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Modulation of Fibronectin Gene Expression in Human Mononuclear Phagocytes
Kohei Yamauchi, Yves Martinet, and Ronald G. Crystal
Pulmonary Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland 20892

Abstract

Under some conditions, mononuclear phagocytes spontane-
ously synthesize and release fibronectin, an extracellular ma-
trix glycoprotein with versatile effects on cell-matrix interac-
tions. To gain insight into the processes that modulate the level
of fibronectin secretion by these cells, we used monocytes, in
vitro matured nonocytes and alveolar macrophages as models
to compare fibronectin mRNAlevels and fibronectin secretion
in a variety of circumstances. Using Northern analysis and
dot-blot analysis with a 32P-labeled human fibronectin cDNA
probe, we evaluated steady-state mRNAlevels and a human
fibronectin-specific ELISA was used to evaluate fibronectin
secretion. In all cases the amounts of fibronectin secreted par-
alleled fibronectin mRNAlevels. Specifically (a) when fibro-
nectin mRNAwas undetectable, as in the case of normal blood
monocytes, no fibronectin was secreted, but whenever fibronec-
tin mRNAwas present, as in normal alveolar macrophages,
fibronectin was secreted by the cells; (b) as monocytes matured
into macrophages in vitro, the cells began to express fibronec-
tin mRNAand the cells secreted fibronectin; (c) when alveolar
macrophages were activated with surface stimuli such as lipo-
polysaccharide (LPS) or immune complexes, fibronectin
mRNAlevels decreased and in parallel, the cells secreted less
fibronectin; (d) in idiopathic pulmonary fibrosis (IPF), alveo-
lar macrophages contained severalfold more fibronectin
mRNAtranscripts that normal and the cells spontaneously
secreted severalfold more fibronectin than normal; and (e)
when IPF alveolar macrophages were placed in culture the
fibronectin mRNAlevels in the cells decreased with time, and
concurrently the amounts of fibronectin produced per unit time
continually decreased. The observation of a strict concordance
of fibronectin mRNAlevels and fibronectin release by mononu-
clear phagocytes suggests that, at least in many circumstances,
fibronectin secretion by mononuclear phagocytes is controlled
by steady-state levels of fibronectin mRNA.

Introduction

Fibronectin is a 440,000-D dimeric glycoprotein produced by
a variety of cells and capable of functioning in a broad range of
biologic processes including cell adhesion, spreading, cytoskel-
etal organization, migration, proliferation, and differentiation
(1-5). Fibronectin accomplishes these diverse processes by
acting as a ligand between cells and macromolecules through
the use of structural domains in the fibronectin molecule with
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affinity for collagen, heparin, fibrin, DNA, and cell sur-
faces (1-5).

One source of fibronectin is the alveolar macrophage, a
bone marrow-derived mononuclear phagocyte that plays a
major role in inflammatory processes in the lower respiratory
tract in health and disease (6-8). Several studies have demon-
strated that alveolar macrophages synthesize and secrete fibro-
nectin and that alveolar macrophages associated with chronic
inflammatory diseases of the lower respiratory tract secrete
exaggerated amounts of this molecule (6-8). In the context of
the known functions of fibronectin, it is likely that it represents
one of the alveolar macrophage mediators that plays a role in
both defending the lung and in modulating the damage and
repair that accompanies inflammatory processes in the lower
respiratory tract (6-14).

With this background, the present study was designed to
evaluate the level at which production of fibronectin by
human mononuclear phagocytes is modulated. To accomplish
this, we have quantified fibronectin mRNAlevels and fibro-
nectin secretion in these cells under a variety of conditions,
including circumstances where fibronectin secretion appears
to be undetectable, up-regulated, and down-regulated. The
data obtained are consistent with the concept that, in many
situations, fibronectin secretion by these cells is regulated by
steady-state fibronectin mRNAlevels.

Methods

Study population. The normal population consisted of 10 nonsmoking
individuals (seven males, three females; mean age, 33±2 yr [all data
are presented as mean±SE; all statistical comparisons are made using
the two-tailed Student's t test]) with no history of lung disease. All had
normal lung function tests and chest x rays. None were taking medica-
tions. The "fibrotic" lung disorder, idiopathic pulmonary fibrosis
(IPF),' was used as an example of a chronic inflammatory lung dis-
order in which it is known that alveolar macrophages are producing
elevated levels of fibronectin (7). This population consisted of 19 indi-
viduals (1 1 males, 8 females; mean age, 54±3 yr) in whom the diag-
nosis of IPF was made using established criteria, including open lung
biopsy (15). All patients were in mid-course of their disease (16). Of the
19, 1 1 were taking no medications and 8 were taking prednisone at the
time of evaluation. Nine were lifelong nonsmokers and 10 had a his-
tory of cigarette smoking but had discontinued smoking at least 3 yr
before evaluation. As a group, the patients with IPF had the following
functional abnormalities (15): vital capacity, 52±3% predicted; total
lung capacity, 57±3% predicted; forced expiratory volume in 1 s/
forced vital capacity, 113±3% predicted; and single-breath diffusion
capacity (corrected for volume and hemoglobin), 49±4% predicted.

Source of mononuclear phagocytes. Monocytes were prepared from
blood mononuclear cells of normal individuals obtained by Ficoll-Hy-
paque centrifugation (17). Monocytes were purified from the mononu-
clear cell layer by adherence to a plastic dish in DME(1 h, 37°). In all
cases, the monocyte populations were > 80%pure as assessed by mor-

1. Abbreviation used in this paper: IPF, idiopathic pulmonary fibrosis.
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phology after staining with Diff-Quik (American Scientific Products,
McGawPark, IL) and nonspecific esterase (18) and were > 99% viable
as estimated by trypan blue exclusion.

Alveolar macrophages were obtained by bronchoalveolar lavage of
normals and individuals with IPF using 0.9% saline as previously de-
scribed (19). Bronchoalveolar lavage cell differentials (determined by
filter preparations) for the normals included macrophages, 86±1%,
lymphocytes, 10±1%, neutrophils, 1±1% and eosinophils, 1±1%, and
for the IPF patients included macrophages, 84±3%, lymphocytes,
6±1%, neutrophils, 7±2%, and eosinophils, 3±4%. The viability of the
alveolar macrophages as assessed by trypan blue exclusion was > 90%
in all cases.

Quantification offibronectin secreted by mononuclear phagocytes.
To measure the amount of fibronectin secreted by the mononuclear
phagocytes in various conditions, the cells were cultured without
serum in DMEM(alone or with additions as specifically noted below)
at 37°. All cultures for collection of supernatants for fibronectin mea-
surement were for 24 h unless noted otherwise. The supernatants were
collected, clarified by centrifugation (10,000 g, 10 min) and stored at
-20°. All measurements were carried out by a human fibronectin-spe-
cific ELISA as previously described (20).

Evaluation offibronectin mRNA. Cellular RNAwas extracted by
the guanidine isothiocyanate method (21). The cells were lysed as a
pellet or as a monolayer on tissue culture plates in 4 Mguanidine
isothiocyanate solution. The lysates were shaken vigorously, mixed
with cesium chloride (1 g/2.5 ml) layered on a cushion of 5.7 Mcesium
chloride, 0.1 MEDTA, pH 7.6, in a polyallomer tube (Beckman In-
struments, Inc., Fullerton, CA) and centrifuged at 20°C in an SW60
rotor (Beckman Instruments, Inc., 35,000 rpm, 12 h). The pellet was
dissolved in 100 mMNaCl, 10 mMTris-HCl, pH 8.6, 1 mMEDTA,
1% (wt/vol) SDS, precipitated with ethanol, redissolved in water, and
stored in liquid nitrogen vapor.

Fibronectin mRNAin the cellular RNAextracts was evaluated
using Northern analysis in a 1% agarose gel under denaturing condi-
tions. Transfer to nitrocellulose filter (BA85, Schleicher & Schuell,
Keene, NH) was performed according to Thomas (22). Fibronectin
mRNAwas detected by using human fibronectin cDNA (FN42 1;
kindly provided by M.-L. Chu, University of Medicine and Dentistry
of NewJersey-Robert WoodJohnson Medical School) (23). As a con-
trol, y-actin mRNAin the samples was evaluated using a human
fibroblast cytoplasmic -y-actin cDNA (plasmid pHF A-1; kindly pro-
vided by P. Gunning and L. Kedes, Stanford University) (24). 32P-La-
beled Hind III fragments of X DNAwere used as radioactive size
markers.

Quantification of fibronectin in the cellular RNAextracts was car-
ried out by dot-blot analysis (25). Total RNA(10 ,ug) was dissolved in a
solution of 6.15 Mformaldehyde/ IO X SSC(1 X SSC= 150 mMNaCl,
15 mMNa citrate, pH 7.0) and was heated at 560 for 15 min. Dena-
tured RNA(5 Mg/dot for the initial dot, with subsequent twofold dilu-
tions) were applied to nitrocellulose filter paper (Schleicher & Schuell)
using a manifold apparatus (Schleicher & Schuell). Total RNAcontent
of each serially diluted sample was maintained at 5 ,g/sample by
adding yeast tRNA (Bethesda Research Laboratories, Gaithersburg,
MD). After baking (2 h, 800) the nitrocellulose filter paper was hybrid-
ized using the 32P-labeled fibronectin cDNA probe. Fibronectin
mRNAfrom fetal lung fibroblasts (HFL-1; ATCCCCL153) was used
as a standard. Arbitrarily, 2.5 ,g of total fibroblast RNAwas defined as
containing 1 U fibronectin mRNA.As a control for studies evaluating
fibronectin mRNAlevels following activation of normal alveolar mac-
rophages, interleukin- 1 mRNAlevels were quantified using a human
interleukin- 1 P cDNA probe (26). As a control for studies evaluating
the time-dependent changes in fibronectin mRNAlevels during in
vitro culture of IPF alveolar macrophages, apolipoprotein E mRNA
levels were quantified using an apolipoprotein E cDNAprobe (kindly
provided by S. W. Law and H. B. Brewer, Molecular Disease Branch,
National Heart, Lung and Blood Institute) (27). All probes were la-
beled by nick translation using [32P]dCTP (3,000 Ci/mmol; Amersham
Corp., Arlington Heights, IL) and the labeled cDNAwas purified using

NACSPrepac (Bethesda Research Laboratories). This procedure
always yielded labeled probes with sp act > 2 X 108 dpm/Mig DNA.
Hybridization, washing conditions, and autoradiograms were carried
out as described by Meinkoth and Wahl (28) with minor modifications
(29). Briefly, hybridization was carried out at 400, 18 h followed by
washing of the filters four times (25°, 5 min each) in 2 X SSC0.05%
disodium pyrophosphate and four times (600, 30 min each) in 0.1
X SSC, 0.05% disodium pyrophosphate. Autoradiograms were per-
formed using an intensifying screen at -80°. All data were expressed as

mRNAunits per 106 mononuclear phagocytes. The number of fresh
cells was determined by direct counting and in cultured cells by col-
lecting cells from parallel plates after treatment with Hanks' balanced
salt solution (Ca2' and Mg2" free) 2.5 mMEDTA(40, 20 min) and
scraping with a rubber policeman. All cell counts were performed by
hemocytometer.

Evaluation of Jibronectin mRNAlevels and fibronectin secretion
under various conditions. Five different circumstances were used to

compare the amounts of fibronectin mRNAlevels with fibronectin
secretion.

First, fresh normal blood monocytes and fresh alveolar macro-

phages were evaluated. Fibronectin mRNAlevels were determined in
the monocytes and alveolar macrophages from the same individuals
immediately after cell purification. To quantify fibronectin secretion,
monocytes and alveolar macrophages were cultured in parallel (DME,
24 h, 370, 10 cm diameter petri dish, Falcon Labware, Becton Dickin-
son & Co., Oxnard, CA), and the supernatants were collected and
analyzed for fibronectin.

Second, these parameters were quantified during the maturation of
monocytes to macrophages in culture. To accomplish this, monocytes
were cultured from 1 to 14 d (4 X 107 monocytes/plate; 10 cmdiameter
petri dish) in DME, 10% heat-inactivated fetal bovine serum (Gibco,
Grand Island, NY), and 50 ,g/ml gentamycin. The medium was

changed every 3 d. Fibronectin mRNAlevels were determined at var-

ious time points and in parallel cultures the secretion of fibronectin
was evaluated by removing the old culture media and culturing cells in
fresh serum-free medium over a 24-h period.

Third, based on the knowledge that alveolar macrophages from
patients with IPF secrete severalfold higher amounts of fibronectin
than normal alveolar macrophages (7), fibronectin mRNAlevels and
secretion were compared in alveolar macrophages from normals and
patients with IPF. The mRNAlevels were evaluated in the cells imme-
diately after lavage. For evaluation of fibronectin secretion, the cells
recovered by lavage were cultured in DME(1 X 107 macrophages/
plate) without serum for 1 h, 37°. The nonadherent cells were removed
by vigorous washing, fresh medium was added, the cells were incu-
bated for 24 h, and the supernatants were collected.

Fourth, normal alveolar macrophages were evaluated after activa-
tion. Alveolar macrophages from normal individuals were divided into
three groups: cultured in serum-free DMEalone, with the addition of
lipopolysaccharide (LPS, Escherichia coli 0127; B8, Difco Laborato-
ries Inc., Detroit, MI; 10 Mg/ml), or immune complexes (human albu-
min and rabbit anti-human albumin, Cappel Laboratories, Cochran-
ville, PA; final protein concentration of 10 ,g/ml) (30). All cultures
were with 1 X 107 cells/plate (370, 24 h). At the end of this time, RNA
was extracted from the adherent cells and the supernatant was recov-
ered for measurement of fibronectin secretion. As a control for the
fibronectin mRNAlevels, the same RNAsamples were used to quan-
tify interleukin-lg mRNAlevels.

Fifth, alveolar macrophages from individuals with IPF were cul-
tured for varying periods up to 24 h to evaluate whether the up-regula-
tion of mRNAlevels and fibronectin secretion observed in these cells
was maintained. To accomplish this, alveolar macrophages recovered
by lavage from IPF patients were purified by adherence as described
above. Fresh medium (DME without serum) was added, and the cul-
ture continued for 4, 8, 12, or 24 h. Fibronectin mRNAlevels were
evaluated in fresh macrophages (after the adherence step) and after 24
h in culture. As a control, the same RNAsamples were used to quan-
tify apolipoprotein E mRNAlevels. Supernatants from the cultures
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Figure 1. Spontaneous expression of fibronectin
mRNAand secretion of fibronectin by blood mono-
cytes and alveolar macrophages. (A) Presence of fi-
bronectin mRNAtranscripts in normal blood mono-
cytes and alveolar macrophages. RNAextracted from
the cells was electrophoresed in agarose (10 jg/lane),
transferred to nitrocellulose filter by the Northern
method, and evaluated using a 32P-labeled fibronectin
cDNAprobe (lanes I and 3) or a 32P-labeled y-actin
cDNAprobe (lanes 2 and 4). The sizes of the fibro-
nectin and -y-actin mRNAtranscripts were deter-
mined using DNAmarkers (see Methods). (B) Secre-
tion of fibronectin by normal monocytes and alveolar
macrophages. The cells were cultured in DMEwith-
out serum for 24 h and the supernatants evaluated
for the presence of fibronectin by ELISA. *Undetect-
able.

were evaluated for fibronectin levels every 4 h for up to 12 h and then
over the subsequent 12 h.

Results

Spontaneous fibronectin gene expression by normal blood
monocytes and alveolar macrophages. There was a marked
difference in fibronectin mRNAlevels in normal blood mono-
cytes and normal alveolar macrophages (Fig. 1 A). In all cases,
Northern analysis of RNAextracted from normal monocytes
and alveolar macrophages demonstrated that blood mono-
cytes did not contain any fibronectin mRNA,whereas alveolar
macrophages spontaneously expressed a 7.8-kb fibronectin
specific mRNA. In contrast to the difference in fibronectin
mRNAlevels between the two cell types, evaluation of the
same RNAsamples demonstrated that the y-actin gene was
expressed by both blood monocytes and alveolar macro-
phages. This difference in fibronectin mRNAlevels was paral-
leled by a difference in fibronectin secretion by these cells.
Whereas normal blood monocytes did not release any detect-
able amount of fibronectin, normal alveolar macrophages
spontaneously released large amounts of fibronectin (Fig. 1 B).

Fibronectin gene expression during monocyte maturation.
Because alveolar macrophages, a differentiated form of mono-
cytes, spontaneously expressed the fibronectin gene whereas

blood monocytes did not, it is reasonable to hypothesize that
the maturation process is accompanied by the spontaneous
expression of this gene. To evaluate this hypothesis, blood
monocytes were cultured in vitro and allowed to mature over a
period of 14 d, and expression of the fibronectin gene was
evaluated. Consistent with the hypothesis, as monocytes ma-
tured in vitro, they began to demonstrate fibronectin mRNA
transcripts and these levels increased with time (Fig. 2 A). In
this experiment, the RNA/cell ratio increased during in vitro
maturation of blood monocytes (fresh monocytes RNA/106
cells 0.5±0.1; l-d cultured monocytes, 0.6±0.1; 3 d, 0.8±0.2; 7
d, 5.5±0.8; and 14 d, 8.9±1.3). In addition, the specific pro-
portion of fibronectin mRNAamong the total RNAalso in-
creased significantly (fresh monocytes and 4-d cultured mono-
cytes had no fibronectin mRNA,34 monocytes, 0.035±0.004
fibronectin mRNAU/5 ,ug total RNA, 7 d, 0.191±0.005; and
14 d, 0.363±0.023). Evaluation of the size of these transcripts
by Northern analysis demonstrated they were 7.8 kb, similar to
those of normal alveolar macrophages (not shown). Further-
more, the increasing levels of fibronectin mRNAwere paral-
leled by the amounts secreted per 24 h increasing with time in
culture (Fig. 2 B).

Modulation offibronectin gene expression by alveolar mac-
rophages by surface activation. Because LPS and immune
complexes are capable of activating mononuclear phagocytes

0.8 A 200 B Figure 2. Expression of fibronectin mRNAand
Days secretion of fibronectin by in vitro matured blood

8 0 1 3 7 14 ' monocytes. Normal blood monocytes were cul-
'o 0.6 - * 15o . turedinDMEwithserumforO-14d.Atvarious
=iS sk i O / 8 /I times, as indicated, serum was removed, the cells
c/ rinsed, and cultures continued in DMEfor an ad-

< 0.4p / arioo / ditional 24 h. (A) Quantification of fibronectin
/c mRNAlevels in in vitro matured monocytes.

e / z t RNAwas extracted from the cells evaluated in A
0.2 - 0%° 50 and fibronectin mRNAlevels measured using
:o/ L / dot-blot analysis and a 32P-labeled fibronectin

cDNAprobe. For each time point, the initial
_ . , , ,"dot" contained 5 jg RNAand subsequent dots

0 1 3 7 14 0 1 3 7 14 contained sequential twofold dilutions. The auto-
Duration of culture (days) Duration of culture (days) radiograms of the dots were quantified using den-

sitometry and the data expressed as mRNAunits
per 106 cells using measurements of RNAper cell made in parallel plates. (Inset) An example of dot-blot analysis from cells at various times in
culture. (B) Secretion of fibronectin by in vitro matured monocytes. The supernatant fluid was collected over the last 24 h of culture and as-
sessed for fibronectin by ELISA.
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through surface receptors to up-regulate a variety of secreted
mediators, it was reasonable to expect that LPS and/or im-
mune complexes would up-regulate fibronectin gene expres-
sion as well. However, neither LPS nor immune complexes
were capable of stimulating normal blood monocytes to ex-
press fibronectin mRNAlevels or to secrete fibronectin (data
not shown). Furthermore, unexpectedly, the addition of LPS
or immune complexes to alveolar macrophages was followed
by a decrease in fibronectin mRNAlevels (Fig. 3 A). However,
Northern analysis demonstrated that the form of the fibronec-
tin mRNAwas similar to that found in fresh cells, i.e., 7.8 kb
(not shown). This was not a result of a general down-regulation
of gene expression. Both stimuli caused the alveolar macro-
phages to increase interleukin-1I3 gene expression (Fig. 3 B)
and of interleukin- 1 release (data not shown). Furthermore,
the apparent down-regulation of fibronectin mRNAlevels was
paralleled by a decrease in the spontaneous release of fibronec-
tin (LPS, 60±3% of control; immune complexes, 57±5% of
control; P < 0.01, both comparisons, Fig. 3 C), i.e., the addi-
tion of LPS or immune complexes reduced fibronectin mRNA
levels and fibronectin secreted by the normal alveolar macro-
phages (Fig. 3, A and C). In marked contrast, both stimuli
caused the alveolar macrophages to increase interleukin- 1I
gene expression (Fig. 3 B) and of interleukin- 1 release (data
not shown).

Exaggerated fibronectin gene expression by alveolar mac-
rophages from patients with IPF. Quantification of fibronectin
mRNAlevels by dot-blot analysis demonstrated that the level

of fibronectin mRNAin alveolar macrophages from patients
with IPF was eightfold higher than in normals (Fig. 4 A; P
< 0.01). Northern analysis showed that the size of fibronectin
mRNAin the IPF alveolar macrophages was similar to that in
normal alveolar macrophages (not shown). No differences
were observed in fibronectin mRNAlevels among ex-smokers
and among individuals not treated or those treated. In parallel
with this observation, as previously shown, alveolar macro-
phages from patients with IPF spontaneously secreted more
fibronectin than normal alveolar macrophages (7). In this re-
gard, alveolar macrophages from patients with IPF secreted
eightfold more fibronectin than normals (Fig. 4 B; P < 0.01),
i.e., alveolar macrophages from these individuals appeared to
have up-regulated the fibronectin gene.

Time-dependent change ofJibronectin gene expression by
alveolar macrophages from patients with IPF maintained in
culture. Because alveolar macrophages of IPF patients appear
to have up-regulated the fibronectin gene compared with nor-
mals, we asked whether this exaggerated fibronectin gene ex-
pression was a constitutive property of these cells. To answer
this question, alveolar macrophages from patients with IPF
were cultured in serum-free DMEand fibronectin mRNA
levels and fibronectin secretion evaluated over time (Fig. 5).
This levels of fibronectin mRNAin these alveolar macro-
phages after 24 h in culture was reduced to one-third of the
original level (P < 0.01; Fig. 5 A). However, Northern analysis
showed the size of the fibronectin mRNAtranscripts were 7.8
kb, same as normal (not shown). This change was not a non-
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Figure 3. Effect of surface membrane stimulation on the expression
of fibronectin mRNAtranscripts and secretion of fibronectin by al-
veolar macrophages. Normal alveolar macrophages were incubated
in DMEalone or in the presence of LPS (10 ,g/ml) or IgG immune
complexes (IC; 10 gg/ml) for 24 h. (A) Quantification of fibronectin
mRNAlevels by dot-blot analysis. The RNAwas extracted and fi-
bronectin mRNAlevels were measured as for Fig. 2. Each initial dot
contained 5 ,g RNA. (Inset) Example of the dot-blot analysis under

100 C

80

0

C0

C 4u k
am
C 20

Alone + +
LPS IC

Alone + +
LPS IC

the various conditions. (B) Quantification of interleukin- I( (IL-i]()
mRNAlevels. As a control, the same RNAsamples analyzed in B
were also evaluated for IL- 1# mRNAlevels. (Inset) Example of the
dot-blot analysis under the various conditions. *IL- 13 mRNAlevels
were undetectable with the exposure used; with very long exposures,
a small amount of IL- 13 mRNAcould be detected in unstimulated
alveolar macrophages. (C) Secretion of fibronectin into the media as
assessed by ELISA.
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Figure 4. Spontaneous expression of fibro-
nectin mRNAtranscripts and secretion of
fibronectin by normal alveolar macro-
phages and alveolar macrophages from in-
dividuals with idiopathic pulmonary fi-
brosis (IPF). (A) Quantification of fibro-
nectin mRNAlevels in alveolar
macrophages freshly obtained from nor-
mals and individuals with IPF. RNAwas
extracted and fibronectin mRNAlevels
were quantified using dot-blot analysis as
described in Fig. 2 (5 gg/initial dot). (Inset)
Example of the dot-blot analysis. (B) Al-
veolar macrophages were cultured in DME
for 24 h and fibronectin in the superna-
tants quantified by ELISA.

specific effect due to the culture conditions because the same
alveolar macrophages contained apolipoprotein E mRNA
levels that were identical at the same time points (P > 0.2; Fig.
5 B). In addition, the ApoE mRNAamount per cell in normal
alveolar macrophages did not change significantly during 24 h
culture in serum-free DME(P > 0. 1; data not shown). Consis-
tent with this time-dependent decrease in fibronectin mRNA
levels, the spontaneous release of fibronectin by the cultured
IPF alveolar macrophages decreased in a time-dependent
manner (initial collection of 0-4 h 14.9±1.9 ng/ 106 cells-h vs.

final collection of 12-24 h 5.5±1.0 ng/106 cells-h; P < 0.01;
Fig. 5 C).

Discussion

Fibronectin is a major body constituent, present as a compo-
nent of most extracellular matrices and in plasma at levels of

300 Ag/ml (1-5, 31, 32). Fibronectin is a multifunctional pro-
tein, and there is a broad spectrum of in vitro and in vivo
studies implicating fibronectin in cell attachment, differentia-
tion, and proliferation (1-5). There are many sources of fibro-
nectin, including fibroblasts, epithelial cells, chondrocytes,
myoblasts, amniotic cells, endothelial cells, hepatocytes, and
mononuclear phagocytes (1-8, 33-38). Among these, mono-
nuclear phagocytes are the one example of a class of fibronec-
tin producing cells that are mobile (39). In this regard, mono-
nuclear phagocytes are derived from a commonbone marrow
precursor, circulate in blood, and move into tissues where they
serve to defend internal organs (39). Furthermore, mononu-
clear phagocytes play a central role in inflammatory states,
where the numbers of these cells accumulate at sites of injury
(40, 41). In the context of the many roles of fibronectin, the
mononuclear phagocytes likely provide one mechanism to de-
posit fibronectin at sites where it may be used in both normal

Figure 5. Time-dependent changes in
1.0 B 20 fibronectin mRNAlevels and fibronec-

2.5 -A ApI E C tin secretion by cultured alveolar mac-

8resh 24 h

rophages of individuals with idiopathicFreh24 15|pulmonaryfibrosis (IPF). Alveolar

O*& macrophages of individuals with IPF
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Fresh 24 h Fresh 24 h quantified by dot-blot analysis as in
culture culture Time of culture (h) Fig. 2 (5 .g/initial dot). (Inset) Exam-

ple of the dot-blot analysis. (B) Quantification of apolipoprotein E (ApoE) mRNAlevels. As a control, mRNAlevels of another macrophage se-

creted protein, ApoE, were quantified in the same RNAsamples analyzed in A. (Inset) Example of the dot-blot analysis. (C) Secretion of fibro-
nectin over various time intervals in culture. The supernatants were evaluated every 4 h for up to 12 h and then over the subsequent 12 h. Fi-
bronectin levels in the supernatant were quantified by ELISA and expressed as fibronectin secreted per hour over the respective time intervals.
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body functions as well as playing a role in repair processes
following injury.

Fibronectin is produced and handled by fibronectin syn-
thesizing cells as a typical secretory glycoprotein. The fibronec-
tin gene consists of at least 50 exons (42). There is one fibro-
nectin gene per parental genome (43, 44). Using blood mono-
cytes, in vitro matured macrophages, normal alveolar
macrophages, and alveolar macrophages recovered from indi-
viduals with the chronic inflammatory lung disease, the
present study demonstrates that the amounts of fibronectin
secreted could be related to the levels of fibronectin mRNA
within the population of cells evaluated. The mechanism of
this increase is unknown. Measurement of transcriptional rate
of fibronectin mRNAin mononuclear phagocytes would give
insight into the processes modulating the fibronectin mRNA
levels. Unfortunately, because of the relatively small number
of normal alveolar macrophages obtained by bronchoalveolar
lavage, such measurements are not possible.

In all mononuclear phagocyte populations evaluated in the
present study, Northern analysis demonstrated fibronectin
transcripts of 7.8 kb in length. However, analysis of fibro-
nectin mRNAby Northern analysis cannot detect the minor
variations in fibronectin mRNAsize resulting from alternative
splicing (42, 44-57). Whereas such variations appear to relate,
at least in part, to cell specificities producing the fibronectin
(48, 53), it is not known if the process of alternative splicing
relates in any fashion to modulating fibronectin mRNAlevels
for a given cell.

Despite the extensive study of the structure and function of
fibronectin at the protein level and the structure of fibronectin
at the gene level, little is known about the levels at which cells
modulate the expression of this gene. Presumably, the variable
levels of fibronectin mRNAobserved in the various circum-
stances evaluated in the present study are modulated at the
level of fibronectin gene transcription. For example, Raghow
et al. (58) have recently observed that in the lungs of bleomy-
cin-treated hamsters, the rate of nuclear transcription of the
fibronectin gene paralleled the temporal changes in steady-
state fibronectin mRNAlevels. Likewise, the decreased fibro-
nectin mRNAlevels observed with transformation of embryo
fibroblasts by the Rous sarcoma virus are thought to result
from decreased transcription and not changes in fibronectin
mRNAstability (59). However, we have only evaluated
steady-state mRNAlevels. Furthermore, no information is
available at this time regarding the structure and/or function
of the controlling elements for fibronectin gene expression, nor
of the mechanisms modulating the fibronectin mRNAlife-
span.

Besides the general observation of the correlation of fibro-
nectin mRNAlevels and fibronectin secretion by mononu-
clear phagocytes, two phenomena observed in the expression
of the fibronectin gene by these cells were striking. First, de-
spite the fact that stimuli like LPS and immune complexes
up-regulate the production of many mediators by mononu-
clear phagocytes (60, 61), these stimuli were incapable of stim-
ulating monocytes to express this gene or of stimulating alveo-
lar macrophages to up-regulate the fibronectin gene. Second,
alveolar macrophages from individuals with IPF appear to
have markedly up-regulated fibronectin genes. However, when
placed in culture, this up-regulation was rapidly lost. Because
this occurred while the expression of genes coding for other

secretory proteins like apolipoprotein E remained constant,
this suggests that either the in vivo stimulus had been lost (i.e.,
and hence the in vitro down-regulation) or that the mecha-
nisms of fibronectin mRNAdegradation were up-regulated by
the artificial context of in vitro culture. Whatever the actual
mechanism, it is clear that fibronectin gene expression in
mononuclear phagocytes did not appear to follow the patterns
established for many other mononuclear phagocyte mediators.
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