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Abstract

Idiopathic pulmonary fibrosis (IPF) is characterized by accu-
mulation of alveolar macrophages spontaneously releasing ex-
aggerated amounts of the potent mesenchymal cell growth fac-
tor platelet-derived growth factor (PDGF). To evaluate the
relative contribution of the two PDGF genes to this process,
PDGF-A and -B gene transcription rates and mRNA levels
were examined in normal and IPF alveolar macrophages.
While normal alveolar macrophages constitutively transcribe
both PDGF-A and PDGF-B genes, LPS stimulation increases
the transcription of both genes more than threefold. Impor-
tantly, IPF alveolar macrophages spontaneously transcribe
both genes at a rate similar to that observed for normal macro-
phages after in vitro stimulation. Consistent with the tran-
scription data, normal macrophages contain mRNA for both
PDGF-A and -B, but PDGF-B mRNA is 10-fold more abun-
dant. Strikingly, in IPF, both PDGF-A and -B mRNA levels
were markedly increased, with persistence of the 10-fold domi-
nance of PDGF-B mRNA. Thus, the exaggerated release of
PDGF by IPF alveolar macrophages is likely modulated by
upregulated PDGF gene transcription rates and concomitantly
increased mRNA levels and the persistent 10-fold excess of B
> A PDGF mRNA suggests that the PDGF released by alveo-
lar macrophages is likely mostly of the potent B-chain homo-
dimeric form. (J. Clin. Invest. 1990. 85:2023-2027.) PDGF »
fibrosis ¢ lung » macrophage * transcription ¢ gene regulation

introduction

Alveolar macrophages, pulmonary representatives of the
mononuclear phagocyte system of bone marrow-derived cells,
play a central role in normal wound healing and pathogenic
fibrosis by virtue of their ability to release a variety of inflam-
matory mesenchymal cell chemoattractants and polypeptide
growth factors (1-4). The most potent of these polypeptides is
platelet-derived growth factor (PDGF),! a 30-kD dimer of two
disulfide-linked polypeptides (5-7). In addition to serving as a
potent mitogen that stimulates mesenchymal cells to enter and
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proceed through the early G1 phase of the growth cycle, PDGF
can modulate cell motility, including chemotaxis (5-7). Re-
cent studies have demonstrated that human alveolar macro-
phages from the lungs of individuals with idiopathic pulmo-
nary fibrosis (IPF), a chronic, fatal lung disorder characterized
by diffuse fibrosis of the alveolar walls, spontaneously release
exaggerated amounts of PDGF compared with macrophages
from normal individuals. This suggests that PDGF released by
alveolar macrophages in the lower respiratory tract is impor-
tant in the pathogenesis of pulmonary fibrosis by modulating
the accumulation of mesenchymal cells in the alveolar
walls (8).

There are two human PDGF genes, denoted A and B.
PDGF-A is a seven exon gene spanning 24 kb on chromosome
7 at p21-p22 (9, 10). The A chain polypeptide occurs in two
variants resulting from alternative splicing of exon VI; the
resulting 23-kD precursor proteins differ in size by 15 amino
acids (11, 12). PDGF-B is also a seven exon gene of 24 kb, but
is located on chromosome 22 at q12.3-q13.1 and codes for a
single 27-kD precursor protein (13-15). The PDGF-B gene is
also known as the c-sis protooncogene, a normal cellular gene
with close homology to the v-sis transforming gene of the si-
mian sarcoma virus that exerts its transforming properties by
directing the target cells to produce a potent mitogen abun-
dantly in an autocrine fashion, thus subverting the normal
control of mesenchymal cell growth in which the growth stim-
uli are external to the cell and are rate limiting (16-18). In
regard to alveolar macrophages and IPF, qualitative analysis
has demonstrated that normal and IPF alveolar macrophages
contain PDGF-B mRNA transcripts (19), but it is not known
whether alveolar macrophages are capable of expressing the
PDGF-A gene. Further, while IPF alveolar macrophages are
spontaneously releasing exaggerated amounts of PDGF (8), it
is not known if this is associated with an upregulation of ex-
pression of the PDGF gene(s).

In the context of the likely importance of alveolar macro-
phage PDGF gene expression in the pathogenesis of IPF, the
present study was designed to evaluate the regulation of PDGF
gene expression in alveolar macrophages from normals and
individuals with IPF. To accomplish this, we have evaluated
transcription rates and mRNA levels for both PDGF-A and -B
genes in alveolar macrophages from both groups.

Methods

Study population. The diagnosis of IPF was established in 10 individ-
uals (9 males, 1 female; mean age 52+4 yr, 7 nonsmokers or ex-
smokers [> 2 yr], 3 current smokers) in mid-course by previously
described criteria including clinical history, physical examination,
chest roentgenography, lung function tests (vital capacity, 76+4% pre-
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dicted; total lung capacity, 77+6% predicted; forced expiratory volume
in 1 s/forced vital capacity, 114+4% predicted; carbon monoxide dif-
fusion capacity [corrected for lung volume and hemoglobin], 49+6%
predicted), and open lung biopsy (1, 20). Seven were untreated, one
was receiving prednisone (20 mg/d), and two were receiving cyclo-
phosphamide (50 and 100 mg/d, respectively). Normals included eight
nonsmoking individuals (5 males, 3 females; mean age, 38+4 yr) with
no history of lung disease. All had normal physical examination, chest
roentgenograms and lung physiology. All data are presented as
mean+SEM; statistical comparisons were made using the two-tailed
Student’s ¢ test.

Isolation of alveolar macrophages. Alveolar macrophages were re-
covered by bronchoalveolar lavage as previously described (21). Total
cell populations recovered from individuals with IPF were typical of
the disorder (22), characterized by an increased number of cells recov-
ered (81+15.X 10° compared to 31+4 X 10° for the normals), with a
relatively increased proportion of neutrophils (IPF 89+1% macro-
phages, 3+1% lymphocytes, 6+1% neutrophils, 2+1% eosinophils;
normal 90+1% macrophages, 8+1% lymphocytes, 1+1% neutrophils,
1+1% eosinophils).

Alveolar macrophages were purified from total cells obtained by
lavage by adherence (1 h, 37°C) to plastic culture dishes (Falcon Lab-
ware, Oxnard, CA) in Dulbecco’s modified Eagle medium (DME;
Whittaker Bioproducts, Walkersville, MD) supplemented with 4 mM
glutamine, 50 U/ml penicillin and 50 ug/ml streptomycin. The result-
ing macrophage populations were > 98% pure as assessed by morphol-
ogy after staining with Diff-Quik (American Scientific Products,
McGaw Park, IL), and were > 90% viable as estimated by trypan blue
exclusion. As indicated in Results, aliquots of normal alveolar macro-
phages (4 X 10° cells/ml) were stimulated (12 h, 37°C) with 10 ug/ml
lipopolysaccharide (LPS, Escherichia coli 0127:B8, Difco Laborato-
ries, Detroit, MI). After incubation, the macrophages were washed
with PBS, pH 7.4 and evaluated as for the unstimulated normal and
IPF macrophages.

PDGF-A and -B probes. The PDGF-A gene probes included a 1.3-
kb A-chain cDNA, D1 provided by C. Betsholtz and C. Heldin (Uni-
versity Hospital, Uppsala, Sweden) and derivations cloned from D1
(22). The 0.24 kb cDNA probe pPB219, encompassed 103 bp from the
3’ end of exon I, all of exon II, and 35 bp from the 5' end of exon III.
The cRNA probe was made by subcloning pPB219 into the transcrip-
tion vector pBluescript SK/-(Stratagene).

The PDGF-B gene probes were derived from pPB220, a 0.9 kb
PDGF-B cDNA cloned after reverse transcription of RNA from LPS-
stimulated (5 h, 37°C) human blood monocytes followed by amplifi-
cation of PDGF-B cDNA using the polymerase chain reaction and
PDGF-B exon-specific oligonucleotide primers (23). The cDNA probe
pPB220 encompassed 66 bp from the 3’ end of exon I, all of exons I1-VI
and 94 bp from the 5’ end of exon VII.

As a control, a 2.3 kb y-actin cDNA pHFyA-1 was utilized (24).

Quantification of PDGF-A and -B gene transcription rates. PDGF-
A and PDGF-B gene transcription rates were quantified by transcrip-
tion “run off” (25, 26). Nuclei were isolated from alveolar macro-
phages, and incubated with [>**PJUTP (800 Ci/mmol; Amersham
Corp., Arlington Heights, IL) to label nuclear RNA. Transcription of
the PDGF-A and -B genes and, as control, the y-actin gene, was quan-
tified by hybridization (40 h, 42°C) of labeled RNA (107 cpm/ml) to
excess (5 ug), filter-bound (nitrocellulose; Schleicher & Schuell, Keene,
NH; dot-blot apparatus, Bio-Rad Laboratories, Richmond, CA), unla-
beled cDNA targets (PDGF-A: D1; PDGF-B: pPB220; and y-actin:
pHF~yA-1)in the presence of 50% formamide and 10% dextran sulfate.
Filters were then washed, subjected to autoradiography, and autora-
diograms were scanned (2202 Ultrascan Laser Densitometer; Pharma-
cia-LKB, Piscataway, NJ). The relative transcription rates were ex-
pressed as arbitrary densitometric units.

Evaluation of PDGF-A and -B mRNA transcripts. Total cellular
RNA was purified-from-macrophages by the acid guanidium-thiocya-
nate-phenol-chloroform extraction method (27). Northern analysis
was carried out using total cellular RNA for PDGF-B and y-actin
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transcripts and (because preliminary studies showed it was in low
abundance) poly A* RNA (obtained by oligo-dT cellulose chromatog-
raphy) for PDGF-A transcripts. PDGF-B mRNA transcripts were eval-
uated with the PDGF-B cDNA probe pPB220, y-actin transcripts were
evaluated with the y-actin cDNA pHFyA-1, and PDGF-A transcripts
with the PDGF-A cDNA, D1. All probes were labeled to high specific
activity with [**P}dCTP (3000 Ci/mmol, Amersham) by the random
hexonucleotide primer method (28).

PDGF-A, PDGF-B, and y-actin mRNA transcripts were all quan-
titated in total cellular RNA with PDGF-A, PDGF-B, and +y-actin
cRNA standard curves, respectively, to ensure comparability. Because
of their low abundance PDGF-A mRNA transcripts were quantified in
total cellular RNA using a solution hybridization/RNase protection
assay (29). The 32P-labeled PDGF-A antisense cRNA probe was hy-
bridized with 10 ug of total cellular RNA or synthetic, unlabeled
PDGF-A sense cRNA, and subjected to RNase treatment, purification,
electrophoresis, and autoradiography. A standard curve was con-
structed using various amounts of unlabeled PDGF-A sense cRNA
and the autoradiographic signals were quantified by densitometry. Be-
cause of their relative abundance, both PDGF-B and vy-actin mRNA
transcripts were quantitated in macrophage total cellular RNA by dot-
blot analysis. Total cellular RNA (10 ug) or synthetic, unlabeled
PDGF-B or y-actin cRNA was bound to nylon membranes (Schleicher '
& Schuell) using a dot-blot apparatus, and hybridized with *2P-labeled
PDGF-A cDNA probe pPB220 or the y-actin cDNA probe pHFyA-1,
respectively. Standard curves were constructed using various amounts
of unlabeled PDGF-B cRNA (0.31 kb, transcribed from pPB220 and
encompassed the 3' 66 bp of exon I, all of exons II and II and the 5’ 64
bp of exon IV) or y-actin sense cCRNA (0.34 kb, prepared from a Pst
1-Bgl II fragment of pHFyA-1).

Results

PDGF gene transcription in alveolar macrophages. Normal,
resting alveolar macrophages constitutively transcribed both
PDGF-A and -B genes (Fig. 1). When the macrophages were
stimulated with LPS, transcription rates of both genes were
increased 300 to 400% (P < 0.01, both comparisons to unsti-
mulated normal alveolar macrophages). Importantly, PDGF-
A and -B gene transcription rates in alveolar macrophages
from individuals with IPF were increased 300% compared
with normal unstimulated alveolar macrophages (P < 0.01,
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Figure 1. Rate of PDGF-A and PDGF-B gene transcription on alveo-
lar macrophages of normals and individuals with IPF. Transcription
run-off assays were carried out with nuclei isolated from normal al-
veolar macrophages, normal alveolar macrophages stimulated with
LPS and alveolar macrophages from individuals with IPF, using [*2P]
UTP as the label and hybridization to nitrocellulose-bound PDGF-
A, PDGF-B, and y-actin cDNAs. Shown are the results of separate
experiments with four sets of individuals. The data are expressed in
arbitrary densitometric units.



both comparisons). In contrast, as a control, the transcription
rate of the vy-actin gene was not significantly different among
all cell populations tested (P > 0.5). Because the PDGF-A and
-B genes are nearly identical in size (24 kb) (9, 10, 15) and their
respective CDNA targets were similar in size, and since both
targets were in molar excess (2 pmol/dot on filter), the tran-
scription rate determinations for both PDGF genes can be
directly compared. As such, in resting normal alveolar macro-
phages, transcription of PDGF-A and -B genes was approxi-
mately equal. Similarly, in LPS-stimulated normal alveolar
macrophages and IPF alveolar macrophages, PDGF-A and -B
gene transcription rates were elevated in parallel compared to
normal resting macrophages. .

PDGF mRNA transcripts in alveolar macrophages. Con-
sistent with the active transcription of PDGF-A and -B genes
in resting alveolar macrophages, LPS-stimulated alveolar mac-
rophages, and IPF alveolar macrophages, RNA recovered
from alveolar macrophages of all three groups demonstrated
PDGF-A and -B mRNA transcripts (Fig. 2). PDGF-A mRNA
transcripts were lowest in abundance. In this regard, Northern
analysis of total cellular RNA from alveolar macrophages
failed to demonstrate PDGF-A transcripts, and while North-
ern blots made with poly A+ RNA demonstrated the expected
transcripts of 2.8, 2.3, and 1.9 kb (22), the bands were faint
(not shown). Using the more sensitive RNase protection assay,
however, PDGF-A transcripts were easily detected in resting
normal macrophages (Fig. 2, lane 1), and also, albeit at greater
intensity, in LPS-stimulated normal alveolar macrophages
(lane 2) and IPF alveolar macrophages (lane 3). In contrast to
. PDGF-A transcripts, Northern analysis demonstrated easily
detectable PDGF-B mRNA transcripts in total cellular RNA
from resting normal macrophages (lane 4) and apparently
more abundant transcripts in LPS-stimulated normal (lane 5)
and IPF macrophages (lane 6). Likewise, y-actin mRNA tran-

A. PDGF-A
Normal

Normal +LPS
kb © B

B. PDGF-B C. y-Actin

Normal Normal
Normal +LPS IPF Normal +LPS |IPF

kb kb

42— =

18— 8 ® L ]

1 2 3 4 5 6 7 8 9

Figure 2. PDGF-A and PDGF-B mRNA transcripts in alveolar mac-
rophages of normals and individuals with IPF. (4) Solution hybrid-
ization/RNase protection analysis for PDGF-A mRNA transcripts
using a ?P-labeled PDGF-A antisense CRNA probe and 10 ug total
cellular RNA/lane. (Lane 7) RNA from normal resting alveolar mac-
rophages; (lane 2) normal alveolar macrophages stimulated with LPS
(10 ug/ml, 12 h); (lane 3) IPF alveolar macrophages. The protected
0.24 kb PDGF-A fragment is indicated. (B) Northern analysis for
PDGF-B mRNA transcripts using a >?P-labeled PDGF-B cDNA
probe and 10 ug total cellular RNA/lane. (Lane 4) normal resting al-
veolar macrophages; (lane 5) normal alveolar macrophages stimu-
lated with LPS; (lane 6) IPF alveolar macrophages. The 4.2 kb
PDGEF-B transcripts are indicated. (C) Northern analysis for y-actin
mRNA transcripts using a 3?P-labeled y-actin cDNA probe and 10
ug total cellular RNA/lane. (Lane 7) Normal resting alveolar macro-
phages; (lane 8) normal alveolar macrophages stimulated with LPS;
(lane 9) IPF alveolar macrophages. The 1.8 kb y-actin transcripts are
indicated. The data shown is from one individual in each group and
is representative of all individuals in each group.

scripts were easily detectable in all three groups of macro-
phages, and appeared to be of similar intensity.

These qualitative observations were confirmed by direct
quantification of mRNA transcript levels (Fig. 3). In this re-
gard, IPF was associated with 4-fold increase in PDGF-A
mRNA levels, as was LPS stimulation (P < 0.05, both com-
pared to normal; 4). The same was true for PDGF-B where
there was a 4-fold increase in PDGF-B mRNA levels in IPF
and LPS stimulated macrophages (P < 0.05, both comparisons
to normal; B), whereas y-actin mRNA levels were similar in all
three groups (P > 0.5, all comparisons; C). Interestingly, how-
ever, in all groups, PDGF-B transcript numbers dominated,
with levels 10-fold greater than PDGF-A mRNA.

Discussion

Alveolar macrophages are believed to play a central role in the
pathogenesis of pulmonary fibrosis by virtue of their ability,
when activated, to release a variety of polypeptide mediators
that act as chemoattractants and mitogens for fibroblasts (see
Reference 1 for review). The most potent of these polypeptides
is PDGF, a molecule capable of functioning in the picomolar
range (5-7). Direct evidence for a role of PDGF in the patho-
genesis of pulmonary fibrosis comes from the observation that
alveolar macrophages recovered from the lungs of individuals
with idiopathic pulmonary fibrosis are spontaneously releasing
approximately 0.7 pmol PDGF/10°¢ alveolar macrophages, a
level fourfold above that of normal resting alveolar macro-
phages, and comparable to the amount of PDGF released by
alveolar macrophages activated in vitro by inflammatory stim-
uli (8). Furthermore, it is known that fibroblasts normally ex-
press PDGF receptors and respond to exogenous PDGF by
proliferating (5, 7). A caveat is that there is no direct evidence
that the proliferating fibroblasts observed in the lungs of indi-
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Figure 3. Quantification of PDGF-A and PDGF-B and mRNA tran-
script levels in alveolar macrophages from normals and individuals
with IPF. Total cellular RNA (10 ug) from normal resting alveolar
macrophages (n = 8), normal alveolar macrophages stimulated with
LPS (n = 8) and alveolar macrophages from individuals with IPF (n
= 10) was evaluated for PDGF-A, PDGF-B, and y-actin mRNA. (4)
PDGF-A mRNA transcript levels quantitated by RNase protection
analysis. (B) PDGF-B mRNA levels quantitated by dot-blot analysis.
(C) y-actin mRNA levels quantitated by dot-blot analysis.
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viduals with IPF have retained their PDGF receptors and are
responding directly to the increased burden of PDGF seen in
this disorder. Importantly, however, the present study demon-
strates that alveolar macrophages of individuals with IPF are
actively transcribing both the PDGF-A and PDGF-B genes at
rates higher than normal, and in a fashion similar to that of
normal alveolar macrophages activated in vitro with a surface
inflammatory stimulus. These observations are consistent with

- the concept that the disease is driven by processes external to
the inflammatory cells, but mediated through the upregulation
of normal pathways. In support of this, quantitation of
PDGF-A and PDGF-B mRNA transcripts in IPF macrophages
demonstrated that both were markedly increased compared to
resting macrophages, in a pattern similar to that observed in
normal alveolar macrophages activated in vitro. Importantly,
PDGF-B transcript numbers in IPF alveolar macrophages
dominated the PDGF-A transcript numbers by a ratio of 10 to
1, suggesting that the PDGF produced by the alveolar macro-
phages in the disease are likely B-B homodimers, among the
most potent of the known PDGF molecules.

The observation that alveolar macrophages from individ-
uals with IPF have upregulated the PDGF-B gene, and have
significantly increased numbers of PDGF-B mRNA tran-
scripts is of interest in the context of the knowledge that the
PDGF-B gene is the c-sis gene, the human analog of the v-sis
oncogene, the transforming gene of the simian sarcoma virus
(16-18). While it is known that the levels of PDGF-B mRNA
transcripts are high in transformed and tumor derived cell
lines (14), and it is known that certain classes of normal cells
are capable of upregulating the PDGF-B gene (30), to our
knowledge, this is the first demonstration of the in vivo upreg-
ulation of transcription of the PDGF-B gene in nonneoplasic
cells in humans. While the specific stimulus responsible for
turning on this gene in alveolar macrophages in IPF is not
known, the observation that IPF alveolar macrophages are
transcribing the gene at a rate higher than normal blurs the
distinction between fibrosis and neoplasia, and supports the
concept that these two general categories of disease likely uti-
lize similar classes of genes in modulating the enhanced prolif-
eration of the cell types characteristic of each disorder.

Although there is clear evidence that IPF alveolar macro-
phages are spontaneously releasing exaggerated amounts of
PDGF molecules (8), the composition of these molecules is
unknown. The size of the mature protein products predicted
from the open reading frames of the two PDGF cDNA tran-
scripts are 14.3 kDA (PDGF-A) and 12.3 kDA (PDGF-B)
(5-7). The intact, mature 30 kDA PDGF molecules consist of
two disulfide-linked chains of A-B heterodimers, A-A homo-
dimers, or B-B homodimers; all of these forms have been ob-
served to be produced normally in vivo (A-B heterodimers) or
by various normal and neoplastic cells in culture (A-A and B-B
homodimers) (5-7, 22, 31, 32). Knowledge of the form of
PDGEF being produced by alveolar macrophages in IPF is rele-
vant in the context of evidence that B-B homodimers and A-B
heterodimers both have potent chemoattractant and mito-
genic activities (5-7, 33, 34). In contrast, the PDGF molecule
composed of A-A homodimers does not serve as a chemoat-
tractant and is only weakly mitogenic (7, 33, 34). Analysis of
the type of PDGF being released by the alveolar macrophages
in IPF is very difficult at the protein level because of the rela-
tively small numbers of cells that can be obtained from these
individuals. It is known, however, that the PDGF released by
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IPF alveolar macrophages functions both as a growth signal for
fibroblasts, and a chemoattractant for smooth muscle cells,
properties suggesting it is comprised of A-B heterodimers and/
or B-B homodimers. This concept is supported by the obser-
vation that the IPF macrophages contain 10-fold more
PDGF-B gene mRNA transcripts than PDGF-A transcripts.
Thus, while it is conceivable that the B transcripts are not
functional, it is likely that the major PDGF product of IPF
alveolar macrophages are B-B homodimers.

The fact that both the IPF alveolar macrophages and the
LPS stimulated normal alveolar macrophages have increased
levels of A and B transcripts is consistent with the fact that the
transcription of both genes is increased in these macrophages.
However, the fact that both IPF and LPS stimulated macro-
phages have 10-fold more PDGF-B transcripts than PDGF-A
transcripts is of interest in the context that in both circum-
stances there is approximately equal (albeit increased com-
pared to normal resting macrophages) transcription rates for
both the PDGF-B and PDGF-A genes. This observation is
unexpected and suggests that PDGF-B and -A gene expression
is differentially regulated at the level of mRNA accumulation.
The actual mechanism(s) by which PDGF-A mRNA levels are
selectively reduced compared to PDGF-B mRNA levels in
alveolar macrophages is not known. Unfortunately, the lim-
ited number of alveolar macrophages available precludes fur-
ther analysis of this dichotomy using presently available
methods.

In the context of the central role of the alveolar macro-
phage in the pathogenesis of IPF (1), and the likelihood that
B-B homodimers are the form of PDGF being released in this
disease, the observation that the PDGF-B gene is upregulated
in IPF macrophages similar to that of activated normal macro-
phages has therapeutic implications for this disorder. Although
a causal relationship has not been definitively established, the
increased alveolar macrophage PDGF gene expression seen at
all levels and the increased alveolar fibroblast proliferation
observed in IPF patients provide a specific target to evaluate
the effect of various therapeutic modalities. In this regard, if a
therapeutic regimen does not suppress the upregulated tran-
scription of the PDGF-B gene, it likely will not suppress the
exaggerated accumulation of fibroblasts within the alveolar
walls in the disease. Also, the parallel increase in PDGF-B gene
transcription and mRNA levels suggests that transcription is
an important regulatory point in PDGF gene expression in
alveolar macrophages. This suggests that one therapeutic tar-
get for this disease might aim at downregulating alveolar mac-
rophage PDGF-B gene transcription and mRNA accumula-
tion. For example, this might be accomplished by transferring
an artificial antisense (35) PDGF gene driven by the normal
PDGF-B gene promoter into alveolar macrophages of these
individuals, resulting in the suppression of the burden of this
potent chemotactic and mitogenic signal in the lungs.
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