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Abstract

Fibroblast heterogeneity is known to exist in chronically in-
flamed tissue such as pulmonary fibrosis (IPF) and sclero-
derma. Wehave previously shown differences in proliferation
rates in primary lines and cloned lines of fibroblasts derived
from IPF tissue compared with normal lung. In this study, we
report that cell lines derived from fibrotic tissue demonstrate
anchorage-independent growth in soft agarose culture whereas
normal lung fibroblast lines do not. Wealso show that fibro-
blast lines derived from neonatal lung tissue form colonies at
about the same frequency as the fibrotic cells. Colonies from
both fibrotic and neonatal lines were shown to be positive for
vimentin, laminin, fibronectin, fibronectin receptor, j-actin,
and tropomyosin by immunohistochemistry but were negative
for desmin, keratin, Factor VIII, a-smooth muscle cell actin,
and tenascin. Treatment with cytokines TGF-,6 and PDGFor
with corticosteroid modified the colony-forming capacity of fi-
brotic and neonatal cell lines, however, none of these treat-
ments induced normal lung cell lines to form colonies. The pres-
ence of cells in adult fibrotic tissue with growth characteristics
similar to those exhibited by neonatal cells is further evidence
of fibroblast heterogeneity and suggests newly differentiated
fibroblasts may be prevalent in fibrotic tissue and contribute
directly to the matrix disorder seen in this disease. (J. Clin.
Invest. 1994. 93:1525-1532.) Key words: idiopathic pulmonary
fibrosis * fibroblast heterogeneity * soft agarose growth- inflam-
mation

Introduction

Pulmonary fibrosis is a chronic and devastating condition
characterized by pathologic alterations of extracellular matrix
elements ultimately affecting the functional integrity of the
lung ( 1-6). Thought to be initiated by inflammatory reactions
in the alveolar wall, fibrosis is most likely the end result of a
dynamic repair cascade, which proceeds to chronicity by un-
known mechanisms (7-9). In addition to well-recognized con-
tributions made to the process by inflammatory cells, we and
others have demonstrated that tissue structural cells, including
fibroblasts, endothelial cells, and epithelial cells, are capable of
releasing potent inflammatory and matrix modulating media-
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tors (10, 1 1) and hence play a direct role, as effectors, in the
pathogenesis of idiopathic pulmonary fibrosis (IPF).'

The existence of phenotypic heterogeneity within the resi-
dent fibroblast population of a given tissue has been widely
described. Weand others have previously reported that fibro-
blast lines established from histologically proven fibrotic tissue
or chronically altered dermal tissue display differences in prolif-
erative potential, matrix gene expression, cell surface marker
expression, and cell-mediated responses ( 12-16). Moreover,
we have also shown similar proliferative differences with pri-
mary lines established from neonatal lung tissue ( 17). How-
ever, whether these in vitro differences relate directly to the
fibrotic process or contribute to the chronic inflammatory reac-
tion is not yet clear.

Recently, a number of cytokines have been shown to have a
profound impact on fibroblast characteristics, including
growth factors such as PDGFand TGF-,B. These factors modu-
late fibroblast proliferation and can mediate transformation of
fibroblasts, inducing these cells to anchorage-independent
growth (reviewed in references 18 and 19). Moreover, TGF-f
and PDGFhave been shown to be present in greatly enhanced
amounts in lung biopsies from IPF patients (20-23), implying
that cells found in IPF tissue may exhibit characteristics of
growth consistent with chronic exposure to these cytokines.

To determine whether the various fibroblast lines we have
established from adult and neonatal human lung tissue demon-
strate abnormal growth characteristics, we established a soft
agarose suspension culture assay and show here that primary
fibroblast cell lines derived from human adult fibrotic lung
tissue, but not those from normal adult lung tissue, form colo-
nies under anchorage-independent growth conditions. Further,
we show that primary fibroblast lines derived from neonatal
lung tissue also exhibit the ability for colony formation under
anchorage-independent conditions. These colonies demon-
strate a pattern of synthesis of intra- and extracellular matrix
(ECM) proteins typical of fibroblasts. Anchorage-independent
growth characteristics are maintained by the fibrotic cells even
after selection and clonal expansion of single colonies. The
presence of these "transformed" phenotypes in fibrotic adult
and neonatal cell lines suggests the process leading to fibrosis
may involve de novo stromal cell differentiation, possibly
under the influence of inflammatory mediators.

Methods

Reagents. Streptavidin-peroxidase immunohistological staining kit
was purchased (Histostain-SP Kit 95-6543 for use with mouse primary
antibody; 95-6143 for use with rabbit primary antibody; Zymed Labs.,

1. Abbreviations used in this paper: AcA, acetic acid alcohol; DEX,
dexamethasone; ECM, extracellular matrix; EM, electron micrograph;
IPF, ideopathic pulmonary fibrosis; LMP, low-melting point.
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Inc. San Francisco, CA). Hematoxylin solution Gill No. 2 was pur-
chased (GHS-2-178; Sigma Chemical Co., St. Louis, MO). Agarose for
use in the anchorage-independent growth assay was purchased
(551OUB; Bethesda Research Laboratories, Gaithersburg, MD). All
human sera used in growth assays were obtained from healthy normal
volunteers using vacutainer sterile blood collection tubes with no addi-
tives (Becton Dickinson Canada Inc., Mississauga, Canada). Recombi-
nant human PDGFwas obtained (2038-01; Genzyme, Cambridge,
MA). TGF-# was obtained (100-B; R & D Systems, Minneapolis,
MN). Dexamethasone (DEX) was purchased (DIN 00664227; Sabex,
Boucherville, Quebec, Canada).

Antibodies. Antisera to human antigens were purchased from
Sigma Chemical Co.: a-actin (A-2668, polyclonal); a-tropomyosin (T-
3651, poly) a-vimentin (V-6630, mAb); a-SMC actin (A-9047,
mAb); a-laminin (L-6145, polyclonal); a-desmin (D-9159, mAb); a-
cytokeratin (P-1548, mAb). Antisera to human antigens were pur-
chased from Dako Corp. (Carpinteria, CA): a-tenascin (M-636,
mAb); a-CD34 (M-824, mAb); a-fibronectin (A-245, polyclonal); a-
Factor VIII (A-082, polyclonal); nonimmunized rabbit serum (X-
902). Purified mouse myeloma IgGl was purchased from Zymed
Labs., Inc. (02-6 100). Antiserum to human fibronectin receptor was
purchased from Telios Pharmaceuticals, Inc. (San Diego, CA) (A-108,
polyclonal).

Cell lines. Wehave previously established a number of human pri-
mary fibroblast lines. Fibroblast lines were established by outgrowth
from explants as previously described (16, 17). Three cell lines were
established from tissues taken at open lung biopsy for diagnosis of
interstitial lung disease and from areas shown histologically to demon-
strate features of active fibrosis. Four lines were established from histo-
logically normal adult lung tissue removed as part of resection of tumor
mass, and two lines were established from normal neonatal lung tissue
removed at autopsy within 12 h of death from premature infants dying
within the first 3 d of life from causes not related to pulmonary func-
tion. Cell lines were used within the first five passages only. Lung fibro-
blast lines were grown in 75-cm2 tissue culture flasks (Coming Inc.,
Coming, NY) and maintained in RPMI supplemented with 10% fetal
bovine serum (Gibco Laboratories, Grand Island, NY) and 1%penicil-
lin/streptomycin (Gibco Laboratories). The human fibrosarcoma cell
line HT-1080 was obtained from American Type Culture Collection
(Rockville, MD) (CCL 121). HT-1080 cells were maintained in MEM
F- 15 supplemented with 10% fetal bovine serum.

Anchorage-independent growth assay. An anchorage-independent
growth assay similar to that previously described (24) was carried out
in T-24 plates (Nunclon; InterMed Nunc, Roskilde, Denmark) with
the following modifications. From a 2%stock agarose solution in PBS,
a 0.8% agarose mixture was prepared and used to precoat 24-well
plates. The agarose mixture was allowed to solidify at room tempera-
ture and the plates placed at 37°C until use. Subconfluent cultures of
fibroblast cell lines (passage < 8) were washed twice in warm PBS,
trypsinized, centrifuged, and resuspended to a concentration of
800,000 cells/ml. Cell viability was > 95% at the start of the assay as
assessed by trypan blue exclusion. The colony-forming assay was opti-
mized by varying percentages of normal human serum. For all experi-
ments presented, a 0.4% agarose mixture containing 20% AB human
serum was prepared, cooled to 37°C, and a fixed number of cells (1.5
x 104) added to this mixture. The agarose/cell mixture was then
layered over the base layer, allowed to solidify, and 100 M1 of media
without FCSwas added to each well in order to keep the cultures moist.
The cultures were then incubated at 37°C/ 5%CO2and the wells exam-
ined daily for colony growth. Weobserved optimal colony growth 10-
14 d after plating at which time colonies with a diameter > 45,um were
scored. Wechose 45 Mmto be representative of a colony, since in
general, the size distribution of the colonies appearing in the agarose
varied between 45 and 100 zm and only occasionally were there
smaller clusters of cells within the agarose layer. A single-cell suspen-
sion was ensured (and confirmed by light microscopy) at the start of
the assay by repeated passage of the cells through a 25-gauge needle. An
inverted light microscope fitted with an eyepiece with a grid (Carl

Zeiss, Inc., Thornwood, NY) was used to calculate the diameter of the
colonies and to count total colonies in a well. Agarose blocks contain-
ing the cell colonies were harvested, fixed in acetic acid alcohol (AcA)
for 24 h, paraffin embedded, and 4-,gm sections cut onto APTEXslides
for use in immunohistochemical studies. Two controls were included.
(a) Normal human lung fibroblasts were grown to confluency, washed
twice with warm PBS, trypsinized, centrifuged, and a cell pellet was
obtained. A 2:1 ratio (vol/vol) of the agarose solution was added to the
pellet and the mixture stirred to disperse the cells. The agarose/cell
mixture was allowed to harden, fixed in AcA, and then processed as
described above; (b) Human fibrosarcoma line HT-1080 was used as a
positive control for colony formation. The cells were treated similar to
the fibrotic lines.

Colony expansion. To pick and expand individual cell colonies, the
above assay was repeated using low-melting point (LMP) agarose
(5517UA; Bethesda Research Laboratories, Gaithersburg, MD) (25).
Briefly, a base layer containing 1%LMPagarose was poured into each
of 96 wells (Nunclon, InterMed Nunc, Roskilde, Denmark) and al-
lowed to solidify at 4VC. A fixed number of cells (3 X 103 cells/well)
was then added to the top layer (0.3% LMP agarose/20% human
serum) and this mixture layered over the base layer. The top layer was
allowed to solidify at room temperature and then the plates were
wrapped in aluminum foil to avoid drying out and placed at 370C/5%
CO2. In 7-10 d, those colonies with a diameter > 45 Mmwere removed
from the agarose by use of a micropipette and inverted microscope and
expanded in culture in RPMI supplemented with 10% FBS and 1%
pen/strep.

Immunostaining of colonies. Immunoperoxidase staining of colo-
nies was performed according to the manufacturer's instructions
(Zymed Labs., Inc.) with minor modifications. Paraffin sections were
dewaxed in xylene, passed through an ethanol series, and blocked for
endogenous peroxidase activity with H202-methanol-HCl solution for
30 min at room temperature. Slides were then rinsed in 70% ethanol
followed by distilled water, and then washed in Tris-buffered saline, pH
7.6 (TBS buffer). After incubation with nonimmune serum to block
nonspecific binding, primary antibodies were applied to the sections
and allowed to bind at room temperature for 1 h. The sections were
then rinsed in TBS buffer, overlaid with a biotinylated secondary anti-
body, rinsed again in TBS buffer, and then incubated with a streptavi-
din-peroxidase conjugate. Sections were then incubated with a sub-
strate-chromagen mixture (AEC; Zymed Labs., Inc.), counterstained
with hematoxylin, and coverslipped.

Electron microscopy (EM) studies. Agarose blocks containing the
fibroblast colonies were harvested between days 10 and 14, fixed over-
night in 2%gluteraldehyde at 4°C, and then processed for transmission
EManalysis.

Cytokine modulation ofanchorage-independent growth. All soft aga-
rose studies were performed as described above with the following mod-
ifications. Fibrotic, neonatal, and normal adult lung fibroblast lines
were cultured in a 0.4% agarose top layer containing either PDGF(5
ng/ml), TGF-# (100 pg/ml), or dexamethasone (10-6 M) in the pres-
ence of 20% human serum. The cultures were then incubated at 37°C/
5%CO2and colony growth (diameter, > 45 Mm)was assessed 10-14 d
after plating. All experiments were performed in duplicate.

Results

Fibrotic adult and normal neonatal lung fibroblast cell lines
exhibit colony formation under anchorage-independent condi-
tions. The number of colonies appearing 10-14 d after plating
is presented in Table I. Examination of three fibroblast cell
lines derived from areas of fibrotic lung tissue reveals that IPF
fibroblasts readily form colonies under soft agarose growth
conditions. In contrast, fibroblast lines derived from normal
adult lung tissue do not exhibit the capacity to grow under
anchorage-independent conditions. As a group, IPF fibroblasts
form colonies with a frequency of 0.54% compared with
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Table I. Lung Cell Line Colonies

Tissue Cell No. of Percent
derivation line Exp. colonies* CFUt

Fibrotic 1 1 85.75±2.87
2 93.75±3.10

2 1 77.50±8.66 0.54
2 88.00±13.95

3 1 89.00±5.48
2 79.50±11.45

Normal 1 1 0.50±0.58
2 0.25±0.50

2 1 1.00±0.82 0.003
2 0.25±0.50

3 1 0.00±0.00
2 0.00±0.00

4 1 1.25±0.96
2 1.00±1.41

Neonatal 1 1 66.00±2.16
2 63.75±5.50 0.43

2 1 65.25± 1.89
2 71.00±2.31

Tumor 1 193.75±6.65 1.1
(HT-1080) 2 157.75±20.15

Data are number of colonies per well in semisolid agar suspension
with a diameter >45 Am from 1.5 X 104 cells. * Values represent
the mean±SDof the number of colonies per well in eight wells. All
statistical analysis was performed with the aid of Minitab Data Anal-
ysis Software, Release 7.10 (1989; Minitab, Inc., State College, PA).
* Percent CFUwas calculated by averaging the number of colonies
obtained by each group (fibrotic, normal, etc.) and dividing by the
number of input cells per well.

0.003% observed for normal adult lung fibroblasts. Our pre-
vious studies indicated that fibroblast lines derived from nor-
mal neonatal lung tissue proliferated faster than those from
normal adult lung, and we examined whether these neonatal
lines would also show abnormal growth in the assay. Weshow
here that neonatal lung primary fibroblast lines exhibit colony
formation under soft agarose growth conditions with a fre-
quency of 0.43%, only slightly less frequent than the IPF lines.

For comparison with a fully transformed cell line, we also
examined the pattern of anchorage-independent growth for the
tumorigenic cell line HT- 1080 (human fibrosarcoma cell line).
HT- 1080 yielded twice the number of colony-forming units
(1.1% frequency) as compared with IPF lung fibroblast-de-
rived colonies.

Morphological examination reveals afibroblast-like nature
to the colonies. Histological and EMexamination of lung colo-
nies was performed to determine morphological characteristics
associated with colony growth. Over 30 colonies from each cell
line were examined in detail. Fig. 1, A and B, illustrate a typical
lung colony from a fibrotic cell line showing an inner multicel-
lular centre surrounded by an extracellular granular type mate-
rial, which stains intensely with hematoxylin and appears to be
deposited into the agarose gel. Closer examination of each cell
within the colony framework reveals the presence of large
rounded nuclei, dispersed nuclear chromatin, and prominent
nucleoli, all within an extensive cytoplasm.

The ultrastructural appearance of the colonies examined by
EManalysis supports a fibroblast-like morphology for these

cells (Fig. 2). The absence of intercellular junctions, basal lam-
ina, or Weibel-Palade bodies all serve to exclude an epithelial
or endothelial lineage to these cells (26). There does not appear
to be myofibrils present, suggesting these are not myofibro-
blasts. Interestingly, EManalysis also demonstrates a number
of ultrastructural features characteristic of proliferating fibro-
blasts, including the presence of rounded nuclei, prominent
nucleoli, numerous cellular organelles with abundant elon-
gated mitochondria, cytoplasmic processes, and the apparent
absence of collagen fibres.

Immunohistochemical studies offibrotic and neonatal lung
colonies. Immunohistochemical studies were carried out on
fixed colony sections derived from both fibrotic and neonatal
lung lines in order to investigate the distribution of a variety of
different cytoskeletal and ECMproteins characteristic of fibro-
blasts. Immunostaining of intermediate filaments and various
actin isoforms reveals that both the fibrotic and neonatal lung
colonies (> 30 examined) exhibit similar staining patterns for
cytoskeletal and ECMproteins. Colonies stained positive for
vimentin, laminin, fibronectin, and fibronectin receptor, ex-
hibiting both cellular and extracellular localizations (Fig. 1,
C-F). The colonies also demonstrated intense cytoplasmic
and extracellular staining for ,B-actin and tropomyosin, indicat-
ing the structural organization of these proteins into stress
fibers (27). Colonies stained negative for a smooth muscle cell
actin, desmin, keratin, Factor VIII, and tenascin.

Control sections of adult human normal lung fibroblasts
suspended, but not cultured, in agarose were similarly investi-
gated by immunoperoxidase staining for expression of inter-
mediate filaments and ECMorganization. Normal lung fibro-
blasts stained positive for vimentin, laminin, ,B-actin, fibronec-
tin, and fibronectin receptor, and stained negative for desmin,
keratin, tenascin, and a smooth muscle cell actin.

Colony expansion and replating. To assess whether the ca-
pacity to form colonies develops as a result of the assay condi-
tions or is an intrinsic property of a cell population, single
colonies with a diameter > 45 !Lm were picked from low melt
agarose. The cells were expanded to 5 X 106 (representing a
further 22 population doublings from a single clone) and either
reintroduced into the soft agarose culture system or carried for
a further 2 passages and then reexamined in the colony assay.
The ability of individual expanded clones to again form colo-
nies was demonstrated, however, in general, the percentage of
colony-forming units was observed to decrease with successive
passage, from 0.38% with the parent line to 0.08% at a further
two passages of the expanded colony (Table II).

Effect ofPDGF, TGF-fi, and corticosteroid on growth in soft
agarose. To examine possible mediators of colony formation
in the soft agarose conditions, PDGF, TGF-f3, and DEXwere
tested for their ability to modulate anchorage-independent
growth. Fig. 3 illustrates that the addition of PDGFor DEX
greatly enhances soft agarose colony growth of fibroblasts de-
rived from fibrotic lung tissue, but has little effect on neonatal
fibroblast colony growth. TGF-f3, in contrast, acts by partially
inhibiting the ability of both fibrotic and neonatal lung fibro-
blasts to form colonies. On the contrary, the addition of PDGF,
TGF-#l, or corticosteroid did not induce any colony growth by
normal adult lung fibroblasts.

Discussion
Wehave previously shown that cell lines isolated from fibrotic
adult lung tissues compared with normal lung lines exhibit
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Figure 1. Morphology of anchorage-indepen-
dent colony growth. (A) Appearance of fibrotic
lung fibroblast-derived cell line cultured in soft
agarose assay (day 14) as visualized under an
inverted light microscope (original, X63). (B)
Representative hematoxylin and eosin-stained
section of an adult fibrotic lung-derived colony
(original, X63). (C-H) Immunoperoxidase
staining of AcA-fixed agarose sections contain-
ing lung colonies. Staining of adult fibrotic
lung colonies for vimentin showing both an
intracellular and extracellular deposition and
the normal mouse serum control (C-D).
Staining of adult fibrotic lung colony for the
fibronectin (F) and its receptor (E). Immuno-
peroxidase staining of AcA-fixed normal adult
lung fibroblasts in agarose stained for vimentin
and the fibronectin receptor (G-H) (original,
x64).
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Figure 2. EManalysis.
EMexamination of a
fibrotic lung-derived
colony. (A) A micro-
graph of one fibrotic
lung-derived colony
showing the multicellu-
lar nature of the colony
(original, X1,900). (B)
EMof a single cell
within the colony. Note
the large round nucleus,
prominent nucleoli, and
dispersed heterochro-
matin (original,
X9,I00).

faster proliferative characteristics ( 16). In this study, using a
soft agarose culture system, we have shown that fibroblasts de-
rived from fibrotic lung tissue (IPF) exhibit colony growth
under anchorage-independent conditions whereas fibroblasts
derived from normal adult lung tissue do not. This is further
evidence of heterogeneity within lung fibroblast populations
and between healthy and diseased (IPF) fibroblasts. Wehave

also previously shown that primary lines of neonatal lung fibro-
blasts proliferate faster than control fibroblast lines ( 17), and
demonstrate here that neonatal lung cell lines also form colo-
nies under anchorage-independent growth conditions (Table
I). These results suggest that cells exhibiting the ability to grow
under anchorage-independent conditions in fibrotic lung tissue
may bear some resemblance to the differentiating embryonic
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Table II. Results of Replating Experiment

Percent
Cell line Exp. No. of colonies* CFUt

Fibrotic 1 85.75±2.87 0.58
Cell line no. 1 2 93.75±3.10

Fibrotic 1 55.50±8.43 0.38
Passage 4 2 62.25±16.11

Fibrotic 1 12.75±8.42 0.08
Passage 6 2 10.50±5.57

Single colonies from a fibrotic cell line were picked from low-melt
agarose, expanded in culture, and reintroduced into the soft agarose
culture system. Colonies with a diameter >45 gmwere counted and
the results for one clone (no. 6) and its parent cell line depicted.
* Values represent the mean±SDof the number of colonies per well
in eight wells. * Percent CFUwas calculated as per Table I.

fibroblast, a finding not at all surprising when one considers the
sudden recruitment of actively dividing fibroblasts during
wound healing and repair. Moreover, the ability of these cells
to grow under anchorage-independent conditions, a character-
istic generally associated with a transformed phenotype, sug-
gests an aggressive nature to these cells consistent with the fi-
broproliferative nature of fibrosing disease. Wecannot, how-
ever, relate proliferative capacity with anchorage-independent
growth as we have no evidence directly linking the two charac-
teristics.

The ability to form colonies under soft agarose growth assay
conditions has also been documented for synoviocytes isolated
from knee joints of patients with rheumatoid arthritis and from
experimental animal models of rheumatoid arthritis, another
chronic inflammatory connective tissue disease (24). It was
proposed by these authors that these synoviocytes exhibit a
"transformed-like" phenotype, although no evidence for trans-
formation was demonstrated. Thus, long-lived structural cells
may play a critical role in the pathogenesis of fibrosis, after
repeated episodes of inflammation and repair, by means of the
emergence of a group of phenotypically altered cells that pos-

..O1
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Figure 3. Modulation of growth in soft agarose by PDGF, TGF-,B, and
corticosteroid. Humanfibroblast cell lines derived from fibrotic, neo-
natal, and normal adult lung tissue were cultured under soft agarose
growth conditions in the presence of PDGF(5 ng/ml), TGF-B (100
pg/ml), of DEX( 10 6 M) as described in Methods.

sess characteristics pivotal to the continued presence of inflam-
mation.

HT- 1080 fibrosarcoma cells are transformed tumor cells
presumably having clonal identity. Thus, all cells should be
capable of growing as a colony in soft agarose. However, in the
assay as performed, for HT- 1080 cells, the colony-forming unit
frequency is only 1.1% of plated cells, suggesting the assay may
underestimate the potential for colony formation. The esti-
mated frequency of colony-forming units for IPF lines (0.54%)
may also underestimate this capacity.

The ability to exhibit anchorage-independent growth ap-
pears to be intrinsic to cells in the original population since
colonies that are picked and expanded can again form colonies,
although at a reduced rate when compared with the parent line
(Table II). The fact that we observe a reduction after passage in
culture of the colonies is consistent with previous reports (28,
29) demonstrating a similar decrease in proliferative capacity
as clones of normal dermal fibroblasts are passaged. Moreover,
a decrease in the colony-forming capacity of late passage syno-
viocytes as compared with early passage synoviocytes has also
been documented (24). These data suggest a progressive shift
in the proportion of immature fibroblasts, possibly those that
proliferate faster, within the population capable of forming col-
onies to a more differentiated fibroblast that loses its ability to
form colonies.

To better characterize the nature of the fibrotic fibroblast
phenotype, we examined both fibrotic and neonatal lung colo-
nies using conventional histological, immunohistological, and
ultrastructural analysis. Upon histological examination, a
dense granular-type material was seen to be deposited within
the agarose directly surrounding the colony (Fig. 1 B). It is
possible that this extracellular material may function, at least
in part, to provide a source of stability and support to the grow-
ing colony. Both fibrotic and neonatal lung-derived colonies
retained intermediate filament phenotypes consistent with fi-
broblast morphology as described by others (the presence of
vimentin, and the absence of keratin and desmin) (30, 31 ).
The immunolocalization of vimentin was found to be both
intracellular and extracellular, indicating that this protein is
being released into the matrix surrounding the colony, as a
result of cell lysis (32).

In considering the source and nature of the cell that exhibits
colony-forming activity in the primary line, two possible candi-
date cells in pulmonary tissue should be considered. The pres-
ence of a fibroblast-like cell in granulation tissue during healing
has been described that shares structural and functional fea-
tures of both smooth muscle cells and fibroblasts and that ex-
hibits immunostaining to a-SMC actin (33, 34). Since myofi-
broblasts share immunohistochemical features with those of
fibroblasts, that is, vimentin positive and desmin negative, and
since myofibroblasts have been described and are implicated in
the pathogenesis of IPF (35) and bronchial asthma (36), we
examined our lung colonies for a-SMC actin expression. Nei-
ther the fibrotic-derived lung fibroblast colonies nor the neona-
tal-derived lung fibroblast colonies stained positive for a-SMC
actin, suggesting the myofibroblast is not a component of the
colony-forming unit.

A second cell that has possible relevance is the pericyte,
which has morphology similar to the fibroblast and may pro-
vide a precursor population for newly differentiated fibroblasts
and/or smooth muscle cells during wound repair (37, 38).
Pericytes express an important matrix protein, tenascin, that is
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known to be expressed during embryonic development, during
tissue growth and reorganization, and in the stroma of some
malignant tumors occurring in adulthood (39, 40). No tena-
scin-positive staining was observed in either the fibrotic or neo-
natal lung colonies.

The finding that colonies are negative for both a-SMCactin
and tenascin would seem to rule out both the pericyte or myofi-
broblast as being present in the colony (39, 41 ), but does not
necessarily rule out their role as precursors to the colony-form-
ing cell. These aspects are currently under investigation in our
laboratory.

Examination of lung colonies for the expression of other
extracellular matrix proteins demonstrates that both fibrotic
and neonatal lung colonies were positive for laminin expres-
sion (with most of the antibody localized in the cytoplasm) and
that both types of colonies appear to synthesize and secrete
large quantities of fibronectin (Fig. 1 F). Moreover, intense
extracellular immunostaining was also demonstrated for the
fibronectin receptor, suggesting the receptor is continually be-
ing expressed and removed from the cell surface, however, in
the case of the colonies, this is held in the immediate area by the
agarose matrix (Fig. 1 E). Normal lung fibroblasts also exhib-
ited immunostaining to laminin, fibronectin, and the fibronec-
tin receptor. In the case of the fibronectin receptor, localization
was specific to the cytoplasm with no evidence of extracellular
deposition into the surrounding agarose, however, these cells
were not cultured in the agarose for any time. In the context of
wound healing and repair, an increase in expression of the fibro-
nectin receptor could promote the migration of selected clones
of fibroblasts into areas of active injury, where under the appro-
priate signals they may continue to proliferate and lay down
fibrous material (42, 43). Fibronectin receptor expression may
also function to allow the growing colony to remain anchored
to the extracellular fibronectin it has deposited.

To better understand the mechanisms surrounding the soft
agarose growth response of the various lung fibroblast types
(i.e., fibrotic, etc.), and determine susceptibility to cytokine
exposure, PDGF, TGF-f3, and DEXwere tested for their ability
to modulate colony formation. The addition of PDGF, which
is a known stimulator of fibroblast proliferation, greatly en-
hanced ( - 50%) the number of colonies formed by fibrotic
lung fibroblasts, but showed little effect on neonatal colony
formation. TGF-fl, which is known to mediate the transforma-
tion of fibroblasts, was found to partially inhibit the colony-
forming abilities of both fibrotic and neonatal lung fibroblast
cell lines. Similar findings have also been documented for rheu-
matoid arthritis synoviocytes, with PDGF simulating and
TGF-fl inhibiting colony formation (24, 44). The finding that
PDGFand TGF-,B are not able to induce colony formation in
any of the normal adult lung fibroblast cell lines implies that
the mechanisms surrounding colony formation in soft agarose
are not simply due to susceptibility to growth factors present in
the culture media, but likely the result of phenotypic differ-
ences inherent to the initial fibroblast subpopulation itself, as
PDGFinduces fibroblast proliferation under normal culture
conditions (adherence) in these same cells (data not shown).

This study also demonstrates that glucocorticoid has a
marked effect on fibrotic lung fibroblast colony formation,
with DEX enhancing colony formation by nearly 100%. In
contrast and similar to response to PDGF, DEXwas shown to
have little effect on neonatal lung fibroblast colonies, and does
not induce colony formation by normal adult lung fibroblasts.

The observation that treatment with steroid actually enhances
the numbers of colony-forming cells in the fibrotic lung fibro-
blast population raises questions as to the exact role antiinflam-
matory drugs play in the treatment of fibrosing disease.

Our data demonstrate that fibroblasts obtained from
chronically inflamed fibrotic lung tissue behave differently
under anchorage-independent growth conditions than fibro-
blasts obtained from normal lung tissue. Further, this behavior
is present in fibroblasts obtained from neonatal lung tissue.
The similar behavior seen in fibrotic and neonatal cell lines
suggest newly differentiated cells with aggressive growth char-
acteristics populate fibrotic tissue contributing to the altered
growth and matrix deposition. Whether these colony-forming
cells are direct contributors to the process is as yet unclear, but
clearly shows a phenotypic difference between normal and fi-
brotic lines in growth and cytokine response characteristics.

Lafyatis et al. (24) have previously shown that human syno-
vial fibroblasts maintain colony growth in soft agarose. Syno-
vial cells have been shown to possess a variety of markers indic-
ative of an "aggressive phenotype," including PDGF, FGF,
and TGF-0 expression (45, 46). Moreover, the cytoskeletal
and ECMcomponents that we have observed in the lung colo-
nies are also found in normal lung fibroblast cell lines. This
suggests that the ability to grow in soft agarose may be due to a
secreted product (s) or other membrane-bound protein impor-
tant in growth and differentiation, and not expressed by quies-
cent normal lung fibroblasts. The future direction in character-
izing the phenotype of the soft agarose-growing lung fibroblast
may lie in the analysis of steady state levels of growth factors,
cytokines, and their receptors known to be important in cell
growth and differentiation. Moreover, further phenotyping of
these lung colonies may help to address the role of subpopula-
tions of fibroblasts in the propagation of chronic tissue inflam-
mation.
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