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Thepurpose ofthis study was to determine ifalveo-
lar macrophages (AMs) are a source of monocyte
chemoattractants and the role bleomycin interac-
tion with AMs may play in the recruitment of
monocytes to the lung in a rodent model of bleo-
mycin-induced pulmonary fibrosis. AMs isolated
from rats with bleomycin-inducedfibrosis secreted
significantly greater amounts of monocyte che-
moattractants than those isolated from normal
rats. When AMsfrom normal rats were stimulated
with bleomycin in vitro, monocyte chemotactic ac-
tivity was secreted into the medium. Chemotactic
activity secretion by AM stimulated with 0.01 to
0.1 ,Ig/ml bleomycin was significantly higher than
that ofcells incubated in medium alone. This activ-
ity was truly chemotactic for monocytes, but
caused only minimal migration of normal AMs.
Bleomycin itselfat concentrations of 1pg/ml to 10
,gg/ml had no monocyte chemoattractant activity.
Characterization of the chemotactic activity in
conditioned media (CM) from bleomycin-stimu-
lated AM demonstrated that the major portion of
the activity bound to gelatin, was heterogeneous,
with estimated molecular weights of 20 to 60 kd,
and was inactivated by specific antifibronectin an-
tibody. Thesefindings suggest thatfibronectinfrag-
ments are primarily responsible for the monocyte
chemotactic activity secreted by AMs. Through in-
creased secretion of such chemotactic substances,
AMs couldplay a key role in the recruitment ofpe-
ripheral blood monocytes into the lung in inflam-
matory lung disease and fibrosis. (Am J Pathol
1989, 135:571-580)

In the normal lung AMs are the predominant cell popula-
tion in the alveoli and remain so in fibrosis, despite the
immigration of other leukocytes.'14 The AM is considered
to have dual origins, arising both from peripheral blood
monocytes that migrate into the lung and from the prolifer-

ation of resident macrophages.5-7 In normal human and
murine lungs, monocyte influx appears to play a more im-
portant role because local proliferation is minimal.68 9 Dur-
ing the early phases of lung inflammation, monocyte influx
has been shown to dramatically increase,4'10 suggesting
that the normal mechanisms controlling monocyte migra-
tion have been amplified and/or an additional signal has
been induced. Depending on the causative agent, the in-
flux of monocytes may result in a transient or more chronic
increase in the lung macrophage population.2 4,11,12 Re-
gardless of its temporal nature, the rise in macrophage
numbers appears to be a fundamental element of the
lung's response to injury and fibrosis.

Although this influx of blood leukocytes into the lung
in the early stages of fibrosis is well documented, the ini-
tiating factors are not well understood. The identification
of chemotactic factors for monocytes, and the source of
such factors, is important in terms of establishing the
mechanism by which the lung macrophage population is
maintained under normal conditions and by which it may
be increased during lung injury and fibrosis. This control
of the lung macrophage population may be central to the
fibrotic response, in view of the large body of evidence
implicating the macrophage as a source of factors influ-
encing fibroblast growth, collagen synthesis, and chemo-
taxis.1'13-19 Although both neutrophils and lymphocytes
are also found in the lung in fibrosis, these cells represent
a relatively minor component when compared with mac-
rophages,2'9"1 1 and the roles of these cells in fibrogenesis
are less well established.1' 16 Although AMs isolated from
fibrotic animals and macrophages stimulated with fibro-
genic agents in vitro have been shown to secrete che-
moattractants for polymorphonuclear neutrophils,17'20-22
lymphocytes,22 peritoneal macrophages, and AMs,2324
the chemoattractants produced by these fibrotic macro-
phages have not been directly shown to attract peripheral
blood monocytes.
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In the experiments described here the secretion of
monocyte chemotactic activity by AMs was analyzed,
and the nature of the activity characterized with the aim
of identifying the source(s) of the activity. Cells from nor-
mal and bleomycin-induced fibrotic animals were com-
pared with regard to their ability to secrete such activity.
The in vitro stimulation of AMs with the fibrotic agent, bleo-
mycin, has also been studied to determine if direct stimu-
lation of macrophages could provoke the secretion of
monocyte chemotactic factors, which could further in-
crease macrophage numbers in the lung during fibrosis.

Materials and Methods

Reagents

The following chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO): Histopaque-1077, cyclo-
heximide, trypan blue, toluidine blue, antifibronectin anti-
body, p-nitrophenyl phosphate, and zymosan A. RPMI-
1640 and penicillin-streptomycin were from GIBCO
(Grand Island Biological, Grand island, NY). BW755c was
from Wellcome Research Laboratories (Beckenham, En-
gland). Sepracell-MN was from Sepratech Corp. (Okla-
homa City, OK). BSA (Bovuminar-low endotoxin) was
from Armour Pharmaceutical Co. (Kankakee, IL), and hep-
arin was from Elkins-Sinn Inc (Cherry Hill, NJ). Outdated
bleomycin (Blenoxane) was a gift of Bristol Laboratories
(Syracuse, NY). Ketamine (100 mg/ml) was purchased
from Parke-Davis (Detroit, Ml). All other chemicals, uniess
otherwise specified, were reagent grade or better.

Animals

Male Fischer 344 rats, which were specific-pathogen free,
and weighed 150 to 200 g, were used for all studies, and
obtained from Charles River (Portage, Ml). These rats ar-
rived in filtered cages and were maintained in clean animal
quarters separate from other laboratory animals.

Macrophages and Preparation ofCM

AMs were obtained essentially as described.2 Rats were
given a lethal intraperitoneal injection of ketamine (0.75
ml/rat); the lungs were then perfused with 30 to 40 ml PBS
(140 mM NaCI, 10 mM NaH2PO4, and 8 mM NaOH) in
distilled water (pH 7.2) through the right ventricle to flush
blood from the lungs. The lungs were lavaged in situ with
ten, 10-ml washes of sterile (37 C) PBS containing 1 mM
EDTA and 0.1% (w/v) glucose. Lavage fluid was pooled
and centrifuged (400g, 5 minutes), the supernatant was
discarded, and cells were resuspended in RPMI contain-

ing 2 mg/ml BSA and 1% antibiotics (RPMI-BSA). After 2
hours at 37 C, the nonadherent cells were removed and
adherent cells washed twice with RPMI. RPMI-BSA with
or without the indicated concentrations of bleomycin was
then added and incubation continued for 18 hours. In
some experiments macrophages were preincubated for
30 minutes with cycloheximide (1 Ag/ml) before the addi-
tion of bleomycin. Only CM prepared for molecular weight
determination experiments were made with BSA-free me-
dium. At the end of the incubation period, CM were col-
lected and dialyzed exhaustively using 6 to 8 kd molecular
weight cutoff dialysis membranes (Spectrum Medical In-
dustries, Los Angeles, CA) against two changes of RPMI
at 4 C. Macrophages were scraped from the wells in the
presence of 0.5% trypsin and 5 mM EDTA, counted, and
viability was determined by exclusion of trypan blue. The
final volume of medium/well was adjusted with RPMI-BSA
so that the final equivalent concentration was 2 X 105
cells/ml for all CM.

Induction of Bleomycin-Induced Fibrosis

Rats were anesthetized with an intraperitoneal injections
of ketamine and given a single intratracheal injection of
1.5 units (mg) of bleomycin in 200,l of sterile saline.2
Control rats received 200 iLI of sterile saline. Animals were
killed at the indicated times after intratracheal injections
and AMs were obtained as described above. After the 2-
hour adherence step, cells were given fresh RPMI-BSA
and incubation was continued for 18 hours. CM were col-
lected as described above.

Monocytes

Blood from normal healthy volunteers or from normal rats
was collected in EDTA (2.7% w/v; 1 ml/10 ml blood) by
venipuncture, mixed 1:1 (v/v) with PBS containing 1 mg/
ml BSA, layered over Hypaque-1077 (three parts blood
and two parts Hypaque), and centrifuged (500g) at 25 C
for 30 minutes. The mononuclear cells collected from the
plasma/Hypaque interface were washed once in PBS +
BSA, mixed with Sepracell-MN (lv cells: 2v Sepracell),
and centrifuged at 25 C for 20 minutes at 1200g. Mono-
cytes (band on top of the Sepracell) were collected,
washed once in PBS + BSA, and resuspended in RPMI-
BSA to a final concentration of 1 X 106 cells/ml for use in
chemotaxis assays. The average yield of monocytes was
2.5 x 1 05/ml blood. These cells were more than 95% via-
ble as determined by exclusion of trypan blue. The purity
of human monocytes ranged from 60% to 90% of cells
as determined by differential counts of Wright's stained
cytocentrifuge preparations (Shandon Inc., Pittsburgh,
PA) and by staining for nonspecific esterase. Esterase
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stains were done using the a-naphthyl acetate esterase
kit (Sigma) according to the manufacturer's instructions.
In monocyte preparations, the contaminating cells were

almost exclusively lymphocytes. Polymorphonuclear leu-
kocytes were consistently less than or equal to 0.5% of
the total cell population and were not counted when seen

on stained filters for chemotactic assays.
Although initially rat monocytes were used in the che-

motaxis assays, the total yield (8 X 104 cells/ml blood)
and purity (<50%) of monocytes from rat blood was poor

when compared with that from human blood. Monocytes
from both species were found to respond similarly to CM
from control and bleomycin-treated macrophages; in four
experiments twofold to threefold as many human and rat
monocytes migrated towards the bleomycin CM (0.1 ztg/
ml) versus the control (no bleomycin) CM. Because there
were no evident species differences in the monocyte re-

sponse to rat AM CM, human monocytes were thereafter
used routinely for these assays.

Chemotaxis Assays

Assays of chemotactic activity were carried out essen-

tially as described previously25 using 48-well chambers
(Neuroprobe Inc., Cabin John, MD) and polycarbonate fil-
ters (PVP-free) with 5 ,um pores. All dilutions of CM or

other test substances were assayed in triplicate; RPMI
+ BSA and 1% zymosan-activated serum (ZAS) served
as the negative and positive controls, respectively. ZAS
was prepared from either human or rat serum.25 After a 2-
hour incubation at 37 C, filters were fixed and stained as

before.25 Cells that migrated to the bottom of the filters
were quantitated by counting ten oil immersion fields per

filter. Chemotactic activity was standardized and ex-

pressed in units as follows:

1 UNIT = 100 X (C - C0)/(CZ-C0)

where

C = the number of cells migrating to CM or other test
substance;

C0 = the number of cells migrating to RPMI + BSA (nega-
tive control); and

C, = the number of cells migrating to ZAS (positive con-

trol).

Therefore, cell response or activity to ZAS equaled
100 units, whereas that to RPMI + BSA equaled 0 units.
The average numbers of monocytes/ten fields represent-
ing 100 and 0 units were 226 ± 20 and 50 ± 8 (N = 20),
respectively. In assays using AMs, cells were isolated
from normal rats as described above and resuspended in
RPMI-BSA to a concentration of 2 X 106/ml and allowed
to migrate for 3 hours at 37 C.

Protease Treatment

CM were incubated with pronase or trypsin for 30 minutes
at 37 C before being assayed for chemotactic activity.
Pronase immobilized on agarose beads (Pierce Chemical
Co., Rockford, IL) was used as described previously;25
the final concentration of enzyme was 0.2 to 1 mg/ml of
CM. Trypsin (Sigma) was used at a final concentration of
0.1 to 5 zg (1 to 50 units)/ml CM; and at the end of the
incubation period soybean trypsin inhibitor was added in
five-fold excess to inactivate the trypsin. RPMI + BSA was
also incubated with the proteases parallel to CM to serve
as a control.

Molecular Weight Estimation

Macrophage CM prepared in RPMI without BSA was con-
centrated tenfold using Centricon-1 0 disposable micro-
concentrators (Amicon, Danvers, MA) with 10 kd molecu-
lar weight cutoff membranes before analysis. Molecular
weight estimates of the active components in CM were
made by HPLC using a TSK 3000SW gel filtration column
(1 X 45 cm) (Varian Instruments, Palo Alto, CA) fitted with
a guard column. Isocratic elution was undertaken with
PBS at a flow rate of 0.8 ml/minute. Detection was at 220
nm; 1-minute fractions were collected for chemotaxis as-
says. Before assay, BSA was added to each fraction to a
final concentration of 2 mg/ml.

Gelatin Adsorption

One hundred ,ul of CM was adsorbed to 700 ,ul of gelatin
Sepharose 4B (Pharmacia) for 2 hours at 4 C with gentle
agitation. Gelatin-Sepharose was then pelleted by centrif-
ugation (1 6000g) and the supernatant assayed for che-
motactic activity. Controls used were unadsorbed CM,
CM adsorbed to unmodified Sepharose 4B, and RPMI
+ BSA and ZAS, which were adsorbed with gelatin-seph-
arose.

ELISA Assays

Before use in the treatment of CM, the goat anti-human
fibronectin antibody was tested for cross-reactivity to rat
fibronectin with an indirect ELISA assay done essentially
according to the method of Engvall and Perlmann,26 using
an alkaline phosphatase second antibody (rabbit anti-
goat IgG, Sigma). Human (Sigma) and rat fibronectin (Cal-
biochem) at concentrations of 1 ng to 10 iig/ml, and nor-
mal human and rat plasma at dilutions of 1 :10 and 1 :1000
were assayed using the antifibronectin antibody (above).
Absorbance of the enzyme product at 410 nm was deter-
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Figure 1. AM secretion of monocyte chemoattractant activity
after intratracheal administrationi of bleomycin. CM from
macrophages of normal (C) anid fibrotic aniimals were pre-
pared anid assayed as described in Materials and Methods. For
each time point (days after bleomycin administration), data
represent the mean ± SEM ofCMfrom three separate rats as-
sayed at 25% (0) anid 5% (0) CM in triplicate.

mined using a TiterTek Multiscan MC (Flow Labs). Using
this method it was determined that the anti-human fibro-
nectin antibody bound to both human and rat fibronectin
and plasma; the absorbance of 10 ,ug/ml rat fibronectin
had an absorbance reading equal to that of 8 qg/ml of
human fibronectin (N = 3). Cross-reactivity of antifibro-
nectin antibodies between rat and human preparations
has been previously reported by Molinar et al.27

Antibody Treatment

CM was incubated with the indicated antibody for 1 hour
at 25 C and assayed for chemotactic activity as described
above. The antibodies used were all IgG fractions of anti-
sera raised in goats against human fibronectin (Sigma),
human PDGF (Collaborative Research), and mouse IgG
(Cappel Laboratories, West Chester, PA). CM alone and
RPMI + BSA and ZAS with the antibodies were incubated
in parallel to serve as controls. In some experiments rabbit
anti-goat IgG immobilized on Sepharose beads (Sigma)
was used to remove antibodies before assay. This treat-
ment did not cause any significant effects on the results.
The anti-human PDGF antibody (Collaborative) has been
shown to cross-react with a PDGF-like molecule pro-
duced by rat AMs.2C

Statistical Analysis

The Student's t-test was used for comparison of experi-
mental and control groups, with P < 0.05 considered to
be statistically different. When multiple comparisons were
made between treatment groups, analysis of variance
was used along with Scheffe's test for making internal
comparisons.

Results

Secretion of Chemoattractants by AMs
from Fibrotic Animals

To determine if AMs are a source of chemoattractants
that may be responsible for recruiting monocytes to the
lung during fibrosis, CM were prepared using macro-
phages isolated from rats with bleomycin-induced pulmo-
nary fibrosis, and the secretion of chemotactic activity
was compared with that of cells from normal (saline-
treated) rats. Macrophages obtained from fibrotic rats 3-
to-35 days after the administration of bleomycin secreted
significantly greater amounts of monocyte chemoaftrac-
tant activity than did macrophages from normal (C) ani-
mals (Figure 1). As indicated in Figure 1, this activity de-
pended on the concentration of macrophage CM as-
sayed.

Effects of In Vitro Treatment ofAMs
with Bleomycin

To test the hypothesis that the enhanced secretion of
chemoattractants by macrophages from fibrotic rats
might be the result of a direct interaction between bleomy-
cin and these cells, AMs were isolated from normal rats
and placed in culture in the presence or absence of bleo-
mycin for 18 hours. When the resulting macrophage CM
were assayed for monocyte chemoattractant activity, it
was evident that the secretion of this activity depended
on the concentration of bleomycin used to stimulate the
cells (Figure 2). In four separate preparations of this kind,
optimal activity was found in CM from macrophages given
0.01 to 0.1 ,ug/ml bleomycin; activity in CM at these con-

bleomycin (pg/ml)

Figure 2. Effects ofbleomycin on monocYte chemotactic activ-
ity secretion byAMsin vitro. Macrophages were incubated with
the indicated concentrations of bleomycin for 18 hours after
which CM were assayedfor activity. Chemotactic activity was
expressed as units as defined in Materials and Methods. Data
represent chemotactic activity of50% CM (mean ± SEM offive
separate experiments, each of which was performed in tripli-
cate). Asterisks indicate activity significantly greater than
control CM at P < 0.05.



Bleomycin-induced Chemotactic Factor Secretion 575
AJP September 1989, Vol. 135, No. 3

1 0u

125

0
1

_
el

uc
_ _
0

E

100

75.

50-

25-

U
5 15 25 50 100

% conditioned media
Figure 3. Dose dependence ofchemotactic activity in CM. Mac-
rophages were incubated in ± 0.1 jig/ml bleomycin for 18
hours after which CM was tested for chemotactic activity,
which was expressed as in Figure 1. Data are expressed as the
mean ± SEM offive experiments. Asterisks indicate activity in
bleomycin CM (0) significantly greater than control CM (0);
P < 0.05.

centrations of bleomycin was significantly greater than
that in CM from control macrophages incubated in RPMI-
BSA alone (P < 0.05). Unstimulated cells (no bleomycin)
secreted detectable but lower levels of chemotactic activ-
ity. Higher concentrations of bleomycin (1 and 10 ,ug/ml)
did not elicit secretion of chemoattractants greater than
that of controls. This lack of response at these concentra-
tions was not due to overt toxicity of bleomycin to the cells
because macrophage viability as assessed by exclusion
of trypan blue and release of the cytosolic enzyme lactate
dehydrogenase were unaffected by any of the concentra-
tions of bleomycin.

Although CM was extensively dialyzed, it was possible
that very small amounts of bleomycin remaining in the me-
dium after dialysis might affect monocyte response to
CM; bleomycin alone, therefore, was also assayed for
chemotactic activity. Concentrations of 1 pg to 10 ,ug/ml
bleomycin failed to promote or inhibit monocyte migration
(data not shown), indicating that the chemotactic activity
in CM was due to macrophage product(s) and not to bleo-
mycin itself.

Although the amount of activity secreted by the mac-

rophages was highly variable, ranging from 0 to 50 units
for the control cells and 50 to 130 units for bleomycin-
stimulated cells, control activity was always significantly
less (P < 0.05) than that secreted by macrophages from
fibrotic animals (Figure 1) or stimulated in vitro with bleo-
mycin (Figures 2 and 3). For experiments comparing ac-

tivity secreted by normal and fibrotic macrophages, ani-
mals were all from the same shipment; for all experiments
for which macrophages were stimulated in vitro, bleomy-
cin and control CM were always prepared from the same
pool of cells. In this manner any variability in secreted ac-

tivity caused by differences in animals or culture condi-
tions (lots of BSA, medium, or plates) would have an equal
effect on both control and stimulated cells so that any
differences in activity detected between the bleomycin

and control cells were due to the stimulation by bleo-
mycin.

Effects ofCM on Migration ofAM

CM from macrophages of control and fibrotic rats (14
days after bleomycin-administration) and from macro-
phages stimulated with 0.1 ,ug/ml bleomycin in vitro were
assayed for chemotactic activity for AMs. Freshly isolated
AMs responded well to ZAS, with an average of 779 ± 36
cells per ten fields (by definition 100 units). In contrast,
macrophage migration towards CM from any of the above
sources was minimal whether bleomycin or control CM
were being tested. Using normal AMs as target cells, CM
from fibrotic and control rats contained 9 ± 3 and 12 ± 2
units (N = 4) of activity, respectively, whereas CM from
corresponding in vitro bleomycin-stimulated macro-
phages and controls contained a maximum of 8 ± 3 and
9 ± 3 units (N = 8), respectively. Similarly negative results
were obtained with doses of CM that were as high as
100%, indicating that there was no detectable response
to the CM by the AMs and that the lack of migration at the
higher concentrations was not due to an inhibitory effect.

Characterization of Chemotactic Activity

To determine if the activity in CM was chemotactic and/or
chemokinetic in nature, standard checkerboard assays25
using varying concentrations of CM above and below the
filter were carried out. Checkerboard assays of three
different CM preparations from bleomycin-stimulated
macrophages demonstrated that this activity was truly
chemotactic for monocytes (Figure 4), as evidenced by
the increased migration of cells in BSA to increasing con-
centrations of CM in positive gradients (below diagonal)
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Figure 4. Checkerboard assay ofCM. Thepercentages indicate
the concentration ofCMplaced either in the bottom or upper
well with the cells. Chemotactic activity was expressed in units
that were calculated as described in Materials and Methods.
Data represent the means (±SEM) of three experiments, each
ofwhich were performed in triplicate. The numbers in paren-
theses equal SEM; N= 3.
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Figure 5. Characterization of the proteinaceous nature of the
monocyte chemotactic activity in CM. Macrophages were in-
cubated in 0. 1 i.g/ml bleomycin for 18 hours; chemotactic ac-
tivity in CM was testedfor sensitivity to pronase and trjpsin
digestionz. Gelatin: residual activity after adsorption of CM
with gelatin Sepharose 4B. Cyc: activity in CM of cells pre-
treated with 1 stg/ml ofcycloheximide. The data represent the
mean ± SEM offive experiments. * and **: Indicate activity
significantly less than the untreated CM at P < 0.05 and P
< 0.001, respectively.

and the absence of an effect on random migration (above
diagonal).

As an initial step in the characterization of this chemo-
tactic activity, macrophages were preincubated with or
without 1 jig/ml cycloheximide before stimulation with 0.1
lAg/ml bleomycin. Activity in CM from cycloheximide-
treated macrophages was 45% ± 5% of that in CM from
macrophages given bleomycin alone (Figure 5), demon-
strating that protein synthesis was necessary for full ex-
pression of chemotactic activity and suggesting that the
chemotactic activity secreted by macrophages on bleo-
mycin stimulation may be a combination of newly synthe-
sized proteins and release of preformed product. The ac-
tivity secreted by control macrophages (no bleomycin)
was unaffected by incubation with cycloheximide and cell
viability was unchanged, indicating that 1 jg/ml cyclohex-
imide was not toxic to these cells.

The proteinaceous nature of activity in CM was con-
firmed by the effect of pronase, which reduced CM activ-
ity by 57% ± 5% (Figure 5). In contrast, although trypsin
caused a 16% ± 7% reduction in chemotactic activity,
this was not statistically different from that of the untreated
CM (P > 0.05), suggesting that the proteolytic site(s) did
not harbor susceptible basic amino acid residues.

Molecular Weight Estimation

To further investigate the identity of the chemotactic com-
ponents in bleomycin-stimulated macrophage CM, the
molecular weights of the active components in bleomycin
macrophage CM were estimated. CM was concentrated
tenfold using Centricon concentrators (Amicon) that re-
tained material of greater than or equal to 10 kd. This con-
centrated sample of CM was fractionated by HPLC using
a gel filtration column. Assays of column fractions from

three separate preparations of CM consistently showed
two to three major peaks of activity between 20 and 60
kd (Figure 6). Material less than 10 kd collected during
concentration of CM before application over the columns
showed no activity above that of RPMI + BSA alone. Mac-
rophages are known to secrete several chemotactic pro-
teins within the MW range of the activity reported
here.18'19'28-31 Of these proteins, PDGF (platelet-derived
growth factor) and fibronectin were considered likely can-
didates for the chemotactic activity in CM because AMs
isolated from patients with idiopathic pulmonary fibrosis
were shown to secrete increased amounts of both of
these proteins.18"19'32 The relative insensitivity of CM activ-
ity to trypsin suggested that PDGF was not a major com-
ponent of this activity because it has been shown to be
inactivated by the concentration of trypsin (5 ug/ml) used
here.33 Although intact fibronectin (220 kd) is inactive as a
monocyte chemotactic factor, fragments of this molecule
within the molecular weight range of the chemotactic ac-
tivity recovered from the gel filtration column that bind to
gelatin were demonstrated to be active for monocytes.34

Effects of Gelatin-Sepharose Adsorption

To determine if fibronectin was responsible for this activ-
ity, CM was first subjected to adsorption with gelatin, the
rationale being that the fibronectin molecule contains a
gelatin binding domain so that the intact molecule and
any fragments containing this domain would be removed
from the medium by such adsorption. Gelatin treatment
removed up to 87% of the chemotactic activity originally
present in CM of bleomycin-treated AMs (untreated, Fig-
ure 5), whereas adsorption of CM to unmodified Sepha-
rose 4B had no effect on this activity (data not shown).
This adsorption of most of the activity by gelatin, coupled
with the estimated molecular weights of the active factors,
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Figure 6. Estimation ofthe molecular size ofthe monocyte che-
motactic activity in CM by gel filtration HPLC CM was pre-
pared, concentrated, andfractionated as described in Materi-
als and Methods. Eacb fraction was assayed in triplicate for
chemotactic activity. Data represent the mean ± SEM ofa rep-
resentative experiment.
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Figure 7. Efects of antibodjy treatmentt on the monocyte che-
motactic activity in CM. CMfrom macrophages incubated 18
hours with 0. 1 Mlglml bleomycin were treated with the indi-
cated dilutions of antifibronectin, antiPDGF, or as a control
nonspecific IgG (NS). Chemotactic activity was calculated as
described in AMaterials and Methods. Data represent the mean
± SEM offour experiments. *: Indicates activity significantly
less than CM treated with NS IgG (P < 0. 05).

strongly implicated fibronectin as a major source of the
chemotactic activity in CM. Because other gelatin binding
proteins have been reported,35 it was necessary to con-

firm this conclusion.

Effects of Antibodies on Chemotactic Activity

To verify the identity of the active factors, CM was treated
with specific antibodies against fibronectin and PDGF.
Significant reduction (P < 0.05) in activity was seen only
with antifibronectin antibody which caused a 62% ± 2%
decrease when used with three separate CM prepara-

tions (Figure 7). Antibodies to PDGF and nonimmune IgG
did not significantly affect chemotactic activity. The com-

bined results of the treatment of CM with antibody, gela-
tin, and pronase, along with the molecular weight esti-
mates, demonstrated that the monocyte chemotactic ac-

tivity in CM from bleomycin-stimulated macrophages was
primarily due to fragments of fibronectin between 20 to
60 kd in size.

Comparison of In Vivo Versus In Vitro Activity

filter (Table 1). Because this type of inhibition of migration
of leukocytes or desensitization has been shown to be
specific for a given chemotactic stimulus,-9 these results
imply that the CM from both sources contain similar che-
moattractant(s). Monocyte response to RPMI + BSA or
ZAS was not significantly affected by prior suspension
of monocytes in in vivo or in vitro CM (data not shown),
indicating that the inhibition of monocyte migration to-
wards the in vitro CM was the result of specific desensiti-
zation and not the result of chemotactic inhibitors in the
in vivo CM.

Discussion

A number of agents such as drugs, asbestos, silica,
chemicals, and viruses can provoke a fibrotic and in-
flammatory reaction in the lung.1 Although the morpho-
logic and some of the biochemical events occurring in
fibrosis have been described in animal models1 -38,11,12,17
and in humans,1'9'18'19 it is unclear what the initiating fac-
tors are.

One of the earliest events occurring in an inflammatory
reaction in the lung is the influx of peripheral blood leuko-
cytes, most notably neutrophils and later predominantly
monocytes. The experiments described here, and those
from other laboratories, suggest that the direct or indirect
stimulation of AMs by a fibrotic agent may be an important
cause of both acute and chronic leukocyte infiltration. Al-
though other investigators have demonstrated that AMs
stimulated with silica,12 21'25'37 asbestos,20'23'27 paraquat,17
and bleomycin22 release chemotactic factors for neutro-
phils, the present study showed that AMs stimulated with
bleomycin either in vivo (fibrotic rats) or in vitro secrete
significantly greater amounts of monocyte chemotactic
activity than control unstimulated AMs.

Our finding of substantial monocyte chemotactic ac-
tivity 3 to 28 days after bleomycin administration suggests
that the monocyte chemotactic activity follows a different
time course than that for neutrophils because neutrophil

Table 1. Effect ofIn Vitro CM on Monocyte Migration
to In Vivo CM

CM (in vitro CM) of macrophages exposed to 0.1 ,ug/ml
bleomycin in vitro for 18 hours was tested for their ability
to inhibit the migration of monocytes towards CM (in vivo
CM) of macrophages from rats treated with bleomycin 14
days before killing. Monocytes were suspended in 0%,
5%, 25%, or 100% in vitro CM and assayed for their ability
to migrate towards 100% in vivo CM. The addition of in-
creasing doses of in vitro CM above the filter progres-

sively inhibited this chemotactic activity towards the in
vivo CM placed below the filter, with total inhibition
achieved when 100% in vitro CM was present above the

In vitro CM above filter
(%)

Monocyte chemotaxis
(units)*

0 100+ 14
5 33± 9

25 11 6
100 0+ 1

Monocytes were prepared as described in Materials and Methods
and suspended in the indicated concentrations (%) of in vitro CM (ob-
tained from normal AMs treated in vitro with 0.1 Ag/ml bleomycin). These
monocyte suspensions were then placed above the filter and allowed to
migrate to in vivo CM (obtained from AMs of rats given intratracheal bleo-
mycin 14 days before obtaining AMs) placed below the filter at a concen-
tration of 100%. Data (means of triplicates ± SEM) were expressed in
chemotactic units calculated as described in Materials and Methods.
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chemotactic activity in fibrotic hamsters22 was maximal 4
days after animals were given bleomycin, and only slightly
elevated by 15 days. This chronologic difference in che-
motactic activities for neutrophils and monocytes corre-
lates well with the composition of these leukocytes in la-
vage fluid after lung injury2'3'11,12 and likely reflects the re-
spective roles of these cells in acute and chronic
inflammation.

The monocyte chemotactic activity secreted by the in
vitro stimulation of AMs appears to be due to substances
similar to those produced by macrophages isolated from
fibrotic rats. For the in vivo studies, rats were given 1.5 mg
(units) of bleomycin intratracheally; with an approximate
bronchiolar and intraalveolar lung volume of 10 ml, an ini-
tial concentration of 150.ug/ml could easily be achieved.
Although nearly all the bleomycin is cleared from the lung
in 24 hours (<1% remaining),39 it seems likely that the
effective in vitro concentrations (0.01 to 0.1 gg/ml) may
be found in the lung for a length of time sufficient to stimu-
late macrophage secretion of chemotactic factors. Al-
though characterization of the chemotactic activity in the
in vivo CM has not been completed, initial desensitization
experiments suggest that similar active factor(s) are pro-
duced whether macrophages are exposed to bleomycin
in vivo or in culture.

The results of the experiments in which the response
of AMs to CM were tested, suggest that AM-derived
monocyte chemotactic factors in bleomycin-induced fi-
brosis have a role in increasing macrophage numbers
through promoting the influx of peripheral blood mono-
cytes into the lungs but do not attract macrophages al-
ready present in the lung to sites of injury. This lack of AM
response to CM from stimulated alveolar macrophages
has also been described in studies of silicosis.12'21 The
particular role of macrophage-derived chemoattractants
in inflammation and fibrosis may depend, however, on the
fibrogenic stimulus because in contrast to our findings
and those of others just cited,12'21 AMs from quartz24 and
asbestos-treated animals have been shown to secrete
substances that attract other AMs.

Macrophages produce a variety of peptide chemotac-
tic factors for monocytes including PDGF, thrombin (as
prothrombin), fibronectin, transforming growth factor-:
(TGF-f), and granulocyte macrophage colony-stimulating
factor (GM-CSF).18"1930-32 Of these, fibronectin is one of
the major secretory proteins of AMs.40 In terms of pulmo-
nary fibrosis, PDGF and fibronectin appear to be likely
candidates responsible for the monocyte chemotactic ac-
tivity in the bleomycin-macrophage CM because AMs iso-
lated from patients with idiopathic pulmonary fibrosis (IPF)
secrete significantly higher amounts of both of these pro-
teins than do macrophages from normal individuals.18'19'31
AMs from monkeys with paraquat-induced fibrosis also
secrete greater amounts of fibronectin than do normal
monkeys."7

Based on the combined results of the characterization
studies, the predominant monocyte chemotactic activity
in CM from macrophages stimulated with bleomycin in
vitro has been characterized as a mixture of pronase-sen-
sitive, trypsin-resistant proteins with a molecular weight
range of 20 to 60 kd. Although several of the known
macrophage-derived monocyte chemotactic proteins are
within this size range, the cumulative data from the gela-
tin-adsorption and antibody experiments support the con-
tention that fibronectin fragments are responsible for the
major portion of the activity in CM. Although it is known
that TGF-p can bind to plasma fibronectin45 and thus be
removed by gelatin adsorption as well, the combined data
of the experiments presented here make it seem an un-
likely candidate for the primary active protein in the CM.
This is based on the fact that trypsin failed to inactivate
monocyte chemotactic activity in CM despite its known
ability to inactivate TGF-,B;49 and, more importantly, there
is currently no evidence that TGF-,B activity can be inhib-
ited by antifibronectin antibody. The data from this study,
however, do not totally exclude the possibility that tightly
bound TGF-, (to fibronectin fragments) is partially respon-
sible for the activity described here.

Studies by other investigators showed that fibronectin
fragments having a wide molecular size range possess
monocyte chemotactic activity; these include fragments
ranging in size from 5 to 220 kd.35'41

Fibronectin is a relatively large molecule with a molecu-
lar weight of 440 kd that represents a dimer of 220 kd
subunits; the molecule is made up of regions or domains
that are capable of binding to gelatin, heparin, collagen,
fibrin, or glycosaminoglycans.4' Fragments of fibronectin
can be generated by treatment with proteases;41-43 these
fragments retain their substrate binding qualities and can
be separated and partially identified on this basis. The re-
sidual 13% of chemotactic activity remaining in CM after
gelatin adsorption may indicate 1) that the adsorptive ca-
pacity of the gelatin-Sepharose was exceeded; 2) that
some of the activity was due to fibronectin fragments that
did not contain the gelatin-binding domain; and/or 3) that
some of the total activity was due to factors other than
fibronectin (as discussed above). The second possibility
is partly support by data from a previous study showing
that enzymatic digestion of fibronectin produces a 120
kd active fragment containing the cell attachment domain
that is chemotactic for monocytes.42

The activity remaining in the CM after pronase and
cycloheximide treatment of CM and macrophages sug-
gests that there may also be nonproteinaceous active fac-
tors present. Chemotactically active lipids such as leuko-
triene B4 and platelet-activating factor are secreted by ac-
tivated macrophages153' and could possibly bind to the
BSA, fibronectin, or other proteins in the medium. If activ-
ity remaining after protease treatment were due to lipids,
the binding of such small lipids to carrier proteins could
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account for the lack of activity in the less than 10 kd filtrate
of the concentrated CM applied to columns (Figure 5).

Although AMs have been identified as a source of the
increased amounts of fibronectin in the lung during fibro-
sis7-19'334' and fibronectin fragments have been shown
to be chemotactic for monocytes,3542 it has not been pre-
viously established that macrophage-derived fibronectin
is the predominant monocyte chemotactic factor se-
creted by AMs in pulmonary disease. The data presented
here support the hypothesis that, on challenge with a fi-
brotic stimulus, AMs produce chemotactically active frag-
ments of fibronectin that may play a key role in promoting
monocyte immigration into the lung in fibrosis. In support
of this hypothesis, Rennard et al'8 reported that macro-
phages from patients with IPF secrete ng/ml quantities
of fibronectin and that bronchoalveolar lavage (BAL) fluid
from such patients contains fragmented fibronectin.4 Vil-
ligers et all reported proteolysis of fibronectin secreted
by alveolar macrophages cultured in serum-free medium,
and leukocyte elastase has been shown to be capable of
fragmenting fibronectin.48 Such protease degradation of
secreted fibronectin may be the mechanism by which
bleomycin-stimulated macrophages produce fibronectin
that is chemotactically active for monocytes. Despite the
presence of numerous endogenous protease inhibitors in
vivo, the local concentrations of proteases released by
macrophages, other cells, or both may be sufficient to
overcome or overwhelm these inhibitors to generate
these active fragments. Active proteases have been iden-
tified in vivo in inflammatory reactions.46'47

Finally, our results along with those of oth-
ers12'172021'23'24'37'38 emphasize the important role of the
AM in modulating the response of the lung to fibrogenic
agents. The demonstration of in vitro stimulation of mac-
rophage secretion of monocyte chemotactic factors, in
conjunction with our previous finding16 that macrophage
secretion of growth factor activity for fibroblasts can also
be similarly stimulated, suggests that the direct interaction
between AMs and fibrogenic stimuli may be a key initiat-
ing factor in pulmonary fibrosis. It should be apparent
however that the response of the lung to fibrogenic stimuli
is not simply a response of the AMs. The lung is an ex-
ceedingly complex organ, composed of many different
types of cells, all or many of which may play roles in this
process.
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