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Respiratory Epithelial Cell Expression of HumanTransforming
Growth Factor-a Induces Lung Fibrosis in Transgenic Mice
Thomas R. Korfhagen, Robert J. Swantz, Susan E. Wert, Julia M. McCarty,
Carol B. Kerlakian, Stephan W. Glasser, and Jeffrey A. Whitsett
Children's Hospital Medical Center, Division of Pulmonary Biology, Cincinnati, Ohio 45229

Abstract

Increased production of EGFor TGF-a by the respiratory epi-
thelial cells has been associated with the pathogenesis of
various forms of lung injury. Growth factors and cytokines are
thought to act locally, via paracrine and autocrine mechanisms,
to stimulate cell proliferation and matrix deposition by intersti-
tial lung cells resulting in pulmonary fibrosis. To test whether
TGF-a mediates pulmonary fibrotic responses, we have gener-
ated transgenic mice expressing human TGF-a under control of
regulatory regions of the human surfactant protein C (SP-C)
gene. HumanTGF-a mRNAwas expressed in pulmonary epi-
thelial cells in the lungs of the transgenic mice. Adult mice
bearing the SP-C-TGF-a transgene developed severe pulmo-
nary fibrosis. Fibrotic lesions were observed in peribronchial,
peribronchiolar, and perivascular regions, as well as subjacent
to pleural surfaces. Lesions consisted of fibrous tissue that in-
cluded groups of epithelial cells expressing endogenous SP-C
mRNA,consistent with their identification as distal respiratory
epithelial cells. Peripheral fibrotic regions consisted of thick-
ened pleura associated with extensive collagen deposition. Al-
veolar architecture was disrupted in the transgenic mice with
loss of alveoli in the lung parenchyma. Pulmonary epithelial
cell expression of TGF-a in transgenic mice disrupts alveolar
morphogenesis and produces fibrotic lesions mediated by para-
crine signaling between respiratory epithelial and interstitial
cells of the lung. (J. Clin. Invest. 1994. 93:1691-1699.) Key
words: pulmonary fibrosis - transforming growth factor-a * par-
acrine effects * autocrine effects llung cell gene expression

Introduction

Control of cellular proliferation and gene expression during
lung development and after lung injury is thought to involve
complex autocrine/paracrine interactions between epithelial
and interstitial cells in pulmonary tissues. There is increasing
evidence that epidermal growth factor family members, in-
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cluding EGFand TGF-a, are mediators of both lung morpho-
genesis and repair. EGFand TGF-a are closely related polypep-
tides produced by a variety of cells, have pleiotropic effects on
cell proliferation and gene expression, and bind to the EGF
receptor (EGFR),' which transmits intracellular signals in a
variety of cell types ( 1-7). In the lung, TGF-a and EGFhave
been localized to respiratory epithelial cells by immunohisto-
chemistry. EGFis detected in the conducting airway epithelial
cells of the developing mouse, rat, and human lung (8-1 1),
and in alveolar type II, bronchiolar, ciliated, and nonciliated
cells in the rat lung ( 12). TGF-a has also been identified in
fetal human and rat lung ( 13-15). EGFreceptors are localized
in the conducting airway epithelium of fetal ovine lung, sug-
gesting that the airway epithelium is a target site for EGFor
TGF-a action (16). Mesenchymal cells of the developing
mouse lung express preproEGF mRNAand may therefore
serve as cellular targets for EGFor TGF-a ( 17).

There is increasing evidence that EGF and TGF-a alter
branching morphogenesis and differentiation of the developing
mouse lung (8, 18). In vivo administration of EGFcauses epi-
thelial cell hyperplasia in fetal and neonatal lambs ( 19), and
increases phospholipid inclusions in type II epithelial cells in
fetal rabbits and monkeys in vivo (20, 21 ). Surfactant protein-
A mRNAand SP-A protein production is increased in human
fetal lung explants treated with EGFin vitro (22).

EGFor TGF-a may also play a role in cellular responses
after lung injury. EGF is detected in cells of the conducting
airways of infants dying of chronic lung disease, but it is not
detected in the lungs of infants dying from other causes (9).
Lipopolysaccharide endotoxin induces the production of TGF-
a by alveolar macrophages, supporting a potential role for
TGF-a in response to infection (23). TGF-a and EGFRex-
pression by pulmonary epithelial cells increases after bleomy-
cin-induced lung injury (24).

While a variety of experiments support the role of epider-
mal growth factor related peptides in lung morphogenesis and
repair, their direct effects on lung architecture and the mecha-
nisms by which these signals are transduced among pulmonary
cells has not been determined. The present study used trans-
genic mice to demonstrate the effects of epithelial cell expres-
sion of TGF-a on lung morphogenesis in vivo, and to test
whether the effects of TGF-a are mediated by paracrine inter-
actions between epithelial and interstitial cells of the lung.

Methods

Reagents and bacterial strains. Restriction endonucleases and en-
zymes used in cloning reactions were purchased from New England

1 Abbreviations used in this paper: CAT, chloramphenicol acetyltrans-
ferase; CC-10, Clara Cell-10 kD; hGH, human growth hormone; MT,
metallothionein; SP-A, surfactant protein-A; SP-C, surfactant protein-
C; SSPE, sodium chloride sodium phosphate buffer.
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Biolabs (Beverly, MA). Nick translation was performed using a kit
from Bethesda Research Laboratories (Gaithersburg, MD). Plasmids
were cloned and propagated in Escherichia coli DH5aF'.

Preparation of surfactant protein C-human TGF-a-human growth
hormone (SP-C-hTGF-a-hGH) and identification of transgenic mice.
The plasmid phTGFl-10-925 was obtained from the American Type
Culture Collection (Rockville, MD). SP-C-hGH was constructed by
cloning the 3.7-kb flanking sequences of the human SP-C sequences
into the HindIII site of PUC1 8-hGH (25). A 0.93-kb EcoRI fragment
containing the coding sequence for human TGF-a was isolated, BgIII
linkers attached, and cloned into the BamHI site of SP-C-hGH to gener-
ate SP-C-hTGF-a-hGH. A 6.6-kb Ndel/EcoRI fragment was microin-
jected in the male pronucleus of fertilized FVB/N mouse eggs to gener-
ate transgenic mice, which were identified from genomic tail DNAby
Southern blot analysis with nick-translated 0.93-kb TGF-a cDNAas
probe using previously described Methods, except that final washes
were in 0.2 x SSC, 0.1% SDSat 650C (25). The studies on transgenic
mice were reviewed and approved by the Institutional Animal Care
and Use Committee of the Children's Hospital Research Foundation.
Northern blot analysis was performed using 32P-labeled human TGF-a
cDNA as previously described (25) with the following modifications:
Hybridization was in 50% formamide, 2.5% Denhardt's ( 1 X Den-
hardt's is 0.02% polyvinylpyrrolidane, 0.02% Ficoll, 0.02% bovine
serum albumin), 5 X sodium chloride sodium phosphate EDTAbuffer
(SSPE) (I X SSPEis 0.18 MNaCI, 10 mMsodium phosphate, pH 7.7,
1 mMEDTA), 1% SDS, 10% Dextran sulfate, and 200 ,g/ml salmon
sperm DNA. Final wash was in 0.2 x SSPE, 0.1% SDSat 55°C.

Tissue preparation, stains, and in situ hybridization. Mice were
killed by intraperitoneal injection with pentobarbital. Lungs were infla-
tion fixed by gravity for I min at 25 cmof pressure with 4%paraformal-
dehyde in phosphate-buffered saline, pH 7.2. Specimens were cryopro-
tected in 30% sucrose, embedded in molds, and frozen over liquid
nitrogen. Cryostat sections of 8-10 ,um were collected on silane-coated
slides, postfixed in 4% paraformaldehyde, dehydrated, and stored at
-80°C. Tissues were stained with hematoxylin-eosin, by Verhoeff's
method for detection of elastin fibers, or by Masson's trichrome
method for the detection of collagen fibers according to previously
described protocols (26).

For in situ hybridization, the slides were rehydrated, digested with
20 ,g/ml proteinase K, acetylated in 0.25% acetic anhydride in 0.1 M
triethanolamine, and dehydrated through a graded series of alcohols.
Riboprobes were synthesized from pGEM-3Zor 4Z vectors containing
murine SP-C cDNAor rat Clara Cell-0 kD protein (CC-I0) cDNAas
described previously (27). A 30-bp antisense human TGF-a oligonu-
cleotide was obtained from R & D Systems, Inc. (Minneapolis, MN)
and was end-labeled with 35S-dATP. A total of 1 X 106 cpm in a 15-Ml
vol was applied to sections, and hybridized for 15-18 h at 55°C for the
riboprobes or 37°C for the oligonucleotide probes. Sections hybridized
with riboprobes were washed at 65°C in 50% formamide, 2 X SSC, 10
mMDTT for 30 min, then treated with 20 ,g/ml RNase A and 5 U/ml
RNase Tl at 37°C for 30 min. A second wash was then performed at
65°C in 50% formamide 2 X SSC, 10 mMDTT for 30 min followed by
two washes in 2 X SCCand 0. 1 X SSCat room temperature for 15 min
each. For the oligonucleotide in situ hybridization, slides were washed
for 1 h at room temperature in 2 X SSC, 1 X SSCtwice, and 0.5 x SSC,
followed by two washes at 55°C in 0.5 x SSCfor 45 min. All slides were
dehydrated through a graded series of alcohols, dipped in 50% Ilford
K5 nuclear track emulsion, and autoradiographed for 5-21 d at 4°C.
Slides were developed with Kodak Dl9 developer at 16°C. Sections
were counterstained with hemotoxylin and eosin. Specificity of ribo-
probes and the oligonucleotide probe were established by hybridization
with sense probes or a 30-bp randomer oligonucleotide.

Results

Identification oftransgenic mice bearing TGF-a chimeric gene.
Six independent founder mice bearing the human SP-C-TGF-
a-hGH transgene were produced. Humangrowth hormone se-

quences were included to provide introns. The presence of in-
trons enhances transcription in transgenic mice (28). Southern
blot analysis ofgenomic DNAfrom the transgenic mice demon-
strated the presence of diagnostic fragments from the exoge-
nous DNAafter digestion with PstI (Fig. 1 A). In all founder
animals, a PstI fragment of - 1.4 kb was detected, consistent
with that expected from the inserted transgene. Smaller PstI
fragments predicted from the restriction map of the transgene

A
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Figure 1. Southern and northern blot analysis of transgenic mice. (A)
Representative autoradiograms of Southern blots are presented. Each
lane was loaded equally with total genomic DNAdigested with Pstl
and probed with the human TGF-a cDNA as described in Methods.
Lane 1 is from a nontransgenic mouse, lane 2 is from the H8 mouse,
and lane 3 from the H9 mouse. The position of an expected diagnos-
tic fragment of- 1.4 kb is marked with an arrowhead. The band de-
tected above the 1.4-kb fragment in lane 3 is probably caused by par-
tial digestion with PstI, and was only seen with the H9 DNA. (B)
RNAwas prepared from tissues of an F2 offspring of the ElI line.
Approximately 20,gg of total RNAwas loaded in each lane. Odd
numbered lanes are from a nontransgenic mouse, and even numbered
lanes from the transgenic mouse. Lanes 1 and 2, lung; lanes 3 and
4, brain; lanes 5 and 6, liver; lanes 7 and 8 testes; lanes 9 and JO,
heart. The arrow marked a depicts an - 2.0-kb band, and the arrow
marked b depicts the position of an 1I.0-kb hTGF-a mRNAspecies.
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were also detected (data not shown). The six independent
founder transgenic mice and several offspring were available
for histological study and were compared with five nontrans-
genic mice of comparable age. Two of the founder transgenic
mice (43 and 44) were housed under pathogen-free conditions.
Representative mice in rooms for the other transgenic mice
and the control mice had positive serology for mouse hepatitis
virus, but not Sendai virus. Transgenic mice H8, G2, El (FO),
and El (Fl ) appeared normal at the time of death, while ani-
mal H9 had ruffled fur and was lethargic at the time of death.
By 3 wk of age, transgenic mice 43 and 44 appeared smaller
than age-matched littermates. Mouse 44 was noted to be cya-
notic before death. Except for those abnormalities noted in the
lung, there were no abnormalities detected by gross examina-
tion of any of the organs of the transgenic mice at sacrifice or at
death. The histological characteristics of the lungs of the trans-
genic mice are listed in Table I.

Northern blot analysis of total RNA from a transgenic
mouse of the El line (Fig. 1 B) demonstrated the presence of a
variety of sizes of transcript in the lung with the prominent
bands a doublet at - 1.0 kb. Variability in transcript size may
result from alternate splicing or termination in the growth hor-
mone sequences. Messenger RNAhybridizing to human TGF-
a probe of - 2.0 kb was also detected in the brain but was
much less prominent than the lung transcripts. HumanTGF-a
transcripts were not detected in other tissues examined.

Histopathology of the lungs from transgenic animals. Char-
acteristic hypercellular fibrotic lesions were detected in lungs
from all lines of the transgenic mice (Fig. 2). Fibrotic lesions
were not observed in five control mice or in lungs from other
transgenic mice bearing 3.7 SP-C-driven chimeric genes main-
tained in our mouse colonies. Regions of marked hypercellu-
larity were observed in the lung interstitium and were espe-
cially prominent near pulmonary vessels and bronchioles (Fig.
2 B). The fibrotic lesions generally consisted of fibroblastoid
interstitial cells, but also included distinct cuboidal cells that
were readily distinguished by their red staining cytoplasm (Fig.
2 C). Cuboidal cells were generally observed in linear arrays,
clusters, or organized into acini within the fibrotic lesions.
There were no distinguishing abnormalities in the alveolar in-
terstitium or in alveolar, bronchiolar, or bronchial epithelium
of the transgenic mice. Endothelial and vascular tissues also
appeared unaltered by light microscopic analysis. While the

fibrotic lesions were observed in all of the transgenic lines exam-
ined, the size and distribution of the fibrotic lesions varied
among the transgenic mice. The distribution of lesions in line
El (FO) was patchy, with some sections having no detectable
alterations. The lesions in the El (Fl ) were more severe and
were observed throughout the lung. El (FO) transmitted the
transgene to three of five males and no females of the Fl genera-
tion. Subsequent generations transmitted the transgene to
100% of males but males only, consistent with Y-linked inheri-
tance. El (FO) is likely to be mosaic, which may explain the
patchy distribution of the lesions compared to the Fl genera-
tion. In contrast, the lesions in E43(FO) were confined to the
left lung, while the right lung was normal by light microscopy.

The pleural surfaces of the lungs from the transgenic mice
were generally thickened compared to those of nontransgenic
animals (Fig. 2 D). The distribution and severity of the pleural
lesions varied among the transgenic mice and were generally
more severe in those animals having the larger central fibrotic
lesions. Although inflation fixed under identical conditions,
alveolar air spaces were larger in the lungs from all the trans-
genic lines examined, as compared to the lungs of the nontrans-
genic controls when assessed by light microscopy (Figs. 2 and
4). There was, however, no apparent thickening of the alveolar
interstitium nor accumulation of debris within these air spaces.
Mononuclear cells were seen in the airspaces of both transgenic
and nontransgenic animals and consisted primarily of alveolar
macrophages (Fig. 2 D). Macrophages were in general more
abundant in the lungs of the transgenic mice compared to con-
trols. Groups of mononuclear cells typical of bronchial asso-
ciated lymphocytes were observed near bronchioles and, more
rarely, at pleural surfaces in lungs of both transgenic and non-
transgenic mice. Polymorphonuclear cells were not observed in
the lungs of either transgenic or control mice. Collections of
lymphocytes, consistent with lymph nodules, were identified
subjacent to bronchiolar epithelium in some sections of trans-
genic and nontransgenic lungs.

Collagen deposition in the fibrotic lesions. Representative
sections of the lungs were prepared with Masson trichrome
stain (Fig. 2). Masson trichrome stain is a histological method
of distinguishing collagen deposition from accumulation of
smooth muscle cells (26). Abundant, blue staining collagen
fibrils were noted in both central and peripheral lesions of the
transgenic mice, consistent with the interpretation that fibrotic

Table I. Histological Characteristics of Lungs from the 3.7 SP-C-TGF-a Transgenic Mice

Central Pleural Elastic fiber Enlarged
Line (Generation) Age Sex lesions thickening abnormalities alveoli

mO

H8 (FO) 14 F Present Present Present Present
H9 (FO) 14 F Present Present Present Present
G2 (FO) 12 M Present Present Absent Present
El (FO) 16 M Present Present Absent Present
El (Fl) 12 M Present Present Absent Present
43 (FO) 4 M Present Present ND Present
44 (FO) 4 F Present Present ND Present

Transgenic mice are identified with laboratory designations. FO indicates a founder mouse, F1 is offspring of the first generation. Histological
characteristics are described in the text. ND, not determined. Lungs from five age-matched control FVB/N mice, housed under identical
conditions, were without fibrotic lesions.
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Figure 3. (A-D) Detection of human TGF-a and murine SP-C mRNAby in situ hybridization. Dark-field photomicrograph of a central fibrotic
lesion hybridized to the hTGF-a oliogonucleotide from the H8 mouse is seen in A. In situ hybridization was performed with a human TGF-a
oligomer (A) and endogenous murine SP-C (C). B and D are the corresponding bright-field photomicrographs. Hybridization signals for both
human TGF-a and murine SP-C were detected in alveolar epithelial cells in lung parenchyma and adjacent to and within the fibrotic lesions.
A 30-nucleotide random oligomer probe was used as a control demonstrating no specific labeling (not shown). HumanTGF-a mRNAwas not
detected in the nontransgenic mice (not shown) under these conditions. Bright-field sections were counterstained with hematoxylin and eosin.
a, artery; b, bronchiole; v, vein. - X29.

lesions are forming. There was no detectable collagen deposi-
tion in the peripheral-alveolar regions in the lungs of the non-
transgenic animals.

Alterations of elastin fibers. Disruption of elastin fiber orga-
nization is characteristic of various forms of lung injury and
has been described in both bronchopulmonary dysplasia (29)
and emphysema. Elastin fibers were altered in the perihilar,
hypercellular lesions, as well as in the alveolar, bronchiolar,
and pleural regions of the lungs of the H8 and H9 mice (data
not shown). Elastin fibers adjacent to bronchiolar structures
were shorter and appeared blunted compared to those from
controls. In contrast, elastin fiber staining was not altered in
vessel walls. Elastin fiber distribution in three mice (G2,
El [FO], and El [Fl]) was similar to that of the control lungs.

Localization of human TGF-a mRNAin lungs of trans-
genic animals. An oligomer specific for human TGF-a mRNA
was used to detect TGF-a transcripts by in situ hybridization in

lungs of the H8 and H9 mice. HumanTGF-a transcripts were
confined to epithelial cells in alveolar regions and in cuboidal
cells within central fibrotic lesions of lungs from the transgenic
mice (Fig. 3, A and B). TGF-a mRNA-expressing cells were
also abundant in regions subjacent to the thickened peripheral
lesions (Fig. 4, A and B). The distribution of the TGF-a tran-
scripts was similar to that of endogenous murine SP-C tran-
scripts (Fig. 3, Cand D, and Fig. 4, Cand D). No hybridization
signals were detected in lungs from control mice using the hu-
man TGF-a oligomer (Fig. 4, E and F). A 30-nucleotide ran-
domer failed to hybridize to either control or transgenic lungs
(data not shown).

Identification of respiratory epithelial cells in fibrotic le-
sions. In situ hybridization analysis with epithelial lung cell-
specific mRNAswas used to further characterize the cuboidal
cells located within central fibrotic lesions. Murine SP-C
mRNAis known to be selectively expressed in type II cells,

Figure 2. (A-D) Central and peripheral fibrotic lesions assessed with trichrome staining of lung tissue from SP-C-TGF-a transgenic mice. A
represents normal bronchial, vascular, and alveolar architecture in control lung. Typical fibrotic lesions containing abundant blue-staining col-
lagen deposition from the H8 transgenic mouse lung are represented in B. Crepresents an enlarged view of the cuboidal epithelial cells (arrows)
found within the central fibrotic lesion noted in B. Representative pleural lesion is seen in D. Note enlarged alveolar spaces and mononuclear
cells. a, artery; b, bronchiole; v, vein. - x43 in A and B, - x212 in Cand D.

TGF-a-Induced Lung Fibrosis in Transgenic Mice 1695
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while CC- 10 mRNAis expressed in bronchiolar, bronchial,
and tracheal cells in the murine lung (27). Endogenous SP-C
mRNAwas observed in alveolar type II epithelial cells in pe-
ripheral regions of the lungs from the transgenic mice consis-
tent with the pattern of expression seen in nontransgenic ani-
mals (Fig. 4, Cand G). The murine SP-C probe also hybridized
to epithelial cells within the central fibrotic regions from the
lungs of transgenic mice (Fig. 3 C). Murine CC-0 mRNAwas
not detected in epithelial cells within the interstitial lesions, but
was readily detected in epithelial cells of the conducting air-
ways of both transgenic and nontransgenic animals (data not
shown). Cells expressing murine SP-C mRNAwere also con-
centrated near the pleural fibrotic lesions in a pattern similar to
that of human TGF-a mRNAproduced by the transgene (Fig.
4 C).

Discussion

Lung epithelial cell-specific expression of human TGF-a was
directed by promoter-enhancer elements derived from the 5'
region of the human SP-C gene producing severe pulmonary
fibrosis in transgenic mice. This study demonstrates that local
production of TGF-a affects lung morphogenesis and/or re-
modeling, supporting the concept that paracrine interactions
between respiratory epithelial cells and the pulmonary intersti-
tium can produce lung fibrosis.

The marked fibroproliferative abnormalities detected in
the human SP-C-TGF-a transgenic mice were confined to the
lung, consistent with the expression of the exogenous TGF-a
mRNAin distal respiratory epithelial cells as demonstrated by
in situ hybridization of the transgenic animals. The pulmonary
distribution of the expression of the transgene was similar to
that of the endogenous SP-C mRNAand to that generated by
the human 3.7 SP-C promoter-enhancer previously reported
from this laboratory (25, 27, 30, 31). In the current study,
human TGF-a mRNAwas readily detected by Northern blot
analysis in the lung and was absent from other tissues, except
for a larger and less abundant transcript detected in the brain.
The relative abundance and distribution and expression from
this SP-C promoter-enhancer element has varied in the lungs of
transgenic lines produced by our laboratory. In general, expres-
sion of transgenes has been confined to respiratory epithelium
with the human 3.7 SP-C sequences. However, expression of
simian virus 40 large T antigen was detected at low levels in the
brains of transgenic mice bearing the human 3.7 SP-C simian
virus 40 large T antigen construct, as reported previously ( 31 ).
The reason for variability in tissue expression of the SP-C se-
quences is not known, but may involve positional effects de-
pendent on the sites of integration of the transgene. Chloram-
phenicol acetyltransferase (CAT) mRNAwas detected as early
as day 10 of gestation in the human 3.7 SP-C-CAT transgenic
mice (27), supporting the likelihood that the expression of
TGF-a from this element may have influenced lung growth
and development throughout its morphogenesis.

The lack of detectable effects in other organs supports the
concept that the local production, rather than systemic release
of TGF-a, produced the fibroproliferative responses noted in
the interstitium of the lungs from the SP-C-TGF-a-bearing
animals. Jhappan et al. (32) and Sandgren et al. (33) generated
transgenic mice expressing TGF-a under control of the metal-
lothionein (MT) promoter that produced ductal metaplasia
with fibrosis in the pancreas and epithelial hyperplasia and/or
carcinoma in the liver, mammary glands, and coagulation
glands. While human TGF-a mRNAwas detected in lung tis-
sue of the MT-TGF-a by RNAse protection assay, pulmonary
lesions were not detected in those transgenic animals (33).
Differences in the level and cellular sites of expression of hu-
man TGF-a in the lungs of the MTdriven as compared to the
SP-C-driven TGF-a may have contributed to the differences
between the present study and those of Jhappan et al. (32) and
Sandgren et al. (33). Both the lung and pancreas respond to the
TGF-a signal by the production of fibrotic lesions that were not
detected in other tissues (32, 33). The precise mechanism ac-
counting for differences in tissue response has not been deter-
mined, but differences in microenvironment, fibroblast sub-
types, or fibroblast EGFRexpression are likely to be involved.

Fibrotic lesions were prominent in central perihilar, peri-
bronchiolar, and peribronchial regions. In these regions, cells
expressing human TGF-a mRNAwere detected in a pattern
similar to that of the SP-C-expressing cells. Thus, cells with
type II epithelial cell characteristics were producing TGF-a and
were surrounded by fibrotic regions. Bronchiolar cells did not
contain human TGF-a mRNAas detected by in situ hybridiza-
tion. In more peripheral areas of the lung parenchyma, human
TGF-a mRNAwas detected in some epithelial cells in the ab-
sence of alveolar thickening or fibrosis. While the mechanism
involved in this heterogeneity is unclear at present, it is possible
that interstitial cells involved in the fibroproliferative response
may be sensitive to the action of TGF-a in the central and
pleural lesions, but less sensitive in other regions of the lung
parenchyma. Production of human TGF-a in the developing
and conducting airway of the transgenic animals during lung
development may have influenced mesenchymal growth, ulti-
mately leading to the robust central fibrotic lesions. Finally,
epithelial cells expressing SP-C and human TGF-a were readily
detected within the epithelial cells in central fibrotic lesions,
perhaps further contributing to the local production of TGF-a,
thereby producing the marked, central fibroproliferative re-
sponses observed in the lungs of the transgenic mice. There
were no detectable abnormalities in epithelial cell distribution
or in the incidence of pulmonary adenoma formation observed
in the present study. The variability in severity and distribution
of lesions observed in these mice may relate to differences in
the level, timing, and/or distribution of expression of the TGF-
a transgene. Such heterogeneity was also observed in the SP-C-
CAT-bearing transgenic mice, in which the level and relative
abundance of alveolar as compared to distal bronchiolar ex-
pression of the SP-C-driven transgene varied among founder
lines (34).

Figure 4. (A-H) In situ hybridization of hTGF-a and endogenous SP-C mRNAin peripheral lesions of lungs from the SP-C-hTGF-a transgenic
mice. Dark-field and bright-field photomicrographs of lung periphery of SP-C-hTGF-a (A-D) and transgenic negative controls (E-H). A and
E were hybridized with the hTGF-a oligomer, while panels Cand Gwere hybridized with a murine SP-C ribroprobe. HumanTGF-a mRNA
was detected only in the transgenic mice in a distribution consistent with SP-C expressing alveolar type II cells (A and C). Increased hybridiza-
tion for both probes was noted in close association with pleural fibrotic lesions. HumanTGF-a oligonucleotide did not bind to nontransgenic
lung (E and F). Note disruption of alveolar architecture in the transgenic mice (B and D). - x72.
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Alveolar structure in the TGF-a-bearing transgenic mice.
While the interstitium of the alveoli was not detectably altered
by light microscopy, the alveolar size was apparently increased
in all of the TGF-a-bearing transgenic mice studied, Fig. 2-4.
This finding strongly supports the concept that the local pro-
duction of TGF-a has influenced the morphogenesis, and in
particular, the alveolar septation of these lungs. Recent in vitro
studies by Ganser et al. (18) and Swantz et al. (35) demon-
strated that TGF-a and EGFreduced the rate of lung bud for-
mation in organ culture of fetal mouse lung. The present study
and those of Ganser and Swantz provide support for the con-
cept that this family of polypeptides interferes with branching
morphogenesis of the lung and contrast with the work of War-
burton et al. (8), who described increased branching of lung
explants after treatment with EGF. Although detailed morpho-
metric studies have not been performed, the present study sug-
gests that alveolar septation may be decreased, rather than in-
creased, during lung morphogenesis in the SP-C-TGF-a mice.
Previous studies with the SP-C promoter element demon-
strated that expression of the chimeric SP-C-CAT gene is main-
tained throughout the period of branching morphogenesis and
alveolarization (27). Thus, local production of human TGF-a
in the developing lung may have influenced alveolar organiza-
tion and, ultimately, the structure of the lung in the adult trans-
genic animals.

There were also no consistent changes in mononuclear or
polymononuclear cells in the lungs of the SP-C-TGF-a trans-
genic mice. Serologic studies from the mouse colony failed to
identify common respiratory pathogens. The marked pulmo-
nary fibrosis seen in the transgenic mice was not observed in
control mice housed under identical conditions nor in numer-
ous mice bearing SP-C chimeric transgenes that have been
maintained in our colonies over the past 5 yr, as assessed vi-
sually and histologically. Thus, the lesions observed in the pres-
ent study are related to the expression of TGF-a directed by the
transgene.

Correlations with human pulmonary disease. Pulmonary
fibrosis is a common consequence of diverse injuries to the
lung. The pathologic features of pulmonary fibrosis are vari-
able and highly dependent on the cause and degree of injury.
After acute lung injury, inflammatory cells appear in the inter-
stitium and airspaces, followed by epithelial changes and leak-
age of vascular components into the airspace and interstitium.
The inflammatory responses may resolve entirely or lead to
pulmonary fibrosis. Fibrotic lesions are initially hypercellular
and contain abundant collagen then advance to thickened, col-
lagen-filled interstitium and airspaces. A variety of cytokines
and growth factors have been detected during the course of
formation of fibrotic lung lesions. TGF-a is synthesized and
released by alveolar macrophages and platelets within the lung
after stimulation by lipopolysaccharides (23), and the local
release of TGF-a may influence the fibrotic process during
lung injury. Immunoreactive EGFis increased in the conduct-
ing airway epithelium of infants dying of bronchopulmonary
dysplasia in association with severe pulmonary fibrosis (9),
and TGF-a mRNAsynthesis is increased in epithelial cells in
rats after bleomycin-induced pulmonary fibrosis (24). The
transgenic mouse model presented in the present study demon-
strates that TGF-a expression leads to interstitial fibrotic le-
sions in the lung, but further studies are needed to identify
epithelial cell TGF-a synthesis in a clinical injury. The patho-
logical process in these transgenic mice is primarily fibroproli-
ferative, involving interstitial regions and pleural surface,

rather than peripheral airspaces. Although mononuclear cells,
including macrophages, were detected in alveolar spaces in
some of the mice, there was no marked inflammatory process
in the lungs of these animals. A similar fibrotic response oc-
curred to TGF-a in the pancreas of transgenic mice (32, 33) in
the absence of inflammation. Thus, in the lung and pancreas,
the fibroproliferative response can occur in the absence of se-
vere inflammatory cell infiltration.

In summary, we have generated transgenic mice in which
human TGF-a was expressed in the lung in an epithelial cell-
specific manner. The mice developed pulmonary fibrosis, dem-
onstrating that TGF-a produced by the lung epithelium causes
a fibroproliferative response in the interstitium and pleural sur-
face. These studies support the hypothesis that TGF-a or fam-
ily members of the EGFreceptor family may be mediators of
pulmonary fibrosis after lung injury.
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