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Abstract
Background—Idiopathic pulmonary fi-
brosis (IPF) is characterised by subpleu-
ral fibrosis that progresses to involve all
areas of the lung. The expression of trans-
forming growth factor-â1 (TGF-â1), a
potent regulator of connective tissue syn-
thesis, is increased in lung sections of
patients with IPF. TGF-â1 is generally
released in a biologically latent form
(L-TGF-â1). Before being biologically ac-
tive, TGF-â must be converted to its active
form and interact with both TGF-â recep-
tors type I and II (TâR-I and TâR-II).
TGF-â latency binding protein 1 (LTBP-
1), which facilitates the release and activa-
tion of L-TGF-â1, is also important in the
biology of TGF-â1.
Methods—Open lung biopsy samples from
patients with IPF and normal controls
were examined to localise TâR-I, TâR-II,
and LTBP-1. Alveolar macrophages (AM)
and bronchoalveolar lavage (BAL) fluid
were examined using the CCL-64 bioassay
to determine if TGF-â is present in its
active form in the lungs of patients with
IPF.
Results—Immunoreactive L-TGF-â1 was
present in all lung cells of patients with
IPF except for fibroblasts in the subepi-
thelial regions of honeycomb cysts.
LTBP-1 was detected primarily in AM
and epithelial cells lining honeycomb
cysts in areas of advanced IPF. In normal
lungs LTBP-1 immunoreactivity was ob-
served in a few AM. AM from the upper
and lower lobes of patients with IPF
secreted 1.6 (0.6) fmol and 4.1 (1.9) fmol
active TGF-â, respectively, while AM from
the lower lobes of control patients secreted
no active TGF-â (p<0.01 for TGF-â in the
conditioned media from AM obtained
from the lower lobes of IPF patients v nor-
mal controls). The diVerence in percent-
age active TGF-â secreted by AM from the
lower lobes of patients with IPF and the
lower lobes of control patients was signifi-
cant (p<0.01), but the diVerence between
the total TGF-â secreted from these lobes
was not significant. The diVerence in
active TGF-â in conditioned media of AM
from the upper and lower lobes of patients
with IPF was also not statistically signifi-
cant. BAL fluid from the upper and lower
lobes of patients with IPF contained 0.7
(0.2) fmol and 2.9 (1.2) fmol active

TGF-â, respectively (p<0.03). The per-
centage of active TGF-â in the upper and
lower lobes was 17.6 (1.0)% and 78.4
(1.6)%, respectively (p<0.03). In contrast,
BAL fluid from control patients contained
small amounts of L-TGF-â. Using
immunostaining, both TâR-I and TâR-II
were present on all cells of normal lungs
but TâR-I was markedly reduced in most
cells in areas of honeycomb cysts except
for interstitial myofibroblasts in lungs of
patients with IPF. TGF-â1 inhibits epithe-
lial cell proliferation and a lack of TâR-I
expression by epithelial cells lining honey-
comb cysts would facilitate repair of the
alveoli by epithelial cell proliferation.
However, the presence of both TâRs on
fibroblasts is likely to result in a response
to TGF-â1 for synthesis of connective
tissue proteins. Our findings show that
biologically active TGF-â1 is only present
in the lungs of patients with IPF. In
addition, the eVects of TGF-â1 on cells
may be further regulated by the expres-
sion of TâRs.
Conclusion—Activation of L-TGF-â1 and
the diVerential expression of TâRs may be
important in the pathogenesis of remodel-
ling and fibrosis in IPF.
(Thorax 2001;56:907–915)
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Transforming growth factor â (TGF-â), a
multifunctional cytokine, is present in three
isoforms in mammals.1 Although TGF-âs have
numerous biological eVects in vitro and are
ubiquitously expressed in vivo,2 the TGF-â1
isoform is most prominently expressed in
numerous diseases characterised by fibrosis.3

TGF-â1 is synthesised as a large precursor
protein with a pro-region and a mature region.4

Intracellular processing leads to the cleavage of
the pre-protein, also known as the latency
associated peptide 1 (LAP-1), by the intra-
cellular protease furin.1–4 Upon secretion, LAP
remains non-covalently associated with the
mature region of TGF-â1 and is then called
latent TGF-â1 (L-TGF-â1), which is not bio-
logically active unless the LAP-1 is removed or
conformationally altered to yield the active
12.5 kDa dimer of TGF-â1.1–4 In some in-
stances L-TGF-â1 can be complexed with a
larger protein called the latent transforming
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growth factor binding protein 1 (LTBP-1).5

LTBP-1 is synthesised by a diVerent gene from
TGF-â1 and, upon binding with L-TGF-â1, it
facilitates the secretion of L-TGF-â1.6 When
L-TGF-â1 is complexed with LTBP-1 it is
called large latent TGF-â1.6 Once LTBP-1 is
extracellular it can associate with a cell surface7

or proteins of the extracellular matrix and
L-TGF-â1.8 The association of L-TGF-â1
with matrix associated LTBP-1 or a cell may
serve to store preformed TGF-â1 at an
extracellular site where it can be released from
LTBP-18 by proteases such as plasmin.4 7–9

Once released from LAP-1, TGF-â1 can act in
an autocrine or paracrine manner.

The TGF-âs mediate their eVects by inter-
acting with a serine/threonine kinase receptor
complex10 11 in which only the TGF-â receptor
type II (TâR-II), which is autophosphorylated,
can bind TGF-â.11 Upon binding with TGF-â,
TâR-II recruits TGF-â receptor type I (TâR-I)
and phosphorylates TâR-I which in turn initi-
ates signal transduction mediated by down-
stream cytoplasmic proteins, in particular the
SMADS.11

IPF is a progressive and lethal fibrotic lung
disease of unknown aetiology.12–15 Although the
pathogenesis is not clearly understood, it is
likely to be complex and to involve the interac-
tion of many diVerent cytokines and factors.
Based on the well recognised eVects of
TGF-â1 on inflammation and connective
tissue synthesis, we have previously used lung
sections from patients with IPF and from nor-
mal controls to determine the expression of
TGF-â114 15 and have shown by immunohisto-
chemistry that TGF-â1 is aberrantly expressed
in alveolar macrophages (AM) in early lesions
of IPF.15 TGF-â1 was not present in alveolar
epithelial cells or extracellularly in these
regions, but in areas of advanced fibrosis and
remodelling called honeycomb cysts in lung
sections from the same patients, TGF-â1 was
overexpressed in both the AM and in epithelial
cells lining the honeycomb cysts.14 15 Further-
more, large quantities of matrix associated
TGF-â1 were found subepithelially where
there was marked fibroconnective tissue.14 15

TGF-â2 and TGF-â3 were ubiquitously ex-
pressed in all pulmonary cells irrespective of
the presence or absence of disease.15

In the present study we show that AM
obtained from patients with IPF but not
normal controls secrete large quantities of
active TGF-â1. In addition, in BAL fluid from
the lower lobes of patients with IPF with
evidence of fibrosis (as shown by high resolu-
tion computed tomographic (HRCT) scan-
ning13) there were increased quantities of both
active and latent TGF-â. BAL fluid from the
upper lobes of patients with IPF contained only
L-TGF-â. LTBP-1 immunoreactivity was
abundant in AM and epithelial cells lining
honeycomb cysts in IPF but not in alveolar
epithelial cells of early lesions in IPF patients or
normal lungs. In contrast, LAP-1, which iden-
tifies the presence of biologically inactive
L-TGF-â1, was expressed by all pulmonary
cells except interstitial myofibroblasts. The
expression of TâR-I and II was ubiquitous in
normal lungs, but in IPF lungs TâR-I was
decreased on most cells in areas of honeycomb-
ing except for interstitial fibroblasts which
expressed both TâR-I and TâR-II. These find-
ings, in the context of our previous results, sug-
gest that in vivo regulation of the biological
eVects of TGF-â1 in IPF may be aVected by
the release of active TGF-â1 and the spatial
distribution of LTBP-1 and TâRs.

Methods
MATERIALS

The purification and specificity of monoclonal
LAP-1 antibody16 and recombinant human
monoclonal anti-LTBP-1 have been described
elsewhere.17 Antibodies to LAP-1, LTBP-1,
polyclonal antibodies to TGF-â1–3, TGF-â1,
TGF-â2, TGF-â3, porcine TGF-â1 for the
standard curve and polyclonal and monoclonal
rabbit IgG were purchased from R & D (Min-
neapolis, MN, USA). Antibodies to TGF-â
receptors I (V-22) and II (L-21) were pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

PATIENTS

The clinical characteristics of patients whose
lung sections were used for immunohisto-
chemical studies have been described in detail
elsewhere.14 15 Briefly, lung tissue was used from
paraYn embedded lung biopsy specimens
obtained between 1985 and 1992 for diagnosis
of diVuse pulmonary infiltrates. At the time of

Table 1 Clinical characteristics of study patients

Patient no* Presenting complaints FEV1/FVC (%) VC (% predicted) HRCT findings Clinical diagnosis

1 SOBOE 81.2 2.82 (74) Subpleural fibrosis of bases of lower lobes; normal upper lobes IPF
2 SOBOE 77.5 2.2 (54) Subpleural fibrosis, honeycombing in lower lobes; ground glass in

right upper lobe
IPF

3 SOBOE 85.0 3.7 (77) Basal fibrosis; no ground glass in upper lobes IPF
4 SOBOE 80.0 2.8 (70) Subpleural fibrosis, honeycombing at R base; no ground glass in

upper lobes
5 SOBOE 84.0 2.1 (79) Basal fibrosis and honeycombing; ground glass in upper lobes (R>L) IPF
6 Haemoptysis 84.0 2.28 (85) One hilar calcified lymph node; otherwise normal Haemoptysis, NYD
7 Haemoptysis 62.1 3.9 (125) L upper lobe nodule; no fibrosis SPN NYD
8 Fatigue ND ND Multiple nodules Metastatic carcinoma
9 SOBOE NA NA R middle lobe mass Carcinoma
10 SOBOE; weakness 66.0 3.4 (80) L upper lobe mass Carcinoma

FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; VC = vital capacity; HRCT = high resolution computed tomography; SOBOE = short-
ness of breath on exertion; IPF = idiopathic pulmonary fibrosis; NYD = not yet diagnosed; ND = not done; NA = not available; R = right; L = left; SPN = solitary
pulmonary nodule.
*Patients 1–5 had the clinical diagnosis of IPF and these patients had an HRCT scan. Patients 6–10 were control patients with no evidence of interstitial lung disease
who underwent a CT scan of the chest.
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open lung biopsy separate sites that, on gross
examination, appeared to be normal and
abnormal were resected for histological diag-
nosis. Patients from whom AM were obtained
by BAL were recruited in 1993–9 (table 1).
Before recruitment the study protocol was
reviewed and approved by the human ethics
committee of the University of Manitoba and
all patients gave signed informed consent.

Clinical criteria for IPF (insidious onset of
shortness of breath on exertion, inspiratory
crackles, bilateral basal interstitial fibrosis on a
plain radiograph, HRCT scan showing basal
and pleural based interstitial fibrosis and, in
some instances, honeycombing) were present
in five patients (nos 1–5, table 1). Clubbing was
detected in three of these. Pulmonary function
tests were compatible with restrictive lung dis-
ease with a reduced vital capacity, diminished
gas transfer (not shown), but normal flow rates.
There was no evidence of joint inflammation,
redness, or pain, and autoantibodies were not
present. The patients did not have clinical or
radiological evidence of left ventricular failure
or pneumonia and were not on corticosteroids
or any other immunosuppressive medications.
Five patients who were being evaluated for
haemoptysis or pulmonary nodules who had
no evidence of inflammation or fibrosis were
selected as controls (nos 6–10, table 1). None
of the control patients was receiving cortico-
steroids or any other immunosuppressive
drugs. All had pulmonary function tests which
were either within normal limits or demon-
strated mild to moderate airway obstruction
but not restrictive lung disease, and none had
HRCT evidence of interstitial lung disease.

IMMUNOHISTOCHEMISTRY

The procedure for immunohistochemistry has
been described previously.14 15 18 19 Briefly, sec-
tions of paraYn embedded lung were treated at
58°C, deparaYnised, rehydrated, and equili-
brated in Tris buVered saline (TBS) containing
0.3% Triton X-100 (Sigma). Endogenous per-
oxide activity was blocked using 0.3% H2O2

(Sigma) in methanol for 30 minutes at room
temperature. The sections were treated with
0.1% trypsin in 0.05 M Tris, 0.02 M CaCl2

(pH 8.0), non-specific binding was eliminated
by blocking with 1.5% normal goat serum
(Vector Laboratories, Burlington, CO, USA) in
TBS/0.5% BSA. Sections were incubated with
the primary antibody or normal rabbit serum.
Lung sections were pretreated with 0.5%
trypsin for 15 minutes and subsequently incu-
bated overnight at 4°C with antibodies to
TâR-I and TâR-II at a final concentration of
1 µg/ml. Normal rabbit 1gG (Lipshaw, Im-
muno, Pittsburgh, PA, USA) was used at 1 µg/
ml as a negative control. For anti-LTBP-1 a
dilution of 1:2000 of the antibody or rabbit IgG
as control was used and the sections were incu-
bated for 2 hours at 37°C.20 For anti-LAP-1 a
dilution of 1:100 was used or rabbit 1gG as
control and the sections were incubated
overnight at 4°C. In all cases the slides were
incubated with biotinylated goat anti-rabbit
secondary antibody (1:2000 in TBS/0.5%
BSA; Vector Laboratories) followed by avidin

biotin complex (ABC; Vector Laboratories
diluted in TBS/0.1% BSA) for 1 hour at room
temperature. Immunoreactivity was developed
using the substrate 0.5% 3, 3'-diaminolunzidine
tetrahydrochloride (DABA) (Sigma) in 0.1%
H2O2, 0.05 M Tris, 0.85% NaCl (pH 7.4) for
2.5–5 minutes. The sections were counter-
stained with Gill’s haematoxylin, dehydrated,
and mounted with Permont (Sigma).

BRONCHOALVEOLAR LAVAGE (BAL)
Before BAL all patients with IPF had an
HRCT scan. BAL was performed using a
standard approach.21 Lavage samples were
obtained from upper lobes where, based on the
HRCT scan, there was evidence of either no
disease or the presence of ground glass
changes. BAL samples were also taken from the
lower lobes which, based on the HRCT scan,
had changes compatible with pulmonary fibro-
sis and/or honeycomb lung. The first 10 ml of
BAL fluid retrieved was used for measuring the
TGF-â content while the entire volume of fluid
retrieved was used to obtain cells for culture.
After centrifugation the supernatant was sepa-
rated from the pellet containing inflammatory
cells and the quantity of TGF-â measured and
the TGF-â isoform types present were assessed
using the CCL-64 bioassay as previously
described.22–26 The cell pellet was washed, sus-
pended in á-MEM, and the AM cultured to
determine TGF-â levels and isoform type as
previously described.

CULTURE OF MACROPHAGES

Serum free á-MEM containing gentamicin
(4 mg/ml; Roussel, Montreal, Canada), fungi-
zone (100 µl/100 ml, Gibco, NY, USA), and
0.2 % clotted bovine calf plasma (BCP)
(National Biological Laboratory Limited, Du-
gald, Manitoba, Canada) was added to cell
pellets of previously centrifuged BAL fluid.22–25

The cells were allowed to adhere for 2 hours,
washed, and the adherent cells were identified
as macrophages22–25 and cultured in the above
media. The conditioned media were collected
in the presence of the protease inhibitors
lepeptin (0.5 µg/ml), pepstatin (1 µg/ml), and
aprotinin (1 µg/ml) (all from Sigma, Oakville,
ON, USA) and frozen at –80°C until ready for
TGF-â identification.

CCL-64 BIOASSAY FOR DETECTION AND

CHARACTERISATION OF TGF-â

To determine TGF-â isoforms the CCL-64
growth inhibition assay was used as described
previously.22–26 Briefly, to measure the quantity of
biologically active TGF-â present, neutral con-
ditioned medium or BAL fluid was used. Total
TGF-â was measured by acidifying an aliquot of
the same BAL fluid or conditioned medium to
activate the latent TGF-â present in the sample.
The acidified BAL fluid or conditioned medium
was neutralised before adding the sample to
subconfluent cells (5 × 104/cells/0.5 ml) in 24
well costar dishes (Flow Laboratories Inc;
Mississagua, ON, USA) 0.2% BCP, á-MEM,
10 mM Hepes at pH 7.4, penicillin and strepto-
mycin (both 25 µg/ml). After 22 hours cells
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were pulsed with 0.25 µCi 5-(125I) iodo-2'-
dioxyuridine (ICN Pharmaceutical, Costa Mesa,
CA, USA) for 3 hours at 37°C, lysed with 1 N
NaOH, and the amount of 125I-UdR incorpo-
rated was determined by counting in a gamma
counter (LKB Instruments, Gaithersberg, MD,
USA). Each assay was done with a standard
curve using porcine TGF-â1. Confirmation of
TGF-â activity or isoform identification was
performed by using neutralising antibodies anti-
TGF-â1, anti-TGF-â2, or anti-TGF-â3 added
before the addition of conditioned media or
BAL fluid.

Results
TGF-â IN ALVEOLAR MACROPHAGE MEDIUM AND

BAL FLUID

The inflammation and fibrosis observed in IPF
is most prominent in the lower lobes and sub-
pleural regions; the more central portions of the
lung parenchyma and upper lobes are the last to
be involved as the disease progresses so, in many
cases, the upper lobes of patients with IPF can
appear to be relatively spared.12–15 HRCT
scanning can identify regions of IPF lungs with
evidence of inflammation, fibrosis, and honey-
combing as well as areas that do not appear to be
involved. Based on HRCT findings, BAL
samples were obtained from regions with fibro-
sis and inflammation and from those with no
apparent changes. For TGF-â to be eVective it
must be in its active dimeric form.1 4 AM
obtained from patients with no inflammation or
fibrosis secreted small quantities of all isoforms
of TGF-â in the inactive latent form (table 2).
However, AM from patients with IPF not only
secreted increased quantities of TGF-â, but up
to 96.6% of it was in the active form and 75% of
the TGF-â from AM derived from the lower
lobes of the lung was the TGF-â1 isoform (table
2). More specifically, AM from the upper lobes
of patients with IPF secreted 1.6 (0.6) fmol
active TGF-â while those from the lower lobes

of patients with IPF secreted 4.1 (1.9) fmol
active TGF-â. No active TGF-â was secreted by
AM from the lower lobes of control patients.
The diVerence in active TGF-â secreted by AM
from the lower lobes of patients with IPF and
from the lower lobes of control patients was sig-
nificant (p<0.01). TGF-â from the upper and
lower lobes of IPF patients was 95.8 (1.5)% and
73.3 (18.2)% active, respectively. The diVerence
in % active TGF-â secreted by AM from the
lower lobes of patients with IPF and from the
lower lobes of control patients was significant
(p<0.01). Neither the diVerence in total TGF-â
secreted by AM from the lower lobes of patients
with IPF and from the lower lobes of control
patients nor the diVerence in active or total
TGF-â in conditioned media of AM from the
upper and lower lobes of patients with IPF was
significant. The isoforms present in the condi-
tioned media of AM from the upper lobes of the
lung could not be determined because there was
an insuYcient amount of TGF-â to determine
the isoform present. In all experiments TGF-â
activity was confirmed by pan-anti-TGF-â1-
TGF-â3 antibody.

Using the anti-LC(1–30) which detects
active TGF-â1 antibody, we have previously
shown that alveolar epithelial cells of normal
lungs do not demonstrate the presence of
immunoreactive TGF-â1 but, using the same
antibody, epithelial cells lining honeycomb
cysts immunostain intensely for TGF-â1.14 15 It
was not feasible to obtain the epithelial cells to
determine whether they secrete TGF-â. We
therefore reasoned that alveolar lining fluid
which can be retrieved by BAL should contain
TGF-â secreted by epithelial cells.

Areas with minimal or no evidence of inflam-
mation or fibrosis and areas with fibrosis and/or
honeycombing were localised to the upper and
lower lobes of the lungs, respectively, by HRCT
scanning.13 BAL fluid from areas with no
inflammation or fibrosis in patients with IPF

Table 2 Transforming growth factor â (TGF-â) in conditioned media (CM) of alveolar macrophages (AM)

Diagnosis
Location of
BAL

Mean (SE)
active TGF-â
(fmol/106 AM)

Mean (SE)
total TGF-â
(fmol/106 AM)

Active TGF-â
(%)

Isoforms of TGF-â (% of total)

TGF-â1 TGF-â2 TGF-â3

IPF* Upper lobes 1.6 (0.6) 1.7 (0.8) 95.8 (1.5) ND ND ND
IPF* Lower lobes 4.1 (1.9) 5.4 (2.4) 73.3 (18.2) 75 (2.2) 10.2 (0.3) 14.8 (0.8)
Control† Lower lobes 0.0 0.7 (0.2) 0.0 15 (2.2) 29.5 (1.2) 55.5 (0.9)

IPF = idiopathic pulmonary fibrosis; BAL = bronchoalveolar lavage; ND = not done.
*Each patient with IPF had a BAL of the upper and lower lobes (n=5).
†Control patients are described in table 1 (n=5).
p<0.01 for active TGF-â, p<0.01 for % active TGF-â in CM, and p<0.01 for diVerence of all isoforms of TGF-â CM of lower
lobe AM of patients with IPF v control samples. DiVerence between CM of upper lobe and lower lobe AMs from IPF patients did
not reach statistical significance (Mann-Whitney test).

Table 3 TGF-â in bronchoalveolar lavage (BAL) fluid

Diagnosis
Location of
BAL

Mean (SE)
active TGF-â
(fmol/ml)

Mean (SE)
total TGF-â
(fmol/ml)

Mean (SE)
active TGF-â
(%)

Isoforms of TGF-â (% of control)

TGF-â1 TGF-â2 TGF-â3

IPF* Upper lobes 0.7 (0.2) 5.4 (1.8) 17.6 (1.0) ND ND ND
IPF* Lower lobes 2.9 (1.2) 4.8 (1.9) 78.4 (1.6) 69 (5.6) 19 (4.8) 12 (5.6)
Control† Lower lobes 0.0 1.6 (0.9) 0.0 ND ND ND

IPF = idiopathic pulmonary fibrosis; ND = not done.
*Each patient with IPF underwent BAL of the upper and lower lobes (n=5).
†Control patients are described in table 1 (n=5).
p<0.04 for active TGF-â and p<0.03 for percentage active TGF-â upper lobe v lower lobe content of TGF-â in BAL fluid of
patients with IPF. p<0.02 for active TGF-â and p<0.02 for percentage active TGF-â lower lobe content of TGF-â in BAL fluid IPF
patients v controls. DiVerence in total TGF-â in BAL fluid from upper and lower lobes of patients with IPF is not significant. Dif-
ference in total TGF-â in lower lobes of IPF patients v controls is not significant (Mann-Whitney test).
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(upper lobes) contained TGF-â in the latent
form (table 3), while BAL fluid from areas with
fibrosis and/or honeycomb cysts (lower lobes)
contained large quantities of active TGF-â1
(69%). Lesser quantities of TGF-â2 (19%) and
TGF-â3 (12%) were also present (table 3).
BAL fluid from normal controls contained only
L-TGF-â1 (table 3). More specifically, BAL
fluid from the upper and lower lobes of patients
with IPF contained 0.7 (0.2) fmol and 2.9
(1.2) fmol active TGF-â, respectively. This dif-
ference was significant (p<0.03). The percent-
age active TGF-â in the upper and lower lobes
was 17.6 (1.0)% and 78.4 (1.6)%, respectively,
and this diVerence was also significant
(p<0.03). The total TGF-â in BAL fluid from
the upper and lower lobes of patients with IPF
and from the lower lobes of control patients was
not statistically diVerent. BAL fluid from the
upper lobes of patients with IPF or from the
lower lobes of normal controls was suYcient
only to quantitate and confirm the presence of
TGF-â using a pan-anti-TGF-â1–3 antibody,
but was not suYcient to determine the TGF-â
isoforms.

IMMUNOHISTOCHEMICAL ANALYSIS OF TâR-I AND

TâR-II

For activated TGF-â to have a biological eVect,
the locally responding cells require the pres-
ence of both TâR-I and TâR-II.10 11 We there-
fore determined the distribution of TâRs in the
human lung sections. In normal lung the
distribution of TâR-I was ubiquitous, being
expressed on all lung cells including bronchial
(not shown) and alveolar epithelial cells,
endothelial (not shown) cells, vascular (fig 1A)
and bronchial (not shown) smooth muscle cells
and AM (fig 1A, B). In contrast, the lungs of
patients with advanced lesions of IPF had
diminished immunostaining for TâR-I
throughout the entire area (fig 1C–H). In par-
ticular, the expression of TâR-I by hyperplastic
type 2 alveolar epithelial cells (AECs) (fig 1C,
D) and other types of epithelial cells such as
cuboidal cells lining honeycomb cysts (fig 1E,
F) was minimal or absent. In addition, intersti-
tial inflammatory cells including macrophages
also did not express TâR-I (fig 1C–H).
However, epithelial cells that appeared to be
diVerentiated type 2 AECs expressed TâR-I

Figure 1 Localisation of TâR-I by immunohistochemistry. (A) TâR-I in normal lungs (bar = 50 µm). (B) Inset
enlargement showing alveolar macrophages (arrowhead) and epithelial cells (arrow) expressing TâR-I (bar = 12.5 µm).
(C, E, G) Distribution of TâR-I in an area of honeycomb cyst in a lung section of a patient with IPF (bar = 50 µm).
There is a lack of TâR-I expression on interstitial inflammatory cells (arrowhead). (D) Inset enlargement showing lack of
TâR-I on hyperplastic type 2 alveolar epithelial cells (AEC) (arrowhead) but presence of TâR-I on interstitial fibroblasts
(arrow) (bar = 12.5 µm). (F) Inset enlargement confirming lack of TâR-I on cuboidal epithelial cells (arrowhead) (bar =
12.5 µm). (H) Enlargement showing presence of TâR-I on cells with type 1 AEC morphology (arrowhead) (bar =
12.5 µm). Gill’s haematoxylin was used as a counterstain. The figures represent 2–3 sections from 3–4 patients.
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(fig 1G, H). Interestingly, TâR-I was promi-
nently expressed by spindle shaped cells likely
to be fibroblasts or myofibroblasts present in
the interstitium (fig 1C, D). In the normal lung
TâR-II was ubiquitously present with intense
staining of bronchiolar (not shown) and vascu-
lar smooth muscle cells, AECs, macrophages
(fig 2A, B) and bronchiolar epithelial cells (not
shown). In contrast to the paucity of TâR-I in
IPF lungs, TâR-II was present in all epithelial
cell types lining honeycomb cysts (fig 2C–E),
AM (fig 2C, D), and fibroblasts (fig 2C, E).
The immunostaining observed in figs 1 and 2 is
representative of the staining in the entire
biopsy section of all patients examined with
IPF.14 15

DISTRIBUTION OF LAP BY

IMMUNOHISTOCHEMISTRY

Since TGF-â is secreted in association with its
LAP-1 portion, antibodies to LAP-1 should
detect both the active and latent molecules.16

However, the anti-peptide antibody (anti-
LC(1–30) TGF-â1 antibody) used previously
identified TGF-â in an active conformation.16

LAP-1 immunostaining was observed in all
cells of normal lung including bronchial and
alveolar epithelial cells, bronchial and vascular
smooth muscle cells and AM (not shown).
Expression of LAP-1 in lung sections from
patients with IPF was similar and was found in
bronchial epithelial cells (not shown) epithelial
cells lining honeycomb cysts, macrophages (fig

Figure 2 Localisation of TâR-II by immunohistochemistry. (A) TâR-II expression in normal lung (bar = 50 µm). (B)
Inset enlargement showing presence of TâR-II on alveolar macrophages (arrowhead) and AECs (arrow) (bar =
12.5 µm). (C) TâR-II expression in a lung section from a patient with IPF. Epithelial cells lining honeycomb cysts (small
arrow), alveolar macrophages (arrowhead), and interstitial fibroblasts (large arrow) express TâR-II (bar = 50 µm). (D,
E) Enlargements showing TâR-II on epithelial cells (small arrow), macrophages (arrowhead), and interstitial fibroblasts
(large arrow) (bar = 12.5 µm). Gill’s haematoxylin was used as a counterstain. The figures represent 2–3 sections from
3–4 patients.

Figure 3 Localisation of L-TGF-â1 by immunohistochemistry. (A, B) L-TGF-â1 is present in epithelial cells (arrows)
and alveolar macrophages (arrowhead) and distinctly absent in subepithelial fibroconnective tissue (bar = 50 µm for A,
12.5 µm for B). (C) Control using IgG to replace anti-LAP-1 antibody (bar = 50 µm). Haematoxylin was used as a
counterstain. Each figure represents 2–3 sections from 8–9 patients.

Figure 4 Localisation of LTBP-1 by immunohistochemistry. (A, B) LTBP-1 is present in epithelial cells lining
honeycomb cysts (small arrow) and alveolar macrophages (arrowhead) (bar = 50 µm) and is absent in subepithelial
fibroconnective tissue. (C) Control using rabbit IgG to replace anti-LTBP-1 antibody (bar = 50 µm). Haematoxylin was
used as a counterstain. Each figure represents 2–3 sections from 8–9 patients.
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3A, B), smooth muscle cells of vessels and
bronchi, and endothelial cells (not shown). In
the subepithelial areas of IPF lungs where
fibroblasts and extracellular matrix compo-
nents were present, there was little to no
immunostaining of LAP-1. The immunostain-
ing observed in fig 3 is representative of stain-
ing found in the entire lung biopsy section of all
patients examined.14 15

DISTRIBUTION OF LTBP-1 BY

IMMUNOHISTOCHEMISTRY

It has been shown that TGF-â can also be
secreted as a large latent complex covalently
bound to LTBP-1. LTBP-1 facilitates the
secretion of L-TGF-â1 from the cell and the
release of biologically active TGF-â1 so
immunoreactivity for LTBP-1 is likely to be
present in areas of TGF-â1 production and
function. In normal lungs only a few AM
expressed LTBP-1 (not shown). In contrast,
LTBP-1 was restricted to AM and epithelial
cells lining honeycomb cysts in lung sections
from patients with IPF (fig 4A, B), and this
immunostaining is representative of that ob-
served in the entire lung biopsy section of all
patients examined with IPF.14 15 Faint immuno-
staining of LTBP-1 was present in the smooth
muscle cells of vessels and bronchi (not
shown). No immunoreactivity for LTBP-1 was
observed in any other cells including normal
alveoli of patients with IPF (not shown).

Discussion
The pathogenesis of IPF remains largely
unknown,12 13 but observations based on ani-
mal models of pulmonary fibrosis18 22–26 and
lung sections from patients with IPF14 15 27 sug-
gest that TGF-â and, particularly TGF-â1, is
likely to be important in pulmonary fibrosis.
Although high levels of immunoreactivity for
TGF-â1, especially in AM, were previously
observed in IPF, the autocrine or paracrine
eVects of TGF-â1 can only be manifested if the
latent TGF-â1 that is secreted is converted to
its biologically active form.1 4 The findings in
this study show for the first time that AM from
patients with IPF secrete biologically active
TGF-â1, in direct contrast with AM from nor-
mal lung which only secrete L-TGF-â. These
observations are consistent with the bleomycin
induced lung injury model in the rat which
shows that the generation of AM derived
TGF-â1 in its active form is critical to the
pathogenesis of inflammation and fibrosis in
this model.18 22–25 Our findings suggest that the
release of active TGF-â1 by AM may play an
important role in the inflammation and fibrosis
observed in IPF.

One of the most striking features observed in
the distribution of TGF-â1 in lungs from
patients with IPF was the aberrant presence of
TGF-â1 in epithelial cells lining honeycomb
cysts.14 15 Although we have successfully cul-
tured rat epithelial cells in previous studies,26

we were unable to examine the release of
TGF-â by explanted human alveolar epithelial
cells. However, we proposed that alveolar lining
fluid retrieved by BAL should contain TGF-â
secreted by the epithelial cells. BAL fluid from

both upper lobes where there is minimal
disease and lower lobes where there is more
extensive disease contained similar quantities
of TGF-â. However, BAL fluid from the lower
lobes contained 4–5 times more active TGF-â.
The mechanism of activation of L-TGF-â1
derived from AM or present in BAL fluid in
lungs from patients with IPF is not clear. How-
ever, based on animal models of fibrosis22–26 and
our findings using AM from patients with
IPF,27 it appears that plasmin, a serine protease,
mediates the release of active TGF-â1. The
findings suggest that a process of L-TGF-â1
activation is present in areas of advanced
lesions of IPF. It should be noted that BAL
fluid could contain the secretory products of
epithelial cells and also of alveolar and intersti-
tial inflammatory cells and any serum proteins
that could leak into the alveolar space. It has
previously been found that no TGF-â1 was
present in the interstitial inflammatory cells in
lung sections from patients with IPF nor in rat
lungs after bleomycin induced lung in-
jury.14 15 18 In addition, none of the patients
from whom BAL fluid was obtained had
HRCT changes of alveolar or interstitial
oedema to suggest that lung injury and leakage
of serum proteins into the lower lobes had
occurred. We have also shown that explanted
rat alveolar epithelial cells constitutively secrete
all isoforms of biologically active TGF-â.26

These findings suggest that AECs are a
probable source of the biologically active
TGF-â1 isoform that has been found to be
associated with matrix in previous studies.14 15

It is likely that the same cells may contribute to
the TGF-â present in the BAL fluid from the
lower lobes of patients with IPF observed in the
current study. Taken together, the presence of
TGF-â isoforms in alveolar fluid may be from
both AM and from epithelial cells. Based on
the known eVects of TGF-â on the synthesis of
connective tissue,1–3 the presence of TGF-â1 in
the alveolar space could result in recruitment of
inflammatory cells, intra-alveolar inflamma-
tion, fibroblast recruitment, and proliferation
as well as increased connective tissue synthesis
by fibroblasts. All of these eVects of TGF-â1
could then result in the remodelling and fibro-
sis that is observed in advanced lesions of
IPF.12–15

In addition to the local availability of active
TGF-â, the responding cell must express both
signalling receptors TâR-I and TâR-II.10 11

TGF-â is a potent inhibitor of epithelial cell
growth. In the bleomycin induced rat lung
injury model we have shown that the expres-
sion of TâR-I by immunohistochemistry is
markedly decreased on proliferating AECs.28

The lack of TâR-I in AECs is transient as these
receptors reappear concomitantly with the ces-
sation of proliferation of AECs 7 days after
bleomycin injury.28 The downregulation of
TâR-I expression by AECs after bleomycin
induced injury is consistent with the resistance
of the these cells to the antiproliferative eVects
of TGF-â demonstrated in cultures of AECs.28

In IPF honeycomb cysts are consistently char-
acterised by the presence of type 2 AEC hyper-
plasia and epithelialisation by cuboidal cells of
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the respiratory bronchioles.12 14 15 Thus, the
downregulation of TâR-I on epithelial cells
lining honeycomb cysts, leading to the resist-
ance of antiproliferative eVects of TGF-â,
could be integral to the repair of damaged epi-
thelium by proliferation of epithelial cells in
IPF.26 TGF-â also induces diVerentiation of
epithelial cells.1 The reappearance of TâR-I on
AECs in rats after bleomycin injury coincides
with the time interval after bleomycin adminis-
tration when AECs in areas of injury demon-
strate the more diVerentiated type 1 AECs.26 28

Concomitantly, the expression of TGF-â3 in
epithelial cells increases in type 2 AECs29 and
there is increased secretion of TGF-â3.26 The
presence of TâR-I on type 1 epithelial cells lin-
ing honeycomb cysts suggests that these cells
would be responsive to TGF-â1 and TGF-â3.
Thus, the presence of TâR-I on epithelial cells
may be vital to the cessation of further
proliferation and induction of diVerentiation
which can be mediated by both TGF-â1 and
TGF-â3.26 29 The mechanisms involved in
regulating the dynamic expression of TâR-I by
AECs in patients with IPF are unclear but pre-
liminary data indicate that factors or cytokines
present in rat BAL fluid after bleomycin injury
such as PGE2 and IFNã and autoregulation by
TGF-â may be important in suppressing
TâR-I expression on the human adenocarci-
noma cell line A549 cells (D Douglas, N Kha-
lil, unpublished observation).28 Since A549
cells are derived from human AECs, it is
reasonable to propose that the decrease in
TâR-I in IPF lungs may similarly respond to
cytokines locally released in response to injury.
Unlike AECs, the interstitial cells resembling
fibroblasts express both TâRs in advanced
lesions of IPF. In the rat 14 days after bleomy-
cin injury there is increased expression of
TâR-I and TâR-II on interstitial fibroblasts.
Explanted fibroblasts isolated 14 days after
bleomycin injury spontaneously synthesise
maximal quantities of collagen.18 These find-
ings suggest that, in pulmonary fibrosis, the
expression of TâRs by interstitial fibroblasts
may be critical for TGF-â1 mediated connec-
tive tissue synthesis, thereby contributing to the
fibrotic response in IPF. Collectively, these data
suggest that the temporal expression of TâR-I
by diVerent cell types of the lungs is important
in controlling the pathological changes ob-
served in IPF.

In lungs of patients with IPF L-TGF-â1 is
present in all pulmonary cells except for
subepithelial and interstitial myofibroblasts.
Similarly, in bleomycin induced lung injury in
the rat the fibroblasts present in the lungs 4, 7,
14, and 28 days after bleomycin administration
also do not express L-TGF-â1 (D Douglas, N
Khalil, unpublished) or active TGF-â1.18 The
lack of TGF-â1 expression by the fibroblasts
may be of no consequence because matrix
associated TGF-â1 is present in areas where
fibroblasts were observed in IPF lungs14 15 and
after bleomycin induced injury.18 These obser-
vations suggest that, in fibrotic lung diseases,
TGF-â1 is available to interstitial fibroblasts
which express both TâRs and can respond to

TGF-â1 in a paracrine manner by synthesising
connective tissue proteins.

It is interesting that, in areas of advanced
disease in IPF, LTBP-1 is consistently ex-
pressed in AM and epithelial cells lining
honeycomb cysts. However, in normal lungs
from patients with IPF or from patients with no
fibrotic disease, LTBP-1 was observed in some
AM but not in epithelial cells. The presence of
LTBP-1 and TGF-â (both mature and latent)
in AM and epithelial cells suggests that these
cells synthesise large latent TGF-â1 in IPF.
Flaumenhaft et al showed that LTBP-1 of the
LTBP-1/L-TGF-â1 complex can associate
with the cell surface and may be important in
increasing the eYciency with which plasmin
activates L-TGF-â1.7 Since both AM18 23–25 and
epithelial cells26 generate active TGF-â1 and
express LTBP-1, it is conceivable that LTBP-1
is important in IPF in the conversion of
L-TGF-â1 to the active TGF-â1 seen in areas
of fibrosis in IPF lungs. It has also been found
that LTBP-1 associates with the extracellular
matrix.8 9 L-TGF-â1 complexed with matrix
associated LTBP-1 may be important as a res-
ervoir of TGF-â1 that can be released by pro-
teases such as plasmin.9 No LTBP-1 was
observed in the subepithelial regions where
matrix associated TGF-â1 had been previously
demonstrated,14 15 which suggests that TGF-â1
may be associated with the extracellular matrix
in IPF lungs, but by a mechanism that does not
involve LTBP-1. Alternatively, it is possible
that LTBP-1 complexed with L-TGF-â1 is
present subepithelially but, when LTBP-1 is
bound to the extracellular matrix, the epitopes
exposed are not recognised by the antibodies to
LTBP-1 used in this study.

It has previously been shown that TGF-â3 is
important in the pathogenesis of pulmonary
vascular diseases.30 In contrast, our data
indicate that the TGF-â1 isoform is important
in the pathogenesis of pulmonary fibrosis.25

TGF-â1 has numerous biological eVects and
the expression of TGF-â1 and its receptors is
ubiquitous. The regulation of TGF-â function
in both physiological and pathological proc-
esses depends on its ability to be activated and
the expression of both signalling receptors on
target cells in a temporally dynamic fashion.
We conclude that activation of L-TGF-â1 and
the diVerential expression of TâR-I may be
important in the pathogenesis of remodelling
and fibrosis in IPF.
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