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It bas become apparent that numerous growth
Sactors and cytokines are produced during the
development of fibroproliferative lung disease.
Investigators must sort out which combinations
of these factors are playing mechanistic roles in
the disease process. Here we demonstrate that
transforming growtb factor (IGF)-a, a potent
epitbelial and mesenchymal cell mitogen, is up-
regulated specifically at the sites of asbestos fi-
ber deposition in the lungs of rats exposed for 5
bours. Unexposed animals and those exposed to
bigh concentrations of iron spberes exhibited no
increase in TGF-a expression at any time during
the experiment. Inbaled asbestos fibers deposit
initially at the bronchiolar-alveolar duct regions
and alveolar macropbages accumulate at these
sites within bours. Non-isotopic in situ bybrid-
ization and immunobistochemistry were used to
show that the mRNA that codes for TGF-a along
with the peptide were clearly up-regulated at the
bronchiolar-alveolar duct regions by 24 bours
after tbe single asbestos exposure. The numbers
of labeled cells demonstrated that expression of
the mRNA and protein remained significantly
above background for at least 2 weeks after ex-
posure along with increased cell proliferation
assessed by staining for proliferating cell nu-
clear antigen. This, to our knowledge, is the first
demonstration of TGF-a expression at sites of
lung injury in developing fibroproliferative dis-
ease. This finding supports the bypotbesis that
the growth factor is involved in the dramatic
epitbelial and mesenchymal proliferation we
documented previously, altbough additional ex-
periments will be essential to establish the pre-

cise role of TGF-a (Am J Pathol 1996,
149:205-217)

It is well known that inhaling asbestos fibers causes
interstitial pulmonary fibrosis (IPF)." We have been
using chrysotile asbestos inhalation in rats and mice
to better understand the temporal and anatomic de-
tails of IPF, a widespread disease that afflicts hun-
dreds of thousands of individuals worldwide 2 IPF
exhibits several common features regardless of the
etiological agent; these are epithelial hyperplasia,
increased fibroblast proliferation, and elaboration of
extracellular matrix components.?® These features
are accompanied by varying degrees of acute and
chronic inflammation. The increased connective tis-
sue is known to cause a stiff lung and dyspnea,2®
but it is not completely clear how the fibrogenic
process is mediated at the biochemical and molec-
ular levels. Thus, the physiological, anatomic, and
cellular details of IPF are known from numerous stud-
ies carried out over the past 25 years.>~* Now inves-
tigators are in the process of elucidating the basic
biochemical and molecular mechanisms that medi-
ate lung fibrogenesis.® '

Our model of asbestos-induced lung fibrosis (as-
bestosis) in rats and mice has provided an opportu-
nity to approach fundamental questions.®” For ex-
ample, we learned that the inhaled fibers deposit
initially on the surfaces of alveolar duct bifurca-
tions.®° Rapid activation of alveolar complement
proteins at these deposition sites produce chemo-
tactic peptides that attract macrophages as part of a
hypertrophic, hyperplastic interstitial fibrogenic le-
sion at the bronchiolar-alveolar duct (BAD) re-
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gions.'®~"3 Tantamount to the development of these
lesions is a 5- to 40-fold increase in the percentages
of proliferating cells as assessed by tritiated thymi-
dine or bromodeoxyuridine uptake''® and ultra-
structural morphometry.'2'® Now we must ask which
genes, coding for their specific proteins, are respon-
sible for the fibroproliferative lesions in the animal
models and in humans with IPF. We, along with many
other investigators, have postulated that a series of
peptide growth factors operates in concert to medi-
ate the development of pulmonary fibrosis.®517:18 |n
an attempt to simplify an astounding panoply of
growth factors that could be participating in the fi-
brogenic process, we propose that three could be
largely responsible. These are platelet-derived
growth factor, the most potent inducer of mesenchy-
mal cell proliferation yet described;'® transforming
growth factor (TGF)-B, a powerful stimulator of extra-
cellular matrix production;?° and TGF-a, a well char-
acterized potent mitogen for epithelial and mesen-
chymal cells.2" There is a rapidly expanding
literature on the biological activities of these factors,
and results in several animal models, including bleo-
mycin®2 and silica-induced fibrosis,?® support the
view that peptide growth factors are playing a major
role in disease development. Recently, we showed
by immunohistochemistry that TGF-B is stained in the
macrophages and epithelium in developing asbes-
tos-induced lesions.?*

In the work presented here, we test the growth
factor hypothesis, in part, by demonstrating with in
situ hybridization that the mRNA coding for TGF-«a is
up-regulated in the developing asbestos-induced le-
sions and by immunohistochemistry that the peptide
is distributed concomitantly. In addition, we provide
additional immunohistochemical information on the
distribution of alveolar and interstitial macrophages
in the asbestotic lesions. Finally, we show that ex-
pression of proliferating cell nuclear antigen (PCNA)
corresponds anatomically and temporally with the
up-regulation of TGF-a.

Materials and Methods

Animals, Exposure, and Tissue Preparation

Pathogen-free, male Sprague-Dawley rats 8 to 10
weeks old weighing 200 to 250 g were exposed
(thirty-five rats per group) to an aerosol of chrysotile
asbestos (10 mg/m? respirable mass), to an aerosol
of carbonyl iron spheres (50 mg/m®), or to room air
(sham) for 5 hours in exposure chambers as previ-
ously described.®'2'3% Five animals per group
were sacrificed by intraperitoneal injection of 0.5 ml

of 100 mg/ml ketamine hydrochloride at periods of O,
24, 48, and 96 hours and 1, 2, and 4 weeks after the
single 5-hour exposure. After cutting the renal artery,
the lungs of the rats were perfused with fresh 4%
paraformaldehyde in phosphate buffer, pH 7.4,
through the trachea, at a pressure of 15 cm H,0 for
30 minutes. After perfusion, the trachea was
clamped and the lungs were removed from the chest
cavity and placed in fresh fixative for 16 hours at 4°C.
After fixation, the lungs were embedded in paraffin
and 5-um-thick sections were placed on positively
charged slides (SuperfrostR, CMS) for immunohisto-
chemistry and in situ hybridization. The same fixation
method was used for preparation of normal rat kid-
ney and small intestine for use, respectively, as a
positive control for the immunohistochemistry of
TGF-a and PCNA and in situ hybridization of TGF-a.
The positive control sections were placed on the
same slide along with the experimental sections for
simultaneous staining. The general histopathological
appearance of tissues was assessed after routine
hematoxylin and eosin staining. Before starting any
exposures, five animals were sacrificed and the fixed
lungs were processed for routine histopathology to
be sure that the rats were healthy. The exposure and
tissue preparation protocols were carried out two
separate times several months apart, with no appar-
ent differences between the two experiments for any
of the parameters studied (see Results).

Immunohistochemistry

Immunohistochemistry staining for TGF-a protein
and macrophages was performed using the immu-
noperoxidase technique described by Kaartinen et
al.?® Briefly, the deparaffinized tissue sections were
preincubated in 0.3% hydrogen peroxide (H,O,) in
methanol for 20 minutes to inhibit endogenous per-
oxidase activity. After washing with phosphate-buff-
ered saline (PBS), nonspecific antibody binding was
blocked by a 30-minute incubation in 2.5% fish gel-
atin/5% normal goat serum in 1% bovine serum al-
bumin/PBS, pH 7.4. The slides were incubated at
room temperature with Ab-2, a mouse anti-human
TGF-a monoclonal antibody (2 wg/ml; Oncogene
Science, Uniondale, NY) that reacts with human and
rat TGF-a or with ED1, a mouse anti-rat macrophage
monoclonal antibody (10 ug/ml; Harlan Bioproducts,
Indianapolis, IN), in 0.1% gelatin/1%BSA/PBS for 1
hour at room temperature and washed with 0.1%
gelatin/1%BSA/PBS. The slides were then incubated
with biotinylated goat anti-mouse IgG (Jackson Im-
munoresearch, West Grove, PA) diluted 1:4000 in
0.1% gelatin/1%BSA/PBS for 1 hour, washed again,



and incubated for 1 hour in streptavidin-horseradish
peroxidase (1:2000, Jackson Immunoresearch). Per-
oxidase activity was visualized with a 10-minute in-
cubation in 50 ml of 0.05 mol/L Tris-HCI, pH 7.6,
containing 10 mg of diaminobenzidine (Sigma
Chemical Co., St. Louis, MO) and 100 ul of 3% H,0O,.
The slides were counterstained with Lerner-3 hema-
toxylin (Lerner, Pittsburgh, PA). Normal rat kidney
was used as a positive control for TGF-a. For nega-
tive controls, an equivalent dilution of normal mouse
IgG replaced the primary antibodies for all immuno-
staining.

The procedure for monoclonal mouse anti-PCNA
(PC-10, Dako, Glostrup, Denmark) immunohisto-
chemistry staining is the same as above except for
the following steps of antigen retrieval as described
by Shi et al®® and Siitonen et al.2” After incubation
with 0.3% H,O, and washing with PBS, the mounted
tissue sections were put in a Coplin jar containing 10
mmol/L citrate buffer (citric acid), pH 6.0, and heated
in a microwave oven at the power setting of 700 W at
which energy the buffer reaches 100°C and boils for
5 minutes. At the end of the 5 minutes, slides were
placed into a fresh change of the same citrate buffer
and microwaved for an additional 5 minutes. The
Coplin jar is removed from the oven and the slides
were cooled for 15 minutes at room temperature.
After washing with PBS (twice for 5 minutes each)
and blocking with 2.5% gelatin/5% normal goat se-
rum, the tissue sections were incubated with the
PCNA PC-10 antibody (1:75) for 1 hour at room
temperature. Rat small intestine was used as a pos-
itive control each time.

In Situ Hybridization
Tissue and Probe Preparation

Tissue sections for in situ hybridization were kept at
4°C until used. The localization of TGF-a mRNA by in
situ hybridization was performed on deparaffinized
and rehydrated sections at 0, 24, and 48 hours and
14 days after exposure. The cRNA probe was tran-
scribed from a pGEM vector containing an ~2.0 kb
EcoRl/Sall fragment derived from the 5’ end of the
cloned rat TGF-a cDNA, kindly provided by Dr.
David Lee (University of North Carolina at Chapel
Hill, Chapel Hill, NC).28 This fragment includes the 5’
untranslated sequence, the pro-TGF-a coding re-
gion and 1.5 kb of 3’ untranslated sequence. The 3’
terminus (Sall site) of this fragment was chosen so as
to exclude the short antisense transcript encoded on
the opposite strand of the rat TGF-a gene in the 3’
untranslated region. Linearized plasmids were used
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in in vitro transcription for synthesis of both digoxige-
nin-11-UTP-labeled antisense and sense riboprobes
with T7 and SP6 RNA polymerase, respectively (Ge-
nius 4 BNA labeling Kit, Boehringer Mannheim
Corp., Indianapolis, IN).

Hybridization

After sections were permeabilized, with acetylation
and prehybridization, the hybridization was con-
ducted in 4X standard saline citrate (SSC)/50% for-
mamide at 43°C for 16 hours with the digoxigenin-
labeled cRNAs at a concentration of 150 ng/section.
During hybridization incubation, the sections were
covered with parafiim and placed in a humid cham-
ber. Post-hybridization steps included removal of
parafilm from the hybridized sections in two washes
with 0.15 mol/L sodium chloride, 0.15 mol/L sodium
citrate (2X SSC), one wash in 50% formamide/2X
SSC, in 50% formamide/1x SSC, and in 0.2Xx SSC at
43°C for 15 minutes. After digesting with RNAse A
(100 mg/ml, Sigma) at 37°C for 30 minutes, the sec-
tions were finally incubated in 50% formamide/0.2Xx
SSC at 43°C for 15 minutes.

Immunological Detection

After washing with digoxigenin (DIG) buffer 1 (100
mmol/L Tris-HCI, pH 7.5, 100 mmol/L NaCl) for 10
minutes at room temperature, the sections were
incubated in buffer 1 containing 0.05% Triton
X-100 and 2% normal sheep serum for 4 hours at
room temperature. After two washes with DIG
buffer 1 (pH 7.5) for 10 minutes, the slides then
were incubated with alkaline-phosphatase-conju-
gated sheep anti-digoxigenin antibody (1:500,
Boehringer Mannheim) in DIG buffer 1 in a humid
chamber for 16 hours at 4°C. Then the slides were
washed with DIG buffer twice for 10 minutes each
and DIG buffer 2 (100 mmol/L Tris-HCI, pH 9.5,
100 mmol/L NaCl, 50 mmol/L MgCl,) once for 10
minutes, followed by visualization with a NBT/NCIP
chromogen containing 1 mmol/L levamisole in 10
ml of buffer 2 at room temperature in darkness for
6 hours. The chromogen reaction was halted by
rinsing the slides in DIG buffer 3 (10 mmol/L Tris-
HCI, pH 8.1, 1.0 mmol/L EDTA), followed by a
quick wash in double-deionized H,O. The slides
were then counterstained in 0.02% fast green and
FCF (Fisher, Pittsburgh, PA) mounted in an aque-
ous solution with a coverslip.
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Controls

Controls for in situ hybridization consisted of 1) re-
placing the antisense riboprobe with a sense probe
or only hybridization buffer without probe, 2) using
the antisense riboprobe on the sections after predi-
gestion with 100 wg/ml RNAse A (Sigma) at 37°C for
30 minutes, and 3) using normal rat kidney as a
positive control. No positive signal was observed
with an antisense probe on RNAse A predigested
sections or with sense probe.

Quantitative Analysis

Two histological sections from each lung were pre-
pared and analyzed from six different animals of the
two inhalation experiments and the three treatment
groups (unexposed control, iron particle-exposed
control, and asbestos exposed) at six time points (O,
24, 48, and 96 hours and 2 and 4 weeks) after a
single 5-hour exposure. An average of six fields per
section were analyzed. This number is dependent on
the total bronchiolar-alveolar units available on a
given section. These units were selected by a ran-
dom method that required a Z-shaped movement
across the section, as dictated by the stage micro-
meter. A total of 1500 epithelial cells and 1000 inter-
stitial cells (ie, mesenchymal cells or macrophages)
were counted per animal. Four to six bronchiolar/
alveolar units were analyzed per section consisting
of 1) a terminal bronchiole, 2) alveolar duct walls
between the terminal bronchiole and first alveolar
duct bifurcation, and 3) a first alveolar duct bifurca-
tion. Stained cells were counted by light microscopy
at X400 magnification for TGF-a and PCNA immu-
nohistochemistry to generate the percentages of
positive cells. The cells that lined bronchiolar and
alveolar lumens and clearly were above basement
membranes were considered to be epithelial cells,
whereas cells under basement membranes were in-
terstitial cells. Three-way analysis of variance was
carried out to determine differences among indepen-
dent variables (ie, trial and exposure time). One-way
analysis of variance was performed to establish dif-
ferences between exposures at each time point.

Results

Macrophage Distribution

Our previous studies have quantified by scanning elec-
tron microscopy and ultrastructural morphometry the
cellular details and volume of the macrophage popu-
lation that responds to asbestos inhalation.'°~'? In Fig-

ure 1, a unigue perspective on macrophage distribu-
tion is provided by the ED1 antibody. We see that
numerous ED1-positive cells gather on the bifurcation
surfaces during the first 24 hours after exposure (Fig-
ure 1, D and E). The interstitial macrophage population
builds in the lesions through the following 96 hours,
and although the alveolar macrophages slowly clear
over the ensuing weeks, the interstitial population
remains prominent (Figure 11). Our previous studies
show that a population of normal interstitial lung
macrophages are efficient producers of platelet-de-
rived growth factor.?®

Exposure to high concentrations of iron particles
induced the accumulation of few macrophages for a
brief period (Figure 1B).

PCNA Expression

Immunohistochemistry of the PCNA protein revealed
a rapid increase in labeling of both epithelial and
interstitial cells in the developing lesions (Figures 2
and 5). Unexposed animals and those exposed to
iron exhibited typical low numbers of PCNA-positive
cells of approximately 1%. As expected, the asbes-
tos fibers caused highly significant (P < 0.001) in-
creases (~20-fold) in labeling. The degree of differ-
ence between asbestos-exposed and control
animals remained significant for 2 weeks after expo-
sure (Figures 2 and 5) and labeling returned to nor-
mal low levels by the 1-month time period.

In Situ Hybridization for TGF-a

In situ hybridization is necessary to identify the cells
in the developing lesions that express TGF-a mRNA.
Unexposed and iron-exposed animals showed no
evidence of increased TGF-a mRNA at any point in
time (Figure 3A). Immediately after the 5-hour expo-
sure to asbestos, TGF-a mRNA could be detected at
the alveolar duct bifurcations (Figure 3B). However,
within the first 48 hours after exposure, there was a
striking degree of hybridization in bronchiolar Clara
cells and epithelial cells lining the alveolar duct walls
and bifurcations (Figure 3, C-F). In situ hybridization
of adjacent tissue sections with a sense TGF-a probe
was completely negative (Figure 3, D and J). Alveo-
lar macrophages and a few interstitial cells also hy-
bridized for TGF-a message at the 48- and 96-hour
time period (Figure 3). The hybridization signal was
reduced by 2 weeks after exposure but still remained
obvious in every animal (Figure 3K).
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Figure 1. Distribution of macrophages stained with the ED1 antibody. TB, terminal bronchiole; AD, alveolar duct. Alveolar macrophages are shown
by arrowheads, and interstitial macrophages are shown by arrows. A: Normal tissue from unexposed animals showed no lesions and rare
macrophages. B: Occasional alveolar macrophages were noted in the lungs of iron-exposed rats. C: Immediately after a 5-hour asbestos exposure, the
ED1 antibody shows that few alveolar macrophages bave migrated to the alveolar duct regions. D and E: A typical bronchiolar-alveolar duct lesion
(enlarged in E) seen 48 bours after asbestos exposure. Numerous alveolar and i itial macrophages have accumulated around and within this
Jibrotic lesion. F and G: Alveolar and interstitial macropbages remain around the lesions through 96 bours of exposure. H and \: The fibrogenic
lesions persisted for at least 2 weeks after the single exposure, and the interstitial macrophage populations remained prominent.
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Figure 2. Tissue stained with the PC-10 antibody to PCNA. A: Small intestine from the rat was used as a positive control on every slide. B: Unexposed
animals exhibited few labeled cells (arrowheads). C and D: At 48 bours after exposure, PCNA staining was increased significantly (see Figure 5) in
both epithelial and interstitial cells of the fibroproliferative lesions. E and F: PCNA-specific immunostaining was still significantly increased at 96
bours after exposure (see Figure 5). G and H: PCNA staining of the epithelium remained significantly increased in the epithelium (see Figure 5)

through 2 weeks of exposure.

Immunohistochemistry for TGF-a

The pattern of TGF-a protein expression followed
that of the in situ hybridization, ie, bronchiolar Clara
cells, alveolar duct epithelium, macrophages, and a
few interstitial cells clearly were positive for TGF-«
immunostaining (Figure 4). Again, unexposed and
iron-exposed animals exhibited little TGF-a labeling
(Figure 4C). A quantitative analysis of the percent-
ages of stained cells showed the first evidence of

increased protein by 24 hours after exposure (Figure
5). Clara cells of the bronchioles, cuboidal epithelium
of the duct walls, and type Il cells of the alveoli stained
most prominently through the 48- to 96-hour time peri-
ods (Figure 4, D-I), although alveolar macrophages
stained clearly as well (Figure 4F). In a temporal pattern
similar to that of PCNA staining, TGF-a expression
remained significantly elevated through the 2-week pe-
riod after exposure and returned to normal by 1 month
after exposure (Figure 5).
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Figure 3. In situ hybridization of the TGF-a probe in the terminal bronchiolar (TB)-alveolar duct (AD) regions. A: Unexposed control animals showed
little bybridization. B: I diately after the 5-bour asbestos exposure, some evidence of hybridization (arrowhead) was seen at bifurcations. C: By
48 bours after exposure, the bybridization signal was intense in the bronchiolar epithelium (arrowheads) and macropbages (arrow). D: The signal
in a serial section (to that in C) was completely abrogated by using the sense RNA for TGF-a. E and F: The epithelium (arrowheads) of an alveolar
duct bifurcation (enlarged in F) exhibits strong hybridization 48 bours after exposure. G: At 96 hours after exposure, the bybridization signal is still
strong in epithelium and macrophages (arrowheads), one of which is enlarged in the inset. H and |: The TB-AD regions (bifurcation enlarged in |)
exhibited clear bybridization at 96 bours after exposure. J: A section adjacent to that shown in H is negative when sense RNA is used. K: By 2 weeks
after exposure, the number of hybridized cells is reduced, but the signal is still clear.
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Figure 4. Light micrographs of immunobistochemistry for TGF- protein. A: Normal rat kidney sections are placed on every slide and here the tubules
are clearly stained. B: Non-immune mouse IgG does not stain lung (shown bere) or kidney. C: Unexposed control animals rarely show any stained
cells. D and E: At 48 bours after exposure, numerous Clara cells (arrowheads) of the bronchiolar epithelium (enlarged in E) are stained by the TGF-a
antibody. F: Alveolar macrophages (arrowheads) are obviously stained 48 bours after exposure. G: Type II epithelial cells (arrowheads) also stain
positively for TGF-a in asbestos-exposed animals. H and |: The terminal bronchiolar (TB) and alveolar duct (AD) bifurcations (enlarged in 1) exhibit
numerous stained epithelial cells (arrowheads) at 96 bours after exposure (see Figure 5). J and K: The bronchiolar epithelium (arrowheads)
remained significantly elevated in numbers of stained cells (see Figure 5) even 2 weeks after exposure.
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Figure 5. The single, brief exposure to asbestos induced clear increases in the numbers of cells that stain for TGF-a protein and that express PCNA
as a measure of cell proliferation. The data here are means and standard deviations of the stained cells counted in 6 exposed animals (at least 2500
cells per animal) compared with 6 animals from the unexposed and 6 from the iron-exposed groups through the 1-month period after exposure. The
standard deviations reflect variations among animals. The small letters indicate degree of statistical significance compared with the corresponding
control animals at each time point: a, P < 0.001; b, P < 0.01; ¢, P < 0.05. Note that both TGF-o. and PCNA expression remained significantly elevated
in the epithelium of the asbestos-exposed animals for 2 weeks after exposure. PCNA staining, but not TGF-a, was significantly increased in lung

interstitial cells for 2 weeks after exposure.

Discussion

The studies presented here are, to our knowledge,
the first to describe the temporal and anatomic ex-
pression of TGF-a mRNA and its protein in develop-
ing fibrogenic lesions of the lung. These observa-
tions support the hypothesis that TGF-a plays some
role in the process, but additional studies obviously
are necessary to prove this is the case. The fact that
TGF-a appears within the first 24 hours after expo-
sure in the asbestos-exposed animals but not in the
iron-exposed group provides additional evidence for
an important role for TGF-a. Iron particles are depos-
ited in large numbers at the same sites as the as-
bestos fibers,*° but they induce no measurable pro-
liferative response.’® S In accord with the known
mitogenic effects of TGF-a on epithelial cells, we
propose that this factor prbmotes the dramatic pro-
liferative response in the bronchiolar and alveolar
duct epithelium. In addition, it seems reasonable to
speculate that the TGF-a synthesized by the epithe-

lium could be released to the underlying interstitium
where it might act as a mesenchymal cell mitogen in
a paracrine fashion. If the gene expression and pro-
tein staining had not appeared in concert with the
proliferative response, it might have been possible to
dismiss TGF-a as a significant factor in the disease
process.

Other model systems have been studied in at-
tempts to understand the role of TGF-a in lung fibro-
sis. Madtes et al®2 reported that bleomycin induces
the up-regulation of TGF-a along with its cell surface
binding site, the epidermal growth factor receptor. In
direct agreement with our findings, these authors
showed immunochemical localization in macro-
phages as well as airway and alveolar epithelial
cells. Madtes et al®' had shown previously that hu-
man alveolar macrophages produce TGF-a. In the
animal model,?? they used whole lung extraction of
RNA to study gene expression and suggested that
“in situ hybridization should unambiguously define
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the cellular sources of [TGF-a] in the injured lung.”
Madtes et al?2 speculated that they were unsuccess-
ful in doing so because of the low levels of TGF-a
mRNA. We suspect this may be true and suggest
that the strong hybridization signal we demonstrated
here in Figure 3 likely reflects the potent effects of
asbestos on cells of the developing lesions. The
patterns of disease development are quite different
between bleomycin- and asbestos-induced fibrosis.
Bleomycin causes a widespread process involving
all aspects of the parenchyma,3? whereas the initial
lesions of asbestosis are focal, concentrated at the
ends of bronchioles and along the alveolar duct
walls where the fibers first deposit and the macro-
phages accumulate.® 101275 Thysg, it is appropriate
to study gene expression by whole lung extraction
after bleomycin treatment and by in situ hybridization
when studying more focal lesions. Of course, if as-
bestos exposure is continued for weeks or months,
the disease becomes diffuse in both animals®® and
man,” and whole-lung RNA extraction might prove to
be useful.

TGF-a expression has been studied in two other
models of lung fibrosis. Vivekananda et al®** showed
that fibroblasts from the lungs of hamsters exposed
to 100% oxygen expressed the mRNA for TGF-a and
produced the mitogenic protein in vitro. Normal lung
fibroblasts exhibited no evidence of TGF-a produc-
tion. Similarly, Absher et al®® showed that macro-
phages and epithelial cells from rats inhaling crys-
talline silica released substantial quantities of
bioactive TGF-a, whereas the cells from normal an-
imals produced no detectable activity. These find-
ings are consistent with our results reported here
inasmuch as the lungs of normal unexposed animals
exhibited no TGF-a message by in situ hybridization
and little protein by immunohistochemistry. In addi-
tion, the pattern of expression in the exposed ani-
mals was predominantly epithelial, and there was
little evidence of interstitial TGF-a message (Figures
3 and 4).

A recent paper® describes an interesting set of
experiments using exposures to a high concentra-
tion of chrysotile asbestos similar to that used here
and to a lower concentration of fibers. In this model,
high fiber concentrations induced bromodeoxyuri-
dine incorporation and fibrogenesis, and the data
presented on bromodeoxyuridine3® compare favor-
ably to those we show here using PCNA staining and
to findings we presented previously using tritiated
thymidine'® and bromodeoxyuridine.’'S It would
seem that this early proliferative response is relevant
to the development of fibroproliferative lesions at the
sites of fiber deposition. If no inflammatory or fibro-

genic lesions ensue, one could conclude that a brief
proliferative event was inconsequential or merely
nonspecific. It is apparent that cell division provides
the increased populations of epithelial and mesen-
chymal cells in such clearly defined asbestos-in-
duced lesions as hyperplastic alveolar duct bifurca-
tions'®> and smooth muscle cells in thickened
hyperplastic vascular walls.®*® These fibroprolifera-
tive lesions develop during the month after exposure
to a single, brief, high concentration of chrysotile
asbestos.'2 Three days of such an exposure causes
the proliferative response to remain significantly ele-
vated for two weeks and the lesion to be maintained
as hyperplastic for at least six months after expo-
sure.’® It seems highly likely that the proliferative
responses shown by numerous investigators contrib-
ute to the accumulation of the cells that constitute
these fibroproliferative lesions of asbestosis. This
disease process occurs rapidly from brief, intense
concentrations of fibers as used here or develops
more slowly from low, chronic exposures, explaining
the long latency periods experienced by most ex-
posed humans.'®7 If asbestos exposure ceases,
the initial proliferative responses wane, but the le-
sions persist.'2151® The key questions, of course,
are which growth factors or cytokines are mediating
this response and what are the molecular mecha-
nisms involved. In our studies, it is clear that gene
expression and protein elaboration take place focally
at sites of developing lesions, and methods such as
in situ hybridization and immunohistochemistry em-
ployed here are necessary to avoid dilution of TGF-a
message and to study the fibroproliferative lesions.
An advantage of the asbestos model we use is that
the location of these lesions corresponds precisely
to the sites of fiber deposition and macrophage ac-
cumulation.

A fascinating experiment relevant to the findings
presented here has been reported by Korfhagen et
al.®® Transgenic mice that overexpressed human
TGF-a message under control of the human sur-
factant protein promoter develop severe pulmo-
nary fibrosis as adults. The rapid course of disease
in the transgenic animals suggests that TGF-a
plays a major role in the development of the pul-
monary fibrogenesis, probably through its expres-
sion by alveolar and airway epithelial cells. The
authors also clearly demonstrated TGF-a expres-
sion by in situ hybridization in the pleural region.
This suggests a possible correlation with the de-
velopment of pleural plaques and fibrosis so prev-
alent in the lungs of asbestos-exposed individu-
als." If this potent fibrogenic factor were activated
in the mesothelium and submesothelial connective



tissue by asbestos fibers, an explanation for this
disease process would be forthcoming, although
at this time there is no evidence that mesothelial
cells are capable of synthesizing and secreting
TGF-a. It is interesting to note that overexpression
of TGF-a by epithelial cells causes fibrosis in the
lung parenchyma of transgenic mice.®® This is
consistent with our postulate that TGF-a ex-
pressed in the alveolar and bronchiolar epithelium
of asbestos-exposed rats plays some role in the
fibroproliferative process that develops subse-
quently.

TGF-a clearly is a potent growth factor in a num-
ber of settings.2'"2® It promotes wound healing®
and is a powerful angiogenic factor.®® TGF-a is ex-
pressed in a wide variety of human tissue types,*°
and expression has been demonstrated in fetal hu-
man and rat lungs.*"“? In accordance with these
findings, Ryan et al*® showed that TGF-a induces
neonatal rabbit type Il cells to proliferate. Thus,
TGF-« is highly conserved and widespread among
tissue types, attesting to its likely importance in de-
velopment and repair of lung injury. However, the
molecular mechanisms that lead to activation of
TGF-a expression in the lung after exposure to as-
bestos have not been defined. Several observations
suggest that asbestos induces a transcriptional re-
sponse.**~47 An increase in AP-1 activity and a con-
comitant increase in the mRNAs and proteins for fos
and jun, which constitute AP-1 has been observed in
animals and cells exposed to asbestos fibers.44-46
Similarly, NF-«B, an additional transcription factor
induced by stress, is activated after exposure of
cells in culture to asbestos fibers.4” Although asbes-
tos activates expression of these two transcription
factors, there is no evidence that either one mediates
activation of TGF-a gene expression. However, we
have new data demonstrating that asbestos acti-
vates expression of the p53 tumor suppressor pro-
tein at the sites of fiber deposition (unpublished ob-
servations). Furthermore, p53-mediated activation of
the TGF-a promoter recently has been demonstrat-
ed.“® Taken together, these observations suggest
that a cellular response to asbestos could induce
p53-mediated activation of TGF-a expression after
exposure to asbestos.

In summary, we have shown by in situ hybridiza-
tion and immunohistochemistry that TGF-a mRNA
and protein are expressed in the epithelium and
macrophages of developing asbestos-induced fibro-
proliferative lesions. Unexposed and nonfibrogenic
iron-exposed animals exhibit little TGF-a labeling.
The temporal and anatomic distribution of TGF-a
expression are consistent with the appearance of
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PCNA, which can serve as a marker of cell prolifer-
ation although PCNA also functions as a DNA repair
protein.“® The findings reported here support the
postulate that TGF-a contributes to the rapid mito-
genic response that occurs at sites of asbestos dep-
osition where fibrogenic lesions develop in the lungs
of exposed rats. Additional studies using transgenic
and knockout animals, along with administration of
appropriate antibodies and antisense oligonucleo-
tides will be necessary to determine the relative con-
tribution of TGF-a expression to the development of
interstitial pulmonary fibrosis.
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