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Abstract

Human alveolar macrophages, when activated, release a pro-
gression-type growth factor for fibroblasts that signals "com-
petent" fibroblasts to replicate. The present study demon-
strates that this growth activity is an insulin-like growth factor
I (IGF-I)-type molecule. Partial purification of medium condi-
tioned by activated alveolar macrophages using ion exchange
and gel filtration chromatography revealed an IGF-I molecule
as detected by an anti-IGF-I polyclonal antibody and that the
specific activity of the progression-type growth activity tracked
with the amount of IGF-I present. In a serum-free comple-
mentation test, the increase in fibroblast proliferation by al-
veolar macrophage IGF-I was reduced in a dose-response
manner with an anti-IGF-I monoclonal antibody. The alveolar
macrophage IGF-I displaced '"I-IGF-I from its receptor in a
binding assay utilizing human lung fibroblasts and it stimu-
lated type I IGF receptors purified from human lung fibro-
blasts to phosphorylate a tyrosine-containing artificial sub-
strate. In contrast to the 7.6-kD serum IGF-I, gel chromatog-
raphy revealed that the alveolar macrophage IGF-I had an
apparent molecular mass of 26 kD, similar to other tissue
IGF-Is. Alveolar macrophages expressed IGF-I mRNAtran-
scripts as detected by solution hybridization using a 32P-la-
beled riboprobe complementary to exons I-II-III of the IGF-I
gene. In the context of the known functions of the family of
IGF-I molecules in cell growth, IGF-I released by activated
alveolar macrophages may play a role in acute and chronic
inflammatory disorders.

Introduction

Tissue macrophages, members of the mononuclear phagocyte
system of bone marrow-derived cells present in most organs,
are thought to play a central role in normal wound healing and
pathologic tissue fibrosis by virtue of their ability to release a
variety of polypeptide mediators that serve as growth factors
for mesenchymal cells (1-8). In humans, most information
regarding tissue macrophage production of mesenchymal
growth factors relates to alveolar macrophages, a tissue macro-
phage easily accessible by bronchoalveolar lavage (9, 10).
Humanalveolar macrophages are known to be capable of ex-
pressing the genes for several defined growth factors including
the c-sis gene (the ,B-chain of platelet-derived growth factor
[PDGF]'), fibronectin, interleukin 1-j3 and tumor necrosis
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factor (1 1-21). Furthermore, in the fibrotic lung diseases such
as idiopathic pulmonary fibrosis (IPF), alveolar macrophages
are spontaneously releasing exaggerated amounts of PDGF
and fibronectin, leading to the concept that the alveolar mac-
rophage plays an important role in directing the exaggerated
fibroblast accumulation in the alveolar walls that characterizes
this disease (10, 13, 15, 22).

In the dual control model of the timing of growth factor
action during the cell cycle of fibroblast proliferation, Pledger
and co-workers (23, 24) developed the concept that fibroblasts
require two signals to trigger growth, a "competence" signal
acting early in GI, and a later "progression" signal acting late
in GI to stimulate the cell to synthesize DNAand proliferate.
In regard to growth factors released by alveolar macrophages,
PDGFand fibronectin are capable of serving as "competence"
factors for mesenchymal cells (13, 15, 22, 25). These cells are
also capable of producing a "progression" factor. In 1982,
Bitterman and colleagues (26) described a polypeptide with
"progression" activity released from activated alveolar macro-
phages. This mediator, termed "alveolar macrophage-derived
growth factor" (or AMDGF)had no "competence" activity,
but in serum-free conditions was capable of stimulating PDGF
or fibronectin-primed fibroblasts to move through GI and syn-
thesize DNAwithin 8 h (25). Furthermore, in fibrotic lung
disorders such as IPF and asbestosis, AMDGFwas spontane-
ously released, but was not detectable in supernatants of nor-
mal resting alveolar macrophages (27, 28). At the time of its
discovery, evaluation of AMDGFsuggested it was different
from all other known growth factors (26). Specifically, in re-
gards to the "progression" class of fibroblast growth factors, its
apparent molecular mass insured it was not insulin, insulin-
like growth factor-I (IGF-I, "somatomedin C") or insulin-like
growth factor-II (IGF-II) (29).

'Attempts to further characterize AMDGFhave been ham-
pered by the difficulty in obtaining sufficient numbers of al-
veolar macrophages necessary to purify the protein. However,
several recent observations have led us to reevaluate the possi-
bility that AMDGFmay be a member of the IGF-I family.
First, "tissue-type" forms of IGF-I have been recently de-
scribed. Clemmons et al. (30, 31) have found a fibroblast type
of IGF-I with a molecular mass of 21.5 kD, and Smith et al.
(32) have characterized a Sertoli cell-produced type of IGF-I
with a molecular mass of 25 kD. Both of these tissue IGF-I-
like molecules have molecular masses approximately threefold
greater than the plasma form of IGF-I and in the same range as
AMDGF.Second, Rotwein and colleagues (33, 34) have dem-
onstrated that the IGF-I gene can be expressed in a variety of
ways, utilizing alternative splicing to produce different IGF-I
mRNAtranscripts. Finally, Han et al. (35), using in situ hy-
bridization, have demonstrated that most fetal tissues express
the IGF-I gene, including the interstitium of the lung, one site
where alveolar macrophages reside.

In this context, the present study was directed toward eval-
uating the hypothesis that alveolar macrophages produce a

progression-type growth factor for fibroblasts with properties
that place it as a member of the IGF-I family. The data demon-
strate that this is the case, and suggest that this mediator, pre-
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viously described as "alveolar macrophage-derived growth
factor," is an IGF-I-type molecule.

Methods

Collection of supernatants of activated alveolar macrophages. With the
knowledge that a progression-type growth factor for fibroblasts (pre-
viously termed AMDGF)is released spontaneously by alveolar macro-
phages from patients with interstitial lung disease (10, 27, 28) or by
normal alveolar macrophages activated in vitro (26), supernatants
were collected from alveolar macrophages from two general sources.
First, alveolar macrophages were obtained by bronchoalveolar lavage
from individuals with the interstitial lung disorders idiopathic pulmo-
nary fibrosis, sarcoidosis, silicosis, or asbestosis (27, 28). Secondly,
alveolar macrophages were obtained by whole-lung lavage of lungs
removed at autopsy from deceased individuals within 12 h of death
from trauma. Approximately 1.5 liters of saline was infused through an
endotracheal tube with recovery of 100-600 X 106 bronchoalveolar
cells per lung. After adherence to a 15-cm plastic dish for 1 h, the cells
were extensively washed to remove nonadherent cells (lymphocytes,
bronchial epithelial cells). In all cases, the resulting cell populations
were > 90% alveolar macrophages with alveolar macrophage viability
> 90% by exclusion of trypan blue dye.

Alveolar macrophages from all sources were cultured (370C) in
tissue culture dishes (15 cm, Falcon Labware, Oxnard, CA), in Dul-
becco's modified Eagle's medium (DME) supplemented with 2mM
glutamine and 10 tg/ml gentamicin at a concentration of 106 cells/ml.
Alveolar macrophages from individuals with interstitial lung disease
were cultured without additional stimulation in as much as it is known
that these cells spontaneously release a progression-type growth factor
(10, 27, 28). Macrophages from deceased individuals were stimulated
with autoclaved intermediate-length chrysotile asbestos (National In-
stitute for Environmental Health Sciences) at a concentration of 100
ug/ml, a stimulus known to markedly activate alveolar macrophages to
release the progression-type mediator (36). After 1 h, nonadherent cells
were removed and discarded. The incubations were continued with
supernatants harvested at 4-h intervals until 16 h. Since the purpose
was to collect as much of the progression-type growth factor as possi-
ble, all supernatants were pooled.

Quantification of the progression-type growth factor activity. The
progression-type growth factor activity released by the activated alveo-
lar macrophages was quantified using a complementation assay as
previously described in detail for AMDGF(26). After incubation of
column fractions with noncycling fibroblasts, cells were detached with
0.25% trypsin and counted in a cell counter (Coulter Electronics, Inc.,
Hialeah, FL). The units of progression-type growth activity in the
alveolar macrophage supernatants or in partially purified material (see
below) were based on dilution analysis and compared to medium alone
as previously described for AMDGF(26). After stimulation with an
inorganic particulate, chrysotile asbestos, release of growth factor ac-
tivity (in amounts per 106 cells per hour) among all macrophage popu-
lations used in the present study was similar to that obtained by cells
from normal volunteers stimulated in a similar fashion (26).

Enzyme-linked immunoassay for IGF-I. Column chromatography
fractions during the purification procedures (see below) were assessed
for molecules with antigenic cross-reactivity with IGF-I using an en-
zyme-linked immunosorbent assay (ELISA) (37) with a polyclonal
antibody to human serum IGF-I, donated to National Hormone and
Pituitary Agency, Baltimore, MD, by L. Underwood and J. J. van
Wyk, University of North Carolina (38), using conventional methods
with recombinant IGF-I (rIGF-I, Amgen, Thousand Oaks, CA) as a
standard. Thus, values reported for this assay are "rIGF-I equivalents."
Briefly, sample aliquots and rIGF-I standard were serially diluted, in-
cubated with the polyclonal IGF-I antibody, and transferred to rIGF-
I-coated (50 ng/ml) 96-well flat-bottom plates for 30 min. After wash-
ing, the plates were incubated with a peroxidase-linked anti-rabbit

immunoglobulin G followed by O-phenylenediamine and hydrogen
peroxide, with the color change read spectrophotometrically.

Partial purification of the alveolar macrophage progression growth
factor activityforfibroblasts. As previously described for AMDGF,the
alveolar macrophage progression-type growth activity was partially
purified by ion-exchange chromatography followed by size-exclusion
chromatography (26). Supernatants from the cultured macrophages
were pooled and dialyzed (20 vol, three buffer changes) into "starting
buffer" (20 mMNaCl, 20 mMTris-HCI, pH 8.0) for the ion-exchange
column (DEAE cellulose, DE-52, Whatman, Inc., Clifton, NJ). Typi-
cally, the initial column was used to evaluate 1 liter of conditioned
media generated from 5 X 108 alveolar macrophages from 10 individ-
uals. The DEAEcolumn was eluted with a salt gradient (20-300 mM
NaCl in the starting buffer). Column fractions were assessed for pro-
gression-type fibroblast growth activity and for antigenic cross-reactiv-
ity for IGF-I (by ELISA) as described above. Fractions with the growth
activity were pooled and chromatographed on a gel filtration column
(G-100, Pharmacia Fine Chemicals, Piscataway, NJ), equilibrated, and
eluted in phosphate-buffered saline, pH 7.4. The G-100 column was
calibrated with molecular mass standards (Bio-Rad Laboratories,
Richmond, CA). The fractions were assessed as described above and
the fractions demonstrating fibroblast growth activity were pooled,
dialyzed against H20, and stored at -70'C in lyophilized l-ml ali-
quots. Protein concentrations in starting material and pooled column
fractions were determined with a calorimetric assay (Bio-Rad Labora-
tories) with bovine serum albumin as a standard.

To confirm the presence of an IGF-I-like molecule in the column
fractions and demonstrate that the macrophage IGF-I-like molecule
"tracked" with the macrophage progression-type growth activity,
pooled column fractions from the DEAEand gel-filtration columns
were assayed for progression-type growth activity, and the samples (in
a blinded fashion) were quantified for IGF-I using a radioimmunoas-
say (30, 31, 38) (IGF-I radioimmunoassay kindly performed by D.
Clemmons, University of North Carolina).

Comparison of the apparent molecular mass of the alveolar macro-
phage IGF-I-type molecule and recombinant IGF-I. The apparent mo-
lecular mass of the macrophage IGF-I-type molecule was compared to
that of rIGF-I by analytical Superose- 12 gel filtration chromatography.
The pooled peak fractions from the DEAEcolumn were chromato-
graphed using a fast protein liquid chromatography (FPLC) system in
phosphate-buffered saline, pH 7.4. In addition, the molecular mass
was determined under acidic conditions using 1 Macetic acid and a
P- 100 column. Fractions were assessed for progression-type growth
activity (see below) and antigenic cross-reactivity with IGF-I by
ELISA. For comparison, rIGF-I was chromatographed on the same
columns and assessed in a similar fashion. Standard molecular mass
markers were used to calibrate the columns (Bio-Rad Laboratories).

Serum-free complementation assay. Serum-free complementation
assays were performed with diploid human fetal lung fibroblasts
(HFL-1; American Tissue Culture Collection CCL 153). Cells were
removed from a tissue culture dish by brief incubation in trypsin (5
min, 370C), plated at 6 X 104 cells/ml (0.5 ml/well), and cultured in
DMEsupplemented with 10% calf serum (M.A. Bioproducts, Wal-
kersville, MD). On day 8, the medium was aspirated and the cells were
washed two times with complementation medium (DME supple-
mented with 1 mg/ml bovine serum albumin [Sigma Chemical Co., St.
Louis, MO], 20 mMHepes, pH 7.4, and 10 sg/ml transferrin [Sigma
Chemical Co.]). On day 9, growth factors (see below) were added
and the culture was continued for 18 h. For the last 2 h of culture,
[3H]thymidine (2 MCi/ml; 2 Ci/mmol; Amersham Corp., Arlington
Heights, IL) was added; this period of labeling was chosen because
under the conditions used, HFL- I fibroblasts demonstrated maximal
DNAsynthesis 16-18 h after growth factor addition. After incubation,
the medium was aspirated, trypsin was added (10 min, 370C), and the
cells were pipetted onto filter paper strips (GBOO4, Schleicher &
Schuell, Inc., Keene, NH), dried, washed in cold 10% trichloroacetic
acid for 1 h, washed twice in 5% trichloroacetic acid for 30 min each,
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rinsed in ethanol followed by ether, dried, and counted in a scintilla-
tion counter.

PDGF(Collaborative Research, Inc., Waltham, MA) and recombi-
nant IGF-I (rIGF-I, Amgen) were used as defined "competence" and
"progression" factors, respectively. All complementation assays for the
macrophage progression-type activity were performed with 4 ng/ml
PDGFand the macrophage supernatant (or column fractions), and all
positive controls for the assay were performed' with 4 ng/ml PDGFand
10 ng/ml rIGF-I. To further demonstrate that the alveolar macrophage
progression-type growth activity is a member of the IGF-I family,
growth activity was also evaluated in the presence of increasing con-
centrations of a monoclonal antibody to human serum IGF-I, anti-so-
matomedin-C 1.2, a gift of J. J. Van Wyk (39), University of North
Carolina, using an irrelevant monoclonal antibody of the same class
(IgG, kappa) as a control. All experiments were carried out in tripli-
cate, with duplicate values for each point in each assay.

Competitive binding assay of the alveolar macrophage IGF-I-type
mediator for the IGF-I receptor. To determine if the alveolar macro-
phage IGF-I-type mediator would compete with rIGF-I for its recep-
tor, a competitive binding assay was utilized based on'the IGF-I ra-
dioreceptor assay described by Rosenfeld et al. (40, 41). HFL-I fibro-
blasts were cultured (6 X I04 cells/ml) in DMEsupplemented with 10%O
calf serum on 35-mm Falcon tissue culture dishes for 7 d at 370C. The
medium was aspirated, and monolayers were washed twice with 100
mMHepes, pH 7.4, 0.5% bovine serum albumin, 120 mMNaCl, 1.2
mMMgSO4, 5 mMKCI, 15 mMsodium acetate, and 10 mMdex-
trose. Monolayers were then incubated (2 h, 4°C) on a gentle rocker
with '251-rIGF-I (I0 dpm; labeled by the chloramine-T method [42])
plus various concentrations of unlabeled macrophage IGF-I-type me-
diator in a final volume of 2 ml of buffer. At the end of the incubation,
the buffer was aspirated, and the monolayers gently washed five times
with I ml Hanks' balanced salt solution (4°C). The fibroblast mono-
layers were then solubilized (1.5 ml of I MNaOH)and transferred to a
polypropylene tube for counting in a gammacounter. Nonspecific
binding was defined as the amount of added '251-rIGF-I that remained
bound in the presence of 250 ng/ml of unlabeled rIGF-I. As a positive
control for comparison to the macrophage mediator, increasing
amounts of rIGF-I were evaluated in the same manner. As negative
controls fibroblast growth factor (Collaborative Research), insulin-like
growth factor II (multiplication stimulating activity, MSA111-2, puri-
fied according to Greenstein et al. [43], a gift of S. Peter Nissley,
National Cancer Institute) and insulin (Collaborative Research) were
evaluated in the same assay. To rule out the possibility that the dis-
placement of the labeled rIGF-I from the IGF-I receptor was not due to
the presence of an IGF-I binding protein, macrophage supernatants
were evaluated for the presence of IGF-I binding proteins using an
activated charcoal assay (performed courtesy of M. Rechler, National
Institute of Digestive Diseases and Kidney [29, 44]).

Alveolar macrophage IGF-I-type mediator-induced phosphoryla-
tion of an artificial tyrosine-containing substrate by the IGF-I receptor.
To demonstrate that binding of the alveolar macrophage IGF-I-type
molecule to the IGF-I receptor activated the receptor in a fashion
similar to that of IGF-I, evaluation of phosphorylation of a tyrosine-
containing substrate by the receptor was shown using minor modifica-
tions of the method of Sasaki et al. (45). Fibroblasts were grown to
confluence in DMEsupplemented with 10% calf serum, washed twice
in serum-free medium, and cultured for an additional 24 h at 37°C in
serum-free medium. Fibroblast monolayers were removed and washed
with 0.25 Msucrose, 50 mMHepes, pH 7.6,2 mMphenylmethylsulfo-
nyl fluoride (PMSF), and 1 trypsin-inhibitor unit (TIU; 6.6 ,g/ml) of
aprotinin. The fibroblasts were disrupted by sonication for 10 min,
centrifuged 600 g for 10 min, and the supernatant was centrifuged
12,000 g for 30 min to remove cellular debris and organelles. The
supernatant was centrifuged 100,000 gfor 60 min, and the pellet resus-
pended in 50 mMHepes, pH 7.6, 2 mMPMSF, 1 TIU/ml aprotinin,
10 mMMgSO4, 1% Triton X-100, stirred 30 min at 4°C, and centri-
fuged 100,000 g for 60 min. The supernatant was applied to a 5-ml

column of wheat-germ agglutinin agarose (Pharmacia Fine Chemicals)
and eluted with 0.3 MN-acetylglucosamine (Sigma Chemical Co.), 50
mMHepes, pH 7.6, and 1%Triton X-100. Protein concentration was
determined using the Bio-Rad colorimetric assay. To ensure that the
receptor preparations were functional, autophosphorylation of the
type I IGF-I receptor was assessed according to the method of Sasaki et
al. (45). An IGF-I dose-dependent increase of the labeled 98-kD band
representing the #-subunit of the type I IGF receptor was demonstrated
by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
and autoradiography. The purified receptor preparations were stored
at -70'C in 0.5-ml aliquots until needed.

To demonstrate that the alveolar macrophage IGF-I-type molecule
could activate the tyrosine kinase within the IGF-I receptor in a fash-
ion similar to rIGF-I, the partially purified alveolar macrophage medi-
ator was added to the purified receptor preparations in the presence of
32P-labeled y-ATP and a tyrosine-containing artificial substrate (45).
Receptor membranes (50 Ml, 7.5 Mg of protein) were incubated with
growth factors in 50 mMHepes, pH 7.6, 0.1% bovine serum albumin,
0.1% Triton X-100, 10 mMmagnesium acetate (Sigma Chemical Co.)
and 50 MMATP (Sigma Chemical Co.) for 10 min, 220C, in a total
volume of 100 Ml. Phosphorylation was started by adding ['y-32P]ATP
(6 X 106 dpm/reaction mixture; 6,000 Ci/mmol, Amersham Corp.), 1
mMCTP(to decrease hydrolysis of ATPby ATPases), and 2.2 mg/ml
of the exogenous substrate poly(Glu,Tyr) 4:1 (Sigma Chemical Co.) for
20 minm 220C. The reaction was terminated by spotting 125-Ml samples
onto Whatman 3 MMfilter paper and washing in 10% cold trichloro-
acetic acid. The filter papers were extensively washed in 5% trichloro-
acetic acid, rinsed in ethanol, and dried, and 32P-incorporation into the
artificial substrate was determined by liquid scintillation counting.
Actual substrate phosphorylation was determined by subtracting 32P-
incorporation in the absence of the artificial substrate.

Detection of IGF-I mRNAtranscripts in human alveolar macro-
phages. Alveolar macrophages were recovered from a normal individ-
ual and an individual with asbestosis utilizing bronchoalveolar lavage,
and normal human blood monocytes were separated over Ficoll-Hy-
paque and purified by adherence to plastic for 1 h, 370C followed by
five washes with PBS. Normal human liver was obtained at open
biopsy and frozen at -120'C. Cellular RNAwas extracted with 5.2 M
guanidine isothiocyanate and purified through a CsCl cushion centrif-
ugation (35,000 rpm, 12 h). An IGF-IA cDNA(a gift of P. Rotwein, St.
Louis, MO) in pGEM1 was used to construct an antisense riboprobe
utilizing 380 bp (exons I-II-IlI of the original clone cut at EcoRI site)
and labeled with [32P]UTP. Solution hybridization was performed ac-
cording to Zinn et al. (46). Briefly, 10 Mg of total RNAand the anti-
sense RNAprobes (106 dpm/tube) were hybridized in 0.6 MNaCl,
12.5 mMEDTA, pH 7.0, 25 mMTris-HCI pH 7.5, 0.25% sodium
dodecyl sulfate, 25 mMdithiothreitol, and 25% formamide (55°C, 16
h). The mixture was treated with RNase A (10 ng) and RNase T1 (5.6
ng; Sigma Chemical Co.) and the protected RNA/RNA hybrids ex-
tracted with phenol/chloroform and precipitated with ethanol. DNA
size markers (4'X 174 RF/HaeIII, Bethesda Research Laboratories,
Gaithersburg, MD) were labeled with [y1-32P] ATP (5,400 Ci/mmol,
Amersham Corp.) by 5' end-terminus labeling. The dried RNApellets
or markers were dissolved in 5 Al of loading buffer (0.1% xylene cyanol,
0.1 %bromophenol blue, 10 mMEDTA, and 90% formamide), heated
to 65°C for 5 min, and electrophoresed on 8% polyacrylamide gels in
urea in 1 X TBE buffer (50 mMTris, 50 mMboric acid, 1 mMNa2
EDTA) at 1,500 V, 4 h. The gel was dried (80°C, 1 h), and autoradio-
grams were performed with an intensifying screen for 3 d at -70°C.

Statistical evaluation. All assays were performed in triplicate with
values presented as mean±standard error of the mean. Paired data
were evaluated using the two-tailed Student's t test.

Results

As previously described (26-28), supernatants of activated al-
veolar macrophages contain a mediator with progression-type
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growth activity for fibroblasts that elutes from DEAE-cellulose
at 270 mMNaCl (Fig. 1). Importantly, assessment of the same
fractions of the DEAEcolumn with an IGF-I specific ELISA
demonstrated that (a) supernatants of activated alveolar mac-
rophages contain a mediator with antigenic determinants that
are detected with an anti-IGF-I antibody, and (b) the macro-
phage IGF-I type mediator co-eluted on DEAEwith the pro-
gression-type growth activity.

When the peak of progression-type growth factor activity
was pooled and rechromatographed by G- 100 size-exclusion
chromatography, two facts became apparent. First, the pro-
gression-type growth factor activity and the macrophage
IGF-I-type molecule tracked together (Figure 1). In this re-
gard, the growth activity eluting from the ion-exchange col-
umn was further purified sixfold by the size column, but so
was the IGF-I-type mediator, i.e., after the DEAE step, the
ratio of the progression activity to IGF-I was 159 activity
units/ng whereas after the size chromatography step it was 142
(Table I). These observations are consistent with the concept
that a significant proportion, if not all, of the alveolar macro-
phage progression-type growth activity was due to an IGF-I-
type molecule released by the macrophage. Consistent with
this concept, addition of an anti-IGF-I monoclonal antibody
in a dose-response manner to the fibroblast cultures signifi-
cantly reduced fibroblast DNAsynthesis induced by the com-
bination of PDGFand the alveolar macrophage IGF-I in
serum-free conditions (Fig. 2). A nonspecific mouse mono-
clonal antibody (IgG, kappa, the same class as the anti-IGF-I
monoclonal antibody) had no effect on the functional activity
of the macrophage IGF-I-type molecule. As observed in the
present study with the alveolar macrophage IGF-I-type medi-
ator and by Clemmons and Van Wyk (47) with serum IGF-I,
the anti-IGF-I monoclonal also suppressed the effect of PDGF
plus recombinant IGF-I in a dose-dependent fashion (not
shown).
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Figure 1. DEAE-cellulose chromatography of supernatants of alveo-
lar macrophages. The column was eluted with a NaCi gradient and
the fractions were assayed for growth factor activity as described in
Methods. Shown is the mean of duplicate samples for progression-
type fibroblast growth factor activity expressed as percent increase in
fibroblast number over control (-) and the amount IGF-I quantified
(ng/ml) by an enzyme-linked immunoassay using a polyclonal anti-
somatomedin C antibody (o).

Interestingly, despite the fact that it was detected by an
anti-IGF-I antibody, the alveolar macrophage IGF-I-type me-
diator actually had an apparent molecular mass higher than
serum IGF-I itself (Fig. 3). Whenchromatographed on Super-
ose- 12, rIGF-I had an apparent molecular mass of 8 kD, con-
sistent with its known composition of 70 amino acids and
molecular mass of 7.6 kD. Consistent with this observation,
when the alveolar macrophage IGF-I-type mediator was chro-
matographed in acid conditions using 1 Macetic acid for the
buffer, the observed molecular mass was also 26 kD, suggest-
ing the alveolar macrophage IGF-I-type molecule was not as-
sociated with another protein (data not shown). In addition,
evaluation of macrophage supernatants for the presence of an
IGF-I binding protein were negative (not shown).

Further evidence that the alveolar macrophage mediator
detected by the polyclonal and monoclonal anti-IGF-I anti-
bodies was a member of the IGF-I family was provided by the
observation that the macrophage IGF-I-type mediator com-
peted with IGF-I for its receptor on fibroblasts (Fig. 4). In this
regard, 50% competitive binding for the receptor occurred
with the macrophage IGF-I molecule at 8 ng/ml (ELISA
units), a somewhat lower value than that with rIGF-I (23
ng/ml). In contrast, fibroblast growth factor, a mediator unre-
lated to the IGF-I family, demonstrated no competition for the
IGF-I receptor. As described by others (29), insulin-like growth
factor II (IGF-II) exhibited modest competition for the recep-
tor, and insulin displaced the '251I-rIGF-I only at doses at least
two orders of magnitude greater. Interestingly, the slope of the
competitive binding assay for the alveolar macrophage IGF-I
was shifted leftward of rIGF-I consistent with a greater binding
affinity for the receptor on HFL-I fibroblasts. However, while
it is conceivable that this observation represents the macro-
phage IGF-I-type molecule actually having a higher affinity
for the IGF-I receptor than rIGF, it must be kept in mind that
the apparent molecular mass of the macrophage IGF-I-type
molecule is approximately threefold that of IGF-I (Fig. 3), but
that the estimates of the amounts of the macrophage IGF-I-
type molecule added to the radioreceptor assay were based on
a rIGF-I standard. In this regard, it is unknown how many
epitopes the polyclonal antibody detects, or whether it is the
same or different number on the macrophage-type IGF-I me-
diator and rIGF-I. It is unlikely, however, that IGF-I binding
proteins produced by the macrophages were complicating the
analysis, since no IGF-I binding proteins were detected in any
of the alveolar macrophage samples.

Not only did the macrophage IGF-I-type mediator com-
pete with rIGF-I for its receptor, but, like rIGF-I, interaction of
the macrophage IGF-I-type mediator with purified IGF-I re-
ceptor activated the receptor to phosphorylate an artificial ty-
rosine substrate. In this context, like rIGF-I, the macrophage
IGF-I was able to stimulate the tyrosine kinase activity within
the IGF-I receptor to phosphorylate the exogenous substrate
poly(Glu,Tyr) 4:1 in a dose-dependent manner (Fig. 5). Im-
portantly, with the same caveats concerning the amounts of
macrophage IGF-I given for the radioreceptor assay (see
above), the macrophage IGF-I dose-response curve closely par-
alleled rIGF-I. In contrast, fibroblast growth factor demon-
strated no phosphorylation of the substrate. Insulin was also
able to phosphorylate the receptor and increase phosphoryla-
tion of the substrate, but at concentrations two orders of mag-
nitude greater than IGF-I.
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Table I. Co-Purification ofAlveolar Macrophage Progression-Type Growth Activityfor Fibroblasts and a Molecule with Antigenic
Cross-Reactivity with Insulin-like Growth Factor I

Total growth Specific growth Purification
Purification step activity Protein activity ratio IGF-I Growth activity

x1O units* lg units/pg protein ngt units/IGF-I (ng)

Macrophage starting supernatant 128.0 4600 27.8 1.0 Not detectable
DEAEcellulose 17.9 190 94.4 3.4 113 159
Gel filtration 5.2 9.3 564.0 20.3 37 142

* Units are defined by dilution analysis (see reference 26). * Quantified by radioimmunoassay using an IGF-I standard purified from serum
(30, 31, 38); assays performed by D. Clemmons, University of North Carolina.

Consistent with the observations at the protein level, fresh
alveolar macrophages expressed transcripts with mRNAse-
quences complementary to exons I-III of the IGF-I gene (Fig.
6). Using a 32P-labeled riboprobe constructed of 380 base pairs
of IGF-I exons I, II, and III encompassing the region coding for
serum IGF-I, solution hybridization demonstrated alveolar
macrophages from a normal individual and an individual with
asbestosis (Fig. 6 B, lanes 2 and 3), but not blood monocytes
(lane 4), contained mRNAtranscripts complementary to the
IGF-I gene, in a fashion similar to that of human liver (lane 1).

14

0

g 10

8._8
0ID6
IE6
I 4

2

Discussion

When activated, human alveolar macrophages release a pro-
gression-type growth factor for fibroblasts that acts late in GI
of the cell cycle to signal "competent" fibroblasts to proliferate
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Figure 2. Effects of the macrophage IGF-I plus PDGFon DNAsyn-
thesis in fibroblasts in the presence of increasing concentration of
anti-IGF-I monoclonal antibody. PDGF(4 ng/ml), macrophage
IFG-I (< I ng/ml), and increasing concentrations (0, 1:80,000;
1:40,000; 1:4,000; and 1:400) of the anti-somatomedin-C 1.2 mono-
clonal antibody (see Russell et al. [39] for details concerning the anti-
body) were evaluated in the serum-free complementation growth
assay as described in the text. Baseline ['HJthymidine incorporation
in the presence of no added growth factors was subtracted from all
data. ['HJthymidine incorporation is presented as dpm/4 x 10' fi-
broblasts per 2 h. An irrelevant mouse monoclonal antibody (IgG,
kappa same as the anti-IGF-I) at a concentration of 1:400 had no ef-
fect alone or in the presence of PDGFplus the macrophage IGF-I.
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Figure 3. Comparison of the apparent molecular mass of the alveolar
macrophage IGF-I-like mediator to that of rIGF-I. Recombinant
IGF-I and the DEAE-cellulose purified alveolar macrophage IGF-I-
type mediator were chromatographed by Superose- 12 gel filtration
and the fractions were evaluated for progression-type growth activity
for fibroblasts and for IGF-I by ELISA. (A) Recombinant IGF-I. (B)
Alveolar macrophage IGF-1-like mediator. For A and B, shown are
absorbance at 280 nm (- -), and mean of duplicate samples for
progression-type growth activity (o), and IGF-I as determined by
ELISA (.). The ED5, relative to the positive control for rIGF-I is 4.4
ng/ml and for the alveolar macrophage IGF-I-type mediator is 1.2
ng/ml.
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Figure 4. Competition of the alveolar macrophage IGF-I-like media-
tor and rIGF-I for the IGF-I receptor. The alveolar macrophage
IGF-I-like mediator partially purified by DEAEchromatography
was incubated (2 h at 40C) with HFL-I fibroblasts with '251-IGF-I.
The cells were washed and solubilized and the bound '25I-IGF-I was
quantified. The amount of the alveolar macrophage IGF-I-like me-
diator added was determined by ELISA using a rIGF-I standard.
Shown is mean of duplicate samples for the specific binding (nonspe-
cific binding subtracted) of unlabeled rIGF-I (o), alveolar macro-
phage IGF-I-type mediator (a), and as controls, fibroblast growth fac-
tor (A), IGF-II (i), and insulin (A).
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Figure 5. Effect of the alveolar macrophage IGF-I-like mediator on
fibroblast IGF-I receptor-induced phosphorylation of poly(Glu,Tyr)
4:1 substrate. IGF-I receptors purified from confluent human fetal
lung fibroblasts were incubated (20 min at 220C) with poly(Glu,Tyr)
4:1 and [L-32P]ATP in the presence of rIGF-I (o), alveolar macro-

phage IGF-I-type mediator (.), and, as a control, fibroblast growth
factor (n). The amounts of the alveolar macrophage IGF-I-type me-
diator were determined by ELISA using a rIGF-I standard. After in-
cubation, the reaction mixtures were precipitated, washed, and
counted. Background (no substrate) was substracted from each value.
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Figure 6. Expression of IGF-I gene mRNAtranscripts in alveolar
macrophages. (A) The IGF-I gene has five coding exons. The 70-
amino acid serum IGF- 1 is derived from coding sequences in exon II

and III. The IGF-I probe was constructed from exons I, II, and III
and consisted of 380 base pairs (see Rotwein et al. [33, 34] for details
concerning the IGF-I gene). (B) The antisense 32P-labeled 380-bp ri-
boprobe was hybridized to total RNA(10 ug/lane) from various
sources in a solution hybridization RNA-protection assay. Lane 1,
human liver; lane 2, alveolar macrophages (asbestosis); lane 3, alveo-
lar macrophages (normal); lane 4, human blood monocytes.

(8, 25-27). Although it is possible that alveolar macrophages
release more than one progression-type growth factor, the
present study demonstrates that much, if not all, of this pro-
gression-type mediator is a member of the IGF-I family, a class
of molecules that includes serum IGF-I (somatomedin C) and
tissue IGF-I (29, 30-32, 35, 48, 49). Several lines of evidence
support this conclusion. First, both the macrophage mediator
and molecules of the IGF-I family have progression-type
growth activity in human fibroblasts. Secondly, partially puri-
fied macrophage progression-type growth factor preparations
contain a molecule with antigenic determinants recognized by
both polyclonal and monoclonal anti-IGF-I antibodies (50).
Furthermore, with sequential purification steps, the macro-

phage progression-type factor and the IGF-I-type molecule
track together, such that their ratio remains relatively con-
stant. Interestingly, the apparent molecular mass of the macro-

phage IGF-I is - 26 kD, severalfold greater than serum IGF-I
and in the range of the tissue IGF-I molecules (31, 32).
Thirdly, the macrophage molecule displaces rIGF-I from its
receptor. Fourthly, the macrophage molecule stimulates puri-
fied IGF-I receptor to exhibit tyrosine-kinase activity in a fash-
ion similar to that of rIGF-I. Finally, the alveolar macrophages
contain mRNAtranscripts complementary to exons I-III of
the IGF-I gene.

IGF-I family of molecules. IGF-I is a 7.6-kD single-chain
nonglycosylated polypeptide composed of 70 amino acids with
a pI of 8.2 (49, 51). Originally identified in serum as "nonsup-
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pressible insulin-like activity," it later became known as so-
matomedin C (29, 48, 49, 52, 53). The IGF-I gene is composed
of at least five exons and four introns located over 45 kb of
chromosome 12 (34, 54). Current concepts of the expression of
the IGF-I gene suggest it codes for at least two RNAtranscripts
formed by alternative splicing (33, 34). The IGF-IA transcript
(0.8 kb, formed from exons I, II, III, and V) codes for a protein
of 153 amino acids, whereas the IGF-IB transcript (1.1 kb,
formed from exons I, II, III, and IV) codes for a protein of 195
amino acids (33, 55). Although the IGF-IA and IGF-IB
mRNAshave been identified, neither protein has yet been
isolated. However, comparison of the gene derived sequences
of the IGF-IA and IGF-IB to the known sequence of serum
IGF-I demonstrates the latter is identical to residues 49-118 of
IGF-IA and IGF-IB, suggesting serum IGF-I is formed from
the cleavage of precursor proteins directed by the IGF-IA and/
or IGF-IB mRNAtranscripts (33, 34, 55). Consistent with
this, heterogenous IGF-I peptides have been isolated from
serum (56).

It is becoming evident, however, that higher molecular
mass forms of IGF-I, so-called "tissue IGF-I," do exist. In this
regard, IGF-I extracted from liver has an apparent molecular
mass of 30 kD (57), IGF-I isolated from human fibroblast-cul-
ture medium has a molecular mass of 21.5 kD (31) and a
25-kD tissue IGF-I has been purified from conditioned me-
dium of rat Sertoli cells (32). The relationship of tissue IGF-I
to the putative protein products of the IGF-IA and IGF-IB
(17.5 and 21.8 kD, respectively) transcripts is not clear, since
the apparent molecular mass of these tissue IGF-I's is greater.

IGF-I functions are thought to be primarily related to their
capacity to stimulate cell replication, although they may have
a functional role in cell differentiation (58). In regard to its role
as a growth factor, IGF-I stimulates proliferation of a variety of
mesenchymal cell types, including fibroblasts, smooth muscle
cells, and chondrocytes (48, 58-61). In this regard, IGF-I is
thought to play a major role in mediating the effect of growth
hormone on tissues (58). The effect of IGF-I on cell growth has
been studied in detail in fibroblast cultures where it is known
to act late in the G1 phase of the cell cycle (48, 62). In the
context of the "dual control" concept of cell proliferation pro-
posed by Pledger and colleagues (23, 24), IGF-I is considered
to be a "progression" factor that will stimulate "competence"
factor-primed fibroblasts to proceed through GI and prolifer-
ate. IGF-I interacts with its target cells through a specific re-

ceptor comprising two alpha chains (135 kD) that bind the
ligand and two beta chains (98 kD) that span the plasma
membrane and contain tyrosine kinase activity (63-66). The
receptor is capable of phosphorylating tyrosine and undergo-
ing autophosphorylation; addition of IGF-I downregulated the
receptor (67, 68). The mechanism of how the IGF-I signal is
transduced to the nucleus to induce cell growth is not known,
but IGF-I can rapidly induce the c-fos gene (69) suggesting that
this protooncogene may be involved.

The level of the IGF-I gene expression is thought to be
regulated, in part, by growth hormone (58, 70). The role of
IGF-I in growth and development is best illustrated by the
reduced stature of central African pygmies who have low
serum IGF-I levels and lack the adolescent surge of growth
associated with an increase in serum IGF-I (71). In disease
states, serum IGF-I is low in hypopituitarism and hypothy-
roidism, and increased in acromegaly, but, to date, the mole-

cule has not been implicated in the pathogenesis of acquired
human disease (48).

Alveolar macrophage IGF-I. The fact that human alveolar
macrophages produce a tissue IGF-I-type molecule has a
number of interesting implications. First, although localized to
the lung, alveolar macrophages are mobile cells, and thus
could represent a means of depositing this growth signal in
localized areas as needed. Secondly, lung maturation is known
to be dependent on growth hormone, and the lungs of individ-
uals with acromegaly are known to be overly large (72). In this
regard, although there may be several sources of IGF-I in a
tissue as complex as lung, alveolar macrophage production of
IGF-I may play a role in local organ growth in these disorders,
as well as in normal lung growth and development. Finally,
alveolar macrophages are present in exaggerated numbers in
the lower respiratory tract in the fibrotic lung disorders (10). In
these diseases alveolar macrophages are known to spontane-
ously secrete exaggerated amounts of at least two competence-
type growth factors, PDGFand fibronectin (10, 13, 15, 22).
Furthermore, relevant to IGF-I, alveolar macrophages from
patients with interstitial lung disease spontaneously release a
molecule (AMDGF) with progression-type growth activity for
fibroblasts (27, 28). Since macrophages ravaged from individ-
uals with these disorders provided one of the sources of mate-
rial for the current study, it is very likely that alveolar macro-
phages from these disorders release a tissue IGF-I. Interest-
ingly, alveolar macrophages from normal individuals express
the IGF-I gene constitutively, but normal macrophages do not
spontaneously release a progression-type mesenchymal growth
activity (26), suggesting the level of control of release of this
gene product is likely complex. Furthermore, since alveolar
macrophage IGF-I appear to stimulate human lung fibroblasts
to release an IGF-type molecule (73), it is possible that the
signal from the IGF-I released by alveolar macrophages may
be markedly amplified at the level of the target cell. Together,
these observations suggest a new role for this molecule in
human disease states characterized by chronic inflammation
and tissue fibrosis.
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