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Mechanisms of Pulmonary Fibrosis

SPONTANEOUSRELEASE OF THE ALVEOLAR MACROPHAGE-DERIVED

GROWTHFACTOR IN THE INTERSTITIAL LUNG DISORDERS

PETER B. BITTERMAN, STEVEN ADELBERG, and RONALDG. CRYSTAL, Pulmonary
Branch, National Heart, Lung, and Blood Institute,
Bethesda, Maryland 20205

A B S T R A C T Interstitial lung disorders are charac-
terized both by a chronic inflammation of the lower
respiratory tract that includes increased numbers of
activated alveolar macrophages and by increased num-
bers of fibroblasts within the alveolar wall. Since al-
veolar macrophages from normal individuals can
be activated to release a growth factor for lung fibro-
blasts (alveolar macrophage-derived growth factor
[AMDGF]), we hypothesized that the activated alveolar
macrophages within the lower respiratory tract of pa-
tients with fibrotic lung disorders might be sponta-
neously releasing AMDGF.To evaluate this hypothesis,
alveolar macrophages (suspension culture, 4 h, 370)
from 65 patients with interstitial lung disorders and 30
control subjects were examined for the spontaneous
release of fibroblast growth-promoting activity, with
human lung fibroblasts as the target. Whereas none of
the controls had macrophages spontaneously releasing
a growth-promoting activity for fibroblasts, 82% of the
patients with interstitial lung disease had alveolar mac-
rophages that were spontaneously releasing a growth-
promoting activity for fibroblasts. In common with
AMDGF, the fibroblast growth-promoting activity re-
leased by these macrophages eluted from DEAE cel-
lulose at 270 mMNaCl, had a partition coefficient of
0.3 by gel filtration on Sephadex G-50, was distinct
from other characterized growth factors, and acted as
a progression factor for fibroblast replication in a serum-
free complementation test. These data suggest that the
expansion of fibroblast numbers within the alveolar
structures in interstitial lung disorders may result, in
part, from the release of AMDGFby alveolar macro-
phages stimulated in vivo.

Received for publication 23 March 1983 and in revised
form 20 July 1983.

INTRODUCTION

The interstitial lung disorders are a group of chronic
inflammatory disorders of the lower respiratory tract
in which the normal alveolar walls are progressively
thickened by a fibrotic process characterized by an
expansion of fibroblast numbers and a collagenous ex-
tracellular matrix secreted by these cells (1-3). Since
fibrosis of the alveolar wall is generally an irreversible
process, an understanding of the mechanisms modu-
lating the fibrotic state is necessary in order to under-
stand the pathogenesis of these disorders and to de-
velop a therapeutic strategy to prevent the irreversible
loss of alveolar-capillary units.

Since the fibrotic process is characterized by ex-
panded numbers of fibroblasts in the alveolar walls (4-
6), mechanisms modulating the development of the
fibrosis must involve processes that stimulate fibroblast
proliferation. Although the modulation of fibroblast
replication is a complex process likely involving several
integrated signals, one link between the chronic in-
flammation and the expansion of fibroblast numbers in
these diseases may be provided by the alveolar mac-
rophage, an inflammatory cell that is capable of re-
leasing a growth factor that, under appropriate con-
ditions, can stimulate human lung fibroblasts to replicate
(7). This growth factor, termed the alveolar macro-
phage-derived growth factor (AMDGF),' is an 18,000-

1 Abbreviations used in this paper: AMDGF, alveolar
macrophage-derived growth factor; DLCO, carbon mon-
oxide diffusing capacity (single breath, corrected for he-
moglobin, predicted on lung volume); DMEM,Dulbecco's-
modified Eagle medium; EGF, epidermal growth factor;
FGF, fibroblast growth factor; IPF, idiopathic pulmonary
fibrosis; MSA, multiplication-stimulating activity; PDGF,
platelet-derived growth factor; TLC, total lung capacity
(helium equilibration); VC, vital capacity.
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D protein that acts as a "progression factor" to stimulate
fibroblast replication in serum-free conditions in the
presence of "competence factors" such as platelet-de-
rived growth factor, fibroblast growth factor, or fibro-
nectin (7, 8). When cultured in vitro for short periods,
alveolar macrophages obtained from normal individuals
do not release AMDGF,but when cultured in the pres-
ence of stimuli such as immune complexes or partic-
ulates, the macrophages release this growth factor (7).

Since the chronic inflammation characterizing the
interstitial lung disorders is composed of large numbers
of alveolar macrophages that have been presumably
activated in vivo (4-6, 9-11), it is reasonable to hy-
pothesize that the alveolar macrophages present in the
lower respiratory tract of these patients are sponta-
neously releasing AMDGF,thus providing at least one
of the signals for the enhanced fibroblast proliferation
found in the alveolar walls of these patients. In this
regard, the present study was designed to determine
whether alveolar macrophages from patients with a
variety of interstitial disorders are spontaneously re-
leasing a growth factor for fibroblasts. The data dem-
onstrate not only that this is the case, but also that this
growth factor has biochemical and biological prop-
erties similar to AMDGF.

METHODS

Study population: control subjects (Table I)
Two control populations were used: normal individuals

(referred to as "normals") and patient controls, individuals
who underwent bronchoscopy for localized lung disease (re-
ferred to as "controls"). In both groups, there was no evi-
dence of diffuse interstitial fibrosis by physical examination,
pulmonary function testing, or chest roentgenogram.

The normals (n = 15; six males, nine females) had an
average age of 22±2 yr (mean±SEM) and included three
smokers (4±1 pack-yr) and 12 nonsmokers. The controls (n
= 15; seven males, eight females; age 46±7 yr) included 10
smokers and five nonsmokers. Nine patients were not on any
current medications, four patients were receiving antibiotics
(a cephalosporin and/or an aminoglycoside), and two were
receiving bronchodilators (adrenergic inhaler and aminoph-
ylline).

Study population: fibrotic lung disease
(Table I)
The interstitial lung disease group, consisting of 65 indi-

viduals, was defined as having fibrosis of the alveolar walls
by a combination of roentgenographic, physiologic, and
morphologic criteria.

Sarcoidosis. A diagnosis of sarcoidosis was made in 26
patients (14 males, 12 females; age 36±4 yr) by established
criteria, including lung biopsy (13). Nine were smokers (12±3
pack-yr) and 17 were nonsmokers; none was currently re-
ceiving therapy. As a group, pulmonary function testing in-
dicated vital capacity (VC) = 74±3% predicted, total lung
capacity (TLC) = 74±3% predicted, and single breath dif-
fusing capacity (DLCO) = 76±5% predicted.

Idiopathic pulmonary fibrosis (IPF). IPF was diagnosed
in 24 patients (16 males, 8 females; age 47±3 yr) by established
criteria, including open lung biopsy (14). 14 patients were
smokers (21±6 pack-yr) and 10 patients were nonsmokers.
Eight patients were not on therapy, two patients were re-
ceiving cyclophosphamide (1.5 mg/kg per d), six were re-
ceiving intravenous methylprednisolone (30 mg/kg per week),
and eight were receiving prednisone (0.2-1.0 mg/kg per d).
Pulmonary functions included VC = 58±4% predicted, TLC
= 57±6% predicted, and DLCO= 54±5% predicted.

Other interstitial lung disorders. This group consisted
of 15 patients (nine males, six females; 39±7 yr), seven smokers
(13±4 pack-yr), eight nonsmokers; with five different dis-
orders: histiocytosis X (n = 6), pulmonary fibrosis associated
with collagen vascular disorders (n = 3; scleroderma, der-
matomyositis, and rheumatoid arthritis), berylliosis (n = 2),
and hypersensitivity pneumonitis (n = 4). Histiocytosis X
(15) and pulmonary fibrosis associated with the collagen vas-
cular disorders (16) were diagnosed by established criteria,
including lung biopsy. Berylliosis (17) was diagnosed by his-
tory of occupational exposure, chest roentgenogram dem-
onstrating hilar adenopathy and/or a diffuse interstitial in-
filtrate, mild to moderate restrictive pulmonary function
abnormalities, and a positive beryllium lymphocyte trans-
formation test. Hypersensitivity pneumonitis (18) was di-
agnosed in one patient by lung biopsy along with precipitating
antibodies to thermophilic actinomycetes, and in three pigeon
breeders by typical history and associated precipitating an-
tibodies.

Bronchoalveolar lavage
Patients with interstitial lung disease and individuals from

both control groups underwent bronchoalveolar lavage as
previously described (19). Briefly, after premedication and
local anesthesia, the tip of a fiberoptic bronchoscope was
wedged in a subsegmental bronchus of the lingula and five,
20-ml aliquots of sterile saline were infused with each aliquot
immediately aspirated. To recover sufficient numbers of al-
veolar macrophages for biochemical studies, selected pa-
tients underwent identical lavages of two additional ana-
tomic locations during the procedure (usually the left lower
lobe and the right middle lobe). In the patient controls, the
lavage was performed in a lobe on the opposite side of the
primary process.

Purification of alveolar macrophages
To ensure that it was the alveolar macrophages and not

contaminating lymphocytes or neutrophils that were releas-
ing the fibroblast growth-promoting activity, unseparated
bronchoalveolar lavage cell supernates from the first 11 study
patients were compared with (a) supernates of purified mac-
rophages (>95%) and purified T lymphocytes (>90%) from
six patients with sarcoidosis and (b) supernates of purified
macrophages (>95%) and purified neutrophils from five pa-
tients with IPF. Since >99% of the fibroblast growth-pro-
moting activity was found in the alveolar macrophage su-
pernates, the bronchoalveolar lavage cells of the remaining
study patients were evaluated without further purification
of macrophages, unless <80% of recovered cells were mac-
rophages. In this situation, macrophages were purified from
the total population of cells recovered by bronchoalveolar
lavage using Hypaque-Ficoll centrifugation (to remove neu-
trophils and eosinophils) (20) and/or rosetting with neur-
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aminidase-treated sheep erythrocytes (to remove T lympho-
cytes) (21).

Spontaneous release of a growth-promoting
activity for fibroblasts by alveolar
macrophages
To produce supernates to be tested for growth-promoting

activity, alveolar macrophages were placed in suspension
culture (37°C, 4 h) in polypropylene tubes (Falcon, Labware,
Div. of Becton, Dickinson & Co. Cockeysville, MD) at a
concentration of 106 cells/ml in Dulbecco's modified Eagle
medium (DMEM, Gibco Laboratories, Grand Island, NY) in
a humidified atmosphere of 90% air/10% CO2, with no further
additions (these macrophages will be referred to as unstim-
ulated macrophages). Cells were removed by centrifugation
and resultant macrophage supernates were assayed for
growth-promoting activity as detailed below. As a positive
control for the ability of each patient's macrophages to release
a growth-promoting activity for fibroblasts, a parallel culture
of macrophages was incubated with opsonized zymosan (these
macrophages will be referred to as stimulated macrophages).
The viability of both unstimulated and stimulated macro-
phages after the 4-h incubation was always >90%. Supernates
were stored frozen in liquid nitrogen. Both unstimulated and
stimulated macrophage supernates were assayed at the same
time.

To evaluate macrophage supernates for growth-promoting
activity for fibroblasts, noncycling human lung fibroblasts
were cultured with the test supernate and the increase in
cell number was determined as previously described (7). In
brief, noncycling human fetal lung fibroblasts (HFL-1;
American Type Culture Collection CCL 153) were prepared
for the assay by culturing for 4 d (370C, 90% air, 10% C02)
in DMEMplus 0.4% calf serum (Colorado Serum Co., Den-
ver, CO). These noncycling fibroblasts were cultured for 2
additional days with standard dilutions of the macrophage
supernate; the media used to dilute the macrophage super-
nates contained that amount of serum necessary to give a
final serum concentration of 0.4% in all fibroblast cultures.
The resultant change in cell number was determined by in-
cubating the fibroblast cultures with trypsin (0.25%, Gibco
Laboratories) and counting the number of cells with an elec-
tronic particle counter (Coulter Electronics, Inc., model ZBI;
Hialeah, FL). The growth response was expressed as the
percent increase in fibroblast number above control (fibro-
blasts cultured in DMEMplus 0.4% calf serum without added
macrophage supernates). As a positive control to determine
the effect of maximum stimulation in each experiment, 10%
calf serum was added to the nonreplicating fibroblasts. This
resulted in a 140-160% increase in cell number after 2 d.
The content of growth-promoting activity in a macrophage
supernate was quantified as previously described (7): the
fibroblast growth response to the set of standard dilutions of
a macrophage supernate was determined and the number
of growth factor units per 106 macrophages per 4 h (referred
to as "units") was taken to be equal to the reciprocal of the
dilution resulting in 50% of the maximum growth response.

Comparison of the fibroblast growth-
promoting activity spontaneously released
by alveolar macrophages with AMDGF
To determine whether the fibroblast growth-promoting

activity spontaneously released by alveolar macrophages

from patients with interstitial lung disorders was similar to
AMDGF,two approaches were used: (a) biochemical com-
parisons and (b) biological comparison of the ability of the
fibroblast growth-promoting activity to stimulate fibroblast
replication in a serum-free complementation test.

To prepare sufficient amounts of fibroblast growth-pro-
moting activity for biochemical comparison with AMDGF,
108 macrophages from each of seven patients with fibrotic
lung disease (IPF, n = 3; sarcoidosis; n = 3; histiocytosis X,
n = 1) were cultured individually in serum-free DMEMfor
12 h with the medium changed every 4 h. The supernate
from each patient's macrophages was evaluated separately
by both ion-exchange and gel filtration chromatography, and
compared with an AMDGFstandard that was partially pu-
rified as previously described (7). Ion-exchange chromatog-
raphy was carried out by applying each supernate (dialyzed
four changes against 20 vol of starting buffer [100 mMNaCl,
20 mMTris HCI, pH 7.0, at 4°C]) to DEAEcellulose (What-
man, Inc., Clifton, NJ). The column was eluted with a linear
NaCl gradient from 100 to 300 mMin the same buffer. Each
of the fractions was diluted 100-fold in DMEMplus 0.4%
calf serum, filtered through a 0.22-tim filter (Millipore Corp.,
Bedford, MA) and assayed for growth-promoting activity.
The peak of biological activity on the DEAEcellulose column
was chromatographed on Sephadex G-50 in phosphate-buff-
ered saline (pH 7.2, 4°C). Each fraction was diluted 100-
fold in DMEMplus 0.4% calf serum, filtered through a 0.22-
,m filter, and assayed for growth-promoting activity as de-
scribed above. The column was calibrated with bovine serum
albumin, chymotrypsinogen A, cytochrome c, and bacitracin.

To compare the biological function of the partially pu-
rified growth activity spontaneously released by the alveolar
macrophages of the seven patients with interstitial lung dis-
ease with the AMDGFreleased by normal human alveolar
macrophages stimulated in vitro, a serum-free complemen-
tation test was performed. In this test, AMDGFis known to
act as a progression factor, i.e., it synergistically stimulates
fibroblast replication in the presence of characterized com-
petence factors such as fibroblast growth factor (FGF) or
platelet-derived growth factor (PDGF), but not in the pres-
ence of characterized progression factors such as insulin or
multiplication-stimulating activity (MSA). The complemen-
tation test was performed as previously described (7).
Briefly, nonreplicating fibroblasts in serum-free DMEMsup-
plemented with bovine serum albumin (Sigma Chemical Co.,
St. Louis, MO, RIA Grade) were cultured with a known
competence factor (FGF or PDGF); or a known progression
factor (insulin or MSAat the concentrations indicated in the
text [22]). To those cultures, either AMDGFfrom normals
or the partially purified growth activity from each of the
seven patients was added and the cultures continued for 3
d. After this interval, cell number was determined. As a
positive control, FGF (5 ng/ml) or PDGF(0.1 unit/ml) was
added along with MSA(20 ng/ml) or insulin (10 lAg/ml); in
all cases this resulted in an increase in cell number after 3
d ranging from 65 to 85% above control.

Comparison of AMDGFrecovered from
patients with other characterized growth
factors

AMDGFfrom patients was compared with other growth
factors as previously described (7). Briefly, patient AMDGF
was compared with PDGF and FGF using ion-exchange
chromatography. Gel filtration was used to compare patient
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AMDGFwith epidermal growth factor (EGF). AMDGF
from patients was compared with the insulinlike growth fac-
tors in a combination of radioimmunoassay (23, 24) and ra-
dioreceptor assays (25, 26). Patient AMDGFwas compared
with interleukin-1 by biological assays (each factor was
tested in both the standard thymocyte assay for interleukin-
1 (27) and the standard fibroblast replication assay described
above), and was compared with interleukin-2 in a murine
CT6 cell bioassay (28). EGF, FGF, and MSAwere obtained
from Collaborative Research Inc., Waltham, MA, and insulin
was from Sigma Chemical Co. PDGFwas partially purified
according to the method of Vogel et al. (29). Interleukin-1
was prepared from alveolar macrophages and blood mono-
cytes by ion-exchange and gel filtration chromatography as
previously described (30), and the interleukin-2 standard was
a crude supernate of lectin-stimulated rat spleen cells (28).

Effect of cigarette smoking and the
intensity of alveolitis on the quantity of
growth factor released by macrophages from
patients with sarcoidosis
Patients with sarcoidosis were categorized as nonsmokers

if they never smoked or had not smoked any cigarettes for
>6 mo before study. Patients were considered smokers if
they were currently smoking or had stopped smoking <6 mo
before study. The intensity of the alveolitis was graded as
high intensity or low intensity as previously described (31).
Briefly, the high intensity alveolitis state was defined when
the percentage of bronchoalveolar cells that were lympho-
cytes was >28% and the gallium-67 scan was positive, and
the low intensity alveolitis state when the lymphocyte were
<28% or gallium-67 scan was negative or both. For each
group, the quantity of growth factor in macrophage super-
nates was determined.

Effect of cigarette smoking, the intensity of
the alveolitis, and therapy on the quantity
of growth factor released by alveolar
macrophages from patients with IPF
The smoking status of patients with IPF was categorized

as described for sarcoidosis. The intensity of the alveolitis

was assessed by two separate criteria: (a) the percentage of
bronchoalveolar lavage cells that were neutrophils (with a
higher percentage indicating a more intense alveolitis) (32,
33); and (b) gallium-67 scanning with a positive scan indi-
cating a more active inflammation (33, 34). Therapy status
included four categories: (a) no therapy, (b) cyclophospha-
mide, (c) intravenous methylprednisolone, and (d) predni-
sone, as detailed in the description of the study population.
For each group, the quantity of growth factor in macrophage
supernates was determined.

Statistical evaluations
All comparisons between mean values were performed us-

ing the two-tailed Student's t test.

RESULTS

Bronchoalveolar lavage. The 95 individuals in the
study underwent bronchoalveolar lavage without dif-
ficulty. Collectively, the two control groups (normals
and patient controls) had normal bronchoalveolar la-
vage cell differentials (Table I). In the patients with
sarcoidosis, an increased proportion of their bron-
choalveolar lavage cells were lymphocytes, and in the
patients with IPF, there was an increased proportion
of neutrophils among the cells recovered. The group
of patients comprising the miscellaneous interstitial
disorders showed the expected heterogeneity of bron-
choalveolar lavage cells.

Growth of lung fibroblasts in response to macro-
phage supernates. When noncycling fibroblasts were
cultured with the supernates of unstimulated macro-
phages from patients with interstitial lung disease,
there was a marked increase in replication rate (Fig.
1). Lung fibroblasts cultured in DMEMplus 0.4% calf
serum gradually decreased their replication rate over
a 4-d period (Fig. 1 A). At that point, the fibroblasts
were noncycling, i.e., they manifested a very slow rate
of replication. Supernates of unstimulated macro-

TABLE I
Clinical, Physiologic, and Bronchoalveolar Lavage Characteristics of the Study Population

Clinical data
Pulmonary functioni tests' Bronchoalveolar lavaget

Sex Smokers/
Group n Age (M/F) Nonsmokers VC TLC DLCO FEVy % Macrophages Lymphocytes Neutrophils Eosinophils

yr

Normals 15 22±2 6/9 3/12 91±5 104±6 94±4 98±2 94±3 6±1 0 0
Controls 15 46±7 7/8 10/5 81±8 83±9 78±7 95±3 90±5 7±2 2±1 1±1
Sarcoidosis 26 36±4 14/12 9/17 74±3 74±3 76±5 103±4 72±7 25±4 1±1 2±1
IPF 24 47±3 16/8 14/10 58±4 57±6 54±5 109±5 75±6 8±3 14±2 3±
Others 15 39±7 9/6 7/8 72±11 68±9 70±12 96±4 80±11 10±9 6±6 4±3

a FEV1% = [(forced expiratory vol in 1 s)/(forced VC)] X 100; all values are expressed as percent predicted (see reference 12 for details).
t Expressed as percentage of total cells recovered.

1804 P. B. Bitterman, S. Adelberg, and R. G. Crystal



B
25

° 20
x

a:

E 15

z

Q)
10

co

LL5

1 2 3 4 5 6
TIME OF INCUBATION (days)

UNDILUTED 10-1 10-2
SUPERNATEDILUTION

FIGURE 1 Example of the spontaneous release of AMDGF
by alveolar macrophages from a patient with fibrotic lung
disease. Shown are data from a patient with IPF. (A) Growth
of human lung fibroblasts cultured with macrophage super-
nates. Fibroblasts were cultured at 5 X 104 cells/35-mm dish
in assay medium (DMEMplus 0.4% calf serum). On day 4
(arrow), fibroblasts were cultured with fresh assay medium
(@) or undiluted supernates from alveolar macrophages from
a normal individual (A), alveolar macrophages stimulated
with zymosan from the same individual (A), alveolar mac-

rophages from a patient with IPF (A), and alveolar macro-
phages stimulated with zymosan from the same patient (0).
Shown is the increase in fibroblast number after 2 d incubation
with these macrophage supernates. (B) Quantitation of the
amount of AMDGF'released by macrophages shown in panel
A. Fibroblasts cultured as described above were exposed to
the same macrophage supernates on day 4 at the dilutions
indicated. Shown is fibroblast number determined on day 6
as a function of macrophage supernate dilution. The number
of growth factor units present in a supernate is defined as
the reciprocal of the dilution resulting in 50% of the maximum
growth response (indicated by arrows); e.g., for the IPF pa-
tient, the alveolar macrophages released 220 growth factor
units/4 h from 106 cells.

phages from normal individuals added to these non-

cycling fibroblasts had little effect on fibroblast repli-
cation. In marked contrast, in the example shown (Fig.
1 A), culturing noncycling fibroblasts with supernates
from unstimulated macrophages from a patient with
IPF resulted in an 83% increase in cell number within
2 d. Although stimulation of the macrophages from
the normal individual with opsonized zymosan re-

sulted in a supernate causing a substantial increase
(79%) in fibroblast number after 2 d, stimulation of
the macrophages from the patient with IPF resulted
in no additional release of fibroblast growth-promoting
activity. This suggested that these macrophages were

stimulated in vivo and could not be stimulated further
to release the growth-promoting activity.

The quantity of growth-promoting activity in the
macrophage supernates was best estimated by deter-
mining the growth response to a set of dilutions (un-

diluted, 1:10; 1:50; 1:100; 1:500; 1:1,000) (Fig. 1 B).
The reciprocal of the dilution resulting in 50% of the
maximum growth response was taken to be equal to
the number of growth factor units present. This was
a highly reproducible value; for example, eight deter-
minations of each of 10 supernates stored frozen in
liquid nitrogen vapor over a 6-mo period gave a mean
coefficient of variation of 11%. In the example shown,
the maximum increase in cell number for the stimu-
lated macrophage supernate from the normal individ-
ual was 100,000 cells above the number present with
medium alone. 50% of this increase (50,000 cells above
medium alone) occurred at a dilution of 1:100; there-
fore, there were 100 growth factor units present. The
supernate of both the stimulated and unstimulated
macrophages from the patient with IPF caused 50%
of its maximum growth response at a dilution of 1:220,
indicating that 220 growth factor units were present
in both supernates.

Spontaneous release of growth-promoting activity
by alveolar macrophages from patients with intersti-
tial lung disease. None of the macrophages from nor-
mal individuals or patient controls spontaneously re-
leased significant amounts of growth-promoting activ-
ity (Fig. 2). In contrast, 82% of patients with interstitial
lung disease had alveolar macrophages spontaneously
releasing growth-promoting activity for fibroblasts.
Analysis of fibroblast growth in response to supernates
of macrophages from patients with interstitial lung
disease revealed a bimodal pattern; supernates either
contained at least 50 growth factor units or none at
all. This permitted a clear distinction to be made be-
tween macrophages releasing growth-promoting ac-
tivity and those not releasing growth-promoting activ-
ity. In this context, alveolar macrophages were found
to be spontaneously releasing a growth promoting ac-
tivity for fibroblasts in 18 of 26 patients with sarcoid-
osis, all 24 patients with IPF, and in 11 of 15 patients
with other interstitial lung disorders. In the 82% of
patients with macrophages that were releasing fibro-
blast growth-promoting activity, the quantity of growth
promoting activity varied somewhat among the dif-
ferent disorders ranging from 50 to 420 units in sar-
coidosis (216±27 units), 150 to 580 units in IPF
(308±24 units), and from 80 to 585 units in the other
interstitial disorders (245±35 units). Despite this quan-
titative variation, however, growth-promoting activity
was spontaneously released by macrophages from most
patients with interstitial lung disease, and from none
of the controls.

Since alveolar macrophages from 18% of the patients
with interstitial disease and from all of the individuals
in both control groups were not spontaneously releasing
the growth-promoting activity for fibroblasts, it was
important to determine whether the recovered mac-
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FIGURE 2 Spontaneous release of AMDGFby alveolar macrophages from patients with inter-
stitial lung disease. (A) Growth of fibroblasts in response to macrophage supernates. Noncycling
fibroblasts were cultured with undiluted supernates from alveolar macrophages (2 d, 37°C),
and the resultant increase in fibroblast number was determined. Shown is the percent increase
in fibroblast number above control (medium alone) caused by macrophage supernates from the
different patient groups. (B) Quantity of AMDGFreleased spontaneously by macrophages from
the different patient groups shown in panel A. The quantity of growth factor was determined
as outlined in the legend to Fig. 1 B.

rophages were capable of releasing this activity. In this
context, when macrophages were spontaneously re-

leasing growth-promoting activity, no additional ac-

tivity was released with zymosan stimulation, suggesting
these cells were maximally stimulated in vivo. In con-

trast, when macrophages were not spontaneously re-

leasing growth-promoting activity, zymosan stimulation
resulted in a substantial release of this activity ranging
from 45 to 190 units in the two control groups and
from 80 to 580 units in patients. This inducibility of
growth-promoting activity release in macrophages that
were not spontaneously releasing this activity estab-
lished that the cells obtained were capable of this func-
tion if appropriately stimulated. In addition, this ob-
servation suggested that these macrophages had not
been stimulated in vivo.

Cell source of the growth-promoting activity for
fibroblasts. When bronchoalveolar lavage cells of pa-

tients with interstitial lung disease were separated into
highly enriched cell fractions, essentially all of the
growth-promoting activity was found in the alveolar
macrophage supernates. Cultures of bronchoalveolar

lavage cells from patients with active sarcoidosis (i.e.,
high intensity alveolitis) resulted in supernates con-

taining between 200 and 420 growth factor units. In
each case, .99% of the activity was found to be re-

leased by the alveolar macrophages, while <1% of the
activity was released by the lymphocyte fraction (data
not shown). Because the amount of growth-promoting
activity from the lymphocyte fraction was so low, in-
sufficient material was available to permit character-
ization, and it was not possible to determine whether
a separate growth factor derived from lymphocytes
was present or whether the few contaminating mac-

rophages were responsible. For the patients with active
IPF (>10% neutrophils) and the other interstitial dis-
orders, similar results were obtained, indicating that
alveolar macrophages were the predominant source of
the observed fibroblast growth-promoting activity.

Comparison of the growth-promoting activity
spontaneously released by alveolar macrophages from
patients with interstitial lung disease with AMDGF
and other characterized growth factors. The growth-
promoting activity in macrophage supernates from
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patients with interstitial lung disease coeluted with
AMDGFon both anion exchange and gel filtration
chromatography (Fig. 3). Greater than 99% of the re-
covered fibroblast growth-promoting activity eluted
at -270 mMNaCl on DEAE-cellulose chromatogra-
phy, similar to AMDGFreleased from stimulated nor-
mal alveolar macrophages. In addition, chromatog-
raphy of the peak of the DEAE cellulose column on
Sephadex G-50 indicated that all of the biological ac-
tivity coeluted with AMDGFwith a partition coeffi-
cient of 0.3. On the basis of biochemical criteria, there-
fore, it appeared that the growth-promoting activity
from macrophages of patients with interstitial disease
was similar to AMDGFreleased from normal stimu-
lated alveolar macrophages.

A serum-free complementation test indicated that
similar to AMDGF,the partially purified growth factor
from patients was a progression factor (Fig. 4). In this
test, the growth-promoting activity released from the
macrophages (referred to as AMDGFin all cases in
Fig. 4 and the subsequent text) alone had no effect on
fibroblast growth. Likewise, the progression factors
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FIGURE 3 Biochemical properties of the growth factor re-
leased spontaneously by alveolar macrophages from patients
with interstitial lung disease. (A) DEAE-cellulose chroma-
tography. Macrophages purified from three patients (sar-
coidosis [0], IPF [-], and histiocytosis X [A]) were cultured
individually (24 h, 37°C) and the resultant supernates were
chromatographed in separate column runs on DEAE-cellu-
lose. Each column was eluted with a NaCI gradient from
100 to 300 mMas indicated. Shown is the fibroblast growth
response to a 1:100 dilution of the different column fractions.
The position of elution of AMDGFpurified from normal
alveolar macrophage supernates is indicated by the arrow.
(B) Sephadex G-50 chromatography of the peak of growth
factor activity from the DEAE-cellulose column. Shown is
the fibroblast growth response to a 1:100 dilution of the dif-
ferent column fractions for each patient. The position of
elution of AMDGFpurified from normal alveolar macro-
phages is indicated by the arrow. Molecular weight markers
included bovine serum albumin (BSA, 67,000 D), chymo-
trypsinogen A (CHY-A, 25,000 D), cytochrome c (CYT-C,
12,000 D), and bacitracin (1,450 D).
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whether the growth factor released spontaneously by alveo-
lar macrophages from patients is a progression factor.
AMDGFpartially purified from three patients with inter-
stitial lung disease (sarcoidosis, IPF, and histiocytosis X) were
compared with AMDGFfrom normal individuals for its abil-
ity to act as a progression factor by promoting fibroblast
replication in combination with known competence factors.
Nonreplicating fibroblasts were culturndin serum-free con-
ditions with the growth factor from the four sources (re-
ferred to as AMDGFin all cases) along with either a com-
petence factor (FGF or PDGF) or a progression factor (in-
sulin or MSA) in the amounts indicated. Fibroblast number
was determined after 3 d. Shown is the percent increase in
cell number above control for the different combinations of
growth f actors.

(MSA, 20 ng/ml; insulin, 10 ,tg/ml) alone had no effect
nor did the competence factors (PDGF, 0.1 unit/ml;
FGF, 5 ng/ml) alone. Furthermore, when nonrepli-
cating fibroblasts were cuiltured with a progression fac-
tor (MSA, 20 ng/ml, or insulin, 10 ,ug/ml) plus AMDGF
(from normals or patients, dilution 1:100) there was no
effect on fibroblast replication. In contrast, when non-
replicating fibroblasts were cultured with an increasing
dose of competence factors (PDGF, 0.01-0.1 units/ml,
or FGF, 1-5 ng/ml) along with a fixed dose of AMDGF
(dilution 1:100), there was a dose-related increase in
cell number within 3 d, ranging from 21% above control
for the lowest doses of PDGFand FGFup to 87% above
control for the highest doses. Moreover, the addition
of increasing amounts of AMDGF(1:10,000 to 1:100)
to a fixed dose of PDGF(0.1 units/ml) or FGF (5 ng/
ml) resulted in a dose-dependent increase in cell num-
ber ranging from 34% for the lowest dose of AMDGF
up to 87% for the highest.

By evaluation with the appropriate assay (Methods),
it was apparent that, like AMDGF, the growth-pro-
moting activity released from macrophages of the pa-
tients was distinct from interleukin-1, interleukin-2,
PDGF, FGF, EGF, and the insulinlike growth factors
(data not shown). AMDGFfrom patients was distin-

Alveolar Macrophage-derived Growth Factor in Patients 1807

0

0

cc
z

Q

.0

cc

co
2

z

comL

o~~~~~~~~~~~~~~~~r



guished from interleukin-1 by the inability
to stimulate the replication of mouse thym
both alveolar macrophage and peripheral 1
cyte interleukin-1 as positive controls) an(
ability of either alveolar macrophage or bloc
interleukin-1 to stimulate the replication ol
fibroblasts (with both patient and normal
positive controls). Furthermore, AMDGFfj
was unable to stimulate the replication of i

cells, thus distinguishing it from interleuki
AMDGFbound avidly to DEAE cellulos
NaCl, 20 mMTris HCI, pH 7.0) whereas
FGF did not. In addition, AMDGFfrom I
an elution pattern by gel filtration chroma
Sephadex G-50 that was clearly distinct
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of AMDGF Furthermore, AMDGFwas unable to interact with the
ocytes (with receptors or antibodies for the insulinlike growth fac-
blood mono- tors.
d by the in- Effect of smoking and the intensity of the alveolitis
)d monocyte on the quantity of AMDGFreleased by patients with
f noncycling sarcoidosis. Smoking had no significant effect on
AMDGFas AMDGFrelease in sarcoidosis (smokers 180±44 units;
rom patients nonsmokers 120±34 units; P > 0.1) (Fig. 5 A). In con-
murine CT6 trast, the intensity of the alveolitis in sarcoidosis was
in-2. Patient an important determinant of the amount of AMDGF
,e (100 mM released (Fig. 5 B). In this regard, patients with high
PDGFand intensity alveolitis (based on a combination of the pro-

patients had portion of lymphocytes in bronchoalveolar lavage and
tography on gallium-67 scanning) had macrophages releasing more
from EGF. AMDGFthan those with low intensity alveolitis

(280±34 vs. 114±58, P < 0.05). In addition, alveolar
macrophages from all 10 patients with high intensity
alveolitis were spontaneously releasing AMDGFwhile
only 8 of 16 patients with low intensity alveolitis had
macrophages releasing AMDGF, further strengthen-
ing the relationship between active sarcoidosis and the
release of AMDGF.

* Effect of smoking, intensity of the alveolitis, and
g therapy on the quantity of AMDGFreleased by pa-
I tients with IPF. None of the clinical parameters ex-

amined in patients with IPF had a significant effect on
* the quantity of AMDGFreleased (Fig. 6). As noted
* above, all patients with IPF had macrophages that were
* spontaneously releasing AMDGF. Smokers released

301±40 units and nonsmokers released 291±38 units
* (P > 0.3) (Fig. 6 A). In contrast to sarcoidosis, the
* quantity of AMDGFwas not significantly affected by
* the intensity of the alveolar inflammation as assessed
* by the percentage of bronchoalveolar lavage cells that

were neutrophils (P > 0.1, all comparisons) and the
* gallium-67 scan (P > 0.1, comparison of gallium-67

scan positive vs. gallium-67 scan negative) (Fig. 6 B).
Moreover, the amount of AMDGFreleased by mac-
rophages from patients treated with cyclosphosphamide
or parenteral or oral corticosteroids was not different
from the amount released by macrophages from un-
treated patients (P > 0.3, all comparisons) (Fig. 6 C).

LIA -H IA

FIGURE 5 Effect of smoking and the intensity of alveolar
inflammation on the quantity of AMDGFreleased by mac-
rophages from patients with sarcoidosis. Shown is the quan-
tity of AMDGFin macrophage supernates of patients in each
group. (A) Effect of smoking on the amount of AMDGF
released. (B) Patients were grouped into those with low in-
tensity alveolitis (LIA; T lymphocytes .28% and/or negative
67Ga scan) and high-intensity alveolitis (HIA; T lymphocytes
>28% and positive 67Ga scan) as indicated in Methods.

DISCUSSION

An increase in the number of fibroblasts within the
alveolar structures is a central feature of the interstitial
lung disorders (4-6). In the normal lung, the alveolar
fibroblast population size is maintained within narrow
limits by a very low rate of replication (35), indicating
a balance of growth modulating factors within the
alveolar microenvironment. An increase in fibroblast
number, resulting at least in part from fibroblast rep-
lication, suggests that the balance of signals modulat-
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FIGURE 6 Effect of smoking, the intensity of alveolar inflammation, and therapy on the quantity
of AMDGFreleased by macrophages from patients with IPF. Shown is the quantity of AMDGF
in macrophage supernates of IPF patients in each group. (A) Effect of smoking on the quantity
of AMDGFreleased. (B) Effect of the intensity of alveolar inflammation on the quantity of
AMDGFreleased. Patients were grouped according to the percentage of recovered bronchoal-
veolar lavage cells that were neutrophils with a higher percentage indicating more intense
inflammation. Within each group, a second measure of the inflammation (67Ga scans) are in-
dicated as positive (@) or negative (0). (C) Effect of therapy on the quantity of AMDGF
released. Patients were grouped into those on no therapy (None), and those receiving cyclo-
phosphamide (Cytoxan), intravenous methylprednisolone (MP), and prednisone.

ing fibroblast replication favors an increased rate of
replication, i.e., that the lower respiratory tract of pa-
tients with interstitial lung disease is exposed to lower
concentrations of growth-inhibitory factors and/or
higher concentrations of growth-promoting factors. In
this context, the present study demonstrates that al-
veolar macrophages from most patients with intersti-
tial lung disease are spontaneously releasing a growth
factor for human lung fibroblasts. Analysis of this
growth factor reveals that it is biochemically and bio-
logically similar to AMDGF, a characterized growth
factor released by normal alveolar macrophages stim-
ulated in vitro. The factors coelute on ion-exchange
and on gel filtration chromatography, both act in a
serum-free complementation test as progression fac-
tors, and both are distinct from other characterized
growth factors.

In vivo mechanisms stimulating alveolar macro-
phages to release AMDGFin the interstitial lung
disorders. Although the mechanisms stimulating the

alveolar macrophages to release AMDGFin vivo are
not known for all of the interstitial disorders, there is
circumstantial evidence identifying these stimuli in
sarcoidosis and IPF.

In active sarcoidosis, the lower respiratory tract con-
tains large numbers of activated T lymphocytes (36-
38). Although the T cell mediators responsible for
macrophage release of AMDGFare not known, su-
pernates from activated blood T cells are known to
stimulate normal lung alveolar macrophages to release
AMDGF(39). Consistent with the concept that the
activated T cells can play a role in stimulating the
macrophages to release AMDGF, macrophages from
patients with sarcoidosis, with high intensity alveolitis
(a state characterized by large numbers of activated
T cells in the lower respiratory tract) are releasing
more AMDGFthan macrophages from patients with
sarcoidosis and low intensity alveolitis.

In IPF, the stimulus for AMDGFrelease is likely
immune complexes (9). In this regard, immune com-
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plexes (both IgG-immune complexes, IgM-C3b-im-
mune complexes) stimulate normal alveolar macro-
phages to release AMDGF(7). Furthermore, immune
complexes are known to be present in the lower re-
spiratory tract of patients with IPF, and are present
on the surface of alveolar macrophages recovered from
these individuals (9).

In contrast to sarcoidosis, the intensity of alveolar
inflammation did not influence the quantity of AMDGF
released by macrophages from patients with IPF. This
observation suggests that at least some of the mecha-
nisms influencing the intensity of the alveolar inflam-
mation (e.g., the quantity of neutrophils in the lung
in IPF) are acting independently of the mechanisms
influencing AMDGFrelease. This is of interest because
neutrophil attraction to the lower respiratory tract in
IPF is also thought to result from immune complex
stimulation of alveolar macrophages to release a me-
diator, in this case, the neutrophil chemotactic factor
(9, 40, 41). One possible explanation for this obser-
vation is that the two mediators, AMDGFand neu-
trophil chemotactic factor, are released by different
populations of alveolar macrophages.

Interestingly, neither treatment with cyclosphos-
phamide nor oral or parenteral corticosteroids influ-
enced the quantity of AMDGFreleased by IPF alveo-
lar macrophages. This is an important observation, as
it suggests that the commonly used therapies for IPF
have little influence on the release of at least one of
the mediators likely responsible for the development
of fibrosis in this disease.

IPF is a progressive fibrotic disorder (14), and con-
sistent with a putative role for AMDGFin this clinical
course, all patients have macrophages releasing this
mediator. Likewise in sarcoidosis, a disease character-
ized by progressive fibrosis in only 10-20% of cases
(42, 43), several patients do not have macrophages
spontaneously releasing AMDGF.When the data from
patients with sarcoidosis are analyzed according to the
degree of alveolitis, all patients with high intensity
alveolitis have macrophages releasing AMDGF,
whereas only 50% of patients with low intensity al-
veolitis have macrophages releasing AMDGF. Signif-
icantly, high intensity alveolitis is highly correlated
with clinical deterioration, whereas low intensity al-
veolitis is correlated with clinical stability (31).

Possible mechanisms of fibrosis in interstitial lung
disease. A feature common to all of the interstitial
lung disorders is that the alveolar inflammation char-
acterizing these diseases, which is invariably composed
of increased numbers of alveolar macrophages, precedes
and coexists with an expansion of the mass of the pul-
monary interstitium by increased numbers of fibroblasts
and connective tissue products secreted by these fi-
broblasts (1-3, 14, 42). The concept that mononuclear

phagocytes could modulate fibroblast function to pro-
duce lung disease was first suggested by Heppleston
and Styles (44) in their studies of the mechanism of
silica-induced fibrosis. This work led to the hypothesis
that pulmonary fibrosis resulted largely from a mono-
nuclear phagocyte-directed increase in the amount of
collagen produced per fibroblast. Many workers have
attempted to reproduce these observations, using silica
as well as a variety of macrophage-activating agents.
The results have been variable including decreases (45),
no change (46), and increases (44) in fibroblast collagen
production. Reconciling these findings is difficult be-
cause of methodological differences (47). Consequently,
it is reasonable to conclude that the role of mononuclear
phagocyte factors that direct an increase in collagen
production per fibroblast remains uncertain. In this
regard, an alternative hypothesis to explain the mech-
anism of pulmonary fibrosis is that the fibrotic process
results from a mononuclear phagocyte-directed expan-
sion of the number of fibroblasts within the alveolar
structures without necessarily changing collagen pro-
duction by each cell. Three separate lines of evidence
suggest that the latter hypothesis is valid.

First, morphological studies in both animals and
humans with fibrotic lung disorders indicate an in-
crease in the number of fibroblasts within the alveolar
structures. Morphometric analysis of rats exposed to
hyperoxia has demonstrated a substantial increase in
fibroblast number (48). In addition, morphometric
studies of rats dusted with asbestos (49) or exposed to
lung irradiation (50) have also shown expansion of the
fibroblast population. Moreover, autoradiographic
analyses of lungs from mice exposed to butylated hy-
droxytoluene and hyperoxia in vivo demonstrate fi-
broblasts actively synthesizing DNA (51). Further-
more, ultrastructural studies of animals exposed to
bleomycin (52) and of humans poisoned with paraquat
(53) suggest an increased number of fibroblasts within
the alveolar interstitium.

Second, extensive study of both animal and human
mononuclear phagocytes from a variety of anatomic
sites demonstrates the ability of these cells to. release
growth factors augmenting fibroblast replication. Be-
ginning with the work of Leibovich and Ross (54),
studies with peritoneal macrophages derived from both
mouse (55) and guinea pig (56), support the concept
that mononuclear phagocytes release growth factor(s)
for fibroblasts. Further support for this concept derives
from the analysis of human mononuclear phagocytes
in that both blood monocytes (57-61) and alveolar
macrophages (7) are capable of releasing growth factors
stimulating fibroblast replication.

Third, biochemical studies indicate that in human
disease, the increase in collagen content observed in
interstitial fibrosis is approximately proportional to the
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increase in fibroblast number, suggesting that on the
average, collagen synthesis per cell remains constant.
For example, lungs from patients with IPF have no
increase in collagen content when normalized to the
quantity of DNA(a parameter that is proportional to
the number of cells) (62). In addition, lung slices from
patients with fibrotic lung disorders have a normal rate
of collagen synthesis per microgram of DNA (62).

In addition to releasing AMDGF, alveolar macro-
phages from patients with interstitial disease also re-
lease fibronectin (63), a mediator that may play a role
in expanding fibroblast number in the alveolar walls
in regions of ongoing inflammation. The importance
of fibronectin in the pathogenesis of interstitial fibrosis
is suggested by several observations: (a) alveolar mac-
rophages from patients with fibrotic lung disorders
release up to 10-fold more fibronectin than normals
(63), (b) alveolar macrophage fibronectin is a potent
chemoattractant for lung fibroblasts (63), (c) macro-
phage fibronectin not only is capable of attaching fi-
broblasts to type I collagen, but also attaches fibro-
blasts to Clq bound to immune complexes, permitting
abnormal accumulations of fibroblasts in regions of
inflammation and immune complex deposition (64),
and (d) attachment to a suitable substrate is required
for fibroblast replication in response to growth factors
such as AMDGF(65). Together, these observations
suggest an important integrative function for the al-
veolar macrophage in the fibrotic process.

Regulation of fibroblast replication in the human
alveolar wall. The dual control model of Pledger and
co-workers (66), although it does not directly address
the mechanism of action of growth workers, is a useful
formalism for classifying the biological effects of
growth factors. According to this concept, growth fac-
tors can be divided into competence factors and pro-
gression factors. Competence factors, such as FGFand
PDGF, act early in G1, permitting the target cell to
respond later in GI to progression factors. Progression
factors act sometime later in G1 stimulating the target
cell to synthesize DNAand divide. For optimal rep-
lication, both a competence and progression factor are
required. Within this framework, AMDGFfrom nor-
mals and patients with interstitial lung disorders acts
as a progression factor. Although nearly all previously
described progression factors are insulinlike growth
factors (22, 66) and interact with well characterized
receptors (67), neither AMDGFfrom normals nor pa-
tients interact with these receptors. Interestingly,
Clemmons et al. (68) have reported that under certain
circumstances, fibroblasts can produce their own in-
sulinlike growth factors. In this regard, preliminary
evidence suggests that AMDGFacts by stimulating
lung fibroblast production of insulinlike growth factors
in a dose-dependent manner with the progression sig-

nal mediated by fibroblast-derived insulinlike growth
factors (69).

One prediction of the dual control model is that for
fibroblast replication to occur within the alveolar struc-
tures, in addition to the progression signal provided
by AMDGF,a competence signal must be present. In
accord with this prediction, macrophage fibronectin,
which is produced in increased amounts in fibrotic
lung disorders, is known to act as a competence factor
(8). Preliminary studies correlating clinical outcome
of patients with interstitial lung disorders with the
presence of alveolar macrophages releasing AMDGF
and increased amounts of fibronectin suggest that, if
both mediators are released, deterioration is very
likely, and conversely, if both mediators are not re-
leased, deterioration is unlikely (70). These observa-
tions provide additional evidence in support of the
alveolar macrophage as an an important integrator of
the fibrotic process in interstitial lung disorders.
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