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Abstract

Alveolar macrophages from normal individuals and patients with
interstitial lung diseases spontaneously expressed a 4.2-kilobase
mRNAcomplementary to the c-sis gene, a proto-oncogene coding
for one of the chains of platelet-derived growth factor (PDGF).
Concomitantly, these cells released a mediator with the properties
of PDGF, including: (a) chemotactic factor for smooth muscle
cells whose activity was resistant to heat and acid, but sensitive
to reduction; (b) mitogenic (competence) activity for fibroblasts;
(c) ability to compete with PDGFfor its receptor, and (d) pre-

cipitated by an anti-PDGF antibody. While blood monocytes did
not contain c-sis mRNAtranscripts, monocytes matured in vitro
expressed c-sis, consistent with the concept that expression of
c-sis occurs during the differentiation of monocytes into alveolar
macrophages. Together with the known actions of PDGF, these
observations suggest that the c-sis proto-oncogene and its PDGF
product are part of the armamentarium available to the alveolar
macrophages for normal lung defense and participation in lung
inflammation.

Introduction

The alveolar macrophage is the pulmonary representative of the
mononuclear phagocyte system, a group of cells that includes
bone marrow precursors, blood monocytes, and tissue macro-

phages. Like tissue macrophages elsewhere, alveolar macrophages
direct a variety of processes that form the front line defense
against infectious agents, neoplastic cells, and xenobiotics (1).
In addition, the alveolar macrophage plays a central role in the
pathogenesis of acute and chronic inflammatory diseases of the
lower respiratory tract by virtue of its ability to directly injure
normal tissue components, recruit and activate other inflam-
matory cells, and direct the repair of injured tissues by recruiting
mesenchymal cells and stimulating them to proliferate (2).

To a large extent, the alveolar macrophage is capable of these
functions because it can release an armamentarium of mediators
with diverse biologic functions (3). In this regard, it is the purpose

of the present communication to demonstrate that included in
this armamentarium is the expression of the c-sis gene, a proto-
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oncogene found on chromosome 22 that codes for one of the
chains of platelet-derived growth factor (PDGF).' Furthermore,
alveolar macrophages spontaneously release a protein with the
biochemical, antigenic, and functional characteristics of PDGF.
In this context, since PDGFis capable of recruiting mesenchymal
cells as well as inflammatory cells, and can stimulate mesen-
chymal cells to enter the early phase of the cell cycle (4-13), it
is reasonable to conclude that expression of the c-sis proto-on-
cogene may play a central role in the normal processes of host
defense and in the pathogenesis of nonmalignant inflammatory
disorders.

Methods
Cell evaluation. Alveolar macrophages were obtained by bronchoalveolar
lavage (14) from normal nonsmokers (n = 9), normal smokers with no
evidence of lung disease (n = 5), and individuals with idiopathic pul-
monary fibrosis (IPF; n = 14), sarcoidosis (n = 6), and histiocytosis-X
(n = 2). For extraction of RNA, alveolar macrophages were analyzed
immediately. For evaluation of the spontaneous release of mediators,
the alveolar macrophages were cultured (24 h, 37°C, 4 X 106 cells/ml
in Dulbecco's modified Eagle's medium (DME) and 50 ug/ml genta-
micin). Where indicated, cycloheximide (10 Ag/ml) was added at the
beginning of the culture.

For comparison to the alveolar macrophages, monocytes and in vitro
matured macrophages were used as a source of RNA. Blood monocytes
were prepared from leukopheresis of normal individuals (15); these cells
were evaluated fresh or matured in vitro (16). As a control for c-sis
expression, RNAwas evaluated from T-24, a human bladder carcinoma
cell line (ATCC HTB-4), and human placental RNA, sources known to
contain c-sis messenger RNA(mRNA) transcripts (17, 18).

Purif cation of RNAand Northern analysis. Total cellular RNAwas
extracted with guanidine hydrochloride and purified by CsCl centrifu-
gation (19). All samples had intact ribosomal RNA. Some samples, as
indicated, were enriched in mRNAby single-step oligo dT cellulose
chromatography (20). Total cellular RNAor poly(A)+-selected RNAwas
electrophoresed in denaturing conditions (21) followed by Northern
analysis (22). Molecular weight standards included 18S and 28S RNA
and 32P-labeled X-DNA Hind III fragments. c-sis mRNAwas detected
using a c-sis human complementary DNA(cDNA) (plasmid pL-335,
subclone of X-L33, containing exons 6 and 7; provided by E. Gelmann,
National Cancer Institute, Bethesda, MD) (7). As a control, actin mRNA
was detected using a human fibroblast cytoplasmic y-actin cDNA(plas-
mid pHFyA-1; provided by P. Gunning and L. Kedes, Stanford Uni-
versity, Stanford, CA) (23).

Characterization of the alveolar macrophage mediator. The spon-
taneous release of a PDGF-like mediator by alveolar macrophages was
evaluated by testing macrophage supernatants for: (a) chemotactic activity
for smooth muscle cells (SMC); (b) stability to heat and acid, and sen-
sitivity to reduction; (c) ability to provide competence activity for fibro-

1. Abbreviations used in this paper: DME, Dulbecco's modified Eagle's
medium; IL-,, interleukin 1; IPF, idiopathic pulmonary fibrosis; PDGF,
platelet-derived growth factor; SMC, smooth muscle cells.
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blast growth in a complementation test; (d) competition with PDGFfor
its receptor on fibroblasts; and (e) antigenic behavior in a radioimmu-
noassay with anti-PDGF antibody. PDGFwas purified from platelets
(purity was assessed by sodium dodecyl sulfate gel electrophoresis and
amino acid composition to be >99%) and was used to prepare goat anti-
PDGFantiserum that specifically immunoprecipitated labeled PDGF
as well as "S-v-sis product.

Macrophage supernatants were tested for SMCchemotactic activity
using bovine aorta SMCas targets (24). For each condition, the number
of migrating cells was quantified as previously described (25). PDGF(5
ng/ml) and DMEalone were used as controls. The biochemical properties
of the SMCchemotactic activity in macrophage supernatants were eval-
uated as: (a) stability to trypsin (100 gg/ml, Worthington Diagnostic
Systems, Inc., Freehold, NJ; 30 min, 37°C, then inhibited by soybean
trypsin inhibitor, 200 Mg/ml, Worthington Diagnostic Systems, Inc.); (b)
stability to heat (100°C, 10 min); (c) stability to acid (pH 2.5, 30 min);
and (d) stability to reduction (2-mercaptoethanol, final concentration 2
mM, 30 min, 22°C); and (e) inhibition by anti-PDGF antibody (30 min,
22°C). The ability of the alveolar macrophage mediator with SMCche-
motactic activity to provide competence activity for fibroblast growth
was demonstrated after partially purifying the mediator by carboxymethyl
cellulose chromatography eluted with a linear NaCl gradient. This pro-
cedure insured that we were not evaluating fibronectin, a known alveolar
macrophage-produced "competence" factor for fibroblast growth (26).
The fractions (0.30-0.35 MNaCl) with SMCchemotactic activity were
pooled and tested for growth activity for fibroblasts in a complementation
test using diploid human lung fibroblasts (HFL- 1; ATCCCCL 153) (27).
The partially purified mediator was added (94 Ag/ml) to noncycling fi-
broblasts with or without the progression factor insulin (50 Mg/ml; Col-
laborative Research, Inc., Waltham, MA) or the competence factor PDGF
(25 ng/ml); the cultures were maintained for 3 d and the cells counted.

PDGFreceptor binding studies were performed as described by Heldin
et al. (28). Pure 125I-PDGF (5 ng; 2 X I04 dpm/ng) was added to growth
density-arrested BALB/c-3T3 fibroblasts (ATCC CCL 163) together with
dilutions of PDGF, fibroblast growth factor (Collaborative Research,
Inc.), or concentrated macrophage supernatant (dialyzed against 1 M
acetic acid, lyophilized, and resuspended). The PDGFradioimmunoassay
was performed using a goat antihuman PDGFIgG antibody. Dilutions
of PDGFand of alveolar macrophage supernatants were added to an-
tibody (3 ,g/ml; 30 min, 22°C), '25I-PDGF was added (30 min, 22°C),
and bound PDGFimmunoprecipitated with S. aureus (Calbiochem-
Behring Corp., San Diego, CA).

Molecular sieve chromatography of the PDGF-like activity in the
alveolar macrophage supernatants was carried out on Bio-Gel P- 100
(Bio-Rad Laboratories, Richmond, CA) in 1 Macetic acid after dialysis
against 1 Macetic acid, lyophilization, and reconstitution in I Macetic
acid. The chemotactic activity for SMCwas tested for each fraction.
Active fractions were subsequently tested for chemotactic and mitogenic
activity with or without addition of anti-PDGF antibody.

All data are presented as the mean±standard error of the mean.

Results

Expression of the c-sis gene by alveolar macrophages. Evaluation
of alveolar macrophages demonstrated that these cells sponta-
neously express the c-sis gene (Fig. 1). Whentotal cellular RNA
and/or poly(A)+-selected RNAobtained from alveolar macro-
phages of normal nonsmokers, current cigarette smokers, and
individuals with a variety of interstitial lung diseases was eval-
uated by Northern analysis using a labeled c-sis probe, a 4.2-
kilobase (kb) mRNAwas detected. Although insufficient number
of cells were available for analysis to quantify the amount of c-
sis mRNAexpressed per cell, it was clearly detected in all alveolar
macrophage RNAsamples evaluated. However, because of the
limitation in the numbers of alveolar macrophages available,
variable amounts of RNAwere used for each lane and thus the
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Figure 1. Expression of the c-sis gene by alveolar macrophages and
blood monocytes. Shown are Northern blots of RNAhybridized to a
32P-labeled c-sis probe. The source of RNAin each lane is: (1) T-24
bladder carcinoma cells (20 Mg total RNA; 3 X 106 cells); (2) human
placenta (30 Mg total RNA; 4 X 106 cells); (3) alveolar macrophages of
normal nonsmokers (4 Mg poly(A)+-enriched RNA; I07 cells); (4) al-
veolar macrophages of normal smokers (20 Mg total RNA; 7 X 106
cells); (5) alveolar macrophages of IPF (4 ,g poly(A)+-enriched RNA;
107 cells); (6) alveolar macrophages of sarcoidosis (4 Mg poly(A)+-en-
riched RNA; 107 cells); (7) alveolar macrophages of histiocytosis-X
(6 Mg poly(A)+-enriched RNA; 107 cells); (8) fresh monocytes (10 Mg
total RNA; 8>x 106 cells); (9) as lane 8, cultured 1 d; (10) as lane 8,
cultured 3 d; and (11) as lane 8, cultured 14 d.

results are qualitative only. As a control, analysis of total cel-
lular RNAobtained from tumor cell line T-24 and human pla-
cental RNAdemonstrated a c-sis transcript of the same size.
Occasionally, a fainter 2.6-kb band was also noted (for example,
Fig. 1, lane 5). In contrast, no c-sis mRNAwas detected in total
RNA isolated from blood monocytes. However, when blood
monocytes were cultured over a 14-d period, although not de-
tectable after 1 d, the c-sis transcript was present after 3 and 14
d, which is consistent with the concept that c-sis expression is
concomitant with the differentiation of monocytes into alveolar
macrophages. In contrast to the studies with alveolar macro-
phages, these studies are quantitative (in a relative sense), since
identical amounts of RNAwere used for each lane. When the
same RNAsamples were analyzed with an y-actin cDNAprobe,
a 2.0-kb mRNAy-actin was found in fresh blood monocytes as
well as in in vitro matured monocytes and alveolar macrophages
from all sources (not shown).

Spontaneous release of a PDGF-like mediator by alveolar
macrophages. Supernatants of alveolar macrophages cultured
for 24 h contained SMCchemotactic activity that was synthesized
de novo and shared the physicochemical properties of PDGF
(Fig. 2 A). When supernatants of alveolar macrophages were
placed in the lower chamber of a Boyden chamber, a chemotactic
activity for SMCwas observed. Checkerboard analysis dem-
onstrated that the SMCchemotactic activity was truly chemo-
tactic (not shown). The release of this activity was linked to de
novo protein synthesis; 4.3±3.0% of the original activity was
detected in parallel cultures incubated with cycloheximide. To
put this chemotactic activity in context, PDGF(5 ng/ml) at-
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Figure 2. Spontaneous release by alveolar macrophages (AM) of a me-

diator with PDGF-like activity. (A) Chemotactic activity for smooth
muscle cells. Supernatants from normal AMwere assayed for chemo-
tactic activity alone and after heating, exposure to acid, trypsin, reduc-
tion, and anti-PDGF antibody. The results represent percent of initial
chemotactic activity present after each treatment. The data represent
the average for three samples for each condition. (B) Competence
growth promoting activity. The mediator responsible for the smooth
muscle chemotactic activity in A was partially purified (see text; re-

ferred to as "macrophage mediator" in the figure) and evaluated for
fibroblast growth activity in a complementation test. Additions in-
cluded: PDGFalone, insulin alone, PDGF+ insulin, macrophage me-

diator alone, macrophage mediator + insulin, and macrophage media-
tor + PDGF. The increase in fibroblast number is expressed as the
percent increase above control. Evaluation of the same fibroblasts with
[3H]thymidine incorporation and autoradiography revealed: PDGF
+ insulin 34±3% labeled nuclei; partially purified AMmediator + in-
sulin 26±3%; all controls <2±2% (AM mediator + insulin vs. controls
P < 0.01). The AMevaluated were from IPF patients; similar results
were obtained with AMfrom other groups.

tracted the same number of SMCas the unfractionated super-

natant. Evaluation of the SMCchemotactic activity in the mac-

rophage supematants demonstrated that (compared with native
macrophage supernatant) it was sensitive to trypsin, mostly re-

sistant to heat and acid, but was inactivated by reduction and
by the addition of anti-PDGF antibody (Fig. 2 A). Thus, the

chemotactic activity observed was likely due to a PDGF-like
molecule, although the small loss of activity with heat and acid
is consistent with the possibility that a small proportion of the
chemotactic activity is due to other mediators. Furthermore,
like PDGF, the alveolar macrophage mediator with SMCche-
motactic activity also demonstrated competence activity in a
complementation assay for fibroblast growth (Fig. 2 B). The
partially purified mediator induced proliferation of growth-ar-
rested fibroblasts in the presence of insulin, a progression factor.
In contrast, by itself, or in the presence of PDGF, the macrophage
mediator did not stimulate the growth of fibroblasts (alveolar
macrophage mediator + insulin, P < 0.01, compared with con-
trols, a result similar to PDGF+ insulin, P > 0.1).

Consistent with the concept that alveolar macrophages pro-
duced a PDGF-like mediator, alveolar macrophage supernatant
competed with '251-PDGF for binding to the PDGFreceptor on
fibroblasts in a dose-dependent manner in a fashion similar to
purified PDGF(Fig. 3 A). Furthermore, a radioimmunoassay
using anti-PDGF antibody demonstrated that the alveolar mac-
rophage supernatants contained a molecule with antigenic
properties remarkably similar to that of PDGF(Fig. 3 B).

The similarity to PDGFwas further confirmed by the co-
elution of the supernatant chemotactic activity and purified
PDGF(Fig. 4). Furthermore, the fractions containing PDGF
and alveolar macrophage supernatant chemotactic activity were
suppressed by addition of anti-PDGF antibody. In a same man-
ner the mitogenic activity present in fractions with chemotactic
activity was inhibited by addition of anti-PDGF antibody (not
shown).

Discussion

Alveolar macrophages express a 4.2-kb mRNAtranscript of the
c-sis gene and release a molecule with the biochemical, antigenic,
and functional characteristics of PDGF, a mediator that can
recruit and activate inflammatory cells, recruit mesenchymal
cells, and stimulate mesenchymal cells to enter their cell cycle
(4-6). This is true for normal alveolar macrophages as well as
for alveolar macrophages participating in the chronic inflam-
mation of a variety of human disorders. Since the c-sis gene
codes for the B-chain (PDGF-2, peptide I) of PDGF(12, 13),
these observations suggest that the c-sis gene, a segment of DNA
on chromosome 22 that is homologous to the v-sis oncogene
(7), likely contributes to the armamentarium used by the alveolar
macrophage in normal host defense as well as in its role in the
pathogenesis of inflammatory disorders of the lung.

PDGF, c-sis, and v-sis. PDGFis a 29,000-33,000-mol-wt
glycoprotein composed of two chains linked by disulfide bridges
(4-6). The complete structure of PDGFis not known, but the
sequence of the B-chain has been identified (8, 12, 13, 29). The
molecule exerts its function by binding to its target cells through
a cell receptor thought to be a tyrosine kinase (30, 31). The
major source of PDGFis the a-granules of platelets; when plate-
lets are activated, PDGFis released and thus PDGFis easily
detected in serum (4-6). Other normal cells known to release
PDGFinclude human endothelial cells (32), rat arterial SMC
(33), human cytotrophoblast (18), and activated blood mono-
cytes (34).

PDGFhas the ability to attract and activate its target cells.
It is a chemoattractant for SMC, fibroblasts, neutrophils, and
monocytes, and provides a growth-promoting activity to fibro-
blasts, SMC, and glial cells (4-6). This mitogenic activity serves
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Figure 3. Characterization of the PDGF-like molecule spontaneously
released by the alveolar macrophages using receptor binding competi-
tion and radioimmunoassay. (A) Competition of the PDGF-like me-
diator in the alveolar macrophage supernatants with '25I-PDGF for
binding to fibroblasts. o, Nonlabeled PDGF(O dilution = 500 ng/ml);
*, alveolar macrophage supernatants (O dilution = 10 mgprotein/ml);
and ,, fibroblast growth factor (O dilution = 1 Ag/ml) as a control. All
assays were done in duplicate; the data represent the means for two
experiments. (B) Radioimmunoassay. Dilutions of nonlabeled PDGF
(o, starting concentration 10 ng/ml) or alveolar macrophage superna-
tant (e) were added to anti-PDGF antibody in presence of '25I-PDGF
and bound PDGFwas immunoprecipitated. The data represent the
means for two expenments. The alveolar macrophages evaluated in A
and B were from IPF patients; similar results were obtained with al-
veolar macrophages from other groups.

as a "competence" signal that stimulates resting cells to enter
the cell cycle and confers to cells the ability to respond to a
"progression" signal, a second signal that is sufficient to cause
the cells to proceed through the cell cycle and proliferate (35).
PDGFalso causes neutrophils to release oxidants and proteases
and stimulates fibroblasts to release collagenase (4-6, 36).

A great deal of attention has been focused on PDGFbecause
one of its component chains is coded for by the c-sis gene, a
DNAsequence 30 kb long with 1.2-1.3 kb of v-sis homologous
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Figure 4. Molecular sieve analysis of the PDGF-like molecule sponta-
neously released by alveolar macrophages. Alveolar macrophage su-
pernatant (500 ml, IPF patients) was dialyzed against 1 Macetic acid,
lyophilized, and chromatographed on Bio-Gel P-100. Each fraction
was tested for chemotactic activity for SMC. Chromatography of pure
PDGFon the same column is indicated as a molecular weight stan-
dard.

sequences, and at least seven exons (7-13). When3T3 fibroblasts
are infected with v-sis, they dedifferentiate and exhibit the fea-
tures of uncontrolled proliferation characteristic of neoplastic
cells (1 1). In the context of the mitogenic activities of PDGFfor
mesenchymal cells, the concept has developed that expression
of v-sis and production of the v-sis product contributes to the
process of transformation and uncontrolled proliferation of v-
sis-infected cells. Consistent with this, 3T3 cells transformed
with v-sis exhibit the p28vsisprotein product, a protein analogous
to the PDGFB-chain (9-13). Furthermore, a variety of cell lines
derived from neoplastic tissues exhibit c-sis and/or a PDGF-
like molecule, including human sarcoma (37) and glioma (38).
In addition to a putative role for c-sis and PDGFin malignancy,
there is increasing evidence that the c-sis gene and its product
may contribute to processes of normal proliferation and differ-
entiation. In this regard, mRNAtranscripts of c-sis are found
in placental trophoblasts (18), as well as in normal cultured hu-
man endothelial cells (29, 39). Although the contribution of
PDGFto growth regulation of these malignant and normal cells
is not fully understood, it is thought to be in the context of an
autocrine growth factor, either associated with the cell membrane
and/or secreted and subsequently acting through a specific cell
surface receptor, that contributes to the network of signals mod-
ulating cell proliferation.

PDGF, c-sis, and alveolar macrophages. In contrast to the
autocrine concepts that have evolved through the observations
of c-sis expression in malignant and normal cells, the present
study, as well as the recent report by Shimokado et al. (40),
suggest that the c-sis PDGF-like product may also play a role
in the arsenal of mediators that tissue macrophages use as effector
molecules targeted to other cell types during normal host defense
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and in inflammatory disorders. Interestingly, while resting blood
monocytes do not express c-sis, monocytes matured in vitro
express c-sis, as do alveolar macrophages, a tissue macrophage
that is derived from the blood monocyte. Consistent with the
expression of c-sis, alveolar macrophages spontaneously release
a molecule that has properties identical to PDGF. This obser-
vation is consistent with prior reports of molecules other than
fibronectin (26) with competence-like growth activity released
by macrophages (40, 41).

The observation that activated blood monocytes (34),
monocytes matured in vitro, and unstimulated alveolar mac-
rophages express c-sis and release the PDGF-like product is of
interest when compared with the release by mononuclear
phagocytes of other growth factors such as interleukin 1 (IL-1)
and fibronectin. Like PDGF, blood monocytes do not sponta-
neously release IL- 1, but do so when activated (42). However,
in contrast to PDGF, monocytes matured in vitro and unstim-
ula4ed alveolar macrophages do not spontaneously release IL-
1. Furthermore, unlike PDGF, stimulated monocytes do not
release fibronectin, but like PDGF, in vitro matured monocytes
and unstimulated alveolar macrophages constitutively release
fibronectin (42, 43). Together, these observations suggest mono-
nuclear phagocytes regulate the expression of the different genes
coding for growth factors in different ways and that the expression
of these genes by alveolar macrophages is not always similar to
the manner in which they are expressed by blood monocytes.

The observation that alveolar macrophages constitutively
release PDGFis of interest in the context that our previous
evaluation of alveolar macrophage supernatants for this mediator
failed to detect it (27). However, even though requiring a sensitive
assay to detect it, PDGFis such a potent mediator (4-6) that it
may turn out to be the dominant "competence" growth factor
released by mononuclear phagocytes.

That human alveolar macrophages spontaneously express
c-sis and release a PDGF-like molecule, together with the mul-
tipotential role of PDGFin recruiting and activating mesen-
chymal and inflammatory cells, is of particular interest in the
chronic inflammatory disorders of the lower respiratory tract.
These disorders are universally characterized by an accumulation
of alveolar macrophages in the lung parenchyma (2). Although
we have not been able to obtain sufficient numbers of those cells
to accurately quantify the amount of c-sis mRNAtranscripts
they express compared with alveolar macrophages of normal
individuals, and thus do not know whether the alveolar mac-
rophages of individuals with inflammatory disease express similar
or dissimilar amounts of c-sis mRNAtranscripts, the knowledge
that there are manyfold greater numbers of these cells in the
lower respiratory tract in these disorders leads to the reasonable
conclusion that the lungs of these individuals must contend with
an increased burden of a PDGF-like molecule. In this context,
it is likely that expression of c-sis and its product is part of the
armamentarium of the alveolar macrophages that contributes,
along with molecules such as fibronectin, alveolar macrophage-
derived growth factor, interleukin- 1, fibroblast growth factor,
and arachidonic acid metabolites, to the processes of inflam-
mation and repair in these disorders (2, 3).
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