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Abstract

The ability of airway epithelial cells to produce transforming
growth factor-(3 (TGF-i) may be an important mechanism for
the control of growth, differentiation, and repair of the airway
epithelium. To determine whether airway epithelial cells are
capable of producing TGF-fi, we examined primary cultures of
bovine bronchial epithelial cells. Using a bioassay, TGF-ft activ-
ity was detected readily in media conditioned by bovine bron-
chial epithelial cells. Neutralizing antisera to TGF-ft1 and
TGF-ft2 were used to demonstrate that the majority of the activ-
ity was of the TGF-,82 isoform. Interestingly, some of the TGF-
,B activity was present in the conditioned media as "active"
TGF-fl, not requiring acid activation. The production of TGF-(3
was variable, depending on cell density and the presence of
retinoic acid. The presence of endogenously produced active
TGF-,6 in the culture media was shown to modulate the behav-
ior of the cell cultures as evidenced by the effects of TGF-fl-
neutralizing antisera on cell size and fibronectin production.
Our results suggest that active TGF-,8 produced by airway epi-
thelial cells may function in an autocrine or paracrine manner to
modulate epithelial cell behavior. (J. Clin. Invest. 1992.
90:1379-1385.) Key words: TGF-,8- fibronectin * cell density .
growth inhibition * epithelium

Introduction

A number of growth factors appear to be important for the
growth and differentiation of airway epithelial cells (1-3).
Transforming growth factor-: (TGF-f3),' often described by a
transformation assay (4), has a broad range of effects on
growth and differentiation of many cell types and has the strik-
ing effect of causing terminal squamous differentiation of tra-
cheobronchial cells in vitro (5, 6). Concentrations of TGF-,3 as
low as 1 pM inhibit the growth of primary cultures of tracheal
epithelial cells with the cells accumulating in the GO-GI
phases of the cell cycle and tending to become squamous with
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formation of cross-linked envelopes (5). Three isoforms of
TGF-fl( 1-3) have been described in mammalsand they appear
to play important roles in the developing lung as they have
been shown to colocalize with matrix proteins in the develop-
ing lung of the mouse embryo (7, 8). TGF-fl is also likely to
play important roles in the repair of injured epithelium since it
is known to influence wound healing in several systems (9) and
has marked effects on the regulation of extracellular matrix
proteins ( 10, 11 ).

TGF-fl is present in the epithelial lining fluid of the normal
human lower respiratory tract at a concentration estimated be-
tween 200 and 300 pM ( 12). Since this value is 15-fold
greater than the concentration of TGF-f, in plasma, the major-
ity of TGF-,B present in the epithelial lining fluid may be pro-
duced by cells present in the respiratory tract. Several potential
sources of TGF-,B exist. Alveolar macrophages are one poten-
tial source of TGF-3 in the lower respiratory tract as they are
known to constitutively express the gene ( 13, 14). In a recent
study of the normal adult mouse lung, mRNAtranscripts for
TGF-fl 1, -(2, and -03 were found in smooth muscle cells and
fibroblasts ( 15 ). One immunohistochemistry study of lung tis-
sue from subjects with advanced pulmonary fibrosis demon-
strated increased localization of TGF-f3 in bronchiolar epithe-
lium ( 16 ). Thus, epithelial cells may be a source of TGF-fl in
some conditions. Other normal mammalian cell types and tis-
sues have been shown to produce TGF-fl in culture, including
keratinocytes ( 17).

The ability of airway epithelial cells to produce TGF-fl
would be an important mechanism for autocrine or paracrine
control of epithelial growth and differentiation. Several obser-
vations suggest that cultured bronchial cells are capable of ex-
pressing TGF-f3. Humanbronchial epithelial cells in vitro have
a tendency to progressively assume squamous morphology (5,
6). Bovine bronchial epithelial cells also can spontaneously
produce fibronectin in culture, an effect that can be augmented
by the addition of exogenous TGF-l ( 18). Wetherefore evalu-
ated bovine bronchial epithelial cells for the production of
TGF-,B. In this report, wedemonstrate that bronchial epithelial
cells express TGF-fl, primarily of the isoform TGF-f,2. In addi-
tion, a physiologically significant portion of the secreted TGF-
( activity is in the active form and can modulate the behavior
of the primary cultures of airway epithelial cells.

Methods
Reagents.Laboratory of HumanCarcinogenesis (LHC) basal medium,
FCS, triiodothyronine, hydrocortisone, and epinephrine were pur-
chased from Biofluids Inc. (Rockville, MD). RPMI 1640 (RPMI),
PBS, DME, MEM, streptomycin-penicillin, and fungizone were ob-
tained from Gibco (Chagrin Falls, OH). Bovine insulin, bovine trans-
ferrin, bacterial type XIV protease, and retinoic acid were purchased
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from Sigma Chemical Co. (St. Louis, MO). Phosphoethanolamine/
ethanolamine, trace elements (selenium, manganese, molybdenum,
vanadium, nickel, tin), and calcium were obtained from Fisher Scien-
tific Co. (Pittsburgh, PA). Frozen bovine pituitaries were obtained
from Pel-Freez Biologicals (Rogers, AR); bovine type I collagen (Vi-
trogen 100) was obtained from Collagen Corp. (Palo Alto, CA).

Isolation of bovine bronchial epithelial cells. Bovine bronchial epi-
thelial cells were prepared by a modification of a method described by
Wuand colleagues ( 19, 20). Bronchi were removed from fresh bovine
lungs, cut into pieces, and trimmed of connective tissue. The bronchi
were then incubated at 4VC overnight in sterile MEMcontaining 0.1%
protease. The bronchial lumens were then gently rinsed several times
with MEMcontaining 10% FCS to detach the epithelial cells. The col-
lected cells were washed once with MEMcontaining 10% FCS, filtered
through 250-Am sterile mesh (Tetko, Elmsford, NY), and washed
twice with MEM. The cell count was manually determined using a
standard hemocytometer. Nonviable cells (trypan blue dye exclusion
test) and ciliated cells were not included in the total cell number. Cil-
iated cells rarely attached to tissue culture plates. Extensive evaluation
of cells prepared by these methods in our laboratory has documented
that > 95% of the harvested cells are epithelial cells ( 1).

Culture of bronchial epithelial cells in vitro. The cells were plated on
60-mm tissue culture plates or in 96-well plates (Becton Dickinson,
Lincoln Park, NJ) previously coated with bovine type I collagen (Vi-
trogen 100; Collagen Corp.). The bronchial epithelial cells were cul-
tured, at 370C in 5% C02, in LHC basal medium (2) supplemented
with 5 Ag/ml bovine insulin, 10 Mg/ml bovine transferrin, 10 nMT3,
0.2 MMhydrocortisone, 0.33 nM retinoic acid, 5 MMphosphoethanol-
amine/ethanolamine, trace elements, 0.1 mMcalcium, bovine pitu-
itary extract (2) containing 10 mg/ml of protein (0.5%), 50 g/ml
penicillin-streptomycin, and 2 Mg/ml fungizone. The LHC-supple-
mented medium (LHC-9) was mixed 1 :1 with RPMI, a mixture that
has been found to optimize bronchial epithelial cell growth in our labo-
ratory (21). The percentage of bronchial epithelial cells able to attach
to the dish and to proliferate varies from preparation to preparation,
ranging from 10 to 50% of the cells plated. In the average cell prepara-
tion, - 20-30% of the viable cells plated at the start of the culture are
attached to the tissue culture plate after 24 h. In some experiments, the
bronchial epithelial cells were plated at different densities in 60-mm
dishes so as to become confluent at different times after the start of the
culture: 0.5 X 106 cells/dish for "low density" cells, 2 X 106 cells/dish
for "middensity" cells, and 8 X 106 cells/dish for "high density" cells.
Unless stated otherwise, the dishes were rinsed once with Dulbecco's
PBS I d after plating (day 1) to remove the nonattached cells and 1.5
ml of new medium was added. All the experiments were repeated at
least twice with reproducible results. Different conditions were com-
pared for statistical significance using Student's t test and analysis of
variance (22).

Preparation of conditioned media (CM) from bronchial epithelial
cellsfor TGF-, bioassay. CMcollected from dishes with identical cul-
ture conditions were pooled, centrifuged, and immediately frozen at

-20°C. CMwere then lyophilized, reconstituted in distilled water (1 /
10-1 /20 of the original volume), dialyzed against repeated changes of
PBS, and filtered through 0.2-Mm filters (Acrodisc; Gelman Sciences,
Inc., Ann Arbor, MI). The CMprocessed in this way were denoted
"neutral CM." Somealiquots of CMwere briefly acidified by a modifi-
cation of the acidic ethanol procedure ("acidified CM") to activate any
precursor TGF-,B present (23). 10 Al of 1 NHCI was added to I ml of
neutral CMto reduce the pH from 7.2 (neutral CM) to 1.6-1.8 (acidi-
fied CM). After 15 min at 4°C, the pH was neutralized with 10 Al of I
N NaOH.

Assayfor TGF-fl activity. TGF-fl activity was determined by mea-

suring the inhibition of [3Hjthymidine incorporation by CCL-64
(ATCC) cells (24-27). CCL-64 mink lung epithelial cells were main-
tained in DMEsupplemented with 5%FCS. Cells were kept at 37°C in
5%CO2and passaged at a seed density of 2 x I05 cells/25 cm2 tissue
culture flask at 3-4-d intervals. Cells were trypsinized, washed twice in
DME, resuspended in DMEwith 5%FBS, and seeded at 6 x 103/well

in 96-well tissue culture plates. 3 d later the concentrated CMwere
added directly to triplicate wells at different dilutions (1:4-1:16 for
neutral CM; 1:16-1:128 for acidified CM). After 24 h the media were
replaced with DMEcontaining 5% FCS and [3H]thymidine (0.5 ACi/
ml). After 2 h the wells were washed three times with ice-cold 5%TCA,
solubilized with 100 ,l/well of 1 N NaOH, and neutralized after 30
min at room temperature with 100 ,l/well of 1 N HCl. Thymidine
incorporation was determined by adding 180 Ml of solubilized material
from each well to 5 ml of scintillation cocktail (Scintiverse BD; Fisher
Scientific Co.) and counting in a scintillation counter (Tri-Carb 4530;
Packard Instrument Co. Inc., Downers Grove, IL). The average counts
per minute values were determined from triplicate samples that varied
by < 10% within each condition. The thymidine incorporation in the
wells with the CMwas plotted against reference values, obtained by
incubating the CCL-64 cells with increasing amounts (25-2000 pg/
ml) of purified TGF-#3I or TGF-#2 (R&D Systems, Minneapolis,
MN). This bioassay was able to detect a level of TGF-,32 activity as low
as 12.5 pg/ml (final dilution in the well), corresponding to 50 pg/ml of
active TGF-j3 in the concentrated CM. An example of a standard curve
with TGF-f#2 is shown in Fig. 1.

Use of TGF-fl-neutralizing antibodies to characterize the TGF-,3
activity. Two rabbit polyclonal antibodies, one neutralizing both TGF-
,B1 and TGF-i32 and one specific for TGF-,B2, were purchased from
R&DSystems. Two different turkey antisera, one specific for TGF-ft I
and the other neutralizing TGF-#2 (27), were a generous gift from
Anita Roberts (National Institutes of Health/National Cancer Insti-
tute, Bethesda, MD). To show that the factor(s) interfering with the
incorporation of [3H]thymidine by CCL-64 cells were member(s) of
the TGF-,3 family, the CMwere incubated with serial dilutions of the
neutralizing antibodies for 1 h at room temperature. After this preincu-
bation period, the samples were then transferred to wells containing the
CCL-64 cells and the assay of the residual TGF-,B activity was per-
formed as described above.

Fibronectin ELISA. An indirect inhibition ELISA for bovine fibro-
nectin was used to quantitate the fibronectin present in the unconcen-
trated bronchial epithelial cell CM. Bovine fibronectin was purified
from bovine serum according to the technique of Engvall and Ruos-
lahti (28). The purified bovine fibronectin was 'diluted in Voller's
buffer (0.5 ,g/ml) and used to coat 96-well flat-bottom plates (Immu-
lon 2; Dynatech Labs, Chantilly, VA) with 200 Ml/ml. Samples and
duplicate fibronectin standards were diluted 1:1-1:2187 in 96-well
round-bottom polystyrene plates (Linbro/Titertech, McLean, VA)
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Figure 1. Growth inhibition of CCL-64 cells by TGF-fl2. CCL-64
mink lung epithelial cells were seeded into wells of 96-well tissue cul-
ture plates as described in Methods. The cells were cultured for 3 d
and then exposed to varying concentrations of TGF-j32 for 24 h.

[3H]Thymidine (0.5 MCi/ml) was added for an additional 2 h before
harvesting for scintillation counting. The TGF-j92 dilutions and test

media were assayed in triplicate.
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with PBS-Tween (0.08% Tween). The samples were incubated over-
night at 40C in a humidified chamber with 1:400 dilution of rabbit
anti-bovine fibronectin serum. The following day the samples were
transferred to the flat-bottom plates, which had been previously
washed three times with PBS-Tween. After a 30-min incubation, the
flat-bottom plates were again washed three times with PBS-Tween and
200 ,l/well of a 1:1,000 dilution of goat anti-rabbit IgG conjugated
with horseradish peroxidase (ICN ImmunoBiologicals, Lisle, IL) were
added. After 90 min the plates were again washed three times with
PBS-Tween followed by the addition of 200 ul/well of o-phenylenedia-
mine substrate ( 10 mgdissolved in 1 ml methanol/ 100 ml H20) with
10 Ml of 30% of H202. The enzymatic reaction was stopped with 28
,Ml/well of 4 N H2SO4. The absorbance was then measured at 492 nm
using an ELISA reader (model 2550 EIA Reader; Bio-Rad Laborato-

250-

200-

150

100

50

0
15000-

0000-

1 5000-
.

A

B

5 c

4

3-

20

0

W

B

cL
0)
0

iU

n
CU
LL

I?0)
0)

2 3 4
Days in culture

5 6

Figure 2. Detection of TGF-,B-like activity in CMfrom bronchial ep-

ithelial cells. The bovine bronchial epithelial cells were plated at mid-
density (2 X 106 cells/60 mmdish) in LHC-9/RPMI (see Methods).
Medium containing unattached cells was removed and replaced with
1.5 ml of fresh medium 24 h after plating. Every 24 h three dishes
were trypsinized for cell counts with a Coulter counter (ZM; Coulter
Electronics Inc., Luton, Beds, England) and the medium ( 1.5 ml/
dish) was changed. The harvested CMwas processed for TGF-,i
bioassay as specified in Methods. The values represent the means and
SEMfor five separate experiments. (A) Vertical axis, TGF-#-like
activity of the neutral bronchial epithelial cell CM(TGF-fl naturally
activated) expressed as pg produced every 24 h and normalized for
1 x 106 cells. (B) The TGF-f,-like activity found after transient acid-
ification of the CMand expressed as the total amount of TGF-13 pro-

duced per 24 h by 106 cells. (C) TGF-,B-like activity present in the
neutral CMis expressed as the percentage of the total TGF-fl-like
activity present in the acidified CM.

ries, Richmond, CA). Data were analyzed using the algorithm of Rod-
bard (29) by a Macintosh computer, which was interfaced to the
ELISA reader.

Results

Release of TGF-13-like activity by bronchial epithelial cells.
Whenthe bronchial epithelial cells were cultured at middensity
in serum-free conditions, TGF-f3-like activity was detected in
CM(Fig. 2 A). Thus, active TGF-f3 appears to be produced by
the bronchial epithelial cell cultures. To quantify both the ac-
tive and inactive latent TGF-f present in the CM, total TGF-f3
was assayed by subjecting aliquots of the same CMto the acid-
activation procedure (23). Approximately 5-10-fold more
TGF-j3 activity was detected (Fig. 2 B), demonstrating that the
majority of TGF-f produced was in the latent form. The quan-
tity of TGF-f3 activity in the CMwas roughly similar to that
reported for another cell system, bovine aortic endothelial cells
(30). The ratio of active TGF-f3 versus total (active plus latent)
TGF-fl was highest on day 2 and gradually decreased because
of increasing total TGF-f3 production by the cultured bronchial
epithelial cells.

To confirm that the TGF-f3-like activity observed in bron-
chial epithelial cell CMwas due to a member(s) of the TGF-f
family rather than to any other factor(s) interfering with the
incorporation of [3H]thymidine by CCL-64 cells, TGF-fl-
neutralizing antibodies were used (Table I). The rabbit polyclo-
nal antiserum that recognizes both TGF-13I and TGF-32 was
able to completely neutralize all of the activity in neutral CM
and nearly all of the activity in the acidified CM. Evaluation of
the TGF-f3 activity present in the bronchial epithelial cell cul-
ture supernatants with the specific neutralizing antibodies that

Table I. Antibody Neutralization of the TGF-fl-like Activity
in Conditioned Media From Bronchial Epithelial Cells

Relative incorporation
Factors added* of [3Hjthymidine

No addition (control) 1.00
Neutral CM 0.56
Neutral CM+ rabbit TGF-#31 and -#2-

neutralizing antibody 1.03
Neutral CM+ turkey TGF-#3I antiserum 0.63
Neutral CM+ rabbit TGF-,32 antibody 0.99
Acidified CM 0.31
Acidified CM+ rabbit TGF-f31 and -p2-

neutralizing antibody 0.88
Acified CM+ turkey TGF-,B1 antiserum 0.33
Acidified CM+ rabbit TGF-,32 antibody 0.87

The CCL-64 cell bioassay was performed as described in Methods.
* Neutral and acidified conditioned media were treated as described
in Methods and added at a concentration capable of causing a 30-
40% inhibition of [3H]thymidine incorporation (equal to 200-300
pg/ml of TGF-3l or TGF-#2. All of the neutralizing antibodies were
added at concentrations equivalent to the amount that will neutralize
1 ng/ml of the specific TGF-fl activity (rabbit TGF-32-specific anti-
bodies were added at 16 ,ug/ml and turkey TGF-#3I-specific antiserum
was added at 0.5 il/ml). Relative [3H]thymidine incorporation was
determined as described in Methods. The control was designated as
1.00 and represented 15,166 cpm.
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3000 Figure 3. Release of
25o TGF-fB by bronchial ep-

ithelial cells plated at
different densities.

1500 Bronchial epithelial cells
l were plated in 60-mm

dishes at low (0.5 x 106
_W _ " cells/dish), mid (2

0 x 106 cells/dish), and
low mid high high density(8 X 10I

Coil Ping dws4 cells/dish). Every 24 h

three dishes were tryp-
sinized for cell counts with a Coulter counter (ZM; Coulter Electron-
ics) and the medium ( 1.5 ml/dish) changed. The harvested CMwas
processed for TGF-# bioassay as specified in Methods. The total
TGF-f3-like activity present in the acidified CMis expressed as pg of
TGF-3 produced every 24 h and normalized for 1 X 106 bronchial
epithelial cells. The differences in peak production of TGF-3 between
the three conditions were significant at P < 0.05, analysis of variance.

distinguish between TGF-f31 and TGF-32 revealed that a tur-
key antiserum to TGF-3l had negligible effect in neutralizing
the TGF-13 activity in both neutral and acidified CM(Table I).
In contrast, a rabbit antibody to TGF-,32 was effective in neu-
tralizing the TGF-f3 activity present in bronchial epithelial cell
CM. In the neutral CM, all of the TGF-0-like activity was
neutralized by the anti-TGF-32 antibody. In the acidified CM,
the anti-TGF-,B2 antibody was effective in neutralizing the ma-
jority, but not all of the activity measurable in the CCL-64
bioassay. A turkey anti-TGF-,32 antiserum gave similar results
(data not shown). The residual growth inhibitory activity in
acidified CMis unlikely to be entirely due to active TGF-#31,
since the rabbit TGF-#13-2 neutralizing antibody showed no
better performance in neutralizing the TGF-f3-like activity of
the acidified CM. To confirm the activity of the antisera used to
evaluate the bronchial epithelial cell CMin our assay systems,
the same serial dilutions of the antibodies were tested against
purified TGF-1 I and -132 at 250 pg/ml. The neutralizing anti-
sera were effective as expected against the relevant TGF-,3 type.
Thus, the majority of TGF-,B activity produced by bronchial
epithelial cells in vitro appears to be TGF-i32.

Effect ofcell density on release of TGF-0 by bronchial epithe-
lial cells. It was noted above (Fig. 2) that production of TGF-,
decreases at or after the cells reach confluence (usually from
day 4 to day 5). Since TGF-,B is thought to function as an
autocrine mediator of epithelial differentiation and its produc-
tion can be density dependent ( 31 ), we evaluated the effect of
cell density on TGF-,B production by bronchial epithelial cells.
Primary cultures of bronchial epithelial cells were cultured at
three different densities as described in Methods. Wedeter-
mined that cells cultured at low density produced more TGF-j3
on a per cell basis than cells that were plated at higher densities
(Fig. 3).

Effect of retinoic acid on production of TGF-fl. Since our
usual growth media for bronchial epithelial cells (LHC-9/
RPMI) contains retinoic acid, and retinoic acid has been
shown to induce the expression of TGF-132 by keratinocytes
(32) and during early mammalian development (25), we in-
vestigated its role in the production of TGF-,B by bronchial
epithelial cells. The presence of retinoic acid (0.33 nM) in-
creased the total TGF-13 produced by the cells (Fig. 4). The
percent increase in TGF-,B production caused by retinoic acid

ranged from 27% early in the time course to 57% later in the
time course, but the differences in TGF-(3 production
narrowed by day 6 of the cultures. In most cases, this occurred
when TGF-# production began to decrease as seen in Fig. 2.
The differences in TGF-O production were significant at P
< 0.01 (paired t test). The effect of retinoic acid on TGF-13
production did not appear to be directly due to an alteration in
cell density, as the results were normalized for cell number.
Furthermore, retinoic acid at the concentration used did not
appear to alter cell proliferation as determined by direct mea-
surements of cell number. In addition, retinoic acid does not
appear to influence the TGF-,B isoform produced by the cul-
tured bronchial epithelial cells. Using the neutralizing antibod-
ies specific for TGF-131 and TGF-132 as described above, we
found that in the absence of retinoic acid the TGF-fl-like activ-
ity present in the neutral bronchial epithelial cell CMstill ap-
pears to be TGF-,B2 (data not shown).

Evaluation of the role of TGF-$ in squamous differentiation
of bronchial epithelial cells. TGF-,B induces tracheobronchial
epithelial cell to undergo squamous differentiation (6) and this
effect is particularly evident on low density cell cultures. There-
fore, we tested the effect of native bronchial epithelial cell CM
on one measure of squamous differentiation, cell surface area
(33). TGF-fl-neutralizing antibodies added to the culture me-
dium attenuated the frequency of bronchial epithelial cells cul-
tured at low density to acquire a squamous morphology (Fig.
5). The anti-TGF-,B1 and -,B2 antibody decreased the mean
planar area per cell from 1,322±160 ,um2 (control cells) to
847±78 (P < 0.05). Whereas the control nonimmune rabbit
IgG preparation at the same concentration (32 ,ug/ml) showed
no effect on the mean cell surface. Bronchial epithelial cell CM,

W-R Figure 4. Effect of reti-
800R- A. noic acid on production
7000- of TGF-,t by bronchial

s @ 6000- //~ e epithelial cells. Bron-
50oo Tc chial epithelial cells
400- were plated in 60-mm
30- dishes at lx 106 cells/
200- dish in LHC-9/RPMI
1000 medium with retinoic

0 acid (0.33 nM) or with-
80- out retinoic acid (LHC-
70- 8E/RPMI). The next

60- I day, the medium was
removed and changed

50- ~~~~~~~with 1.5 ml/dish of
._ 40- 1 ' \ fresh medium (+ or -

30- retinoic acid), which
20- was then replaced and
10- harvested every 24 h.

0 Each day, three dishes
2 3 4 5 6 were trypsinized and

Days in cufture cells counted on a

Coulter counter. The CMwas processed for TGF-# bioassay as in Fig.
2. The total TGF-,B activity present in the acidified CMis expressed
as pg of TGF-j3 produced every 24 h and normalized for 1 X 106
bronchial epithelial cells. In A, the total TGF-, activity is shown for
a representative experiment (with retinoic acid, R.A.; without retinoic
acid, control). In B, the means and SEMof three separate experi-
ments are shown for the percent increase in TGF-f3 production.

1382 Sacco, Romberger, Rizzino, Beckmann, Rennard, and Spurzem



4000 -

S
Sc*o

sE0
7

0

3000

20

10

T

0IU
0
0

I0 0EL -.I U U-
I-. I-
_ 0, 8

Figure 5. Effect of anti-TGF-j3 antibodies and TGF-,B on squamous
differentiation of bronchial epithelial cells. The bronchial epithelial
cells were plated at 24 X 103 cells/chamber (equal to low density cells
in 60-mm dishes) in LHC-9/RPMI in four-chamber, tissue culture
glass slides (Lab-Tek, Nunc, Naperville, IL) that were coated with
collagen. The following day the medium was replaced with fresh me-
dium, with or without anti-TGF-,Bl and two antibodies and bronchial
epithelial cell CM. Each neutralizing antibody concentration was high
enough to neutralize 1 ng TGF-fl/ ml. The bronchial epithelial cell
CMwas neutral CMused at a concentration to achieve 250 pg/ml of
TGF-,B. This preparation of bronchial epithelial cell CMwas split
after dilution and one half was incubated with rabbit anti-TGF-fl1
and- fl2-neutralizing antibody at a concentration able to neutralize
1.25 ng of TGF-,B/ml. As a positive control, 250 pg/ml of purified
TGF-(32 was used. As a negative control, an equivalent amount of
a nonimmune rabbit IgG was used. Every 24 h the medium was re-
placed with fresh medium with the same condition for each chamber.
After 5 d in culture the cells were fixed and stained (Leukostat; Fisher
Scientific Co., Orangeburg, NY). To determine the surface covered
in each field by the cells, an Optomax V Image analyzer (AMS; Saf-
fron Walden, Essex, England) was used. For each condition, 12 fields
were analyzed with 20x magnification. The cell count was deter-
mined manually for each field. At least 1,000 total cells were mea-
sured for each condition. The bars represent the mean±SEMfor 12
fields. The asterisk (*) denotes conditions statistically different from
control.

which contains active TGF-fl, further increased the cell surface
area to 2,655±358 (P < 0.01; compared with control). The
same preparation of bronchial epithelial cell CM, preincubated
with the TGF-l I and -(32-neutralizing antibody lost its ability
to induce squamous differentiation, yielding a mean surface
area per cell of 931±63. Purified TGF-,B2 used at the same
concentration as the active TGF-f3 in the CM, 250 pg/ml, had
a similar effect. The mean surface area was increased to
3,004±453 (P < 0.01; compared with control).

Evaluation of the role of TGF-,B in the growth of bronchial
epithelial cells. TGF-fls inhibit proliferation of almost all non-
neoplastic epithelial cells in culture (34, 35). Therefore, we
tested the growth effect of neutral CMfrom confluent bron-
chial epithelial cells (Fig. 6). Neutral bronchial epithelial cell
CMhad an inhibitory effect on the growth of bronchial epithe-
lial cells (P < 0.001 compared with control on days 5, 7, and
9). The growth inhibition shown by the TGF-f3-like activity
present in the neutral CMwas comparable to the degree of
inhibition produced by a theoretically equal amount of puri-
fied TGF-(3 (250 pg/ml). Preincubation of the neutral CM
with the TGF-#31 and -(32-neutralizing antibody blocked the
growth inhibitory effects, confirming that TGF-( in the neutral
CMwas responsible for the growth inhibition seen (Fig. 6).

Evaluation of the role of TGF-f3 on production offibronectin
by bronchial epithelial cells. TGF-# is a well-known inducer for
the expression of the fibronectin gene (36). TGF-f3 induces an
increase in production of fibronectin by primary bronchial epi-
thelial cells after 24 h of exposure, and fibronectin production
peaks at 48 h ( 18). Wethus investigated whether differences in
the production of endogenous active TGF-,3 could affect the
spontaneous production of fibronectin by bronchial epithelial
cells.

To evaluate this question, bronchial epithelial cells were
incubated with increasing amounts ofTGF-fl 1 and -(32-neutral-
izing antibody. The antibody at 24 Aig/ml reduced the produc-
tion of fibronectin by the bronchial epithelial cells compared
with control cells incubated with an equivalent amount of con-
trol rabbit IgG (Fig. 7). The differences in fibronectin produc-
tion were significant at P < 0.01 (paired t test).

Discussion

Our studies demonstrate that primary cultures of bovine bron-
chial epithelial cells are capable of producing both active and
inactive TGF-(3 and that the majority of TGF-(3 produced is
TGF-#2. The results also suggest that TGF-f3 may contribute to
the modulation of squamous differentiation and the produc-
tion of fibronectin.

The amount of active and inactive TGF-fl produced was
affected primarily by the time in culture, the plating cell den-
sity, and the presence of retinoic acid in the medium. Primary
bronchial epithelial cells exhibit a very low basal production of
latent TGF-(3 at the beginning of the culture, which progres-
sively increased until cell confluency. Our data also suggest that
cell density regulates the production of active TGF-f3 by pri-
mary cultures of bronchial epithelial cells. This is of further
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Figure 6. Effect of neutral CMon growth of bronchial epithelial cells.
Bronchial epithelial cells were plated in 96-well plates, 8 X I03 cells/
well (equal to low density cells in 60-mm dishes). The following day
the wells were rinsed with DPBSand incubated with 80 ,l/well of
fresh medium with or without bronchial epithelial cell CMand anti-
TGF-,B antibody. Media used, as for the experiment of squamous
differentiation, were neutral CMat a final calculated concentration
of TGF-(3 activity equal to 250 pg/ml. This preparation of bronchial
epithelial cell CMwas split after dilution and one-half was incubated
with rabbit anti TGF-# I and -,B2-neutralizing antibody at a concen-
tration able to neutralize 1.25 ng of TGF-# /ml. As a positive control,
250 pg/ml of purified TGF-fl2 (R&D Systems) was used. Each day
the cells were refed with fresh medium (80 Ml) with the same compo-
sition. On days 5, 7, and 9, three wells were trypsinized for each con-
dition and the cells counted twice on a Coulter counter. The figure
shows the mean cell count/dish±SEM.
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Figure 7. Effect of anti-TGF-,B antibodies on spontaneous fibronectin
production by bronchial epithelial cells. The bronchial epithelial cells
were plated in 96-well plates, 8 X 103 cells/well (equal to low density
cells in 60-mm dishes). The following day the wells were rinsed with
Dulbecco's PBS and incubated with 80 1l/well of fresh medium with
or without rabbit anti-TGF-f31 and -(32-antibody. Weused 24 Atg/ml
of antibody, which is able to neutralize 750 pg/ml of TGF-fl. A non-
immune rabbit IgG preparation was used as negative control. Each
day, the medium was replaced and the harvested CMwas tested for
fibronectin using an ELISA technique as described in Methods. Each
day three wells for each condition were trypsinized for cell counts.
The values represent the mean and SEMof the percent reduction in
fibronectin production, normalized for cell number, (anti-TGF-# I
and -,32 antibody vs. control antibody) for three separate experiments.

interest because cell density also regulates TGF-j3 receptor ex-
pression. TGF-,B receptors are down-regulated as cell density
increases (37), and high density human (33) and bovine (21 )
bronchial epithelial cells are less responsive to the differentia-
tion effects of TGF-f. Retinoic acid, present as a standard com-
ponent in the serum-free supplemented medium (LHC-9/
RPMI) for respiratory epithelial cell cultures (2) and a known
inducer of the expression of TGF-12 in embryonal carcinoma
cells and keratinocytes (25, 32), also increased the secretion of
TGF-f by bronchial epithelial cells.

The physiological mechanisms by which latent TGF-# is
activated in vivo are unclear. The ability of the cells to produce
active TGF-0 in situ is probably an important mechanism for
regulation of the affects of TGF-f and may be under the con-
trol of specific hormones. In addition, proteolytic enzymes
may play an important role in the physiological activation of
TGF-fl. Purified preparations of the protease plasmin activate a
portion of the inactive TGF-f present in fibroblast-condi-
tioned medium (38). Furthermore, plasmin inhibitors were
shown to block the activation of inactive TGF-,B described in
coculture of endothelial cells and pericytes in serum-free con-
ditions (39). It is also known that TGF-O induces plasminogen
activator inhibitor type 1 in bronchial epithelial cells (40).
Thus, the induction of protease inhibitors as the cells accumu-
late more TGF-f may be an explanation for the decrease in the
percent of TGF-f that is active (Fig. 2). It is reasonable to
speculate that bronchial epithelial cells secrete proteases or
have cell proteases that activate TGF-fl and can also produce
inhibitors of proteases. Currently, we have no direct evidence
for proteolysis in activating TGF-j3 in our system. Thus far, the
addition of the plasmin inhibitors e-amino-n-caproic acid and
aprotinin to bronchial epithelial cell cultures has had no effect
on the production of active TGF-fl (data not shown).

The antibodies used in the present study suggest that most
of the TGF-# activity released by the bovine bronchial epithe-
lial cells is TGF-f2 and not TGF-f31. These results do not ex-
clude, however, the production of other isoforms of TGF-fl by
these cells. The significance of bronchial epithelial cell produc-
tion of TGF-32 in excess of other TGF-,B isoforms (like TGF-
(1) is unclear. At least five different isoforms of TGF-f have
been described (41 ) with an extraordinary conservation of se-
quence in organisms as disparate as mammalians and amphib-
ians. This evolutionary conservation underlines the universal-
ity of TGF-f action, but the reasons for so many isoforms are
puzzling. TGF-O1 and -(32, the two most studied isoforms, are
nearly identical in their biological activity, although there is
evidence for differences in binding to different TGF-,3 recep-
tors (42, 43).

The production of active TGF-f3 by bronchial epithelial
cells at sites of injury may be an important event in healing
processes in vivo. TGF-f3 is a powerful chemoattractant for
neutrophils, mononuclear cells, and fibroblasts (44, 45). In
another study, application of TGF-f31 to the chicken chorioal-
lantoic membrane resulted in early accumulation of endothe-
lial cells, fibroblasts, and epithelial cells, despite the observa-
tion that all the cell types showed growth inhibition to TGF-#
(46). An important role for TGF-,3 in pulmonary inflamma-
tion was also shown in a model of bleomycin-induced lung
injury (47). In addition, modulation of fibronectin production
by TGF-p may be an important modifier of cell accumulation
and healing at sites of injury. In this regard, fibronectin is a
chemoattractant for both fibroblasts and bronchial epithelial
cells (48). Thus, increases in local fibronectin production in-
duced by TGF-3 might amplify the effect of active TGF-,B in
recruiting more cells at the site of mucosal injury.

In conclusion, cultures of primary bronchial epithelial cells
produce TGF-,B and release some in an active form. This po-
tent cytokine can then function in an autocrine or paracrine
manner to modulate epithelial cell behavior. Additional stud-
ies are needed to identify all TGF-f targets and to investigate
the mechanisms by which TGF-f is activated and how the
activation mechanisms themselves are controlled.
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