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Short Communication
Overexpression of Granulocyte-Macrophage
Colony-Stimulating Factor Induces Pulmonary
Granulation Tissue Formation and Fibrosis by
Induction of Transforming Growth Factor-f31 and
Myofibroblast Accumulation

Zhou Xing,* Guy M. Tremblay,t
Patricia J. Sime,* and Jack Gauldie*
From the Molecular Virology and Immunology Program,*
Department ofPathology, McMaster University, Hamilton,
Ontario, Canada, and the Unite de recherche,t Centre de
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We have previously reported that transfer to rat
lung ofthegranulocyte-macrophage colony-stim-
ulating factor (GM-CSF) gene leads to high ex-
pression of GM-CSF between days 1 and 4 and
granulation tissue formnation followed by an ir-
reversiblefibrotic response startingfrom day 12
onward. In the current study, we investigated the
underlying mechanisms. We found that GM-CSF
overexpression did not enhance production of
tumor necrosis factor-a in a sign,flcant manner
at any time after GM-CSFgene transfer. However,
the content of transforming growth factor-.81 in
bronchoalveolar lavage fluid was markedly in-
duced at day 4 and appeared to be maximal
around day 7 and remained bigh at day 12. Mac-
rophages purifiedfrom bronchoalveolar lavage
fluid 7 days after GM-CSF gene transfer sponta-
neously released significant quantities of trans-
forming growthfactor- (31 protein in vitm After
peak transforming growthfactor-(31 production
was the energence of a-smooth muscle actin-rich
myofibroblasts. Accumulation of these cells was
mostprominent at day 12 within the granulation
tissues and they were stiU present in fibrotic
areas between days 12 and 24 and diminished

markedly afterward. Thus, we provide the flrst
in vivo evidence that tumor necrosis factor-a
may be dissociated from participation in a fi-
broticprocess in the lung and GM-CSFmayplay a
more direct role in pulmonary fibrogenesis at
least in part through its capability to induce
transforming growth factor-131 in macrophages
and the subsequent emergence of nmyofibroblast
phenotypes. This GM-CSF transgene lung model is
usefulfor a stepwise dissection of both celular
and molecular events involved in pulmonary fi-
brosis. (Am J Pathol 1997, 150:59-66)

Pulmonary fibrosis may result from many types of
lung injury or inflammation, characterized by accu-
mulation of both fibroblastic cells and extracellular
matrix proteins.1 The molecular events underlying
pulmonary fibrosis still remain poorly understood. A
number of soluble molecules including tumor necro-
sis factor (TNF)-a and transforming growth factor
(TGF)-f3, have been implicated in these processes.
Among these molecules, TNF-a is thought to act as
one of the early triggers for the fibrotic cascade
whereas TGF-31 serves as a direct growth factor
modulating fibroblast proliferation and extracellular
matrix production.25 Indeed, the ability of TNF-a or
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TGF-f1 to induce fibrotic responses has been shown
in a number of tissue-specific genetic transgenic
models in which overexpression of these cytokines is
driven by a tissue-specific promoter6`8 and in other
transgene models.9'10 Moreover, expression of both
TNF-a and TGF-,31 is often discerned in fibrotic mod-
els and certain forms of human pulmonary fibro-
sis.11-13 TGF-,31, in addition to its effects on tissue
remodeling, has been shown to induce the emer-
gence of a-smooth muscle actin (a-SMA)-express-
ing myofibroblasts both in vitro and in vivo.14 The
early emergence of a-SMA-expressing myofibro-
blasts in wound healing and tissues undergoing fi-
brosis suggests an important role for these cells in
the evolution of fibrotic events.15-17 In this respect,
the majority of cells expressing procollagen mRNA in
a model of bleomycin-induced pulmonary fibrosis
have recently been demonstrated to be a-SMA-pos-
itive myofibroblasts.18

Although it is usually up-regulated during fibrotic
responses, TNF-a is not conceived to be a molecule
capable of direct induction of TGF-,B, myofibroblast
phenotype, and matrix production in vivo.19 This is
because TNF-a itself serves as a rather nonspecific
alarm proinflammatory cytokine induced in either
early or chronic stages of inflammatory conditions
with or without fibrotic sequelae in the lung and other
sites20'21 and, unlike TGF-j, TNF-a has weak or neg-
ative effects on fibroblast proliferation and matrix
production and by itself is unable to induce the myo-
fibroblast phenotype in vitro or in ViVo.16'21'22 These
data argue for the crucial involvement of additional
intermediate molecule(s) of yet unknown nature in
the switch-on of TGF-3 and a-SMA phenotypes. In-
terestingly, granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) has been found to induce
fibrotic responses with accumulation of a-SMA-ex-
pressing myofibroblasts after chronic subcutaneous
administration,22 and this cytokine is up-regulated in
a number of fibrosing pulmonary conditions.23 How-
ever, the mechanisms underlying GM-CSF-induced
myofibroblast phenotype in the skin and the precise
role of GM-CSF in pulmonary fibrosis still await to be
clarified. We have recently described an experimen-
tal model whereby GM-CSF is shown to induce pul-
monary fibrotic reactions by using an adenoviral vec-
tor-mediated gene transfer technique.24 These
findings support the notion of GM-CSF as a fibro-
genic cytokine in the lung. In the current study, we
have investigated the mechanisms by which GM-
CSF induces fibrotic reactions in this model by ex-
amining the association between induction of
GM-CSF, TNF-a, TGF-,31, and a-SMA-rich myofibro-
blasts, granulation tissue formation, and fibrosis.

Materials and Methods

Adenoviral Vectors and Animal Model
Construction and characterization of a replication-
deficient adenoviral vector expressing murine GM-
CSF (AdEl GM-CSF) have been previously de-
scribed.24 This vector or a control vector AdEl dl70-3
at a dose of 1 x 109 plaque-forming units was in-
stilled intratracheally to the lung of Sprague-Dawley
rats weighing 220 to 280 g after a standard proce-
dure we have previously described.24 At the end of
1, 2, 4, 7, 12, 18, 24, and 36 days after gene transfer
to the lung, rats were anesthetized and bronchoal-
veolar lavage (BAL) was performed.24 Lungs were
fixed by perfusion with 10% buffered formalin and
paraffin embedded. Routine histopathological as-
sessment was performed on hematoxylin and eosin
(H&E)-stained sections.

Cytokine Measurement ofBAL Samples
Concentrations of TNF-a in BAL fluid were deter-
mined by enzyme-linked immunosorbent assay
(ELISA) specific for both murine and rat TNF-a with a
sensitivity of 15 pg/ml (Genzyme, Cambridge, MA).
TGF-,B1 was measured by using an ELISA kit for
human TGF-f31 (R&D Systems, Minneapolis, MN).
This kit detects TGF-pl across species, and all sam-
ples were activated before measurement after the
standard procedure recommended by the manufac-
turer.

Ex Vivo Studies for Spontaneous Release of
TGF-,/31 by Alveolar Macrophages
Total BAL cells were obtained from rat lung 7 days
after intratracheal instillation of AdEl dI70-3 or
AdEl GM-CSF as described above. These cells were
then washed and plated into 24-well plates (200,000/
well) in RPMI 1640 medium containing 10% fetal calf
serum (FCS) and 1% penicillin/streptomycin. After 2
hours of incubation, nonadherent cells were re-
moved by three washes with phosphate-buffered sa-
line and the adherent macrophages were cultured in
RPMI containing 1% penicillin/streptomycin with
0.1% FCS or without FCS. Supernatants were col-
lected at 48 hours and assayed for TGF-31 protein
by ELISA as described above.

Northern Hybridization for Rat TNF-a
Total RNA samples were extracted from lungs col-
lected at various time points after GM-CSF gene
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Table 1. Relationship of Fibrogenic Cytokines, Macrophage Accumulation, Emergence of a-SMA-Positive Myofibroblasts,
Granulation Tissue Formation, and Fibrotic Reactions in Rat Lung after GM-CSF Gene Transfer

Granulation Fibrotic
Days GM-CSF Monocytosis TNF-a TGF-131 a-SMA tissue reactions

1 +++ + -

2 ++++ ++ - + _ _ _
4 +++ +++ - +++
7 ++ ++++ ++++ + + _
12 + + +++++
24 - + - ++ ++ + +++
36 - + ND + + -++++

The amount or the intensity of various parameters is designated as insignificant (-), mild (+), moderately significant (++), significant
(+++), and very significant (++++), relative to different time points. ND, not done.

transfer as previously described.24 These RNA sam-
ples (25 jig/lane) were size separated in a 1% form-
aldehyde gel and transferred onto a nylon mem-
brane (Pall Biosupport Corp., East Hills, NY). The
blots were then hybridized with a murine TNF-a
cDNA probe (a 300-bp fragment within the coding
region), stringently washed, and exposed to Kodak
XAR film for 5 days. We have previously demon-
strated that this cDNA probe hybridizes well to the
rat TNF-a mRNA.25

Immunohistochemical Staining for a-SMA

Lung tissue sections were deparaffinized in toluene
for 5 minutes twice, dipped up and down in 95%
ethanol 20 times, and soaked in ethanol/formol for 5
minutes and in running water for 10 minutes. Sec-
tions were then treated with Tris-buffered saline con-
taining 0.3% hydrogen peroxide for 30 minutes to
block the endogenous peroxidase and washed twice
for 5 minutes each in Tris-buffered saline. The follow-
ing staining procedure was carried out at room tem-
perature by using reagents included in a Vectastain
Elite ABC mouse IgG kit (Vector Laboratories, Bur-
lingame, CA). Briefly, sections were treated with the
blocking serum 1 for 30 minutes and incubated over-
night with the first antibody monoclonal mouse anti-
a-SMA (Sigma Chemical Co., St. Louis, MO) or the
control mouse IgGl antibody (Sigma) at a 1:800
dilution. The slides were then incubated with the sera
2 and 3 (Vectastain kit) for 60 and 30 minutes, re-
spectively, followed by exposure to a substrate/chro-
mogen solution for 8 minutes. The final immunoreac-
tive product was identified as a red/brown-colored
deposit. Slides were counterstained using hematox-
ylin solution. The control antibody always gave rise to
no immunoreaction.

Results

Examination of TNF-a Production after GM-
CSF Gene Transfer to the Lung
We have previously shown that the GM-CSF trans-
gene product is released in rat lung most actively
between days 1 and 7 after intratracheal delivery of
AdE1GM-CSF, followed by a progressive fibrotic re-
action (summarized in Table 1). As TNF-a induction
is often seen to be associated with fibrotic tissue
responses, we investigated whether this cytokine
was markedly induced in rat lung by GM-CSF over-
expression. BAL samples collected at different times
after GM-CSF or control vector delivery were ana-
lyzed for TNF-a content by ELISA. There was no or
only minimally detectable levels of TNF-a protein
measured throughout the course of 24 days, and no
marked differences were found between GM-CSF
and control vector-treated animals (Figure 1).

To verify these data on protein release, total RNA
samples from lung tissues obtained at the same time
points were analyzed for TNF-a mRNA by Northern
analysis. Consistent with the protein data, little TNF-a
message was detected in these samples even after
extended film exposure times, and there was no
significant differences between GM-CSF-expressing
or control vector-treated lungs. As control, rat lung
tissue challenged with endotoxin expressed a re-
markable message for TNF-a (Figure 2).

Examination of TGF-,31 Production after
GM-CSF Gene Transfer to the Lung
Because TGF-,B1 has been regarded as a fibrogenic
growth factor directly involved in the fibrogenic pro-
cess, we next examined the possible contribution of
this cytokine to GM-CSF-induced pulmonary fibrosis.
To address this issue, the content of total TGF-f1
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Figure 1. T7TF-a concentrations in BAL fluid. BAL samples were col-
lected from rats receiving either the control vector AdEldl70-3 or

AdElGM-CSF at different time points. The samples were measured by
ELISA and the results expressed as means SEMfrom three to five
animals. The difference between two treatments at day 7 is not statis-
tically significant (P = 0.4).

protein in BAL fluids was determined by ELISA. As
shown in Figure 3, markedly increased amounts of
TGF-/31 were noticed in BAL fluid from rats receiving
AdE1GM-CSF but not the control vector. The peak
levels appeared to be around day 7 after GM-CSF
gene transfer. The levels of TGF-fg1 significantly de-
creased by day 24 and continued to decline toward
the control levels by day 36.

Examination of Spontaneous Release of
TGF-,31 by Macrophages from the Lung
after GM-CSF Gene Transfer to the Lung
As GM-CSF has been shown to activate functional
activities of monocytes/macrophages in vitro includ-
ing cytokine responses, survival, and proliferation,
and in our model, macrophages underwent local
expansion and proliferation as assessed morpholog-
ically24 (Table 1), we wondered whether these mac-

rophages were activated by GM-CSF to release
TGF-f31, thus contributing to enhanced TGF-131 pro-

1 AdE1l

Figure 2. 7NF-a mRNA expression in lung tis-
sue. Total RNA was extractedfrom lung tissues 1 2 4 7

after GM-CSFgene transfer or after control vec-
tor delivery at different time points and sub-

jected to Northern hybridization. TheRNAfrom
rat lung challenged with lipopolysaccharidefor I
6 hours was used as a positive control.

Figure 3. TGF-1l concentrations in BAL fluid. BAL samples were

collected as described in Figure 1 and measured for total TGF-(1
protein by EUSA. Results are expressed as means SEMfrom three to
five animalsfor most time points.

duction as detected in BAL fluid. To test this, mac-

rophages were purified from BAL fluid collected at
day 7 after GM-CSF gene transfer as day 7 was the
time when there was a peak accumulation of TGF-,1l
protein in BAL fluid. These cells were then cultured
with or without very low concentrations of FCS to
avoid the interference from TGF-p present in FCS,
and the spontaneous release of TGF-,1 to the su-

pernatants was measured by ELISA. Significant
spontaneous release of TGF-,31 protein was found in
macrophages from rats receiving GM-CSF vector
but not the control vector. The release appeared to
be further enhanced in the presence of low concen-

trations of FCS (Figure 4).

Immunohistolocalization of a-SMA after
GM-CSF Gene Transfer to the Lung
Accumulation of myofibroblasts is considered to be
a key step during wound healing and fibrosis. The
hallmark of myofibroblast phenotype is a-SMA ex-

1416pression, and among all cytokines examined,
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Figure 4. Spontaneous release of TGF-j31 by alveolar macrophages in
vitro. Alveolar macrophages were isolatedfrom BAL fluid collected at
day 7 after AdEldl7O-3 or AdElGM-CSF delivery to the lung and
cultured without or with 0.10% FCS. The supernatants were collected at
48 hours and assayedfor total TGF-01 by ELISA. Results are expressed
as means + SEMfrom triplicate determinations.

only GM-CSF and TGF-,B1 have been found to in-
duce this phenotype at the skin site in vivo.14,16 To
examine whether there was any emergence of myo-
fibroblast-like cells with the evolution of fibrotic re-
sponses after GM-CSF overexpression in the lung,
immunohistostaining was performed on lung tissues
using a specific monoclonal antibody against
a-SMA. Between days 1 and 7, in both GM-CSF- and
control vector-treated tissues, the immunoreactivity
was largely localized to the bronchial or vascular
smooth muscle layers. Figure 5a shows a-SMA stain-
ing in the vasculature with surrounding macrophage
granulomatous lesions seen in the lung overexpress-
ing GM-CSF. By day 12, although the pattern of
staining remained similar to that in earlier time points
in control tissues, there was a significant accumula-
tion of a-SMA-positive fibroblastic cells in lung tis-
sues of rats receiving GM-CSF vector, particularly in
the areas of granulation tissue. These cells were

4~ ~~~~~W 4

Figure 5. SMA-positive cells in lung tissue. Lung tissues werefixed andprocessedfor immunohistochemical staining using a monoclonal antibody

aganstoz-MA.Tisuesecion wee tencounterstained with hematoxylin. a: At 7 days after AdEl1GM-CSF, SMA immunoreactivity is primarily

localized to the smooth muscle layer in a vessel(v) but absent in thegranulomatous lesion (g). Magnification, x 150. b: At 12 days afterAdEldl70-3,
SMA staining is confined mainly to the smooth muscle layers in bronchial (b) and vascular(v) structures. Magnification, x 150. c and d: At 12

days after AdEl1GM-CSF, -SMA staining is localized to manyfibroblastic cells (solid arrows) in granulation tissue areas, and many capillaries are

also stained positive (open arrows). Magnification, x200.
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topographically distinct from the smooth muscle
cells stained in the microvasculature of granulation
tissues (Figure 5, b-d). By days 18 or 24 after GM-
CSF gene transfer when the granulation tissue
largely disappeared, the overall intensity of staining
decreased, but some a-SMA-positive cells were still
seen in certain fibrotic areas (Figure 6a). By day 36,
although there was a more intense fibroblastic re-
sponse in fibrous areas, there were few a-SMA-pos-
itive myofibroblastic cells seen in these areas with
only microvasculature predominantly stained (Figure
6, b and c).

Relationship between Cytokine Production,
a-SMA Expression, Granulation Tissue
Formation, and Fibrotic Reactions after GM-
CSF Gene Transfer to the Lung
As shown in Table 1, GM-CSF was significantly re-
leased locally in the lung between days 1 and 12
after intrapulmonary gene transfer,24 and this was
not accompanied by a TNF-a response throughout
the entire course of study. In contrast, TGF-031 pro-
duction markedly increased at day 4, peaked at
approximately day 7, which coincided with peak eo-
sinophilia and macrophage accumulation24 (Table
1), and declined from day 24. The peak TGF-f31
production was followed by the appearance of
a-SMA-positive myofibroblastic cells, which ap-
peared to be maximal at day 12. From day 12 on-
ward, the fibrotic reactions became conspicuous,
composed of an early granulation tissue formation at
day 12 and an advanced fibrous response at later
times with diminishing numbers of a-SMA-positive
myofibroblasts.

Discussion
We have investigated the mechanisms underlying
GM-CSF-induced pulmonary fibrotic responses in a
GM-CSF overexpression transgene lung model. GM-
CSF overexpression triggered a cascade of cellular
and molecular events consisting of eosinophilia and
macrophage accumulation in the initial phase and
TGF-j31 production that coincided with these cellular
events, an early repair response of granulation tissue
formation with myofibroblast accumulation, and a
later advanced fibrotic response.
TNF-a has been shown to be up-regulated in a

number of models of pulmonary fibrosis and in pa-
tients with certain lung fibrotic diseases.11-13 The
early involvement of this cytokine is also demon-
strated in some animal models in which anti-TNF-a

.~~~~~~~~~~~~-~~~~~~~~~~.

Figure 6. a-SMA-positive cells in lung tissue. a: At 18 day after
AdE1GM-CSF, a-SMA staining intensity is decreased but still seen in
fibroblastic c,ells' inflbrous areas (solid arrow) and neovasculature is
noticed (open arrow). Magnification, X 150. b andc: At36 days after
AdEiGM-CSF, the number ofa-SMA-posltivefibroblastic cells isfurther
diminished and the staining is localized almost exclusively to some of
the neovasculature structures (open arrow). Magnification, X 150.

antibodies have been shown to inhibit the ensuing
lung fibrotic response.4 However, TNF-a is also in-
duced or present, either acutely or chronically, in
almost all other inflammatory or immune conditions in
the lung and other tissue sites that assume no ap-
parent fibrotic outcomes.20 21'26 Importantly, TGF-f3
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elaboration remains unchanged in many of these
conditions despite the presence of TNF-a.2729
These findings suggest that whether a fibrotic out-
come will ensue is determined by a complex orches-
trated interaction of multiple events or factors, per-
haps including the nature of insult, the degree and
the type of injury, and the portfolio of induced medi-
ators. Although the mechanisms leading to TGF-f3
up-regulation in vivo have remained elusive, these
lines of observation strongly suggest that other fac-
tors downstream of TNF-a may be imperative in the
induction of both TGF-P and myofibroblastic pheno-
types. This assumption is in fact further supported by
findings by Rubbia-Brandt et a122 that TNF-a as well
as interleukin-1 cannot induce the emergence of
myofibroblasts. Our findings suggest that GM-CSF
may represent one such downstream factor, the ex-
aggerated expression of which can virtually elicit,
without apparent participation of TNF-a, the ele-
ments that are likely required for the initiation of
pulmonary fibrotic responses including eosinophil
infiltration, macrophage accumulation, TGF-, up-
regulation, myofibroblast accumulation, and granu-
lation tissue formation. Rubbia-Brandt and Vyalov
have previously observed that GM-CSF, like TGF-31,
is able to induce local myofibroblastic accumulation
in the skin after subcutaneous minipump delivery,
and this induction appears to require the presence of
tissue macrophages.2230 Yet, unlike TGF-31, GM-
CSF has no effect on myofibroblast induction in
vitro.22 Our current findings thus support and extend
their observations, indicating that GM-CSF can in-
duce myofibroblastic phenotype in the lung, and this
induction is associated with macrophage accumula-
tion/activation and subsequent TGF-/31 release. The
early and transient appearance of a-SMA-rich myo-
fibroblasts and the relatively sustained levels of
TGF-f31 observed in our model are in agreement with
the results obtained in different fibrotic conditions by
others.i1217.18 The temporal sequence of GM-CSF
expression, eosinophil and macrophage accumula-
tion, macrophage release of TGF-,B1, granulation tis-
sue formation with prominent emergence of myofi-
broblasts, and advanced fibrotic reactions, strongly
suggests that macrophage activation, TGF-f3 re-
lease, myofibroblast emergence, and granulation tis-
sue formation represent some critical early steps
toward the advanced stages of pulmonary fibrosis.

Although the exact role of eosinophils in this cas-
cade still remains to be clarified, these cells, per-
haps together with activated macrophages, may
participate by elaborating TGF-f3 and causing enzy-
matic injury to lung structures.31 The important role
of alveolar macrophages in pulmonary fibrosis has

been suggested by the findings of Khalil et al that
alveolar macrophages are a predominant source of
TGF-f1 in bleomycin-induced fibrosis,32 thus in sup-
port of our findings. A close relationship between
alveolar macrophages immunolocalizing TGF-f31,
a-SMA-expressing fibroblasts, and fibrotic lesions is
also reported in a model of asbestos-induced pul-
monary fibrosis.33 Having addressed a direct role of
TGF-f31 in myofibroblast differentiation, granulation
tissue formation, and fibrotic reactions in the lung
overexpressing GM-CSF, it cannot be ruled out that
GM-CSF is also directly involved in the fibrogenic
process as GM-CSF is found to be able to stimulate
migration/proliferation of endothelial cells and fibro-
blastic cells in vitro.34 Indeed, we observed a rather
striking neovascularization in the granulation tissue
and fibrosing areas throughout the course of study.

Taken together, our study has demonstrated that
GM-CSF is able to trigger a cascade of cellular and
molecular events leading to irreversible fibrotic
changes in the lung, and these findings should draw
attention to the role of this cytokine in the pathogen-
esis of a number of pulmonary conditions, particu-
larly those with eosinophilia and fibrotic pathology.
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