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Dog Mastocytoma Cells Produce Transforming Growth Factor Beta1
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Abstract

Transforming growth factor-f (TGF,8) promotes deposition of
extracellular matrix and is associated with fibrotic conditions
both in experimental animals and in humans. Although a role
for mast cells has been suspected in the pathogenesis of fibro-
sis, no potent mediator capable of stimulating fibroblast growth
or extracellular matrix deposition has been identified in mast
cell supernatants. Wereport here the constitutive production of
TGFfl1 by four dog mastocytoma cell lines. TGFflj was identi-
fied by characteristic biologic activity, blockade of biologic ef-
fect by specific neutralizing antibody, and by recognition of a
band with the appropriate migration by western blot. TGFfj
mRNA, but not TGFfl2 or TGFf63 mRNA, was also produced
constitutively by all four cell lines. Quantitation by bioassay
revealed baseline TGFfi secretion of - 1 ng/10' cells over 48
h. Stimulation of mastocytoma cells with phorbol ester in-
creased the rate of release of TGFfl1, most markedly in the first
30 min after stimulation, without increasing TGFfl mRNA.
Dog mastocytoma cells produced TGFfl primarily in a latent
form, inactive until treated with acid. Both pure TGFfl1 and
TGFfl-containing mastocytoma cell-conditioned media inhib-
ited mitogenesis and proliferation in dog mastocytoma cell
lines, suggesting that mast cell tumor lines would not grow
preferentially based on their ability to produce TGFi. These
studies may make possible further investigation of the mecha-
nism by which mast cells contribute to the induction of fibrosis.
(J. Clin. Invest. 1992. 90:35-41.) Key words: mast cell * fibro-
sis * inflammation * wound healing

Introduction

Members of the transforming growth factor-f (TGF3)' family
of signaling peptides are released from platelets and produced
by many cell types in culture including macrophages, mono-
cytes (1), neutrophils (2), T lymphocytes (3), and fibroblasts
(4). These peptides have a variety of inflammatory and im-
munomodulatory effects, and alter the growth and function of
a wide variety of cells (5). TGFJ3 appears to play an important
part in the pathogenesis of fibrosis, since these peptides stimu-
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1. Abbreviations used in this paper: CMF, calcium- and magnesium-
free; 4aPDB, 4-a-phorbol 12, 13-dibutyrate; GAP, glyceraldehyde
3-phosphate dehydrogenase; TGFf, transforming growth factor-,B.

late production of extracellular matrix (6, 7) and inhibit the
formation of extracellular proteases (8). In animal models of
pulmonary fibrosis, large increases in TGF,# are seen shortly
before fibrosis begins (9-1 1). Finally, abnormally large
amounts of TGFOare observed in clinical specimens obtained
from humans with fibrotic diseases of the lung (12, 13), eye
(14), joints (15), and skin (16).

Mast cells, in addition to the well-known part they play in
allergic reactions, may contribute to the pathogenesis of a vari-
ety of nonallergic inflammatory conditions (17). In particular,
histologic observations have led to the hypothesis that mast
cells play an important part in many fibrotic reactions (18-26).
Potential mast cell-derived mediators of the fibrotic response
include the mast cell protease tryptase, which has recently been
found to stimulate fibroblast proliferation (27), as well as a
partially characterized fibroblast growth-stimulating activity
distinct both from tryptase and from TGFB(28). Despite these
observations, mast cells are not known to elaborate mediators
capable of inducing extracellular matrix deposition. Wehave
characterized previously four dog mastocytoma cell lines (29-
31). Despite their neoplastic phenotype, these cells display a
number of mast cell-specific characteristics. They express high
affinity IgE receptors and beta-adrenergic receptors, and re-
lease typical mast cell mediators including histamine, pro-
teases, prostaglandins, leukotrienes, and proteoglycans in re-
sponse to specific antigen or calcium ionophore. To examine
the role of mast cells in fibrotic reactions, we addressed the
hypothesis that mast cells produce fibrogenic peptide growth
factors. Wereport here that mastocytoma cells secrete TGF(31.
Wesuggest that mast cells, by producing TGFfl1, may contrib-
ute to the pathogenesis of inflammation and fibrosis.

Methods

Materials. Unless specified, all chemicals were from Sigma Chemical
Co. (St. Louis, MO). Phorbol myristate acetate (PMA) was obtained
from ICN Biochemicals, Cleveland, OH, and 4-a-phorbol 12,1 3-dibu-
tyrate (4aPDB) from LC Services, Woburn, MA. TGF#3, TGF32, anti-
TGF3, and anti-TGFf32 were purchased from R&DSystems, Inc., Min-
neapolis, MN.

Cell culture. Mastocytoma cells were maintained in passage in tis-
sue culture (C,, C2, and BRcell lines) or in athymic nude mice (G and
BR cell lines). The cell lines proliferate in tissue culture in DMEH16
mixed 50% with Ham's F12 supplemented with 2%dog or calf serum,
penicillin (100 U/ml), streptomycin (100 ,g/ml), 2 mMglutamine, 1.6
mMhistidine, 25 mMHepes (pH 7.4) (normal growth medium). Cells
maintained in this medium were split 1:4 at weekly intervals. Mastocy-
toma cells were dissociated from nude mouse tumors by digestion with
collagenase as previously reported (30, 31).

CCL-64 (Mv lLu) mink lung epithelial cells were obtained from
American Type Culture Collection, Rockville, MD, and were main-
tained in DMEsupplemented with 10% calf serum. All cells were
maintained at 37°C in 5%CO2.

Collection of conditioned media. Cultured mastocytoma cells grow-
ing in log phase in normal growth medium were washed twice with
calcium- and magnesium-free (CMF) PBSand resuspended overnight
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at 4 x 106 cells/ml in a T-150 flask (Corning Glass Inc., Corning, NY)
in collection medium (normal growth medium except that BSA, 1-2
mg/ml, was substituted for serum). The following day cells were
washed once more with CMFPBS and then suspended at the same
density in collection medium. After 48 h, the media were collected and
centrifuged at 800 g for 5 min to remove suspended cells and debris and
the conditioned media were stored at -20'C. For the G and BR cell
lines, conditioned media were collected for 48 h after disaggregation
from athymic nude mouse tumors. In some experiments, proteinase
inhibitors (soybean trypsin inhibitor, aprotinin, leupeptin, and phos-
phoramidon, each at 20 ,ug/ml) were added to the collection media.

Time course of TGFJ3 release and stimulation with phorbol ester. C2
cells growing in log phase were washed, suspended in collection me-
dium, and stimulated with PMA(30 nM final concentration). Super-
natants were collected serially over 30 min, 2 h, and 8 h. At the end of
each collection period, cells were removed from suspension by centrifu-
gation and resuspended in fresh collection media containing PMA. Cell
viability was always > 90% at the beginning of the experiment and
> 85%at the end of supernatant collection. Supernatants were dialyzed
to remove stimulating agents (3.5-kD cutoff membrane soaked over-
night in BSA 1 mg/ml) against Hepes-buffered saline (140 mMNaCl,
20 mMHEPES, pH 7.4) when preservation of latent TGF# was de-
sired, or against 1 Macetic acid followed by 4 mMHCl/140 mMNaCl
to activate TGF3 for bioassay. Controls were carried out in parallel: (a)
4aPDB(30 nM), an ester which does not activate protein kinase C, was
substituted for PMA. Both phorbol esters were made as stocks dis-
solved in DMSO(final concentration of DMSOin culture medium
0.1%). (b) DMSO(0.1%) was used as a vehicle control. (c) Untreated
collection medium. Cell-free controls were also performed: collection
medium alone or collection medium spiked with PMA(30 nM) were
dialyzed and assayed in parallel.

CCL-64 bioassay was modified from Danielpour (32) and detects
TGF31, TGF32, or TGF33 (33) as potent inhibitors of DNAsynthesis
in epithelial cells. CCL-64 cells were plated in DMEsupplemented with
10% calf serum. Subconfluent cells were trypsinized, resuspended in
10% calf serum, pelleted at 800 g, and washed once with assay buffer
(DMEsupplemented with 0.2% FCS, 10 mMHepes, pH 7.4, penicillin
(100 U/ml) and streptomycin (100 ,g/ml). They were then resus-
pended in assay buffer and seeded at 5 X 104 in 0.5 ml per well in
24-well plates (Costar Corp., Cambridge, MA). (The assay was found to
be severalfold less sensitive when carried out in tissue culture plates;
Falcon Labware, Becton, Dickinson & Co., Oxnard, CA). After 1 h,
purified TGF#, or samples of unconcentrated mastocytoma cell-condi-
tioned media were added. To assess presence of latent TGFf3, condi-
tioned media assays were performed with or without transient acidifica-
tion immediately before bioassay. Acidification was carried out by add-
ing 0.1 vol 1 NHCl for 5 min at 23°C, followed by addition of 0.1 vol 1
N NaOH. For antibody inhibition studies, neutralizing antibody was
added to wells containing CCL-64 cells immediately before addition of
the test material. After 20 h incubation with test samples, [3H-methyl]
thymidine (56 Ci/mmol; ICN) was added to a final activity of 0.5 JACi/
ml for 4 h. The cells were washed with CMFPBS, lysed with 1 ml 2%
SDS, and the lysate precipitated by adding 1 ml 4%perchloric acid. The
cell lysate was filtered through GF/A glass fiber filters (Whatman Inc.,
Clifton, NJ). The filters were washed with 2%perchloric acid and 95%
ethanol. Incorporation of the label was quantitated by scintillation
counting of the filters in aqueous scintillation fluid.

The concentration of conditioned medium required to cause half-
maximal inhibition of thymidine incorporation was determined for
each sample, and compared with the quantity of pure TGF#, necessary
to produce the same effect. Lyophilized TGFB, was recovered by disso-
lution in PBS/100 Ag per ml BSA.

Western blot. Cultured C2 or BRmastocytoma cells (5 X I07 cells)
were washed overnight as for conditioned media collection, then pel-
leted and extracted with acid/ethanol/PMSF. Proteins precipitated
with ethanol and anhydrous ethyl ether were redissolved in acetic acid
as described (34). Acetic acid-soluble material (5 Ag/lane, determined
by Coomassie Gbinding using BSAas a standard) was boiled for 5 min

in SDS-sample buffer containing 10 mMdithiothreitol, and electro-
phoresed through a 4-20% gradient polyacrylamide gel (Bio-Rad Labo-
ratories, Richmond, CA). Proteins were electroblotted onto polyvinyli-
dine difluoride membrane (Millipore Corp., Bedford, MA) and incu-
bated with 2 qg/ml polyclonal anti-TGF3 raised in chickens (R&D
Systems, Inc.). Binding was detected with alkaline phosphatase-linked
rabbit anti-chicken IgG (Sigma Chemical Co.). The membrane was
incubated with a chemiluminescent substrate (Lumiphos 530;
Boehringer Mannheim Corp., Indianapolis, IN) and exposed to radio-
graphic film.

RNAisolation and separation. RNAwas purified from cultured BR
and C2 cells by CsCl gradient centrifugation followed by phenol/chlo-
roform extraction and ethanol precipitation (35). Polyadenylated RNA
was prepared by oligo deoxythymidine chromatography (36). For com-
parison, RNAwas also harvested directly from mastocytomas grown in
athymic nude mice, from liver, spleen, and PBMCobtained from
healthy adult dogs, and from early passage dog skin fibroblasts grown
in culture in 10% CS-supplemented medium. 10-20 Mg of RNAwere
loaded onto a 1.4% agarose gel containing 17% formaldehyde, sepa-
rated by electrophoresis and blotted onto nylon (Hybond®; Amer-
sham Corp., Arlington Heights, IL) membrane. Size standards (RNA
ladder; Bethesda Research Laboratories, Gaithersburg, MD) were run
on the gel with the samples. To find out whether TGF3 mRNAwas
increased by stimulation of the cells with phorbol ester, PMAwas
added to cultured C2 cells in normal growth medium, cells were har-
vested at 20 min, 1, 2, 4, 12, and 24 h after addition of PMA, and RNA
was purified for Northern blot analysis.

Preparation of DNA probes and hybridization. Cloned human
cDNA for TGFi, and mouse cDNAs for TGF#I3, TGF#2, and TGFf3
were obtained from Rik Derynck (33, 37, 38) (Genentech Inc., South
San Francisco, CA). The human glyceraldehyde 3-phosphate dehydro-
genase (GAP) cDNAwas obtained from American Type Culture Col-
lection (39). The plasmids were introduced into appropriate bacterial
hosts and isolated by standard techniques (40). For TGFJ31, a 1.2-kb
BamHI/HindIII fragment was used. The GAPcDNA fragment was
released from the plasmid by digestion with PstI and EcoRI; the TGFfB2
probe was a 2. 1-kb fragment generated by HincII/EcoRI digestion; the
TGF#3 probe was a 1.2-kb EcoRI fragment. Fragments were labeled
with 32p using a random priming kit (Amersham Corp.) to a sp act of
> I09 cpm/gg. Hybridization was carried out at 42°C overnight in 50%
formamide, 5X SSC. The filters were washed at 58°C in 0.1 X SSC,
0.1% SDS for TGFfl1; at 60°C in 0.lX SSC, 0.1% SDS for GAPand
then autoradiographed. Low stringency (50°C, lx SSC, 0.1% SDS)
washes were carried out for TGF(32 and TGF#3. Stripping for rehybridi-
zation was carried out at 65°C in 5 mMtris (pH 8); 1 mMEDTA;
0.1 x Denhardt's solution, followed by rehybridization with GAPprobe
to control for inequality of RNAloading.

Mastocytoma cell mitogenesis and proliferation. Mitogenesis stud-
ies were done in a manner analogous to that used for CCL-64 cells. C,
and C2 mastocytoma cells growing in log phase in 5% allergic dog
serum were washed twice in CMFPBSand suspended at 5 x I04 cells/
0.5 ml in 24-well culture dishes in normal growth medium, except that
dog serum concentration was 0.2%. After 1 h, pure TGFf3, or samples
of mastocytoma cell-conditioned medium were added. After 20 h in-
cubation, tritiated thymidine was added to each well at 0.5 MCi/ml and
incubation continued for 4 h. Cells were harvested and thymidine incor-
poration assessed as noted above for CCL-64 cells, except that, because
these cells are only partially adherent, SDSand perchloric acid were
added directly to culture wells, and the entire mixture filtered.

To assess the effect of TGFB, on mastocytoma cell proliferation, C,
and C2 mastocytoma cells were plated in six-well plates at 105 cells/ml
in 0.2% allergic dog serum-supplemented medium. Various concen-
trations of TGFf31 were added and the cultures were incubated without
feeding or other manipulation for 7 d. Duplicate wells were counted at
1-2-d intervals using a Coulter counter (Coulter Corp., Hialeah, FL).

Analysis of data. For mitogenesis studies, each experiment was
carried out at least three times, using triplicate wells for analysis of each
sample dilution. For cell proliferation studies, duplicate wells were
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Figure 1. Mastocytoma cells produce TGFfl-like bioactivity. (A)
TGFfl-like activity from four dog mastocytoma cell lines. Crude con-
ditioned media from four mastocytoma cell lines (C,, C2, G, BR)
were transiently acidified, neutralized, and added in serial dilutions
to the CCL-64 mitogenesis assay. HumanTGFO3 served as a stan-
dard. (B) Requirement for acid activation. Conditioned medium from
cultured BRcells displays TGFf3-like activity after transient acidifica-
tion and neutralization. Ctrl, untreated CCL-64 cells; TGFJ3, 4 pM
human TGFB,; BRCM, unconcentrated conditioned medium from
cultured BR mastocytoma cells (10% vol/vol); BRCMacid, condi-
tioned medium activated by transient acidification. Mean±SD of
triplicate determinations.

counted in three separate experiments. Data are expressed as
mean±standard deviation. RNAhybridization and immunoblot ex-
periments were carried out at least twice; typical experiments are
shown.

Time course of TGFOrelease and stimulation with phorbol
ester. In unstimulated C2 cells, the rate of TGFJ release over
the first 10.5 h of observation was found to be constant at

- 0.5 fmol/106 cells per h; this equals 0.6 ng/106 cells per 48 h
and approximates the rate of release observed during 48-h con-
ditioned medium studies. Rapid stimulation of release of
TGF,3 was observed after stimulation with PMA; in six inde-
pendent experiments, release of TGF3 in the first 30 min was
increased 9.8±2.5 fold (mean±SEM) over control by treatment
with PMA. In the presence of anti-TGFf3 (chicken IgY; R&D
Systems), the TGFfl effect in 30-min supernatants was com-
pletely reversed (n = 3). Control cultures treated in parallel
with the inactive phorbol ester 4aPDB (n = 2) or with DMSO
(n = 4) released TGFf activity at a rate indistinguishable from
untreated cells (Fig. 4). As with unstimulated cells, TGFf was
released primarily (> 95%) in a latent form after PMAstimula-
tion.

TGFf3 mRNAstudies. RNAblot analysis was done to con-
firm the presence of TGFBmRNAand to further determine
which of the isoforms of TGFfl were produced by mastocytoma
cells. Cultured BRand C2 cells constitutively expressed mRNA
for TGF#3 in amounts that were easily detectable in total cellu-

A 1

Identification of TGFf3. Mastocytoma cell-conditioned media
reproduced the effect of TGFf, in the CCL-64 bioassay. TGFO3
at concentrations of 0.6-1.0 pMwere found to inhibit 50% of
baseline thymidine incorporation in CCL-64 cells under the
experimental conditions described. Each of the four mastocy-
toma cell lines also produced growth-inhibitory activity, with
concentration-response curves paralleling that of pure TGFJ3,
(Fig. 1 A). The amount of TGFf activity produced by the BR,
G, and C2 cell lines was similar (media conditioned for 48 h by
4 X 106 cells/ml contained - 4 ng/ml TGFO). The C, cell line
produced two- to fourfold less activity.

To determine whether mastocytoma cells secreted TGF3 in
a biologically active form, samples were tested with or without
transient acidification. Minimal growth-inhibitory activity was
seen without acidification (Fig. 1 B). This small amount of
activity occurred in samples containing high concentrations of
latent TGFf, and represented < 5% of the activity attainable
after acidification. The addition of protease inhibitors to the
collection media did not change the proportion of active TGFO
detected, nor did it affect the total amount of activity recovered
by acidification (data not shown).

Neutralizing antibody against TGF3 (with activity against
both TGFf1 and TGFf32) blocked 90%of the growth-inhibitory
activity in a concentration-dependent manner (Fig. 2). An an-
tibody specific for TGFj2 caused no detectable blockade. The
specificity of these antibodies was confirmed using purified
TGFOI and TGFf2 (data not shown). Identification of the
growth-inhibitory activity as TGF3 was confirmed by western
blot (Fig. 3). When probed with anti-TGFg, C2 and BR cell
extracts gave a band with similar migration to that of pure
porcine TGFO3 under reducing conditions.

3H Tdr
incorporation

cpm x 1o-3

0
anti TGFP, pg/ml

B

3H Tdr
incorporation

cpm x lo-,

6-
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anti TGF02,9g/Ml

ctrl 0 30

I

0 0.1 1 10 50

ctrl 0 30 0 0.1 0.3 1 3 10 30

Figure 2. Blockade of biologic effect by neutralizing antibody. Serial
dilutions of neutralizing antibody effective against TGFO3 and TGFfl2
(anti TGFfl; A) or antibody specific for TGF/2 (anti TGF32; B) were
added to CCL-64 wells just before addition of pure TGFB, (4 pM) or
(transiently acidified) C2 mastocytoma cell-conditioned medium
(C2CM). Ctrl, untreated CCL-64 cells. Mean±SD of triplicate deter-
minations. o, Control, 0.2% FCS alone; a, TGF3I; *, C2 CM.
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Figure 3. Western blot. C2 mastocytoma cell extract (M; 5 ,g/lane) or
porcine TGF#3 (T; 150 ng/lane) were reduced with 10 mMdithio-
threitol, electrophoresed in duplicate through a 4-20% gradient poly-
acrylamide gel, and blotted onto polyvinylidine difluoride membrane.
The membrane was divided and incubated with or without polyclonal
anti-TGFB as shown. Antibody binding was detected using an alkaline
phosphatase-based chemiluminescent system. Migration of size stan-
dards (Rainbow molecular weight markers; Amersham) is shown (in
kilodaltons). Porcine TGFf3 gives bands at 13 and 25 kD, represent-
ing incomplete reduction of the disulfide-linked dimer. The 1 8-kD
band appeared in the cell extract lanes without the primary antibody
and represents nonspecific binding by the secondary antibody.

lar RNA; however, isolation of polyadenylated RNAwas neces-
sary to reduce nonspecific hybridization to 18S ribosomal
RNA. A strongly hybridizing band at 2.5-kb, and occasionally
a much weaker band at 1.3-kb were observed (Fig. 5, A and B).
In addition, RNAprepared directly from mastocytomas (C1,
C2, BR, and G cell lines) grown in athymic nude mice was
found to contain the 2.5-kb TGF31 mRNAat levels similar to
those seen in cultured cells. Cultured dog skin fibroblasts (pas-
sage < 10) produced TGFf31 mRNAat approximately the same
level as the mastocytoma cells. Both spleen and PBMCshowed
two- to fourfold greater levels of TGF31 mRNAthan mastocy-
toma cells, while in liver, TGFj1 mRNAwas barely detectable
(data not shown). This pattern of expression is consistent with
that observed in the mouse (41). No specific hybridization was
observed in mastocytoma cell RNAusing TGFf32 or TGFf3
cDNAprobes.

Northern blot studies of cultured C2 cells during the first 24
h after stimulation with phorbol ester showed that the steady
state level of TGFfl1 mRNAchanged by less than twofold after
stimulation with PMA.

Mastocytoma cell mitogenesis and proliferation. Next we
asked whether TGF$l1 affected growth of mastocytoma cells, as
was observed by Broide et al. using mouse bone marrow-
derived mast cells (42). In C1 or C2 mastocytoma cells, treat-
ment with 2-4 pMTGF31 resulted in half-maximal inhibition
of thymidine incorporation. Maximal inhibition of DNAsyn-

. 6

TGF0 equivalents
fmol/106 cells/h 4

2

0

2-

cpm 1

x 10-

-3 -2 -1 0

log dilution conditioned medium (v/v)

0 2 4 6 8

Figure 4. Time course of TGF3 release after treatment with phorbol
ester. Serial supernatants were obtained from cultured C2 mastocy-
toma cells after stimulation with PMA, the inactive phorbol ester 4a
PDB, the vehicle DMSO,or no stimulation. After dialysis, TGF3
bioactivity was quantitated by bioassay and average rate of secretion
of TGFf over the interval calculated. Data are plotted at the mid-
point of the time interval over which secreted materials were col-
lected. (Inset) Concentration/response curves for 30-min superna-
tants; the leftward shift of the curve for the supernatant from
PMA-stimulated cells reflects an eight-fold increase in release of
TGF 3. - ,PMA; -o -, 4 a PDB; -A -, DMSO;-o-,
untreated.

thesis (to approximately 10%of the control value) was achieved
by treatment with 100 pM TGFf#1 (Fig. 6). This effect was
reproduced by acidified C2 cell-conditioned medium with a
concentration-response curve parallel to that for pure TGF31.
As in the CCL-64 cell assay, minimal inhibition of mitogenesis
was observed with C2 cell-conditioned medium unless it was
first transiently acidified.

Proliferation experiments using the C1 and C2 cell lines in
0.2% allergic dog serum-supplemented medium revealed
growth of cells with doubling times of 42 and 38 h, respectively.
After addition of TGFf3, to the cultures, a concentration-de-

A 1 2

Bi

B 1 2

Figure 5. TGF#, mRNAcontent in
dog mastocytoma cells and effect of
PMAstimulation. (A) Polyadenylated
RNA(10 ,g) from cultured BR (1)
and C2 (2) dog mastocytoma cells was
run on a 1.4% agarose/formaldehyde
gel, blotted onto nylon membrane,
and probed with (A) human TGFB,
cDNA fragment (B1; 2.5 kb), then
stripped and probed with (B) glyceral-
dehyde 3-phosphate dehydrogenase
cDNA (GAP; 0.9 kb).
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Figure 6. Inhibition of growth in C, and C2 dog mastocytoma cells by TGFf3, and by C2 cell-conditioned medium. DNAsynthesis (A) was assayed
by tritiated thymidine incorporation for both cell lines after treatment with serial dilutions of TGF:l (- -) or transiently acidified C2 cell-
conditioned media (C2CM; o -). Proliferation (B) of C, and C2 cells was tested after treatment with 4 pM(- o -), 20 pM(- A -), or 100

pM(- o -) TGF#31. Control, 0.2% allergic dog serum alone (- * -). Mean±SDfor duplicate (proliferation assay) or triplicate (DNA synthesis)
wells; typical of three experiments.

pendent decrease in growth rate of both cell lines was observed.
Cl cells remained viable as assessed by erythrosin B exclusion
at least 3 d after addition of TGF#,j. In the C2 line, however,
high concentrations of TGFf3 (2 20 pM) produced widespread
cell death (Fig. 6).

Discussion

Wehave shown that dog mastocytoma cells produce TGF#3, as
determined by biologic activity, blockade of the biological ef-
fect by specific neutralizing antibody, and characteristic migra-
tion and antibody recognition on western blot. Furthermore,
these cells express mRNAwhich hybridizes with TGF#3
cDNA. Unstimulated mastocytoma cells released -1 ng
TGF# per 106 cells over 48 h; this is similar to the amount
released by human monocytes after stimulation with LPS (1).
Stimulation of mastocytoma cells with the phorbol ester PMA
increased the secretion of TGFf31 particularly over the first 30
min after stimulation, without increasing TGFf,3 mRNA.We
also found that pure TGFf3, inhibited mastocytoma cell DNA

synthesis and cellular proliferation, and mastocytoma cell mi-
togenesis was inhibited by its own conditioned medium, once
the conditioned medium was transiently acidified.

Mast cells are seen in greatly increased numbers in fibrotic
lung tissue (1 8), in the involved skin in scleroderma (20), and
in the synovium in rheumatoid arthritis (43). Induction of pul-
monary fibrosis in animals by exposure to asbestos, bleomycin,
or irradiation also results in mast cell activation and accumula-
tion (21, 22, 23, 44). Murine mast cells studied in vitro stimu-
late fibroblast growth and synthesis of collagen and proteogly-
can (25) by an unknown mechanism. By producing TGFflI,
mast cells may induce connective tissue deposition, and
thereby contribute to tissue fibrosis.

TGFB is released from platelets and from most cells in a
high molecular weight, latent form which does not bind its
receptor and is not biologically active (45). Enzymes such as
plasmin, cathepsin D, and endoglycosidase F release a fraction
of the active factor in vitro (46, 47). Acidification is a conve-
nient method for activation of TGF3 in vitro, although the pH
required ( 2) makes this mechanism of activation unlikely to
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occur in vivo. The physiologic activation of this peptide, pre-
sumably by proteolytic event(s), is considered an important
regulatory mechanism. Mastocytoma cells released TGFI3 pri-
marily in a latent form, although small proportions (< 5%) of
TGF,3 activity could often be detected before acidification. It is
unclear whether mastocytoma cells actually release a small
amount of active TGFf, whether activation occurs during ma-
nipulation, (e.g., freezing and thawing, as has been previously
reported [46]), or whether high molecular weight ("latent"
TGF,3 may have a small degree of intrinsic biologic activity, as
suggested (48). Thus complete understanding of the contribu-
tion of mast cell-derived TGF#must await better information
regarding the control of TGFf activation from the latent com-
plex.

The three isoforms of TGFf found in mammalian systems
are structurally related molecules whose receptor binding and
biological properties are similar (33), although cells produce
widely varying proportions of TGF#3 vs TGFI32 (32). The
bioassay we have employed is sensitive to any of the isoforms of
TGFf. However, the absence of blockade by specific anti-
TGF#2 suggests that mastocytoma cells produce little TGFf32.
RNAstudies support the conclusion that mastocytoma cells,
like most hematopoietic cells (unpublished observations), pro-
duce primarily TGF#3. Northern blot studies using TGFfl
cDNA recognize only TGF:j at the stringencies used (unpub-
lished observations). In addition, low stringency washes after
hybridization with TGFI32 or TGF33 cDNAs gave no specific
binding. Similar hybridization was observed using human or
mouse TGFfl cDNAprobes, suggesting that the lack of bind-
ing with mouse TGF2 or TGF$3 cDNAs was not due to spe-
cies cross-reactivity problems.

Increased release of TGF# after stimulation with phorbol
ester suggests that mast cell TGF3 release may be regulated by
physiologic stimuli in vivo via mechanisms involving activa-
tion of protein kinase C. The pattern of release of TGFI1 dur-
ing continuous exposure to PMAwas characteristic, i.e., rapid,
early secretion followed by attainment of a new, modestly ele-
vated steady state. Whether this pattern of secretion reflects
release of material from intracellular stores, upregulation of
growth factor synthesis, or both, is not yet clear. Neither the
early, striking increase in release, however, nor the prolonged,
more modest increase was accompanied by increases in TGF,31
mRNA.This finding is similar to previous studies using mono-
cytes, in which TGFB mRNAwas expressed constitutively,
while secretion of growth factor was increased by stimulation
of the cells with LPS (1).

The finding that the growth of mastocytoma cells is inhib-
ited by TGF#1 or by TGF3-containing mastocytoma cell-con-
ditioned medium has at least two implications. First, it suggests
that TGF#j production is not merely a result of mast cell neo-
plastic transformation, since mastocytoma cells remain sensi-
tive to growth inhibition by this peptide. Therefore tumor cell
lines would not proliferate preferentially based on their ability
to produce TGFB. Wehave used dog mastocytoma cells be-
cause they are similar morphologically and biochemically to
human mast cells (49). Since no ideal preparation exists for
studies of human mast cells, dog mastocytoma cells provide a
reliable mast cell preparation for experimental studies.

Secondly, this finding may contribute to the understanding
of mast cell growth. Mast cells are capable of proliferation in
situ in immunologic reactions (50), and, as mentioned, mast
cells accumulate in tissue in a variety of pathologic conditions

(20-23, 43, 51). Proliferation of murine mast cells in vitro is
stimulated by IL-3, IL-4, IL-9, and steel factor (52-55) whereas
growth is inhibited by TGFj1 (42) and granulocyte macro-
phage-colony-stimulating factor (GM-CSF) (56). It has been
suggested previously that mast cells themselves may produce
agents which limit mast cell proliferation or differentiation,
and that GM-CSFmay be a candidate mediator for this action
(56, 57). Our results indicate that TGFI31 must also be consid-
ered a possible mast cell autocrine growth inhibitor. Indeed, a
recent report indicates that the mast cell growth response to
IL-3 and IL-4 is inhibited by phorbol ester (58); it is possible
that mast cell production of TGFf may be involved in this
growth inhibition. This is not a classical autocrine loop, how-
ever, since the peptide is released in a latent form which must
be activated, possibly by a second cell type, before it inhibits
mast cell growth.

TGF(3 production seems not to be an artifact of cell culture,
since TGFI,3 mRNAis expressed not only in cell culture, but in
vivo in mast cell tumors as they grow in athymic nude mice.
Similarly, TGF,3 activity is released from cells both immedi-
ately after disaggregation from athymic nude mouse tumors
and after prolonged culture in vitro.

In summary, we have shown that dog mastocytoma cells
produce TGFj31. This is the first evidence of TGF(3 production
by mast-like cells. These findings suggest a mechanism by
which mast cells may contribute to inflammatory and fibrotic
reactions in many tissues and further suggests a possible auto-
crine regulatory role for TGF#,/ in mast cell proliferation.
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