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Bleomycin-induced pulmonaryfibrosis is associ-
ated with increased lung transforming growth
factor-"l (TGF-(3) gene expression, but celular lo-
calization ofthe source ofthis expression has not
been unequivocally established. In this study,
lungfibrosis was induced in rats by endotracheal
bleomycin injection on day 0 and, on selected days
afterwards, lungs were harvestedfor in situ hy-
bridization, immunohistochemical and histo-
chemical analysesfor TGF-.31 mRNA andprotein
expression, and ceUl identification. The results
show that control lungs express essentially no de-
tectable TGF-13, mRNA or protein in the paren-
chyma. Before day 3 after bleomycin treatment,
scattered bronchiolar epithelial cells, mono-
nuclear cells, and eosinophils expressed elevated
levels ofTGF-f31. Between days 3 and 14, there was
a major increase in the number of eosinophils,
myofibroblasts, andfibroblasts strongly express-
ing TGF-f31 mRNA and protein. TGF-13 -producing
cells were predominantly localized within areas
of injury and activefibrosis. After day 14, the in-
tensity andnumberofTGF-f61-expressing ceUs sig-
nificantly declinedandwerepredominantlyfound
infibroblasts infibrotic areas. The expression of
TGF-,l1protein wasgenerally coincident with that
for mRNA with the exception ofbronchiolar epi-
thelial cells in which strong protein expression
was unaccompanied by a commensurate increase
in mRNA. The study demonstrates that myofibro-
blasts,fibroblasts, and eosinophils represent the
major sources of increased lung TGF-f31 expres-
sion in this model ofpulmonary fibrosis. (AmJ
Pathol 1995, 147:352-361)

Transforming growth factor-,8 (TGF-,B) is a multifunc-
tional mediator capable of regulating cell proliferation
and differentiation as well as synthesis of many com-
ponents of the extracellular matrix.1 Increased pro-
duction of TGF-, has been associated with normal
reparative as well as pathological fibrotic processes
in many organs including lung.2 13 Some of the ex-
periments suggest that modulation of tissue repair
and scar formation can be approximated to some de-
gree by either exogenous administration of TGF-f31 or
neutralizing antibody to TGF-P13 under certain experi-
mental conditions.14'15 Up-regulation of lung TGF-41
mRNA expression in rodent bleomycin-induced pul-
monary fibrosis correlates with the increase in lung
extracellular matrix production.7-9 In vivo studies of
human idiopathic pulmonary fibrosis and bleomycin-
induced lung fibrosis suggest that epithelial cells and
macrophages may represent possible cellular
sources of TGF-f31 during the period of active fibrosis,
although the distribution or pattern of TGF-P,1 expres-
sion is not identical in these studies. 10-13 These stud-
ies also do not unequivocally identify the cells ex-
pressing this cytokine, especially in terms of specific
phenotypic characteristics. Other recent studies sug-
gest that the newly reactive myofibroblasts and/or fi-
broblasts and eosinophils may play an important role
in terms of in vivo cytokine production during repara-
tive and fibrotic processes.16-19 In this study, these
issues are examined by using combined in situ hy-
bridization and immunohistochemical and histo-
chemical methods to more specifically identify the
cells responsible for TGF-f31 up-regulation in fibrotic
lungs during evolution of this disease. The influence
of the methods of tissue fixation and differences in
staining pattern, intensity, and specificity between
various TGF-P antibodies are also examined.
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Materials and Methods

Animals and Tissue Sampling

Specific pathogen-free, male Fisher 344 rats weigh-
ing 200 to 250 g were obtained from Charles River
Breeding Laboratories (Wilmington, MA). These ani-
mals arrived in filtered cages and were maintained in
clean animal quarters separate from other laboratory
animals. Animals were randomly assigned to control
or experimental groups. Pulmonary fibrosis was in-
duced on day 0 by the endotracheal injection of 0.75
U of bleomycin per 100 g of body weight in 300 pl of
sterile saline as previously described.19'20 Control
animals received sterile saline only. Animals (13 per
group) were sacrificed on days 1, 3, 7, 14, 21, and 28
after bleomycin treatment. The lungs were rapidly dis-
sected free of extraneous tissues and those from 5
animals in each group were immediately filled with
either neutral buffered formalin, pH 7.2, or methacarn
(methanol/chloroform/glacial acetic acid; 60:30:10,
v/v) perfused through the trachea. After at least 16
hours of fixation, the lungs from the anterior, middle,
and lower right segments as well as posterior and
anterior left segments were cut with a razor blade and
embedded in paraffin.19'20 Three- to five-micron sec-
tions of formalin-fixed tissues were prepared for in situ
hybridization, immunochemistry, or combined in situ
hybridization and immunochemistry. Sections of
methacarn-fixed tissues were used for immunochem-
istry only. The general histological appearance of tis-
sue was assessed after routine hematoxylin and eosin
staining. The methacarn fixation allows for greater
preservation of antigenic properties, and thus en-
hanced sensitivity for immunochemical studies, but
rendered the tissues unsuitable for in situ hybridiza-
tion analysis. 19,20

Histochemical and Immunochemical
Analyses

Three different anti-TGF-P antibodies were evaluated
for this study. Polyclonal rabbit anti-TGF-f3 antibody
(AB-1 0-NA), which cross-reacts with TGF-/31 and -P2,
was purchased from R&D Systems (Minneapolis,
MN). Polyclonal rabbit antibody to the NH2-terminal
1-30 amino acids of mature TGF-f31 (anti-LC) was
prepared as previously described.10'11 A mouse
monoclonal anti-TGF-f3 antibody (1D11.16), which
also cross-reacts with TGF-P1 and 32, was a generous
gift of Celtrix Pharmaceuticals (Santa Clara, CA).21
Rabbit affinity-purified nonimmune immunoglobulin
(1g)G, chromotrope 2R, and toluidine blue were pur-
chased from Sigma Chemical Co.(St. Louis, MO). For

cell phenotype identification the following antibodies
were used: anti-human eosinophil major basic pro-
tein monoclonal antibody (BMK-13, IgG1) from
Monosan (Uden, The Netherlands), mouse anti-rat
macrophage/monocyte antibody (ED1) from Serotec
(Indianapolis, IN), rabbit anti-T-lymphocyte antibody
(CD3) and rabbit anti-human von Willebrand Factor
(vWF) from Dako (Carpinteria, CA), mouse mono-
clonal anti-a-smooth muscle actin (a-SM actin) from
Boehringer Mannheim Biochemicals (Indianapolis,
IN). Secondary antibodies and related reagents were
biotinylated and affinity-purified horse anti-mouse
IgG (rat adsorbed), biotinylated affinity-purified goat
anti-rabbit IgG, avidin-biotin amplification and ABC
Elite kits from Vector Laboratories (Burlingame, CA),
and mouse myeloma IgG1 and IgG2a from Zymed
(South San Francisco, CA).
The newly reactive myofibroblasts or fibroblast-like

cells were identified as spindle-shaped cells pos-
sessing oval or elongated nuclei and positive staining
with anti-a-SM actin antibody.20'22 Eosinophils were
identified by their polymorphonuclear morphology
and specific characteristic staining by chromotrope
2R1923 or by cytoplasmic staining with anti-human
eosinophil major basic protein antibody.19'24 Neutro-
phils exhibited similar polymorphonuclear morphol-
ogy but did not stain with chromotrope 2R. Monocytes
and macrophages were identified by their mono-
nuclear morphology and cytoplasmic staining with
the ED1 antibody.19 T lymphocytes, mast cells, and
endothelial cells were identified by cytoplasmic stain-
ing with CD3 antibody, toluidine blue, and anti-human
vWF polyclonal antibody, respectively. 19.24.25

For identification of eosinophils or mast cells, the
paraffin sections were dewaxed through xylene, re-
hydrated through an ethanol series, and either
stained with chromotrope 2R or toluidine blue, re-
spectively.19 The slides were then rinsed in distilled
water and coverslipped. Eosinophils exhibited bright
red cytoplasmic staining whereas mast cells varied in
color from purple to red-violet with their respective
histochemical stains.

Immunochemistry was performed by the immunoper-
oxidase technique as previously described.20'26 Briefly,
endogenous peroxidase activity in sections was inacti-
vated with 3% H202 for 10 minutes. The primary anti-
bodies were used at the following concentrations or di-
lutions: polyclonal rabbit anti-LC (10 to 15 pg/ml),
polyclonal rabbit anti-TGF-f3 (8 to 10 pg/ml), mouse
monoclonal anti-human TGF- (150 pg/mI), BMK-13(1:5
dilution), ED-1 (1:800 dilution), anti-a-SM actin (1:500 di-
lution), anti-CD3 (1:100 dilution), and anti-vWF (1:200).
Biotinylated and affinity-purified horse or goat anti-rabbit
IgG was used as the secondary antibody. Avidin-biotin
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amplification (ABC Elite) was followed by incubation with
the substrate, 3',3'-diaminobenzidine. Nuclear counter-
stain with hematoxylin was followed by graded sequen-
tial dehydration in ethanol.

Negative and positive control slides included (1)
omission of primary antibody, (2) substitution of pri-
mary antibody for corresponding nonimmune IgG iso-
type, and (3) use of rat spleen and intestine as posi-
tive controls for ED-1 and CD3 antibodies and for
a-SM-actin antibody, respectively. Cytospun human
blood samples were used as positive controls for
eosinophil immunostaining by the BMK-13 antibody.
Rat carotid blood vessels were used as positive con-

trols for the anti-vWF antibody.

In Situ Hybridization

In situ hybridization was performed as previously de-
scribed.19'20 The 30-mer oligonucleotide antisense
probe for TGF-f19 was 5'-GAAGTTGGCATGGTAG-
CCCTTGGGCTCGTG-3'.
The corresponding sense probe was used for con-

trol purposes. These probes were synthesized by an

automated DNA synthesizer and then purified by high
pressure liquid chromatography before use. The oli-
gonucleotide probes were labeled with 35S by the 3'-
end-labeling method and then purified by electro-
phoresis on a 12% polyacrylamide gel.1920 Briefly,
the paraffin sections were dewaxed, pretreated with
chromotrope 2R,18,19 and sequentially treated with
0.2 N HCI and 0.25% (v/v) acetic anhydride in trieth-
anolamine. After sequential washes in 2X standard
saline citrate (SSC), the slides were overlaid with pre-

hybridization buffer. This was followed by the addition
of the indicated radiolabeled oligonucleotide probe
diluted in hybridization buffer and the slides were then
coverslipped. After 18 hours, the coverslips were

gently removed and the slides sequentially washed in
various dilutions of SSC. After dehydration in alcohol,
the slides were air dried and dipped in Kodak NBT-2
emulsion for autoradiographic detection. The slides

were allowed to air dry and then stored in a desic-
cated chamber at 4°C for 2 to 3 weeks. They were
then developed in Kodak D-19 developer, washed,
and fixed. After staining with hematoxylin and eosin,
the slides were coverslipped.

Combined in Situ Hybridization and Histo-
or Immunochemical Staining

Selected slides from different time points were sub-
jected to combined in situ hybridization for TGF-01
mRNA and either histochemical staining with chro-
motrope 2R or immunochemical staining with anti-
a-SM actin antibody. After in situ hybridization was
performed with TGF-31 antisense probe as described
above and finally washed in 0.5X SSC, slides were
stained with chromotrope 2R or toluidine blue or sub-
jected to immunohistochemical staining with the
indicated antibodies with avidin-biotin peroxidase
as described above. The slides were then dehy-
drated and dried. Emulsion and autoradiography
were then undertaken as described above for in situ
hybridization.

Controls for in situ hybridization consisted of (1)
previous digestion of lung tissue with 100 pg/ml
RNAse A at 370C for 45 minutes before addition of
antisense probe, (2) substituting sense probe for an-

tisense probe, (3) combined in situ hybridization of
the TGF-11 sense probe or antisense probe before
RNAse digestion and chromotrope 2R histological
staining, and (4) cytospin slides made from normal rat
lung fibroblasts treated with bleomycin (100 ng/ml) for
16 hours in vitro as positive control for in situ hybrid-
ization analysis of TGF-f31 mRNA.25

Morphometric Analysis

Five segments from each rat and a total of four to five
rats per group were analyzed. At least 50 randomly
chosen noncontiguous and nonoverlapping (at high

Table 1. Summary of Effects ofAntibody Type and Fixation Method on Immunohistochemical Staining for TGF-/3

Cells stained

Eos Epi Mon Myo/F
Antibody Antigen specificity For Met For Met For Met For Met

AB-10NA (R&D) TGF-I1&2 - +++ +++ +++ ++ +++ -

1D11.16 (Celtrix) TGF-I1&2 ++ +++ +++ ++ ++ - ++
Anti-LC TGF-p1 ++ ++ + ++ -

Relative cell staining intensity is shown as none (-), weak (+), moderate (++), or strong (+++). All antibodies were polyclonal except
1D11.16, which was monoclonal.

Eos, eosinophils; Epi, epithelial cells; Mon, mononuclear cells (includes macrophages, monocytes, and lymphocytes); Myo/F, myofibro-
blasts or fibroblasts; For, formalin-fixed tissues; Met, methacarn-fixed tissues.

* This antibody is made against a synthetic peptide of TGF-f31 (NH2-terminal 1-30 amino acids of the mature protein).
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power) fields (x40 objective) were counted in each
lung segment. For in situ hybridization data, cells con-
taining more than five grains were considered as TGF-
f1-positive cells. Background staining revealed less
than five grains per cell based on evaluation of control
slides with the sense probe and/or pretreatment of the
tissue section with RNAse.

Positive cell counts were expressed as the average
number of cells per high power field ± SEM. Means
from lungs of bleomycin-treated animals were com-
pared with the corresponding values obtained from
control animals at the respective time points by the
paired Student's t-test.

Results

Morphological Analysis of Control Lungs

Control lungs from various time points exhibited no
significant TGF-f expression when assessed by both
immunohistochemistry (using all three antibodies in
methacarn-fixed tissues) and in situ hybridization.
There was no evidence of infection or pulmonary in-
flammation. The number and distribution of ED-1-
positive macrophages, CD3-positive T cells, and
mast cells were consistent with a previous report.19
Hybridization with the sense TGF-j31 probe and com-
bined in situ hybridization with the TGF-31 sense
probe and chromotrope 2R histological staining re-
vealed less than five grains per cell. Hybridization of
previously RNAse-digested sections with the anti-
sense probe also showed similarly low background.
Cytospin slides made from normal rat lung fibroblasts
stimulated with bleomycin were used as positive con-
trols for in situ hybridization analysis with the TGF-f1
antisense probe. A significant increase in the TGF-P13
hybridization signal was shown in fibroblast-like cells
after treatment with bleomycin compared with control
slides (data not shown).

Morphological Analysis of Injured and
Fibrotic Lungs

Day 1 Lung After Bleomycin Treatment

There was minimal morphological alteration at this
time point. Immunohistochemical staining by all three
anti-TGF-,B antibodies revealed weak to moderate
signals in the epithelial cells of certain bronchioles in
both formaldehyde and methacarn-fixed lung tissues
(data not shown). Only a few scattered inflammatory
cells were present, including neutrophils, ED-1-
positive macrophages, CD3-positive T lymphocytes,
and occasional chromotrope 2R- and BMK-13-

positive eosinophils, around major airways and ad-
jacent blood vessels and small venules as well as
within the alveolar septa and alveolar space. These
cells at this time point did not stain with all anti-TGF-f3
antibodies tested and with both types of tissue fixa-
tion. No significant and specific in situ hybridization
signal for TGF-j31 mRNA was detected in the lung at
this time point (Figure 1).

Day 3 Lung After Bleomycin Treatment

At this time point, there was increasing infiltration
by neutrophils, macrophages, and T lymphocytes,
primarily in peribronchiolar and perivascular areas,
within the alveolar septa, and in the alveolar space.
More chromotrope 2R- and BMK-13-positive eosi-
nophils could also be identified in the infiltrating cells.
No significant change in the number and distribution
of mast cells was observed and the lung architecture
was for the most part intact. Immunohistochemical
and in situ hybridization analyses revealed similar cel-
lular distribution patterns of moderate to high in-
crease in TGF-f3 expression within the areas of injury
and inflammation. Most of the epithelial cells of af-
fected bronchioles showed strong positive staining
with all three anti-TGF-13 antibodies and under both
fixing conditions, although they are essentially nega-
tive for TGF-f3 mRNA expression (Figure 2a). The re-
mainder of the cells expressing heightened levels of
TGF-4 protein and mRNA consisted primarily of eosi-
nophils and a few scattered mononuclear cells (Fig-
ure 2b). The identity of the former was confirmed by
histochemical staining of the same sections with chro-
motrope 2R and immunohistochemical staining of se-
rial sections with anti-major basic protein antibody.
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Figure 1. Kinetics of lung cells expressing TGF-4, mRNA. Lung sec-
tions from the indicated time points after bleomycin treatment were
subjected to in situ hybridization for detection of TGF-,31 mRNA, and
the number ofpositive cells were counted and expressed as cells per
high powerfield (X 400 magnification) as described in Materials and
Methods. Data were expressed as means + SE, with n = 5 animals at
each time point.
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Figure 2. TGF-(I mRNA expression at day 3 after bleomycin treatment. Lungs from day 3 were subjected to in situL hybridization ]br detectioni of
TGF-(3, expression. Bronchiolar epithelial cells (a) were essentiallv negative. uhereas scattered eosinophils (small arrows) and mononuclear cells

(large arrous) exhibited strong signals for this cytokine (b). All micrographs were photographed at X 400.

Many of the mononuclear cells demonstrated positive
staining with anti-CD3 antibody in serial sections.
Positive immunohistochemical staining of eosinophils
could not be demonstrated with the anti-LC antibody
under both methods of tissue fixation, nor was it ob-
served with the other two antibodies if the tissues
were fixed in formalin. Thus, demonstration of expres-
sion in eosinophils could be detected only in
methacarn-fixed tissues with the rabbit polyclonal
(R&D Systems) and the mouse monoclonal (Celtrix
Pharmaceuticals) anti-TGF-P antibodies, and this
was true for all tissues from other time points as well.

Days 7 and 14 After Bleomycin Treatment

Severe distortion of lung parenchyma now became
prominent. Maximal active fibrosis was indicated by
the large number of newly reactive myofibroblasts
within fibrotic lesions and by a peak of increase in
collagen production at these time points.20 Associ-
ated with this was a further increase in the number of
chromotrope 2R- and BMK-13-positive eosinophils,
ED-1-positive macrophages, and CD3-positive lym-

phocytes. The number of neutrophils was significantly
decreased at these time points, whereas the number
and distribution of mast cells remained unchanged.19

There was a dramatic and peak increase in TGF-,31
mRNA-expressing cells at these time points (Figure
1), which were mainly distributed within the fibrotic
and inflamed areas. On day 7 most of these positive
cells were identified as eosinophils on the basis of
polymorphonuclear morphology and positive staining
with chromotrope 2R and BMK-13 antibody (Figures
3, b and e, and 4a). This coincided with the peak
increase in eosinophil count in lung sections19 (Figure
1). By day 14, the number of eosinophils was sub-
stantially decreased and most of the cells strongly
expressing TGF-31 mRNA and protein resembled
myofibroblasts on the basis of strong staining with
a-SM actin and elongated cellular morphology (Fig-
ures 3, d and c, and 4, b and c). These myofibroblasts
appeared hypertrophic and resembled the cells ex-

pressing high levels of collagen mRNA as reported in
a previous study.20 Scattered mononuclear cells also
expressed significant levels of TGF-f31 mRNA near

these fibrotic areas (Figure 4d), and these appear to
be mainly macrophages and lymphocytes on the ba-
sis of ED-1 and anti-CD3 antibody staining of serial
sections (data not shown), respectively. In contrast to
the strong anti-TGF-,B antibody staining (Figure 3d),
TGF-f31 mRNA signal was conspicuously absent from

Figure 3. Cellular distribution of TGF-,( expression. TGF-(3 expression was determinced either by immunohistochemistry (b, d, and f) or by in Sittl
hybridization (c and e) as degscribed in Materials and Methods. Large numbens ofeosinophils were present on day 7 as confirmed by chromotrope
2R staining (a) atnd they exhibited peak TGF-(3 protein (b) and mRNA (e) expression. The idenitity of these cells was directly confirmed by com-
binied in situ hybridization for TGF-(3 mRNA and chromotrope 2R staining qf the same tissue section (e). Chromotrope 2R stained eosinophils (ar-
rouws) red (e). Fibroblast-like cells showed strong TGF-(3 protein (d) and mRNA (c) expression in a day 14 lung, and their identities were confirmed
as myofibroblasts (arrous) by combinced in situ hybridization for TGF-(3 , mRVA andpositive staining with anti-a-SM actin antibocdy (C) Bronchio-
lar epithelial cells showed strong positive TGF-(3 protein expression in this section from a day 7 lung (f). Similar positive staining was seen in sec-
tions fromn days 3 anid 14. All panels were pbotographed at X 400 except for e, which was at X 1000.
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Figure 4. TGF- mRARA expression in days 7 anid 14 lungs. Oni day 7, strotng expression in eosinophils and monontuclear cells are shown in a anid
d, respectively,. Expression by, inzyofibroblastst./fibrohlast.s at dcays 7 and 14 are .shown ini b and C, respectively. All micrographs were photographed at
X 400.

the bronchiolar epithelial cells at these time points.
Immunohistochemical staining with the rabbit poly-
clonal (R&D Systems) and the mouse monoclonal
(Celtrix Pharmaceuticals) anti-TGF-4 antibodies in
serial sections of methacarn-fixed tissues, revealed
strong TGF-f3 protein expression in these newly re-

active myofibroblasts and eosinophils within the fi-
brotic lesions (Figure 3, b and d). Immunohistochemi-
cal staining with the anti-LC antibody at even lower
dilutions exhibited much weaker or no staining of
these same cells in methacarn-fixed tissues, whereas
essentially no staining of these cells was apparent in
formalin-fixed tissues, as was the case with the other
two antibodies. Most of the bronchiolar epithelial
cells, especially some appearing to be regenerating,
and a number of mononuclear cells (mostly macro-

phages as determined by ED-1 immunohistochemi-
cal staining) also showed essentially equally strong

positive staining with all three anti-TGF-13 antibodies
used in this study, independent of the method of tis-
sue fixation (Figure 3f).

Days 21 and 28 After Bleomycin Treatment

TGF-,B protein and mRNA expression at these time
points were substantially diminished (data not
shown). This reduction in TGF-,B expression was as-
sociated with maturation of the fibrotic lesions, which
appeared less inflamed and consisted primarily of
aggregations of fibroblasts with markedly diminished
staining with anti-a-SM actin antibody.20 Toluidine
blue staining revealed that an increased number of
mast cells were present surrounding and within the
fibrotic lesions, but immunostaining with anti-TGF-j3
antibodies or in situ hybridization analysis for TGF-j31
mRNA failed to show expression of this cytokine by

I. 0 s'
I "

.....:: 49
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these late appearing cells. Although significant num-
bers of ED-1 - and anti-CD3-positive cells were stillevi-
dent, these cells now expressed substantially lower
levels of TGF-3. Chromotrope 2R- and BMK-13-
positive eosinophils were markedly diminished at
these time points and could be identified only in a few
sections, consistent with previous observations.19

Discussion
The cellular source for TGF-,B gene expression in vivo
has not been identified unequivocally in inflammation
and fibrosis.1013 Previous studies have suggested the
lung epithelial cells and alveolar macrophages as pri-
mary sources of TGF-,B in human idiopathic and rodent
bleomycin-induced pulmonary fibrosis.10-13 The immu-
nohistochemical studies in these previous reports used
standard methods of tissue fixation and primarily relied
on the anti-LC antibodies. In this study, methacarn tissue
fixation was found to enhance specific staining for TGF-f
with three different antibodies, which yielded somewhat
different patterns of staining relative to these previous
studies. These immunohistochemical results in conjunc-
tion with the in situ hybridization study showed that early
infiltrating eosinophils and, at later time points, newly re-
active myofibroblasts and fibroblast-like cells served as
important sources of TGF-f3 gene expression, in addition
to bronchiolar epithelial cells and macrophages during
the period of active fibrosis (days 7 and 14 after bleo-
mycin injection). None of the sections revealed signifi-
cant expression of TGF-P3 by identifiable alveolar epi-
thelial cells at all time points examined. With the notable
exception of bronchiolar epithelial cells (which showed
an increase only in TGF-, protein by immunostaining),
increases in TGF-,B cellular expression were consistently
seen at both mRNA and protein levels. The immunohis-
tochemical results regarding TGF-,B expression differs
from that of previous studies showing epithelial cells and
alveolar macrophages as the major sources of in-
creased TGF-,B protein expression in the same animal
model.10 The difference appeared to be a result of the
different fixation methods (formaldehyde versus
methacarn) and anti-TGF-,B antibodies (anti-LC versus
anti-TGF-f3 antibodies from R&D Systems and Celtrix
Pharmaceuticals) used in this study. This conclusion is
based on the lack of staining of myofibroblasts/
fibroblasts and eosinophils by (1) the anti-LC antibody in
tissues fixed with either formalin or methacarn and (2) all
three antibodies in formaldehyde-fixed tissues. Although
the exact reason is undetermined, part of the explana-
tion may be that the methacarn fixation allows for greater
preservation of antigenic properties and thus enhanced
sensitivity for immunochemical studies,19 whereas the

differences with the anti-LC antibody may be because of
its more selected and/or differently targeted epitope(s).

During the fibrotic process in this animal model,
lung mesenchymal cells proliferate and differentiate
into myofibroblasts and/or fibroblast-like cells, which
is characterized by high expression of collagen and
a-smooth muscle actin as well as hypertrophy.20,21 At
days 7 and 14 after bleomycin treatment, these cells
organized and formed patchily distributed and dif-
ferently sized fibrogenic foci containing newly depos-
ited extracellular matrix and a variety of inflammatory
cells, located mainly within the alveolar space,
around bronchioles and blood vessels, and within
thickened septa.20,21 Apparent correlation between
the increased expression of TGF-,B mRNA and protein
within these foci in myofibroblasts/fibroblasts as well
as selected associated inflammatory cells in this
study is consistent with the previous suggestion that
TGF-,B is associated with the altered phenotype of
resident fibroblasts found in human idiopathic pul-
monary fibrosis. 12 A remarkable finding in the present
study supporting such a conclusion is the demon-
stration that almost all of the TGF-41 mRNA expres-
sion by day 14 was in myofibroblasts that were shown
in a previous study to be the primary cell responsible
for increased collagen expression in fibrotic lungs.20
This further suggests that they can synthesize TGF-f31
protein de novo instead of exclusive reliance on in-
ternalization of TGF-f secreted by adjacent activated
macrophages and/or released from surrounding de-
graded extracellular matrix. 10,12,13 Furthermore,
there is some evidence to indicate that cytokines may
not diffuse well through cellular barriers and even ex-
tracellular matrix.28-30 Thus it is reasonable to pro-
pose that the presence of high amounts of TGF-,B pro-
tein within active fibrotic foci may be a result, at least
in part, of increased gene expression by eosinophils
and macrophages early on and by myofibroblasts/
fibroblasts at later time points in this animal model. In
contrast to the concomitant increased expression of
mRNA and protein in these cells, the increased pro-
tein expression in bronchiolar epithelial cells was un-
accompanied by increased mRNA expression, sug-
gesting in this instance the possibility of uptake by the
epithelial cells of TGF-,B secreted by adjacent cells
and/or released by subjacent degraded extracellular
matrix of the basement membrane.

Although the basis and significance for in-
creased TGF-f3 expression by the newly reactive
myofibroblasts/fibroblasts remains to be determined,
given the findings of the present and previous stud-
ies, it is tempting to speculate that TGF-f3 produced
by resident and infiltrating macrophages and eosi-
nophils at early time points (before day 7 after bleo-
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mycin treatment) may be responsible for altering
the phenotype of adjacent lung mesenchymal
cells, including the auto-induction of TGF-,3.28 In
this manner, increased TGF-f3 production by these
mesenchymal cells is expected to have autocrine
regulatory consequences on extracellular matrix
gene expression and other functional effects of
stimulation by this cytokine, including paracrine in-
fluences on inflammation.

The key novel finding in the present study is the
identification of eosinophils as an important source of
TGF-13 expression in injured lungs undergoing fibro-
sis. There is growing evidence that suggests partici-
pation of eosinophils in the remodeling of connective
tissue of fibrosis in terms of collagenase activity and
cytokine and major basic protein production.17-19'30
A variety of cytokines, including TGF-f3, TGF-a, and
monocyte chemotactic protein-1 are now known to be
produced by eosinophils.16 19 Recent studies dem-
onstrate prominent up-regulation of TGF-,B mRNA by
eosinophils in the granulation tissue of healing
wounds and other diseased tissues in vivo,17
whereas lung eosinophil monocyte chemotactic
protein-1 expression has been demonstrated in this
same model of bleomycin-induced pulmonary fibro-
sis.19 The direct demonstration in the present study of
the increased expression of TGF-3 protein and mRNA
by eosinophils at the site of active fibrosis suggests
that functional interaction between eosinophils and
fibroblasts may be present during the fibrotic pro-
cess. A recent study indicates that the synergistic ef-
fect of major basic protein from eosinophils and
interleukin-1 a or TGF-43 on fibroblast cytokine produc-
tion may be part of a mechanism by which eosinophils
influence lung inflammation and fibrosis.30
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