manner
allowing for their spontaneous growth in soft agar has not been
established.

The quantitation of TGF/Ã®has mainly been based on bioas-
says (DNA-synthesis, radioreceptor, and soft agar assays), and
these assays require biologically active TGF/3 (23). In an at
tempt to modulate the biological effects of TGF/3, to character
ize its different molecular forms, and to quantify soluble TGF/3
without the use of cell culture assays, we have raised antibodies
in rabbits against native human and porcine platelet-derived
TGF/3. The antibodies were used to establish conditions for
immunoprecipitation, immunoblotting, and radioimmuno-
assays. They were also found to prevent the binding of TGF/3
to its cell surface receptors and to inhibit the functions of TGF/3
in several bioassays. These neutralizing anti-TGF/3 antibodies
were found to inhibit the spontaneous anchorage-independent
growth of the chemically transformed AKR-MCA cells provid
ing evidence in support of autocrine stimulation by TGF/3 in
these cells.

MATERIALS AND METHODS

TGF/3. hTGF/? was purified from outdated human platelets in our
laboratory (1,3, 8). pTGF/3 was obtained under a contract from R & D
Systems Inc. (Minneapolis, MN). Purified porcine TGF/31 and TGF/32
(6) were obtained later from the same source. All preparations were
homogenous and were considered >98% pure as judged by analysis of
silver staining of SDS-polyacrylamide gels (1,6) and effective at nan
ogram concentrations in different cell cultivation and inhibition assays
as described (1). According to a current report human platelet-derived
TGF/3 is TGF/31, while TGF/3 from porcine platelets is a mixture of
TGF/31, TGF/32, and TGF/31.2 (6).

Production of Antibodies against TGF/8. Rabbit antisera were pre
pared against platelet-derived porcine (Nos. 278 and 282) and human
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(No. 952) TGF/?. Originally, five rabbits were immunized with TGF/3,
either native or denatured. No coupling procedures were carried out.
The (k nal urat inn procedures used were heat treatment (100Â°C,3 min),

reduction with 5% 2-mercaptoethanol followed by heat treatment and
evaporation of excess 2-mercaptoethanol, treatment with glutaralde-

hyde, and embedding TGF/3 in 8% polyacrylamide prior to injections.
Initially, 5-pg amounts of TGF0 were used for the immunizations in
complete Freund's adjuvant, followed by two subsequent immuniza
tions in incomplete Freund's adjuvant at 2-wk intervals. S.c., i.m., and

i.d. injection routes were used. Test bleedings were done 10 days after
injection, and plasma was isolated by centrifugaron. Serum was pre
pared from platelet-poor plasma. Later the rabbits were boosted with
2-5 MgTGF/3 in phosphate-buffered saline at 10- to 14-day intervals,
followed by bleeding 7-10 days after boosting.

The initial screening of different antisera was performed by ininui-
noblotting. It was found that all rabbits produced antibodies, which
gave a positive result in blotting at dilutions 1:500 or higher. However,
only 3 out of 12 rabbits that have been immunized so far have produced
antibodies of reasonably high affinity, suitable for immunoprecipitation
assays. Precipitating sera were identified by using [125I]TGF/3and
protein A-Sepharose as described below. Interestingly all rabbits that

produced precipitating (blocking) antibodies were immunized with na
tive I ( ;!â€¢',â€¢>';therefore, only native TGF/3 was used in the subsequent

immunizations. However, not all rabbits immunized with native TGI .i
produced precipitating antibodies, although all of them showed a ser-
oconversion as shown by immunoblotting.

Radioimmunoassay for TGF/3. Titration of the anti-human TGF/3
antiserum (No. 952) indicated that a 1:4000 dilution was able to
precipitate 50% of the immunoreactive [l25I]hTGF/3.The corresponding

titer for anti-pTGF/3 antiserum (No. 278) was 1:2000 (Fig. \A). Preim
mune sera from the same animals gave no reactivity in the assays. The
RIAs were carried out in 1.5-ml Eppendorf tubes in 1 ml of PBS (0.01
M sodium phosphate, 0.14 M sodium chloride, pH 7.4) containing 100
Mg/ml bovine serum albumin, 0.1% Triton X-100, 0.05% Tween-80, 1
niM I'M SI , and 100 units/ml aprotinin (Sigma). The incubations were
carried out for 2 h at room temperature (or overnight at 4"('), and the

precipitated radioactivity was collected by adding 30 n\ of 50% (vol/vol
in PBS) protein A-Sepharose (Pharmacia, Upsala, Sweden), with in
cubation at room temperature on an end-over rotary shaker for 1 h.
The Sepharoses were washed 4 times with 1 ml-aliquots of PBS
containing 0.1% sodium deoxycholate, 0.05% Tween-80, 100 units/ml

aprotinin, and l MIMPMSF, and the bound radioactivity was deter
mined in a gamma counter.

Purification of IgG. IgG was purified from the antisera by affinity
chromatography over a protein A-Sepharose column (Pharmacia),
equilibrated with PBS. The antisera were passed slowly through the
column, and the column was washed with PBS. After the A2soof the
flowthrough had returned to baseline (26), bound IgG was eluted with
0.58% acetic acid in 0.15 M NaCl, and the IgG content of the eluate
was determined after dialysis against PBS as described (26).

Binding of |'2SI]TGF/3 to Conjugated Sepharose. Heparin-Sepharose
CL-6B, protein A-Sepharose 4B, gelatin-Sepharose 4B, benzamidine-
Sepharose 6B, concanavalin A-Sepharose 4B, and lysine-Sepharose 4B
were obtained from Pharmacia. Aliquots of 1 ml of [125I]TGF/3(50,000

cpm) were incubated on a rotary shaker with different Sepharose
conjugates at 22Â°C.After a 3-h incubation the Sepharoses were washed

3 times with PBS containing 0.05% Tween-80, and the amount of the
bound TGF/3 was determined by a gamma counter (27).

Immunoprecipitation. Aliquots of 1 ml of radiolabeled cell extract in
0.1% Triton X-100, 0.05% Tween-80, 1 mM PMSF, and 100 IU/ml
aprotinin or culture medium were incubated with 2-10 /Â¿gof the IgG
fraction isolated from the indicated antiserum or normal rabbit serum
as a control. After a 2-h incubation at room temperature (or overnight
at 4'C), 30 id of 50% (vol/vol in PBS) protein A-Sepharose were added.

The samples were then incubated on a rotary shaker for 2 h. The
Sepharose preparations were washed 3 times with I-ml aliquots of PBS
containing 0.05% Tween-80,0.1% Triton X-100, and 1 mM PMSF and
once with PBS. The bound material was then dissolved in Laemmli's
sample buffer for analysis in SDS-polyacrylamide gel electrophoresis
(see below). The specificity of the immunoprecipitation was judged
from a similar immunoprecipitation carried out in the presence of 500
ng pure TGF/3.

Radioactive Labeling of Cells. BSC-1 cells (ATCC CCL-26) were
from American Tissue Type Culture Collection (Rockville, MD). Mu
rine AKR-MCA cells are a transformed derivative of AKR-2B cells
(28). The cells were grown to confluency in McCoy's medium contain

ing 5% fetal bovine serum (Gibco, Chagrin Falls, OH). Prior to labeling,
the cells were washed twice with serum-free Eagle's minimal essential
medium and once with cysteine-free Eagle's minimal essential medium
(Gibco). The cells were then labeled with L-[35SJcysteine(20-100 /iCi/

ml, 1000 Â¿iCi/mmol;New England Nuclear, Boston, MA) in the cys
teine-free medium for 72 h. The medium was then collected, clarified
by centrifugaron, and subjected to immunoprecipitation analysis. The

40

Fig. 1. Radioimmunoassay with anti-
l (.1 ,f antisemiti (No. 278). In .1. equal

amounts of [125I]TGF/3were incubated with

serial dilutions of the antiserum (in triplicate)
and precipitations performed as described in
"Materials and Methods." The curve indicates

that 1:2,000 dilution precipitates 50% of the
precipitale tracer. B, inhibition curves with
porcine U.I,(. The assays were carried out
using 1:100 dilution of rabbit (No. 278) anti-
TGF/3 IgG [1 mg/ml] and protein A (see "Ma
terials and Methods"). Half-maximal inhibi

tion was obtained with 3.0 ng/ml Idi.;. Bars,
inhibition by 500 n\ of conditioned mediumfrom AKR-MCA cells prior to (I'D and after

treatment with acid (â€¢).Maximal binding was
20,000 cpm and the background 1,500 cpm.
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cells were extracted with a buffer containing 40 mM Tris-HCl, pH 7.5,
containing 0.1% Triton X-100,1 HIMPMSF, and 100 lU/ml aprotinin.
Insoluble material was removed by centrifugation, and the soluble
proteins were characterized by immunoprecipitation.

SDS Polyacrylamide Gel Electrophoresis. Polyacrylamide gel electro-
phoresis in the presence of 0.1% SDS was performed using Laemmli's

buffer system. The samples were run nonreduced, or reduced with 10%
2-mercaptoethanol, in Laemmli's sample buffer. Radioactive high and

low molecular weight markers were purchased from Amersham (Buck
inghamshire, UK). In addition, | ' "'1|T<.!â€¢.;was used as a marker under

reducing and nonreducing conditions. After electrophoresis the gels
were treated with Amplify (Amersham) before drying for fluorography
(see above).

Soft Agar Assays. Soft agar assays were performed using AKR-MCA
indicator cells as described (2). AKR-MCA cells (7.5 x IO3cells/dish)

and the appropriate concentrations of TGF/3 and/or IgG purified from
the immune or nonimmune sera were used. Colonies were quantitated
after 7-14 days of incubation using a Bausch and Lomb Omnicon
Feature Analysis Stem Model II image analyzer. Colonies greater than
50 /Â¿mwere scored as positive. Human lung carcinoma A549 cells were
used in TGF/3 growth inhibition experiments (1, 29) under the condi
tions described above.

TGF/3 Radioreceptor Assay. TGF/3 was radioiodinated, and binding
assays were carried out utilizing cultures at a density of 1 x 10* to 2 x
10*AKR-2B (clone 84A) cells/well as described (8). Nonspecific bind

ing was determined in the presence of 1 Mgof 50% pure, unlabeled
TGF/3. After a 2-h incubation at room temperature the cells were
washed 3 times with PBS, and the bound radioactivity was extracted
with 0.1% Triton X-100 in PBS (8).

Incorporation of | '1111h>nmliiu-. DNA synthesis in confluent cultures
of AKR-2B cells in 24-well plates (1.0 ml/2.0 cm2 well) was measured
by incorporation of [3H]thymidine into 10% trichloroacetic acid-insol
uble material (28). The cells were exposed for l h to [3H]thymidine (1.0
ÃÃCi/ml;New England Nuclear, Boston, MA; 50-80 Ci/mmol), which
was added directly to the culture medium for the time period indicated
in the legend to Fig. 6.

RESULTS

Binding of TGF/3 to Sepharose Conjugates. Cell culture me
dium contains various proteins that can interfere with the
interpretation of the immunoprecipitation analyses. To study
the possible interactions of certain macromolecules with TGF/3
and to find a safe way to preabsorb the media, we incubated
[125I]hTGF/3 with different Sepharose conjugates. After incu

bation the conjugates were washed and the bound radioactivity
was quantitated. Significant binding of TGF/3 to ConA and
heparin was observed, and gelatin also bound TGF/3 to a certain
extent (Table I). Wheat germ lectin bound [125I]TGF/3efficiently

but to a lower extent than ConA (data not shown), while
benzamidine, lysine, and protein A bound only negligible
amounts of labeled TGF/3. The specificity of the binding of
TGF0 to ConA or heparin was not studied. Since protein A did
not bind significant amounts of TGF/3, it was used in the
immunoprecipitations, preadsorptions, and radioimmuno-
assays where indicated.

Table 1 Binding of ['"IJHTGF0 to Sepharose conjugates

Radiolabeled TGF/3 was incubated with the Sepharose conjugates for 2 h in a
rotary shaker after which the Sepharoses were washed and the amounts of free
and bound radioactivity were determined (see "Materials and Methods"). Wheat

germ agglutinin also has an affinity for TGF/3 (analyzed in a separate assay).

Conjugate % bound

Benzamidine
Protein A
Lysine
Gelatin
Heparin
Concancavalin A

8.7
10.4
10.5
19.3
25.1
55.1

Radioimmunoassay for TGF/8. Titration of an antiserum (No.
278) against porcine TGF/3 indicated that a dilution of 1:2000
was able to precipitate 50% of the bindable [125I]hTGF/3tracer

(Fig. IA). Similar titration curves were obtained using the other
precipitating antisera (Nos. 952 and 282). Subsequently, IgG
was purified from these sera, and the RIAs were established
using purified IgG (see "Materials and Methods"). Inhibition

curves using human and porcine TGF/3 were similar and the
sensitivity of the assays was in the ng/ml range (Fig. IB). We
have previously found that the binding of pTGF/3 to the cell
surface receptors is of the same magnitude as that of hTGF/3
(14). Inhibition experiments using antisera raised against
pTGF/3 with both pTGF0 and hTGF/3 as competitors in RIAs
were performed. Anti-pTGF/3 (Nos. 278 and 282) antibodies
were able to precipitate both pTGF/3 and hTGF/3 in a similar
fashion suggesting close immunological relatedness (data not
shown).

SDS containing immunoprecipitation buffers, if used during
the washing procedures, appeared to interfere with the immu
noprecipitation and RIA assays. Therefore, a SDS dose-de
pendency binding assay was carried out. Even low concentra
tions of SDS affected the binding (Fig. 2). SDS was omitted
from subsequent assays, and other detergents were used instead.
Sodium deoxycholate (0.5%) had similar effects, while Triton
X-100 (0.1%) and Tween-80 (0.05%) did not appreciably affect
the binding (data not shown).

Because TGF/3 is secreted from cells mostly in an inactive
form, it was of interest to study whether the amount of immu-
noreactive TGF/3 in cell-conditioned medium would change
after treatment with acid, as can be shown by RIA. Samples of
concentrated conditioned medium from mouse AKR-MCA fi-
broblasts were incubated at pH 1.5 for 2 h, followed by neu-
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Fig. 2. Effect of SDS on the binding of antibodies to radiolabeled TGF0. The

immunoprecipitation assays were carried out in the presence of increasing con
centrations of SDS, and the amounts of precipitated radioactivity were measured.
Anti-TGF0 No. 278 (â€¢);nonimmune rabbit IgG (O).
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tralization and RIA analysis (Fig. 1/i). It was found that the
amounts of immunoreactive TGF/3 were significantly enhanced
suggesting that RIA does not detect the latent form(s) of TGF0.
Further, the inhibition curve of conditioned medium-derived
TGF/3 paralleled that of purified platelet TGF/3 (not shown; see
Ref. 30).

To study the immunological relatedness of TGF/31 and
TGF/32 we analyzed RIA inhibition curves by radiolabeling
both peptides and competing the binding with unlabeled pro
teins in separate experiments. It was found that TGF/31 inhib
ited more efficiently in the RIA when [I25I]TGF/31 was used as

a tracer (Fig. 3), and TGF/32 was more efficient when iodinated
TGF/32 was used (not illustrated). In both cases cross-inhibition
of binding was observed.

Immunoprecipitation of Anti-TGF/9 Reactive Proteins from
Conditioned Medium. Different cells (NRK-49F, AKR-2B,
AKR-MCA, HT-1080, and BSC-1) were subjected to immu-
noprecipitation analysis after radiolabeling of the cultures with
[35S]cysteine. Variable periods of labeling were used to deter

mine optimal conditions. Analysis of the culture medium indi
cated that a M, 62,000 protein was readily detected in all
cultures. A typical immunoprecipitation of BSC-1 cell-condi
tioned medium is shown (Fig. 4). However, the precipitation of
the A/r 62,000 protein was not inhibited by purified unlabeled
TGF/3 as judged by densitometric quantification of the fluoro
grams of the gel indicating immunological unrelatedness (not
shown).

In agreement with the RIA results, radiolabeled proteins in
the M, 25,000 region were not detected in the medium of NRK-
49F, AKR-2B, HT-1080, or BSC-1 cells without acidification,
further suggesting that inactive forms are not recognized by the
antibodies. Immunoprecipitation of acid-treated BSC-1 cell-

pH 1.5 - - + +

282 IgG - + + -
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Mr x 103
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Fig. 3. Inhibition of binding of ['25I]TGF/31 by TGF/31 and TGF/32. TGF,81

(â€¢)and TGF/32 (O) were analyzed for their ability to compete the binding of
radioiodinated 1(Â¡I-.;I in the RIA. The binding is expressed as percentage of the
maximal binding in the absence of competitors. For other conditions see Fig. \K.

Fig. 4. Immunoprecipitation analysis of cell-conditioned medium from BSC-
1 cells. The cultures were labeled with [35S]cysteine in cysteine-free medium for
72 h as described in "Materials and Methods." The medium was clarified by

centrifugation and treated at pH I.S for 1 h, followed by neutralization and an
additional centrifugation. Parallel samples of labeled medium were clarified by
centrifugation but not subjected to acid treatment prior to immunoprecipitation
(left two lanes). Immunoprecipitation was carried out using S /ig of anti-TGF/3
No. 282 (+) or nonimmune IgG (â€”).A fluorogram of the gel is shown. The only
specific polypeptides were of M, 62,000 and 25,000, of which only the latter
could be competed by unlabeled TGF/3.

conditioned medium showed a specific M, 25,000 protein which
was sensitive to reduction with 2-mercaptoethanoI. In agree
ment with the inhibition curve, the precipitation could be com
peted with unlabeled TGF/3 (gels not shown). In these blocking
experiments we used coprecipitation in the presence of 500 ng
unlabeled TGF/3 per assay. The Mr 25,000 protein was consist
ently competed out by unlabeled TGF0 while the M, 62,000
protein was not.

Effect of Ami- 1C,1/i Antibodies on Receptor Binding and Cell
Growth. To study whether the antibodies would interfere with
the interactions of TGF/3 with the cell surface receptors, the
following experiments were carried out. Serial dilutions of
isolated IgG (anti-pTGF/3 Nos. 278 and 282) were incubated
with constant amounts of [125I]pTGF/3, and the ability of the
label to bind to AKR-2B cells was quantitated in a competitive
radioreceptor assay. It was found that unlike nonimmune IgG,
the anti-pTGF/3 IgG was able to inhibit [I25I]TGF/8 binding

(Fig. 5), suggesting that the antibodies impaired TGF/3 receptor-
ligand interactions in culture.

TGF/3 is a potent inhibitor of insulin and epidermal growth
factor-mediated stimulation of quiescent AKR-2B cells (28). To
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Fig. S. Inhibition of binding of TGF/3 to its receptors by TGF/3 antibodies in

radioreceptor assays. Equivalent amounts of nonimmune rabbit IgG (â€¢)or rabbit
anti-TGF/3 No. 282-IgG (D) were used to examine their effects in TGF/3 radiore
ceptor assays. The binding is expressed as percentage of maximal binding after
background subtraction as described in "Materials and Methods."
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Fig. 6. Effects of TGFÃŸantibodies on TGF/3 inhibition of epidermal growth
factor and insulin-induced DNA-synthesis in AKR-2B cells. Quiescent cells were
stimulated with epidermal growth factor ( 10 ng/ml) and insulin (500 ng/ml) (Bar
B), and the stimulation was inhibited by TGF/3 (5 ng/ml) (Bar C). Control,
nonstimulated (Bar A) and the effects of TGF/3 (5 ng/ml) alone (Bar D) are also
illustrated. Anti-TGF/3 No. 278-IgG (â€¢)or nonimmune rabbit IgG (O) were used
at the indicated concentrations to determine their effects on TGFÃŸaction [com
pare to Bar B (epidermal growth factor + Ins.)]. The cultures were labeled with
I'I IIthyniidine for l h (at 23-24 h after stimulation).

test the effects of the anti-TGF/3 antibodies on TGF/3 inhibition
of [3H]thymidine incorporation following insulin and epidermal
growth factor stimulation, an assay was carried out at 23-24 h
following factor addition (Fig. 6). Anti-TGF/3 antibodies effi-
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Fig. 7. Effect of anti-TGF/3 antibodies on TGF/3 inhibition of A549 cell growth

in soft agar. In I, AS49 cells were seeded in agar and the number of colonies
greater than 50 tan in diameter was determined 7 days later (Bar A). TGF/3 (3
ng/ml) significantly inhibited the spontaneous soft agar growth (Bar B). Antibody
No. 278-IgG (10 jig/ml) partially blocked this inhibition (Bar C) while the
nonimmune IgG had no effect (Bar D). The number of colonies was determined
after 7 days of culture in each circumstance (see "Materials and Methods"). In />'.

AS49 cells were seeded in agar without (Bar A) or with high concentrations of
antibodies (30 Â»ig/mlof No. 278-IgG) with (Bar B) or without TGF0 (1 ng/ml)
(Bar C) and grown for 10 days. Note the slightly enhanced colony formation in
cultures treated with anti-TGF0 No. 278-IgG alone (BarD). The variation among
the triplicate cultures was - Iir,.

ciently neutralized the inhibitory action of TGF/3, resulting in
enhanced proliferation (Fig. 6). This may be in part due to the
binding of the antibodies to cell-derived TGF/3, since in some
experiments the antibodies alone slightly stimulated cell growth
(data not shown). TGF/3 elicits delayed stimulatory effects in
this cell system presumably through the induction of the c-s/'s

protooncogene (31).
When added together with platelet-derived TGF/3 into soft

agar cultures of A549 cells which are inhibited by TGF/3 (1),
the antibodies antagonized the growth inhibition by TGF/3 (Fig.
7/4). Nonimmune rabbit IgG was not effective, and high doses
of the anti-TGF/3 antibodies were slightly stimulatory (Fig. IB).

Effects of Anti-TGF/3 Antibodies on Spontaneous Growth in
Soft Agar of AKR-MCA Cells. To test the hypothesis that
endogenous TGF/3 stimulates AKR-MCA cells in an autocrine
manner purified anti-pTGF/3 IgG (No. 282) was added to the
sum Â¡solidagar medium of these cells, and the growth of the cell
colonies was observed. The antibodies had a notable inhibitory
effect on the spontaneous sÂ»ftagar growth of AKR-MCA cells,
while negligible effects were seen with control IgG (Fig. 8/1).
To study whether the antibodies were toxic to the cells, a
constant amount of TGF/3 was added to the agar medium
together with increasing concentrations of anti-TGF/3 IgG (Fig.
8Ã„).TGF/3 stimulated the growth of the cells and antagonized
the effect of the antibodies. Higher doses of TGF/3 behaved
similarly (not shown).

DISCUSSION

TGF/3 is a dimeric A/r 25,000 polypeptide growth factor that
is produced by most normal and malignant cells in culture (1,
15). It is usually secreted in an inactive form and the molecular
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Fig. 8. Inhibition of spontaneous soft agar
growth of AKR-MCA cells by anti-TGF0 an
tibodies. In A, AKR-MCA cells were seeded in
agar with the indicated concentrations of anti-
TGF/3 IgG Nos. 278 (A) and 282 (O). After 7
days the number of soft agar colonies was
determined. The growth of untreated AKR-
MCA cells is indicated by the bar. The colony
number of cultures treated with the highest
concentration of nonimmune IgG is indicated
(A). In B, the effect of exogenous TGF0 on
antibody-induced inhibition of AKR-MCA cell
soft agar growth was determined. The cells
were seeded in soft agar in the presence of the
indicated concentrations of No. 282-IgG and
TGF0 (2 ng/ml) (V, T). After 10 days the
colony numbers in each dish were determined.
The effect of the antibody on spontaneous soft
agar growth without added TGF/3 is also illus
trated (â€¢).

- 900 !Â£!
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character of the inactive complexes (1, 22, 24), as well as
mechanisms of its activation, are poorly understood. TGF/3
exerts inhibitory effects on various cells, especially on cells of
epithelial origin (1, 32, 33). The stimulatory effect of TGF/Ã”on
fibroblastic cells may be secondary to the induction of the c-sis
protooncogene with resultant autocrine stimulation by PDGF-

like activity (31). Autocrine secretion of TGF/3 and activation
by the cells may be an explanation for the anchorage-independ
ent growth of various cultured malignant cells of mesenchymal
origin (2, 34; see Refs. 1,15, 35, and 36) and their constitutive
production of PDGF receptor competing activity (37). To ap
proach the question of autocrine activity by TGF/3, we devel
oped neutralizing polyclonal antibodies against TGF/3. Native
and denatured human and porcine platelet-derived TGF/3, pu

rified in two separate laboratories, were used as immunogens.
The immunogens were homogenous and void of contaminating
peptides as judged by SDS-polyacrylamide gels after sensitive
silver staining (1). Radioimmunoassays were established using
[125I]TGF/3as tracer. Analysis of conditioned cell culture me

dium indicated that the antigenic sites of TGF/3 are not exposed
in the inactive form(s).

The antibodies raised against native TGF/3 were able to
inhibit the binding of TGF/3 to its cell surface receptors as
shown by radioreceptor assays. Accordingly, several biological
effects of TGF/3 could be inhibited by the antibodies. Of interest
was the finding of an inhibitory effect of the antibodies on the
spontaneous soft agar growth of AKR-MCA cells (2). The
effects of the antibodies were antagonized by exogenous TGF/3,
indicating that the antibodies were not toxic to the cells. The
inhibition of growth suggests that autocrine secretion of TGF/3
plays a role in their anchorage-independent growth. However,
it was not possible to determine whether the antibodies were
inhibiting TGF/3 released by the cells or that contained in the
serum present in the soft agar assay medium. Virtually all of
the TGF/3 in serum is in a latent form as demonstrated by the
fact that A549 cells, which are extremely sensitive to growth
inhibition by TGFÃŸ(l, 29), grow well in serum-containing
medium. In addition, the TGF/3 secreted by AKR-MCA cells is
mostly in a latent form. The spontaneous growth of AKR-MCA
cells in soft agar suggests that activation of latent TGF/3 (either
serum-derived or cell-associated) has occurred. AKR-MCA cell-

conditioned medium contains low levels of active TGF/3.4 The
average TGF/3-competing activity in untreated conditioned me

dium in seven separate experiments was 11.9% with a range of
0-25%. Thus, some activation of secreted latent TGF/3 may
occur during the 7- to 10-day incubation at 37"C of soft agar

cultures, resulting in spontaneous colony formation of AKR-
MCA cells. In addition, cell-associated or serum-derived pro
teases may be responsible for activation of latent TGFÃŸin soft
agar cultures. Interestingly, anti-TGF/3 antibodies inhibited the
TGF/3 growth inhibition of A549 lung carcinoma cells, and at
high concentrations only slightly enhanced colony formation
was observed.

Using these antibodies we have been able to specifically
inhibit TGF/3-induced chemotactic activity in Boyden chamber
assays; the chemotaxis induced by PDGF, fibronectin, and
collagen-derived peptides were not affected (38). We have re
cently been able to demonstrate production of TGF/3 by ovarian
theca cells as shown by RIA and immunoprecipitation analysis
(30). In addition, we have found immunological relatedness
between TGF/3 and purified growth inhibitor of BSC-1 cells
(12, 39) in immunoblotting5 and prevented TGF/3 induction of

type 1 plasminogen activator inhibitor production (40) by the
antibodies. In addition, the inhibitory effect of TGF/3 can be
neutralized by anti-TGF/3 IgG in mink lung cell (CCL-64)
growth inhibition assays6.

Immunoprecipitation and immunoblotting analyses of cell-
conditioned media showed that the M, 25,000 TGF/3 from
AKR-2B, HT-1080, NRK-49F, and BSC-1 cells was not de
tectable without acidification in the cultures tested. An unre
lated Mr 62,000 protein was frequently detected in the immu-
noprecipitates but was not competed out by pure unlabeled
TGF/3. The immunoprecipitated Mr 25,000 protein detected in
the medium comigrated with purified iodinated platelet-derived
TGF/3 and was competed with unlabeled ligand. The sensitivity
of the reaction between TGF/3 and the precipitating antibodies
to SDS suggests that the native conformation of the TGF/3
molecule is essential for recognition in neutralization. The
detection in immunoblotting may be performed by lower affin
ity antibodies which recognize SDS-denatured forms of TGF/3

4Unpublished observations.
3J. Keski-Oja, R. M. Lyons, and H. L. Moses, unpublished observation.
' J. Weatherbee, M. L-S. Tsang, and R. Lucas, unpublished observation.
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as well as its reduced, dissociated chains. However, if the
conformation of native TGF/3 is essential for antibody blocking
of its activities, then immunoblotting may not be possible by
the same antibodies.

Several reports of successful development of antibodies
against TGF0 peptides have been published. Antipeptide anti
bodies are useful in immunoblotting but not necessarily in
precipitation analyses. A cartilage-inducing factor (CIF-A) has
been isolated from bovine bone tissue (41, 42). The amino
terminal sequences of CIF-A and TGF/81 proved to be identical,
and synthetic peptide antibodies detect both proteins in im
munoblotting and immunofluorescence analysis (42). CIF-B is
a distinct protein and on the basis of its amino terminal se
quence, identical to TGF/32 (6, 43). The inhibitor of myoblast
differentiation from cultured buffalo rat liver cells is also im-
munologically similar to TGF/3 (44). Assoian and Sporn have
established RIAs against TGF/3 to quantitate the released pro
tein during platelet aggregation (45). So far, there have been no
reports of neutralizing monoclonal anti-TGF/3 antibodies. The
poi velemal IgG antibodies described in the present study should
be important in the characterization of the effects of TGF/3 and
be useful in determining possible identities of TGF/8-like mol
ecules.
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