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Modulation of Alveolar Macrophage-driven Fibroblast Proliferation

by Alternative Macrophage Mediators

P. B. Bitterman, M. D. Wewers, S. |. Rennard, S. Adelberg, and R. G. Crystal
Pulmonary Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland 20892

Abstract

Tissue fibrosis results, in part, from an interaction between
growth regulatory molecules released by mononuclear phagocytes
and fibroblasts. In the chronic interstitial lung disorders, alveolar
macrophages, the mononuclear phagocytes of the lung, are known
to spontaneously release two growth factors for fibroblasts, fi-
bronectin and alveolar macrophage-derived growth factor
(AMDGF) that together stimulate nonreplicating lung fibroblasts
to divide. In addition to these two primary growth promoting
signals, alveolar macrophages are able to release other mediators
that may have a potential role in modulating lung fibroblast rep-
lication in response to these primary signals, including interferon
v (IFN¥), prostaglandin E, (PGE,), and interleukin 1 (IL-1).
To evaluate this possibility, we examined the effect of each of
these other mediators on lung fibroblast replication in response
to fibronectin and AMDGEF in serum-free, defined medium. IFNy
had no effect on fibroblast replication. In contrast, PGE, resulted
in a dose-dependent inhibition of fibroblast replication in response
to fibronectin and AMDGF with 50% of the maximum inhibition
observed at a PGE, concentration of <10 ng/ml. IL-1, while not
active as a primary growth promoting signal, at concentrations
of 4-10 U/ml, augmented fibroblast replication in response to
fibronectin and AMDGEF by 10 to 15%. Temporally, the growth
augmenting effect of IL-1 occurred early in the G, phase of the
cell cycle. These data indicate that lung fibroblast replication in
response to two of the primary growth promoting signals spon-
taneously released by alveolar macrophages in the interstitial
lung disorders, while uninfluenced by IFN+, can be inhibited by
PGE, and modestly augmented by IL-1. Understanding the rel-
evant fibroblast growth modulatory signals within the alveolar
microenvironment in the chronic interstitial disorders may lead
to rational therapeutic strategies designed to interrupt the fibrotic
process.

Introduction

Mononuclear phagocytes are thought to play a central role in
the pathogenesis of tissue fibrosis by releasing growth regulatory
molecules for fibroblasts (1-9). This concept has received strong
experimental support in the fibrotic process of the chronic in-
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terstitial lung disorders. These disorders are invariably associated
with alveolar inflammation in which activated alveolar macro-
phages, the mononuclear phagocytes of the lung, comprise an
important component (10-13). Within any region of the alveolar
wall, an accumulation of alveolar macrophages precedes the in-
crease in fibroblast number that characterizes the fibrotic process
(12, 13). Furthermore, alveolar macrophages from most patients
with interstitial fibrosis spontaneously release two primary
growth factors for lung fibroblasts, fibronectin and alveolar
macrophage-derived growth factor (AMDGF),! that, together
with transferrin, can stimulate fibroblasts to proliferate, thus
leading to an expansion of fibroblast numbers within the alveolar
structures (3-5). Specifically, fibronectin, a 440,000-D glyco-
protein, acts as a “competence factor” that delivers a growth
promoting signal to nonreplicating lung fibroblasts early in the
G, phase of the cell cycle, making them responsive to the sub-
sequent presence of a second growth promoting signal later in
G, (progression factor) (4). AMDGEF, an 18,000-D peptide, de-
livers a progression signal later in G, permitting lung fibroblasts
previously exposed to a competence signal (e.g., fibronectin) to
replicate (2). In the context of these observations, alveolar mac-
rophage-released fibronectin and AMDGEF are thought to be the
primary signals that drive fibroblasts to expand in numbers in
the interstitial lung disorders.

In addition to the primary signals of fibronectin and
AMDGTF, there are several well characterized alveolar macro-
phage mediators that may also play a role in modulating lung
fibroblast replication. These include interferon vy (IFN¥), pros-

-taglandin E; (PGE,), and interleukin 1 (IL-1). IFN«, a 25,000-

D glycoprotein, is spontaneously released by alveolar macro-
phages in several interstitial lung disorders (14, 15). Besides its
multiplicity of activities in modulating immune processes (16),
IFN7 is generally known to down-regulate cell replication (17),
although its influence on the proliferation of diploid human
fibroblasts in defined conditions is unknown. PGE,, a 352-D
cyclooxygenase metabolite of arachidonic acid, is spontaneously
released by normal alveolar macrophages. PGE, is known to
suppress serum growth factor-driven proliferation of diploid hu-
man fibroblasts (18, 19). IL-1, a 12,000-15,000-D protein, can
be produced by alveolar macrophages, although to a far less
extent than by blood monocytes (20, 21). Observations by
Schmidt et al. (6) indicated that IL-1 will augment serum stim-
ulated diploid human fibroblast replication. Consistent with this
finding, Estes and co-workers (22) have shown that IL-1 will
augment 3T3 cell replication in plasma containing suboptimal
concentrations of platelet-derived growth factor (PDGF). Thus,
while fibronectin and AMDGEF are sufficient to drive fibroblasts
to proliferate, it is reasonable to hypothesize that the primary

1. Abbreviations used in this paper: AMDGEF, alveolar macrophage-de-
rived growth factor; DME, Dulbecco’s modified Eagle’s medium; FGF,
fibroblast growth factor; IFN«, interferon v; IL-1, interleukin 1; PDGF,
platelet-derived growth factor; PGE,, prostaglandin E,.



signals delivered by fibronectin and AMDGF may be modulated
by these other macrophage products.

In this regard, the purpose of the present study was to de-
termine the potential biological importance of IFNy, PGE,, and
IL-1 to the process of lung fibroblast replication in response to
fibronectin and AMDGEF in serum-free defined conditions. The
data indicate that PGE, is able to inhibit lung fibroblast repli-
cation in response to fibronectin and AMDGEF, while IFNy has
no effect. In contrast, while IL-1 is unable to provide a primary
growth signal to nonreplicating fibroblasts, it is able to modestly
augment fibroblast replication in response to fibronectin and
AMDGEF.

Methods

Preparation of mediators

Fibronectin. Fibronectin was purified from plasma in two ways: (a) gel-
atin-sepharose affinity chromatography as described by Engvall and
Ruoslahti (23) followed by gel filtration, or () gelatin sepharose followed
by heparin agarose affinity chromatography as described by Hayashi and
Yamada (24). The biological activity of both types of preparations was
identical. Aliquots of purified fibronectin were stored frozen in liquid
nitrogen vapor. Before use in cell culture, each aliquot was rapidly thawed,
dialyzed (16 h, 22°C) against Dulbecco’s modified Eagle’s medium (DME;
MA Bioproducts, Walkersville, MD), passed through a 0.22-um filter,
and analyzed for fibronectin content using an enzyme-linked immu-
nosorbent assay (ELISA) as previously described (25).

AMDGF. AMDGEF was prepared by pooling the spontaneous secre-
tory products of ~ 10° alveolar macrophages obtained from 13 patients
with interstitial lung disease. AMDGF was partially purified from this
material by sequential anion exchange and gel filtration chromatography
as previously described (2). From 2.2 mg of macrophage secretory protein,
3.2 ug of AMDGEF were obtained, representing a 1,100-fold purification.
Further purification of AMDGF was attempted using a variety of tech-
niques, but due to limited quantities of crude factor and its apparent
lability, significant amounts of further purified material were not available
for use in these studies. However, additional characteristics of AMDGF
were determined. These characteristics included: activity did not bind
to cation exchange resins at neutral pH; activity lost during isoelectric
focusing (unstable in ampholines), hydrophobic chromatography, and
polyacrylamide gel electrophoresis; activity destroyed by boiling and
trypsinization; and activity not lipid soluble. AMDGF was identical bio-
logically and biochemically to that previously described (2-4).

Interleukin 1. IL-1 was prepared from supernates of LPS-stimulated
alveolar macrophages (pooled supernates from 5 X 10® macrophages
from eight patients with interstitial lung disorders) and blood monocytes
(10° from a single donor leukophoresis) by sequential anion exchange
and gel filtration chromatography followed by preparative isoelectric fo-
cusing as previously described (21). Monocyte and macrophage IL-1
were biochemically and biologically indistinguishable.

Platelet-derived growth factor (PDGF). PDGF was partially purified
from human platelets by sequential cation exchange, gel filtration, and
preparative isoelectric focusing as described by Vogel et al. (26).

Other mediators. PGE, was obtained from Sigma Chemical Co. (St.
Louis, MO) and was prepared as a stock solution in ethanol and stored
at —20°C until used. The final volume of ethanol in cell cultures was
<0.1%, a concentration without effects on fibroblast replication. IFNy
was obtained from two sources: recombinant IFN+, from Genzyme Corp.
(Boston, MA); and nonrecombinant material, from Meloy Laboratories,
Inc. (Springfield, VA). Both materials were used in all experiments re-
ported. The quantitation of IFNy was performed using a standard WISH
cell bioassay (15). Fibroblast growth factor (FGF) and insulin were from
Collaborative Research, Inc. (Waltham, MA).

Assessment of the ability of alveolar macrophage products
to modulate fibroblast replication

The experimental design for the studies of fibroblast growth was based
on the dual control model of the cell cycle (27). According to this concept,
there are at least two classes of growth factors for fibroblasts. Competence
factors (e.g., PDGF, FGF, and fibronectin) act early in G,, enabling an
appropriate target cell to respond later in G, to the subsequent presence
of progression factors (e.g., insulin, insulin-like growth factors, and
AMDGF). Both a competence and progression factor are required for
optimal fibroblast replication. This information forms the basis for a
growth assay in which none, one, or both classes of factors are present
in the fibroblast culture with a test factor.

All studies of fibroblast replication were performed using human
lung fibroblasts (HFL-1; American Type Culture Collection CCL 153)
maintained in DME plus 10% calf serum (MA Bioproducts) in an at-
mosphere of 90% air, 10% CO,, and used before the 25th population
doubling. Unless specifically noted, all fibroblast growth assays were per-
formed in serum-free defined medium containing 1 mg/ml albumin
(Sigma Chemical Co.), and 10 ug/ml saturated transferrin (Collaborative
Research, Inc.). This culture system permitted study of the effect of each
growth factor on fibroblast replication without the complexity introduced
by the numerous growth regulatory molecules in serum.

Growth augmentation. In each instance, growth augmentation was
assessed by determining cell number. In some experiments, results were
corroborated using autoradiography of [*H]thymidine incorporation into
DNA carried out as previously described (2). Two separate strategies
were employed to detect growth promoting effects. The first was designed
to assess the ability of a growth factor to signal nonreplicating cells to
enter the cell cycle, and the second to examine the ability of a factor to
increase replication of cells already signalled to divide.

(a) To assess the ability of a growth factor to signal nonreplicating
fibroblasts (Go/G, , referred to as “G,,” phase of the cell cycle) to divide,
the cells were cultured with a test factor alone, or in combination with
defined growth factors, either a known competence factor or a known
progression factor, as previously described (2). Nonreplicating fibroblasts
were prepared by seeding 35 X 10? fibroblasts/35-mm dish (Falcon Lab-
ware, Becton-Dickinson & Co., Oxnard, CA) in 2 ml DME, 0.4% calf
serum (for cell counts), or at an equivalent density in eight-chamber
slides (Lab-Tek, Miles Scientific, Div. of Miles Laboratories, Inc., Na-
persville, IL) in 0.4 ml of the same medium (for autoradiography). For
both cell count and autoradiographic assays, after 3 d, the cells were
rinsed three times with assay medium and cultured (37°C, 24 h) in that
same medium. The resultant nonreplicating fibroblasts (<6% labeled
nuclei/24 h) were cultivated with the various growth factors and the
growth response was assessed.

(b) To assess the ability of a factor to augment replication in cells
that were signaled to divide, nonreplicating fibroblasts were signaled to
traverse the cell cycle either by the complete set of growth promoting
signals present in serum or by defined growth factors (both a competence
and progression factor). These growth factor-signaled cells were cultured
with the test factor for several days with cell number determined each
day. Growth factor-signaled cells cultured without the test factor served
as a control.

Growth inhibition. The general approach used was to incubate non-
cycling cells with the putative inhibitor concomitant with the addition
of the growth promoting signals. Growth inhibition was assessed by de-
termining cell number as described above.

Ability of IFNy to modulate lung fibroblast replication
induced by defined growth factors
Because of its apparent ability to augment replication in some cells (e.g.,
T lymphocytes) (28) and to inhibit replication in most cells (e.g., several
tumor lines) (17), IFNy was evaluated for its ability to either augment
or inhibit lung fibroblast replication.

Augmentation. To assess the ability of IFN+y to act as a primary
growth promoting signal for lung fibroblast replication, cells were cultured
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with IFNv in the presence of either a known competence or progression
factor and the resultant increase in cell number determined. In the test
for progression activity, nonreplicating fibroblasts were cultured with
varying concentrations of IFNy (both recombinant and nonrecombinant)
plus a competence factor (PDGF, 0.5 U/ml; FGF, 25 ng/ml; or fibro-
nectin, 1.0 pg/ml) with cell number determined after 72 h using an
electronic particle counter (Coulter ZBI; Coulter Electronics, Inc., Hi-
aleah, FL). In the test for competence activity, nonreplicating fibroblasts
were similarly cultured with IFNy except in this case with a progression
factor (insulin, 25 ug/ml) or AMDGF (5 ng/ml), with cell number de-
termined after 72 h. As a positive control, fibroblasts were cultured with
a known competence factor together with a known progression factor.

To determine whether IFN+ could augment fibroblast replication in
cells stimulated to divide by defined growth factors, fibroblasts were cul-
tured with IFNy in addition to both a competence and progression factor.
This was accomplished by adding varying amounts of IFNvy and mid-
range concentrations of a competence factor (fibronectin, 1.0 ug/ml or
FGF, 25 ng/ml) plus a progression factor (AMDGF, 5 ng/ml or insulin,
25 pg/ml) to nonreplicating fibroblasts. Cultures were continued 5 d
with cell counts performed daily.

Inhibition. The ability of IFNy to inhibit fibroblast replication was
assessed by culturing fibroblasts with IFNy concomitant with a stimulus
to divide. To accomplish this, nonreplicating fibroblasts were signaled
to divide by optimal concentrations of a competence factor (fibronectin,
2.0 ug/ml or FGF, 50 ng/ml) plus a progression factor (AMDGF, 10 ng/
ml or insulin, 50 ug/ml). Varying amounts of IFNvy (both recombinant
and nonrecombinant) were added at the time of addition of the growth
factors with cell number determined daily for 5 d.

Ability of PGE, to inhibit fibroblast replication induced by
defined growth factors

PGE, inhibition of fibroblast replication was examined by culturing fi-
broblasts with PGE, concurrent with the addition of fibronectin plus
AMDGEF as described above for IFNw, except that varying amounts of
PGE, (1, 10, 50, and 100 ng/ml) were added at the time of addition of
the growth factors with cell number determined daily for 3 d.

Ability of IL-1 to augment fibroblast replication

To confirm that, similar to skin fibroblasts, lung fibroblast replication
in response to serum could be augmented by IL-1, lung fibroblasts were
cultured with serum and varying doses of IL-1 (quantified as previously
described) with cell counts performed daily for 5 d.

To determine whether IL-1 could augment fibroblast replication in
cells stimulated to divide by defined growth factors in serum-free con-
ditions, fibroblasts were cultured with IL-1 in addition to both a com-
petence and progression factor. This was accomplished by adding varying
amounts of IL-1 (1-100 U/ml) and mid-range concentrations of a com-
petence factor (FGF, 25 ng/ml; or fibronectin, 1.0 ug/ml) plus a pro-
gression factor (AMDGF, 5 ng/ml or insulin, 25 ug/ml) to nonreplicating
fibroblasts. Cultures were continued 5 d with cell counts performed daily.

To examine the ability of IL-1 to act as a primary growth promoting
signal for lung fibroblast replication, we cultured cells with IL-1 in the
presence of either a known competence or progression factor and deter-
mined the resultant increase in cell number as described above for IFN+.
In the test for progression activity, nonreplicating fibroblasts were cultured
with optimal concentrations of IL-1 (100 U/ml) plus a competence factor,
and in the test for competence activity, nonreplicating fibroblasts were
similarly cultured with IL-1 except in this case with a progression factor.
Cell number was determined after 72 h. As a positive control, fibroblasts
were cultured with a known competence factor together with a known
progression factor.

To determine the temporal pattern of the IL-1 augmentation of fi-
broblast replication, fibroblasts were provided with both a competence
and progression factor with IL-1 added subsequently as a function of
time. This was accomplished by culturing nonreplicating fibroblasts with
both a competence and progression factor (fibronectin, 1.0 ug/ml
+ AMDGEF, 5 ng/ml or FGF, 25 ng/ml + insulin, 25 ug/ml) at the
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initiation of the experiment (¢ = 0 h). IL-1 was added (50 U/ml) as before
at¢ = 0 h or at later times as indicated in the text. The growth response
was assessed by autoradiography with the cells pulsed ([*H]thymidine;
0.1 pCi/ml, 2 Ci/mmol; New England Nuclear, Boston, MA) from 0 to
24 h and harvested at the termination of the pulse, and in parallel cultures
by cell counts at 72 h.

After preliminary studies showed that the action of IL-1 to augment
growth was only within 4-6 h after the addition of the primary growth
signal(s) (i.e., entirely within the G, phase of the cell cycle), synchronized
cells were assessed to define the interval in G, when IL-1 acted. Cells
synchronized in M phase by mitotic detachment (confirmed by flow
cytometric determination of DNA content using mithramycin as pre-
viously described [29]) were seeded on slides in medium supplemented
with either 1% calf serum or both a competence and progression factor.
IL-1 was added at the time of seeding (¢ = 0 h) or various times afterward
(t=1,2,3,4,5,0r6 h). To assess the growth response, cells were pulsed
with [*H]thymidine (0.1 xCi/ml) at 1 = 0 h or at ¢ = 24 h for 24 h and
harvested for autoradiography.

Results

Effect of IFNv on lung fibroblast replication. In defined condi-
tions, IFN"y was not able to modulate lung fibroblast replication
promoted by fibronectin and AMDGEF or other combinations
of known competence and progression factors (Fig. 1). When
lung fibroblasts were cultured in 0.4% serum for 3 d and for an
additional day in serum-free medium, they entered a nonrepli-
cating but viable state. The addition of IFN« alone to cultures
of these nonreplicating fibroblasts resulted in no increase in cell
number. Similarly, when nonreplicating fibroblasts were cultured
with IFNy (up to 1,000 U/ml) together with a known compe-
tence factor (PDGF, FGF, or fibronectin) in a test for progression
activity, or together with a known progression factor (insulin or
AMDGF) in a test for competence activity, no effect was ob-
served (Fig. 1 4). The positive control, in which a competence
factor and progression factor were added to the fibroblast cul-
tures, resulted in a large increase in fibroblast numbers within
3 d. Furthermore, IFN« in concentrations up to 1,000 U/ml
was unable to augment or inhibit fibroblast replication in re-
sponse to either mid-range or optimal concentrations of a com-
petence factor (fibronectin) plus a progression factor (AMDGF)
(Fig. 1 B). IFNvy was similarly inactive when FGF and insulin
were the growth signals (data not shown).

Inhibition of lung fibroblast replication by PGE,. The ad-
dition of PGE, to fibroblasts signaled to divide by both a com-
petence and progression factor resulted in an inhibition of fi-
broblast replication (Fig. 2). Nonreplicating fibroblasts cultured
with optimal concentrations of fibronectin (2.0 pg/ml)
+ AMDGEF (10 ng/ml) increased in number by up to 112%
within 3 d. The addition of PGE, to these cultures led to a dose-
dependent inhibition of the fibroblast growth response ranging
from 80% of the maximum growth response at a PGE, concen-
tration of 1 ng/ml to 20% at a PGE, concentration of 100 ng/
ml. The results were comparable when FGF (50 ng/ml) + insulin
(50 ug/ml) were used to signal fibroblast replication (data not
shown).

IL-1 augmentation of serum-stimulated lung fibroblast rep-
lication. Consistent with its known ability to increase DNA syn-
thesis in skin fibroblasts cultured in serum, IL-1 augmented lung
fibroblast replication in response to serum (Fig. 3). As expected,
the addition of IL-1 alone to nonreplicating fibroblasts caused
no increase in cell number, and the addition of 1% calf serum
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Figure 1. Assessment of the effect of IFNy to mod-
ulate lung fibroblast replication alone or in the
presence of defined growth factors. (4) Effect of
IFNy as a primary growth promoting signal. Non-
replicating fibroblasts were cultured with IFNy
alone, or IFNy together with a known competence
factor (FGF, 25 ng/ml; PDGF, 0.5 U/ml; or fibro-
nectin [Fn], 1 ug/ml) in a test for progression ac-
tivity, or IFNy together with a known progression
factor (insulin [Ins], 25 pug/ml; or AMDGEF, 5 ng/
ml) in a test for competence activity. Shown is the
percent increase in cell number above that ob-
served in medium alone, 72 h after growth factor
addition. (B) Ability of IFNy to augment or inhibit
the replication of lung fibroblasts that have been
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signaled to divide by fibronectin and AMDGF.

Nonreplicating fibroblasts were signaled to divide
by either mid-range (0) or optimal (e) concentra-
tions of fibronectin and AMDGEF in the presence
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of increasing amounts of IFN~. For comparison, shown are increasing amounts of IFNy in medium alone (0). Data are presented as the percent
increase in cell number above that observed in medium alone, 72 h after growth factor addition.

resulted in a marked stimulation of cell replication. Of note,
however, the presence of IL-1 in the cultures of serum stimulated
fibroblasts caused an increase in fibroblast number ranging from
12 to 23% above the number observed in response to serum
alone within 2 d (Fig. 3 A4). This increase in cell number was
dependent on the concentration of IL-1, with 50% of the max-
imum increase observed at 6 to 10 U/ml (Fig. 3 B).

IL-1 augmentation of lung fibroblast replication in response
to both a competence and progression factor. In concert with its
ability to increase the replication of lung fibroblasts signaled to
divide by serum, IL-1 augmented cell replication when lung
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Figure 2. PGE, inhibition of fibroblast replication in response to fibro-
nectin + AMDGF. Nonreplicating fibroblasts were signaled to divide
by fibronectin (Fn; 2 ug/ml) and AMDGEF (10 ng/ml). At the time of
growth factor addition, PGE, was added in varying concentrations.
Cultures were continued for 3 d and cell counts were performed. The
growth response with Fn + AMDGEF but no added PGE was 101+7%
increase in fibroblast number above medium control. The data are

presented as a percentage of this growth response at each concentra-
tion of PGE,.

fibroblasts were signaled to divide by both a competence and
progression factor in serum-free defined medium (Fig. 4). Non-
replicating fibroblasts cultured with both a competence and pro-
gression factor (either fibronectin + AMDGEF or FGF + insulin)
demonstrated an increase in cell number within 2-3 d, and con-
tinued to divide for up to 5 d after the addition of growth factors.
The addition of IL-1 to these cultures resulted in a consistent
10-15% augmentation of the growth observed with either fibro-
nectin plus AMDGEF (Fig. 4 A4), or FGF plus insulin (data not
shown). The augmentation was IL-1 dose-dependent with 50%
of the maximum response observed with 4-8 U/ml of IL-1 (Fig.
4 B). Thus, IL-1 caused a modest but reproducible increase in
fibroblast replication in defined medium above that observed in
response to a competence plus progression factor.

In view of the modest increment in cell number observed
with the addition of IL-1 compared with the substantial increase
in cell number resulting from the primary growth signals, au-
toradiography was carried out to confirm these observations.
While less than 6% of fibroblasts cultured in the absence of
growth factors synthesized DNA within 24 h, the addition of
either FGF plus insulin or fibronectin plus AMDGEF resulted in
52-78% of the cells synthesizing DNA in the same time period.
Consistent with the data from direct cell counts, the addition of
IL-1 to the fibroblasts led to an increase in proliferation with
nuclear labeling ranging from 59 to 89%. On the average, IL-1
increased the numbers of labeled nuclei by 12+2% over that
induced by fibronectin plus AMDGF alone. This augmentation
was IL-1 dose dependent with 50% of the maximum effect ob-
served at 5-10 U/ml (data not shown).

Assessment of the ability of IL-1 to signal nonreplicating
fibroblasts to divide. Although able to augment the replication
of fibroblasts already signaled to divide, IL-1 was unable to pro-
vide either a competence or progression signal to nonreplicating
fibroblasts (Fig. 5). Nonreplicating fibroblasts cultured with
IL-1 and a known competence factor, either PDGF (0.5 U/ml),
FGF (25 ng/ml), or fibronectin (1.0 ug/ml) did not increase in
number compared with control fibroblasts cultured in media
alone. As a positive control, a known progression factor
(AMDGF, 5 ng/ml; or insulin, 25 ug/ml) resulted in a large
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Figure 3. Ability of IL-1 to augment serum-stimu-
lated fibroblast replication. (4) Increase in fibro-
blast number in response to IL-1. On day 4 (ar-
row), the medium of nonreplicating fibroblasts was
changed to include: fresh assay medium containing
no further additions (e), IL-1 alone (100 U/ml)
(0), 1% serum (), or 1% serum + IL-1 (100 U/ml)
(0). Cultures were continued for 5 d. Shown are
cell counts obtained before and after the addition
of growth factors. (B) Relationship between IL-1
concentration and fibroblast replication. On day 4,
nonreplicating fibroblasts were cultured with fresh
assay medium containing 1% serum and varying
concentrations of IL-1. Shown for each concentra-
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increase in cell number within 3 d. Thus, IL-1 was not a pro-
gression factor. Similarly, culturing nonreplicating fibroblasts
with IL-1 and a known progression factor (AMDGEF or insulin)
resulted in no increase in cell number, indicating that IL-1 was
not a competence factor. Thus, while IL-1 was able to augment
cell replication in response to other growth factors, it was in-
capable of providing a primary signal that induced nonreplicating
fibroblasts to divide.

Temporal pattern of IL-1 augmentation of fibroblast repli-
cation. For growth augmentation to be observed, the presence
of IL-1 in the fibroblast cultures was required soon after the
addition of the primary growth signals (Fig. 6). When IL-1 was
added to fibroblasts cultured with fibronectin + AMDGF within
2 h of growth factor addition, the full augmentation of DNA
synthesis (Fig. 6 4) and cell number (Fig. 6 B) was observed.
However, the addition of IL-1 at later times resulted in a pro-
gressive decrease in the growth response. The augmentation was
not observed if IL-1 was added after 8 h. Similar results were
obtained using FGF plus insulin in place of the fibronectin plus
AMDGEF (data not shown).

Since nonreplicating fibroblasts are known to be arrested in
G, ~12-14 h before S phase, the timing of the effects of IL-1
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indicated an effect early in the G, phase of the cell cycle. There-
fore, early G, was examined in more detail using cells synchro-
nized by mitotic detachment. Using this method, 80-88% of the
cells were in M phase and entered G, within 2 h. The addition
of IL-1 any time after 6 h following entry into G, resulted in no
augmentation of fibroblast DNA synthesis. This confirmed that
the effects of IL-1 were cell cycle-specific and occurred in early
G, (data not shown).

Discussion

Tissue fibrosis, the replacement of normal parenchymal elements
with increased numbers of fibroblasts and their connective tissue
products, involves, in part, a complex interaction between
mononuclear phagocytes and fibroblasts. In the fibrotic lung
disorders, alveolar macrophages, the mononuclear phagocytes
of the lung, spontaneously release or are able to release several
molecules that are either known or putative modulators of lung
fibroblast replication including fibronectin, AMDGF, IFNy,
PGE;, and IL-1. Evaluation of each of these mediators in defined
medium indicated that the primary growth promoting signals
for nonreplicating lung fibroblasts were fibronectin, which pro-

Figure 4. Ability of IL-1 to augment fibroblast rep-
lication in serum-free medium in the presence of
other defined alveolar macrophage growth factors.
(A) Fibroblast replication in response to IL-1 in the
absence and presence of defined alveolar macro-
phage growth factors. On day 4 (arrow), nonrepli-
cating fibroblasts were cultured with fresh assay
medium containing no further additions (e), IL-1
alone (100 U/ml) (o), fibronectin (Fn, 1 ug/ml)

+ AMDGEF (5 ng/ml) (w), or Fn + AMDGF + IL-
1 (D) at the same concentrations. Cultures were
continued for 5 d. Shown are cell counts obtained
before and after growth factor addition. (B) Rela-
tionship between IL-1 concentration and fibroblast

1 —

4 6
TIME (days)

0.1

1.0

IL-1 (units/ml)

10 replication in the presence of constant amounts of

Fn and AMDGF. Experiments were carried out
exactly as in Fig. 3 B except serum was omitted

100

and replaced by Fn (1 ug/ml) + AMDGEF (5 ng/ml). Cell counts were performed 5 d after growth factor addition. Shown for each concentration of
IL-1 is the percent increase in fibroblast number above that observed with Fn + AMDGF but without IL-1.
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Figure 5. Evaluation of IL-1 as a primary growth promoting signal for
fibroblasts. Nonreplicating fibroblasts were cultured with IL-1 alone
(100 U/ml), or IL-1 together with a known competence factor (PDGF,
0.5 U/ml; FGF, 25 ng/ml; or fibronectin [Fn], 1 ug/ml) in a test for
progression activity, or IL-1 together with a known progression factor
(insulin, 25 ug/ml; or AMDGF, 5 ng/ml) in a test of IL-1 as a compe-
tence factor. Cultures were continued for 3 d and cell counts were per-
formed. Shown is the percent increase in cell number above that ob-
served in medium alone. Shown also is fibroblast replication in the
presence of a known competence and progression factor (PDGF + in-
sulin, FGF + AMDGF, or Fn + AMDGF) as positive controls.

vides a competence signal, and AMDGF, which provides a pro-
gression signal. IFNw, despite its ability to modulate the repli-
cation of transformed cells, was unable to either stimulate or
inhibit lung fibroblast replication either alone or in response to
fibronectin and AMDGEF. In contrast, fibroblast replication in
response to fibronectin and AMDGF was inhibited in a dose-
dependent fashion by PGE;. By itself, IL-1 was unable to stim-
ulate nonreplicating fibroblasts to divide. However, it was able
to provide a signal early in G, that augmented fibroblast repli-
cation in response to the two primary growth signals, fibronectin
and AMDGEF. Thus, the alveolar macrophage is a rich source
of growth factors as well as a potential source of at least one
growth inhibitory molecule, which leads to the concept that the
alveolar macrophage may play an important role in both the
evolution of pulmonary fibrosis by releasing growth factors, and
the eventual limitation of fibroblast replication in part by en-
hancing PGE, concentrations in the alveolar microenvironment.

General concepts of pulmonary fibrosis

Independent of cause, the fundamental anatomical feature of
pulmonary fibrosis is an increased number of fibroblasts within
the alveolar wall. Qualitative studies in humans (30, 31), as well
as morphometric studies in animals (10, 11, 32), indicate a sev-
eral-fold increase in fibroblast number in these disorders. As a
result of this expansion of the lung fibroblast population, there
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Figure 6. Temporal pattern of IL-1 augmentation of fibroblast replica-
tion in the presence of defined alveolar macrophage growth factors.
Nonreplicating fibroblasts were cultured with fibronectin (1 pg/ml)

+ AMDGF (5 ng/ml) at time (£) = 0 h, and IL-1 (50 U/ml) was added
at £ = 0 h or at various times afterward. The growth response was as-
sessed in two ways: autoradiography of [*H]thymidine incorporation
and cell number. In both panels, the time IL-1 was added to the cul-
tures is shown on the abscissa. (4) Autoradiography (24 h). Fibroblasts
were pulsed with [*H]thymidine at ¢ = 0 (0.1 xCi/ml) and harvested
for autoradiography at 24 h. Shown is the percent of the maximum
growth response observed (71+3% labeled nuclei) as a function of the
time IL-1 was added. (B) Cell number. Shown are the numbers of fi-
broblasts 72 h after IL-1 addition, expressed as the percent of the max-
imum growth response observed (82+6% increase in cell number).

is an accumulation of connective tissue elements within the al-
veolar structures, a process that contributes to the loss of func-
tional alveolar-capillary units. The process that results in this
expansion of the fibroblast population appears to be increased
fibroblast replication. A number of studies in animal models of
lung fibrosis (33-35) have clearly documented the importance
of fibroblast replication, and although there is no direct evidence
in humans, it is highly likely that the process is the same. Thus,
understanding the signals that influence fibroblast replication is
central to an understanding of the pathogenesis of pulmonary
fibrosis.

Mononuclear phagocyte modulation of
fibroblast replication

Within the lower respiratory tract, the alveolar macrophage is a
major source of growth regulatory signals for fibroblasts. This
is consistent with a large number of studies documenting the
ability of mononuclear phagocyte secretory products to modulate
fibroblast replication in a variety of systems (1, 2, 4, 6-9, 36,
37). In humans and animals, both blood monocytes and tissue
macrophages release growth factors as well as growth inhibitory
substances. Among the characterized mediators that can be re-
leased by human alveolar macrophages that are potentially im-
portant as modulators of fibroblast replication are fibronectin,
AMDGF, IFNy, PGE,, and IL-1.

Fibronectin. A 440,000-D glycoprotein, fibronectin plays a
central role in cell-cell and cell-connective tissue matrix inter-
actions (38). In addition to its activity as a fibroblast chemoat-
tractant (5, 39), fibronectin provides the first of two required
signals in the G, phase of the cell cycle (competence) stimulating
nonreplicating lung fibroblasts to begin the process of replication
(4). While fibronectin is a normal constituent of the alveolar
epithelial lining fluid, in the fibrotic lung disorders, its concen-
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tration is increased two- to fivefold (40). One important source
of fibronectin in the lower respiratory tract is the alveolar mac-
rophage with a production that is increased up to 20-fold in the
fibrotic lung disorders (5).

AMDGF. AMDGEF is an 18,000-D peptide growth factor
that provides the second of two required signals in G, (progres-
sion) inducing nonreplicating fibroblasts to divide (2). Together,
fibronectin and AMDGEF are sufficient to signal nonreplicating
fibroblasts to divide in defined medium (4). While not released
in detectable amounts by alveolar macrophages from normal
individuals, alveolar macrophages from most patients with pro-
gressive fibrotic lung disease spontaneously release substantial
quantities of AMDGEF consistent with its potential relevance to
the evolution of pulmonary fibrosis (3).

Interferon-y. IFNy, a 25,000-D product of mononuclear
phagocytes and T lymphocytes, does not modulate lung fibroblast
replication alone or in response to other exogenous signals. This
observation contrasts with the profound inhibition of the rep-
lication of certain transformed cells by IFNy (17), and with the
ability of IFNy to augment T lymphocyte replication apparently
by inducing IL-2 receptor expression (28) as well as synovial cell
and skin fibroblast replication in serum (41). Therefore, although
IFN¥ is released in increased amounts by mononuclear phago-
cytes from patients with at least one type of interstitial lung
disorder (sarcoidosis) (15), it is unlikely to have a major direct
effect on the evolution of the fibrotic process in the lung.

PGE,. A cyclooxygenase metabolite of arachidonic acid,
PGE, is capable of inhibiting lung fibroblast replication in defined
medium in response to two of the important growth factors in
the fibrotic lung disorders, fibronectin and AMDGEF. This is
consistent with the known observation that PGE, inhibits the
replication of mesenchymal cells that have been signaled to divide
by serum. For example, Ko et al. (19) have documented the
ability of PGE, to inhibit the replication of serum-stimulated
dermal fibroblasts in a dose related manner. The potential rel-
evance of PGE, to lung fibroblast replication is suggested by
direct estimates of PGE, concentrations within the alveolar ep-
ithelial lining fluid. These measurements indicate values in the
10-20 ng/ml range in normal individuals (42), concentrations
clearly capable of influencing fibroblast replication. However,
consistent with it being an environment that promotes fibroblast
replication, preliminary studies of the epithelial lining fluid con-
centration of PGE, in patients with fibrotic lung disorders in-
dicates values only % to ' of that in normals.

Mononuclear phagocytes from blood and lung, as well as
from other sites, in both animals and human are able to produce
PGE,, and when appropriately stimulated, can be induced to
increase this production several-fold (43-46). In addition,
mononuclear phagocytes from both lung (47, 48) and blood (49)
release a macromolecule(s) capable of inducing PGE, production
by fibroblasts, providing a possible mechanism for autocrine
modulation of fibroblast replication.

IL-1.1L-1, a 12,000 to 15,000-D mediator, is able to augment
growth factor-induced lung fibroblast replication. Previous re-
ports of the ability of IL-1 to stimulate fibroblast replication
have emphasized the property of IL-1 as a co-stimulator, con-
sistent with its role in thymocyte replication (50). Schmidt et al.
(6) demonstrated the ability of IL-1 to augment the replication
of serum-stimulated, but not serum-free cultures of skin fibro-
blasts. Similarly, Estes and co-workers (22) found that IL-1 could
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augment murine 3T3 cell replication in cultures containing op-
timal concentrations of progression factors only if small to mod-
erate amounts of PDGF (a competence factor) were present. In
the absence of PDGF, no amount of IL-1 was effective. These
observations are consistent with the concept that IL-1 does not
provide a primary (competence or progression) signal for cellular
replication, but rather augments the ability of a target cell to
respond to these signals.

To be effective, IL-1 was required during the early portion
of the G, phase of the cell cycle, the interval when a competence
signal is required for fibroblast replication. While IL-1 is cléarly
incapable of providing a competence signal to either human
lung fibroblasts or murine 3T3 cells, it is capable of increasing
cellular replication in response to submaximal concentrations
of a competence factor. There are two separate implications of
this observation: (a) IL-1 may be involved in some part, but not
all, of the process of competence formation; and (b) scrupulous
removal of all PDGF or other competence factors is required in
any growth assay assessing the effects of IL-1 as a primary growth
signal since small amounts of PDGF (or serum) in the culture
system will result in fibroblast replication and the misinterpre-
tation of IL-1 as a competence factor.

The potential role of IL-1 in lung fibrosis remains undefined.
Given its modest ability to augment fibroblast replication, IL-1
likely has a relatively minor role in the fibrotic process in the
lung. Consistent with this concept, in contrast to blood mono-
cytes, alveolar macrophages have a limited ability to release IL-
1 (21). However, in conditions such as sarcoidosis where the
alveolar macrophage population is more “monocyte-like” (51),
it is likely that IL-1 may be more readily released by the alveolar
macrophage population than in normal individuals (52).

Therapeutic implications

The present study suggests at least two possible therapeutic ap-
proaches to the interruption of the fibrotic process in interstitial
lung disorders: (a) inhibiting alveolar macrophage release of fi-
bronectin and AMDGF and/or (b) increasing the PGE, concen-
tration in the alveolar epithelial lining fluid. In this regard, note
that in idiopathic pulmonary fibrosis (a chronic progressive in-
terstitial lung disorder), glucocorticoids, the mainstay of therapy,
result in long-term improvement in only a small proportion of
patients. Consistent with this knowledge, corticosteroids fail to
suppress fibronectin and AMDGEF release (53).

While there is no information on modulating lower respi-
ratory tract PGE;, levels, preliminary studies in vitro suggest that
modulating macrophage release of fibronectin and AMDGF may
be possible (54). In this context, colchicine in vitro leads to a
dose related decrease in both fibronectin and AMDGEF release
by alveolar macrophages, suggesting a possible role in the treat-
ment of patients with progressive pulmonary fibrosis. An un-
derstanding of the signals within the alveolar microenvironment
that are relevant to fibroblast accumulation will, we hope, lead
to other rational therapeutic modalities.
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