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Abstract

Repair after acute lung injury requires elimination of granula-
tion tissue from the alveolar airspace. We hypothesized that
during lung repair, signals capable of inducing the death of the
two principal cellular elements of granulation tissue, fibro-
blasts and endothelial cells, would be present at the air-lung
interface. Bronchoalveolar lavage fluid obtained from patients
during lung repair induced both fibroblast and endothelial cell
death, while fluid obtained at the time of injury or from patient
controls did not. The mode of cell death for endothelial cells
was apoptosis. Fibroblast death, while morphologically distinct
from necrosis, also differed from typical apoptosis. Only prolif-
erating cells were susceptible to the bioactivities in lavage fluid,
which were trypsin sensitive and lipid insoluble. Histological
examination of lung tissue from patients after lung injury re-
vealed evidence of apoptotic cells within airspace granulation
tissue. Our results suggest that cell death induced by pep-
tide(s) present at the air-lung interface may participate in the
remodeling process that accompanies tissue repair after injury.
(J. Clin. Invest. 1993. 92:388-397.) Key words: apoptosisa
granulation tissue * fibroblasts * endothelial cells * cell death

Introduction

Understanding how the size of lung cell populations is con-

trolled as the gas exchange apparatus is repaired after acute

lung injury represents a fundamental domain ofknowledge for
improvements in patient care to be achieved. Acute lung injury
at present is both a common and lethal condition. For exam-

ple, each year in the United States, 150,000 patients are treated

for acute lung injury with > 50% of afflicted patients dying ( 1,
2). The disease process begins with an explosive inflammatory
response in the alveolar wall after exposure to noxious environ-
mental or endogenous agents (3, 4). In the aftermath of the
resultant tissue destruction, a fibroproliferative response en-

sues, leading to extensive granulation of the alveolar airspace
(5-7). Morphologically, this intraalveolar granulation tissue is

comprised mainly of mesenchymal cells, fibroblasts and endo-

thelial cells, as well as their connective tissue products. In pa-
tients who die after lung injury, airspace granulation persists
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and progresses. In survivors, there is apparent resolution ofthe
granulation tissue with concomitant reconstitution of the gas
exchange apparatus (8).

Considerable attention has been focused on the identifiable
signals that promote a fibroproliferative response. Studies in
acute lung injury have identified a set of candidate profibrotic
factors including two unique forms of platelet-derived growth
factor, a novel angiogenesis factor, and established isoforms of
basic fibroblast growth factor (9, 10). However, a key question
arises in the natural history of this disorder: What happens to
the intraalveolar mesenchymal cells in those patients who sur-
vive and are able to resolve their fibroproliferative response?
Despite its pivotal clinical role, the biological processes in-
volved in the prompt and orderly elimination ofthe intraalveo-
lar mesenchymal cells remain undefined. Reexamination of
data obtained in an effort to identify profibrotic signals present
after acute lung injury led us to consider the possibility that
mesenchymal cell death was occurring. Our experiments indi-
cate that peptide(s) capable of inducing endothelial cell apop-
tosis, and a similar but distinct mode of death in lung fibro-
blasts are present at the air lung interface in patients recovering
from acute lung injury.

Methods

Study population
Bronchoalveolar lavage fluid was obtained from patients during fiber-

optic bronchoscopy as previously described (9). Our protocol was re-
viewed and approved by the University of Minnesota Committee for
the Use of Human Subjects in Research. After obtaining informed
consent, patients meeting established criteria for severe acute lung in-
jury (adult respiratory distress syndrome) (9) were studied at two

points in time during the course of their illness: (a) early, during the
interval of acute alveolar inflammation (.S 3 d after the onset of lung
injury); or (b) late, during the phase of lung repair (> 10 d after the
onset of lung injury). The control group consisted of outpatients un-

dergoing a clinically indicated bronchoscopy for a localized radio-
graphic abnormality. Bronchoalveolar lavage was carried out on the
contralateral side in anatomically uninvolved areas.

Effects of bronchoalveolar lavagefluid on lung cell
population dynamics
Three aspects of in vitro cell population dynamics were assessed to

provide a comprehensive analysis of the effects of lavage fluid: cell
number, DNA synthesis, and death rate. To assess bioactivity oflavage
fluid, a human adult lung fibroblast strain (CCD-19Lu; American
Type Culture Collection, Rockville, MD) was used between the 8th
and 11th subcultivation. Cells were routinely cultivated (370, 10%

C02, and 90% air) in growth medium (DME supplemented with strep-

tomycin [100 ,g/ml], penicillin [100 ,g/ml], and 10% heat-inacti-
vated bovine calf serum), and subcultivated weekly.

Effects of bronchoalveolar lavage fluid on fibroblast number. To

prepare cells for assay, fibroblasts were seeded at 5 x 103 cells/cm2
(24-well clusters, [Falcon Plastics, Cockeysville, MD]) in growth me-

dium and cultured in that medium for 3 d. Cells were rinsed three times

in defined medium (F12 supplemented with bovine serum albumin,
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0.1 mg/ml; Fe-transferrin, 10 sg/ml; selenium, 10-8 M; and linoleic
acid, 3 X 10-6 M) and were ready for assay. To examine the effect of
lavage fluid on cell number, fibroblasts were incubated in varying con-

centrations of lavage fluid diluted with defined medium. After 3 d, cell
number was determined using an electronic particle counter.

Effects ofbronchoalveolar lavagefluid on fibroblast DNA synthesis.
Fibroblasts were prepared for assay as described above. Cells were incu-
bated ( 14 h, 370) in the presence of lavage fluid diluted with defined
medium (1:40; vol/vol). Cultures were continued for 4 h after addi-
tion of 3 ,Ci/ml [3H]thymidine (specific activity = 5.0 Ci/mmol).
Monolayers were washed three times with PBS (40), three times with
5% trichloroacetic acid (40), and lysed with 0.5 ml of 0.1 N NaOH,
0.1% SDS. Radioactivity was quantified using a liquid scintillation
counter. Data were adjusted by normalizing radioactivity to the num-
ber of viable cells.

Effects ofbronchoalveolar lavagefluid onfibroblast and endothelial
cell death rate. Fibroblasts were prepared for assay and incubated with
diluted lavage fluid exactly as described for the assessment of DNA
synthesis. The conditioned medium was collected and unattached cells
were pelleted by centrifugation (800 g for 5 min). The attached cells
were trypsinized, centrifuged, and pooled with unattached cells. This
total cell pellet was resuspended in 0.2% trypan blue and the fraction of
dead cells (including the dye) was quantified microscopically in a cali-
brated counting chamber ( I1 ). The data reported represent the average
of counting 500 cells in each of triplicate cultures from two separate
experiments.

To examine the cytotoxic effect of lavage fluid on another type of
lung cell, bovine pulmonary artery endothelial cells (CCL 209; Ameri-
can Type Culture Collection) were used. Cells were maintained in
growth medium, subcultivated weekly and used for experiments be-
tween the 7th and 11th subcultivation. Endothelial cell monolayers
were cultured with lavage fluid or with TNF-a (20 ng/ml) for 16 h as a

positive control. The number of dead cells was quantified as for fibro-
blasts.

Assessment ofthe mode ofcell death induced by lavagefluid
To define the mode of death, cellular morphology was examined after
acridine orange staining ( 12) as well as by transmission electron micros-
copy, and the size distribution ofDNA molecules ( 13, 14) was deter-
mined by electrophoresis. For morphological analysis, fibroblasts were
prepared and incubated with lavage fluid as for assessment of DNA
synthesis. Endothelial cells were incubated in growth medium for 3
days and cultured (370, 16 h) with lavage fluid, TNFa (20 ng/ml), and
in some experiments with TNF-a (20 ng/ml) + cycloheximide (3

gg/ml).
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Fluorescence microscopy. Cells were washed (PBS, 370), fixed

(70% ethanol), and stained with acridine orange (3 mg/ml). Nuclear

morphology was assessed by inverted fluorescence microscopy.
Transmission electron microscopy. Cells were removed from tissue

culture dishes in PBS (40) by gentle scraping, pelleted at low speed in a
microcentrifuge tube, and fixed in 0.1 M Na cacodylate containing 2%
glutaraldehyde, 2% formalin. Cells were post fixed in 1% osmium te-

troxide followed by uranyl acetate. After dehydration, cell pellets were
embedded in Epon. Thin sections were stained with uranyl acetate and
lead citrate and examined using an electron microscope (JEOL U.S.A.
Inc, Peabody, MA). Detached cells in the media were pelleted and

processed as above and examined.
DNA size distribution. For fibroblasts and endothelial cells, analy-

sis of DNA size distribution was performed after a 6-h exposure to

bioactive lavage fluid. In addition, for endothelial cells, cultures were

incubated (6 h, 370) with TNF-a (20 ng/ml) as a positive control.
Monolayers were washed (PBS, 40) and lysed (10 mM Tris, pH 7.4,
100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P40, 0.5% SDS). DNA
was extracted twice with phenol/chloroform ( 1:1, vol/vol), precipi-
tated by ethanol and incubated (40 min, 370) with ribonuclease (20
Ag/ml). Electrophoresis was carried out in a 1% agarose gel containing
ethidium bromide (0.5 gg/ml).

Effect ofcellular proliferative state on the ability oflavage
fluid to induce cell death
To examine the dependence of lavage fluid induction of cell death on

proliferative state, 1.5 X 104 fibroblasts or 3 x 104 endothelial cells per
well were seeded into 12-well plates in growth medium. Proliferative
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dium supplemented with PDGF = 100 pM, EGF = 100 pM, and
insulin = 100 nM) was 3,485±274 cpm. (B) Fibroblast death rate
was quantified using 0.2% trypan blue. Dead cells were counted mi-
croscopically in a calibrated counting chamber. The data represent
the average of counting 500 cells in each of triplicate cultures from
two separate experiments.
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Figure 3. Effects of bioactive lavage fluid on endothelial cell morphology: phase contrast microscopy. Cells were incubated with lavage fluid di-

luted with defined medium ( 1:40, vol/vol) from patients during lung repair (> 10 d after disease onset). After a 16-h incubation, cells were

washed, fixed, stained with acridine orange, and examined by inverted phase contrast fluorescence microscopy. Shown is an example of endo-

thelial cells incubated with bioactive lavage fluid demonstrating the nuclear morphology typical of apoptosis (arrows).

state was modulated as follows: exponentially growing cells were pro-

duced by incubation in growth medium for 48 h; noncycling cells were
produced by rinsing proliferating cells three times with defined me-
dium and continuing cultures in that medium for 48 h; growth-stimu-
lated cells were produced by culturing noncycling cells in growth me-
dium for 24 h. To assess the ability of lavage fluid to induce cell death,
cells were washed twice with defined medium and incubated in that
medium with ( 1:40, vol/vol) or without (control) lavage fluid for 24 h.
Cell death was quantified as the percentage of cells stained with trypan
blue.

Biophysical and biochemical properties ofthe bioactivity
To define some of the biophysical and biochemical properties of the
observed bioactivity, heat stability, proteinase sensitivity, and lipid solu-
bility was examined. Bioactivity oflavage fluid obtained 10 d after lung
injury was tested for heat stability by incubation at 560 (45 min) or

1000 ( 15 min). Trypsin sensitivity was tested by incubating 0.1 ml of
lavage fluid containing 25 Ag of protein with 2.5 mg of trypsin (Sigma
Immunochemicals, St. Louis, MO) at 370 for 1 h. The trypsin was

inactivated with 0.57 mg ofsoybean trypsin inhibitor(Sigma Immuno-
chemicals). After each treatment, bioactivity was assayed using trypan
blue exclusion. To assess lipid solubility, lavage fluid diluted with me-

dium F12 (1:40; final volume = 5 ml) was mixed with an equal volume
ofethyl acetate. After 5 min ofshaking, the organic and aqueous phases
were separated and lyophilized. The aqueous Iyophilized material was
dissolved in 5 ml of water. The organic phase was dissolved in 20 Al of
70% ethanol and brought up to 5 ml with medium F12. Cells were

incubated in the presence of extracted (undiluted) and untreated la-
vage fluid ( 1:40) for 24 h and stained with trypan blue. To assess the

similarity of the bioactivity to the known inducer of endothelial cell
apoptosis, TNF-a, anti-TNF-a antibody (1 Ag/ml) was incubated
with lavage fluid (2 h, 370) before assay. The concentration ofantibody
used was sufficient to neutralize 20 ng/ml ofTNF-a. This represents a
10-fold excess above the highest concentration reported to occur in
patients with acute lung injury ( 15). The ability of the antibody to
neutralize TNF-a was validated in the concentration range used with
the endothelial cell apoptosis assay (acridine orange staining).

Morphological analysis oflung tissue
Open lung biopsies were performed on two patients with acute lung
injury as part of their routine clinical evaluation, 10 or 13 d after dis-

ease onset. Both eventually recovered completely. Tissue was fixed in
10% buffered formalin, routinely processed, and stained with hematox-
ylin and eosin. Each bud of intraalveolar granulation tissue was exam-
ined for morphological evidence of mesenchymal cell death.

Results

Effects oflavagefluid on cell population dynamics. When hu-
man lung fibroblasts were cultivated in defined medium supple-
mented with bronchoalveolar lavage fluid obtained from pa-
tients with acute lung injury, a net increase in cell number was
observed (Fig. 1). This result was obtained whether the fluid
was recovered from patients during the early inflammatory
phase of the illness (< 3 d after disease onset), or later on

during alveolar repair after acute inflammation had subsided
(> 10 d after disease onset). Lavage fluid from patient controls

390 Polunovsky, Chen, Henke, Snover, Wendt, Ingbar, and Bitterman



t,;,d--:-I

*.-.. *:. .-v :V

- -'NC8w

F * - C ' 6 -A.j.

/

Figure 4. Ultrastructural analysis of endothelial cells. Endothelial cells were cultured with medium or bioactive lavage fluid for 16 h; or with the
combination ofTNF-a (20 ng/ml) and cycloheximide for 3 h. Cells were fixed and processed for transmission electron microscopy as described
in methods. A Demonstrates normal endothelial cells, prepared in parallel with the samples shown in B-D and the fibroblasts in Fig. 7. The
cells have single, round nuclei with some central chromatin clumping, and many cytoplasmic vesicles (magnification = 2.2 x 103). B Is a mi-
crograph ofan endothelial cell cultured with bioactive lavage fluid (magnification = 5.8 x 103) . The nucleus is invaginated and no longer smooth
or round. C Is a higher power micrograph ofa detached endothelial cell cultured with bioactive lavage fluid (magnification = 8.1 X 103). The
cell is binucleate and has peripheral chromatin condensation around the nuclear membrane. D Is a low power micrograph of endothelial cells
cultured with TNF-a and cycloheximide as a positive control. A binucleate or lobulated nucleus is evident that was not found in control endo-
thelial cells (magnification = 4.3 x 103).

did not influence lung fibroblast numbers. Experiments in
which bioactive lavage fluid was mixed with lavage fluid from
patient controls indicated this result was not accounted for by
growth inhibitors (not shown). Decreasing concentrations of
lavage fluid from patients early in the disease process led to a
monotonic decline in fibroblast growth. In contrast, the fibro-
blast growth response to decreasing concentrations of lavage
fluid from patients during alveolar repair was biphasic. Cell
numbers increased to a maximum value as the fluid was di-
luted, followed by a monotonic decline in growth stimulatory
bioactivity to baseline values. This pattern suggested the lavage
fluid from this latter group of patients contained a mixture of
stimulatory and inhibitory bioactivities.

To confirm the results obtained with direct cell counts, in-

corporation of[3H ]thymidine into lung fibroblastDNA follow-
ing lavage fluid treatment was assessed. Unexpectedly, the
highest rate of DNA synthesis occurred in response to fluid
obtained from patients during alveolar repair, and not in re-
sponse to fluid obtained early in the clinical course, as the di-
rect cell counts would have predicted (Fig. 2 A). One possibil-
ity that could explain this observation, was that cell death oc-
curred at a rate that balanced the rate of cell replication. In
accord with this possibility, incubation of lung fibroblasts with
lavage fluid from patients during alveolar repair induced a

three- to fourfold increase in the number ofdead cells observed
(Fig. 2 B). In contrast, fluid from patients early in their clinical
course or from patient controls did not significantly alter the
rate of fibroblast death.
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Figure 5. Endothelial
cell DNA size distribu-
tion analysis. Cells were
incubated with me-
dium, lavage fluid from
patients during lung re-
pair (diluted 1:40) or
TNF-a. After a 6-h in-
cubation, DNA was ex-
tracted and electrophor-
esed in a 1% agarose
gel. (Lane 1) DNA size
markers. (Lanes 2-4)
DNA from endothelial
cells cultured in me-
dium (lane 2), bioactive
lavage fluid (lane 3),
or TNF-a; 20 ng/ml
(lane 4).

The other major cellular constituent of granulation tissue,
endothelial cells, were cultured with bioactive lavage fluid (n
= 4) in a manner similar to the lung fibroblasts. The number of
dead cells increased 8-10-fold in response to lavage fluid from
patients during alveolar repair (9.4±1.6%), compared to the
number observed in response to lavage fluid from patients
early in their clinical course ( 1.2±0.7%) or patient controls
( 1.4±0.9%; P < 0.01 for samples during alveolar repair com-
pared to either early samples or controls). There was complete
concordance between the ability of a given sample of lavage
fluid to induce the death of fibroblasts and endothelial cells.

Mode of cell death in response to lavage fluid. Culturing
endothelial cells in defined medium supplemented with lavage
fluid obtained from patients during alveolar repair (> 10 d

after disease onset) reproducibly led to a sequence of morpho-
logical change typical of apoptosis (Fig. 3). Within 2-3 h, ruf-

fling of the plasma membrane was observed. Condensation of

the nucleus and its chromatin were apparent after 6-8 h of

culture with lavage fluid, followed by formation of dense nu-

clear bodies. By ultrastructural analysis, endothelial cells ex-

posed to lavage fluid demonstrated lobulation and fragmenta-
tion of the nucleus that was not seen in control cells (Fig. 4, A
and B). When endothelial cells were exposed to TNF-a, some

of the cells detached from the tissue culture dishes. The nuclei

of these detached cells were fragmented and had marked chro-

matin condensation (Fig. 4 C). These changes were accen-

tuated by combining TNF-a with cycloheximide (Fig. 4 D).
Consistent with the recent data of Robaye and co-workers

( 16), agarose gel electrophoresis ofnuclearDNA from endothe-

Hal cells treated with TNF-a (20 ng/ml) for 16 h demonstrated

the internucleosomal cleavage pattern characteristic ofapopto-
sis (Fig. 5). Samples ofDNA from endothelial cells incubated

in the presence of lavage fluid from patients during lung repair
revealed a similar DNA size distribution. When endothelial

cells were cultured in parallel with medium, or lavage fluid

from patients early in their clinical course (< 3 d after disease

onset), morphology did not change, and internucleosomal
DNA cleavage was not observed.

When human lung fibroblasts were cultured in bioactive

lavage fluid, cells underwent morphological changes distinct

from apoptosis. The patterns observed closely resembled those

described previously by Scher et al. ( 17 ) and Tamm et al. ( 18,
19) in serum-deprived cultures of density-inhibited BALB/c

Table I. Dependence ofLavage Fluid Induction
ofPhysiological Cell Death on Cell Proliferative State

Cell death (%)

Fibroblasts Endothelial cells

Proliferative state Control Lavage fluid Control Lavage fluid

Exponential growth 10.3±0.40 21.0±0.14* 1.8±0.20 8.1±0.38*

Noncycling 8.4±0.63 7.4±0.68 4.8±0.92 3.2±0.72

Growth stimulated 9.3±0.12 20.0±0.90* 3.2±0.73 7.9±1.14*

Data are expressed as the mean±SD. * P < 0.01 compared to control
(paired t test).

3T3 murine fibroblasts. Cell death was first observed after 5-6
h of incubation with lavage fluid. As revealed by fluorescence
microscopy, dying fibroblasts contained crescent-shaped or
multilobed nuclei. Cells contracted and lost their typical spin-
dle-like shape until only tightly condensed nuclear bodies re-
mained in deformed, contracted cytoplasm (Fig. 6). Ultrastruc-
tural analysis of fibroblasts exposed to lavage fluid revealed
nuclear lobulations that were not seen in normal fibroblasts
(Fig. 7). Agarose gel electrophoresis ofnuclear DNA reproduc-
ibly revealed a cleavage pattern distinct from control, but also
different from the internucleosomal cleavage pattern typically
observed during apoptosis (Fig. 8).

The proliferative state ofboth lung fibroblasts and endothe-
lial cells in vitro significantly influenced the proportion ofcells
dying in response to a given concentration of lavage fluid.
While noncycling cells were nearly insensitive to the effects of
bioactive lavage fluid, dividing cells manifested up to a twofold
increase in death rate for fibroblasts, and a three to fourfold
increase in death rate for endothelial cells (Table I). This ob-
servation supports a potential role for the observed bioactivity
in vivo, where trophic factors and mesenchymal cells coexist in
the alveolar airspace.

Biophysical and biochemical properties ofthe bioactivities
in lavagefluid. The cell death promoting bioactivities for both
fibroblasts and endothelial cells were trypsin sensitive (Table
II). After ethyl acetate extraction, the bioactivity for both cell
types remained in the aqueous phase. However, thermal stabil-
ity at 1000 distinguished the bioactivity for the two cell types.
The bioactivity for fibroblasts was heat stabile, while the bioac-
tivity for endothelial cells was heat labile. Preincubation of
bioactive lavage fluid with neutralizing anti-TNF-a antibodies

Table II. Biophysical and Biochemical Properties
ofthe Bioactivity

Percent activity remaining

Treatment Fibroblasts Endothelial cells

Heating
560 119±8 89±8

1000 96± 10 3±0.4

Trypsin 0 8±1.4

Ethyl acetate

Aqueous phase 121±8 113±7

Organic phase 0 0

Anti-TNF-a antibodies 94±7 98±6
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did not alter the observed induction ofeither fibroblast or endo-
thelial cell death. Taken together, this data indicated that pep-
tides capable of inducing lung fibroblast and endothelial cell
death in vitro distinct from TNF-a, were present on the alveo-
lar epithelial surface during alveolar repair.

Morphological analysis oflung tissue. To assess a possible
role for the induction ofmesenchymal cell death in lung remod-
eling in vivo, we sought morphological evidence ofthis process
within intraalveolar granulation tissue. Examination of histo-
logical sections from lung biopsies of patients (n = 2) who
eventually recovered from lung injury showed several cells with
a nuclear morphology similar to that observed after culture
with bioactive lavage fluid in vitro. These cells were found
mainly within areas ofyoung fibroblastic proliferation project-
ing into alveolar spaces (Fig. 9), restricted largely to regions
where the granulation tissue was covered by epithelial cells,
suggesting that this tissue was in the process ofregression rather
than formation.

Discussion

The control ofcell populations in tissues ofmulticellular organ-
isms is achieved by a coordinated interaction of positive and
negative growth regulators. Positive signals stimulate progres-
sion of cells toward mitosis, whereas negative signals either
prevent this progression or induce cell death. A major biologi-
cal process tightly connected with such population control is
the repair of injured tissues. Our studies have been directed at

examining the alveolar microenvironment in patients after
acute lung injury to identify growth regulatory signals responsi-
ble for the exuberant intraalveolar granulation tissue character-
istically observed as lung repair ensues (9, 10). During experi-
ments examining the effects of lavage fluid on lung fibroblast
proliferation, negative as well as positive growth regulatory sig-
nals were observed. Since repair of the gas exchange apparatus
after acute lung injury requires prompt and orderly elimina-
tion of fibroblasts and endothelial cells from the alveolar air-
space, we examined the possibility that signals capable of in-
ducing the death of these cells were present at the air-lung
interface. In accord with this possibility, samples obtained
from the alveolar surface of patients during lung repair con-
tained peptide(s) that induced both fibroblast and endothelial
cell death, while those obtained at the time of injury or from
normal individuals did not. Histological examination of lung
tissue obtained from patients as the lung was repairing revealed
evidence of mesenchymal cell death within the airspace. The
mode of endothelial cell death was apoptosis as defined by
typical morphology and intranucleosomal DNA cleavage.
While the mode of fibroblast death could not be definitively
resolved, a process similar to that described by Scher et al. ( 17)
and Tamm et al. ( 18, 19) in response to growth factor with-
drawal from BALB/3T3 cells was observed.

Mode ofcell death in eukaryotic cells. There are generally
felt to be two major modes ofdeath in eukaryotic cells, necrosis
and apoptosis. Pathologic cell death or necrosis occurs as a
result of insufficient substrate (e.g., hypoxia, hypoglycemia) or
noxious stimuli (20). Necrosis is characterized by cell swelling
caused by loss of plasma membrane integrity. It represents a

complete breakdown of tissue organization after a quantum
departure from physiological conditions. Morphological fea-
tures of necrosis include uncontrolled swelling of nuclear and
cytoplasmic components with conservation ofnucleoli. Hetero-
chromatin orientation remains unaltered against a background
of gross cytoplasmic degradation (21 ). The products of necro-
sis elicit an acute exudative inflammatory response in adjacent
viable tissues. This process characterizes the earliest phases of
acute lung injury where epithelial and endothelial necrosis, as
well as an explosive acute inflammatory response, are typically
observed.

When cell death occurs in the context ofan organized tissue
response, as in development, endocrine-dependent tissue atro-
phy, or normal tissue turnover, an orderly process termed pro-
grammed cell death or apoptosis occurs (21, 22). Morphologi-
cally, there is cell shrinkage, condensation and segmentation of
the nucleus. Chromatin fragmentation and membrane bleb-
bing also are observed. Biochemically there is activation ofnu-
cleases that hydrolyze DNA with a typical internucleosomal
cleavage pattern.

The present investigation provides evidence that more than
one biological process may be involved in mesenchymal cell
population control during lung remodeling after injury. When
cultured with lavage fluid obtained from patients during alveo-
lar repair, endothelial cells undergo apoptosis while lung fibro-
blasts display progressive nuclear segmentation and cellular
contraction, without clear evidence of progressive chromatin
condensation or fragmentation. In the course of dying, fibro-
blasts form mulberry-like structures with ruffled borders and
contracted nuclei. DNA cleavage into nucleosome-sized frag-
ments is not observed. Instead, we observe an electrophoretic
"smear" ofDNA that appears to be the result ofDNA degrada-
tion in random-sized fragments after chromatin disintegration.
Of note, the mode offibroblast death observed in our study did
not conform completely to the patterns typical of either apop-
tosis or necrosis.

While still an open question, the mode of fibroblast death
observed may be a form of physiological or programmed cell
death closely akin to that described by Scher et al. ( 17) and
Tamm et al. ( 18, 19). They also observed cell contraction,
cytoplasmic blebbing, and nuclear segmentation in BALB/c
3T3 fibroblasts deprived of serum. Similar to our results, nei-
ther chromatin fragmentation nor nucleosomal-size DNA
cleavage was observed.

Regulation ofprogrammed cell death. Previously charac-
terized signals that induce programmed cell death are generally
steroid or peptide in nature. For example, steroid hormones
capable of inducing programmed cell death include progester-
one, which acts on estrogen exposed endometrium (23), and
glucocorticoids, which target specific populations oflymphoid
cells ( 13 ). Peptides capable ofinducing programmed cell death
include the Mullerian inhibiting substance that leads to elimi-
nation ofthe Mullerian ducts in males (24), and the cytokines
TGF-,B (25) and TNF-a, which induce both programmed cell
death and necrosis in variety of mammalian cells (26, 27).
Consistent with this information, at least two distinct bioactivi-
ties, one heat labile and one heat stable, were identified at the

Figure 6. Effects of bioactive lavage fluid on fibroblast morphology: phase contrast microscopy. Fibroblast monolayers were cultured in medium
or lavage fluid diluted with defined medium ( 1:40) from patients during alveolar repair (> 10 d after disease onset). Cells were washed, fixed,
and stained with acridine orange. Nuclear morphology was assessed by inverted phase fluorescence microscopy. (A) Shown are representative
examples of normal fibroblasts (thick arrow) and cells with condensed nuclei (thin arrows) after a 6-h exposure to bioactive lavage fluid (X600).
(B) Higher power view of cell morphology after a 16-h exposure to bioactive lavage fluid is shown (x900).
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Figure 8. Fibroblast
DNA size distribution
analysis. Fibroblasts
were cultured for 6 h
with lavage fluid (1:40)

2.03- or medium, DNA ex-
tracted and subjected to

1.63-
electrophoresis in 1%

1 .08- agarose gels. (Lane I )
DNA size markers.
(Lanes 2-4) DNA from

0.50- fibroblasts treated with
lavage fluid obtained
during alveolar repair

0.18- (lane 2) orearly lung
injury (lane 3), or from
untreated cells (lane 4).

air-lung interface of patients during lung repair in the present
study. Both have the biophysical/biochemical properties of
peptides, and both induce cell death principally in proliferating
target cells. These peptides appear to be distinct from TNF-a,
since their bioactivity was not influenced by neutralizing anti-
TNF-a antibodies.

Two general paradigms are involved in the induction of
programmed cell death. In some situations, it can be induced
by withdrawal of trophic signals. Examples include prostatic
involution after withdrawal of testosterone (28), or hemato-
poetic precursor cell death after removal of the corresponding
colony stimulating factor (29) or interleukins (30, 31). In
other situations programmed death is induced by introduction
of a signal into the microenvironment. This occurs during on-
togeny when the Mullerian ducts regress in males in response
to Mullerian inhibiting substance (24). During lung repair,
this latter paradigm appears to be followed, since lavage fluid
inducing cell death also contains sufficient trophic activity to
stimulate lung mesenchymal cell proliferation. This strongly
suggests that trophic factor deficiency is not occurring in vivo.
It also contrasts with the results in BALB/c 3T3 cells where
withdrawal of peptide growth factors induces cell death, a pro-

cess that can be abrogated by the timely addition of growth
factors ( 17-19).

Molecular mechanisms ofprogrammed cell death. At pres-
ent, the interrelationships between ligand-receptor interaction,
cell cycle events, and intracellular effector mechanisms in pro-
grammed cell death are incompletely understood. Possible sig-
naling mechanisms in the initiation ofthis process include such

cell cycle-related processes as calcium influx (32), protein ki-
nase C activation (33) altered expression of protooncogenes
such as c-myc (34-36), bcl-2 (37, 38), and the tumor suppres-

Figure 7. Effects of bioactive lavage fluid on fibroblast morphology:
transmission electron microscopy. Fibroblasts cultured as described
in the legend to Fig. 6 were processed for transmission electron mi-

croscopy. Lavage fluid induced nuclear lobulation and some degree
ofchromatin condensation, demonstrated in two cells (A and B). At

higher magnification, the lobulation of the nuclear membrane into
pinched off smaller portions was seen (C). Magnification = 1.5
X 103, 1.8 x 103, and 4.7 x 103, respectively.

Mesenchymal Cell Death 395



.E...

:ww,,.

L;'* 7 If'
I.'O':I.S
.Ft-sW.^~'i'*

44494.15-
C tf;\t a . Su

-e 0~~~~~~~~~~~1

^ ¢ e i. v *! * + t ;3 O 4

,*42liF*tt4 4 *; ..

U.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

.. s ..t.~Cp

;~to
., 4

,1
* N' a~~~N

5 ** r. £A; a**t
U*t t*4 *

* _~ *.t'-j4N. S .a

a
~~~~~~~V-01

.4 9 *e , '

4

\

4/
S.. 'y.7

40 *

I

t e
3 .4S4

* *

. .

01 * * 0

' I%

I
&

pt.. *. p

.4'.9 Ca'

94$
II
4.

. .9 St.#>

.r4I., Id z/i f , >3A-I It . p

Aw

4 *f

*. .
t

*
9

ts. *

i$; 4 ,v * 0a

0 M *,p ;. 8

d*, 9R4;^ i

If 4 s44 '%.

9%.0 J#% **9.'
4. *tlb U s

; tsS* ,*6XaP

*0.

4t.4

* .

J. I " f

,r. ,*^^

W 1 _r,

I
I

4.

\\:Bii w .~~~~~o

'01. I
IL *

r% ?

r

,, - N%

'a
%-

I ,I

44 1%I
.. 14 0

,

.30

r.e

a if 4.01

*;t t -

,

t>*1.1w;
4 w.~~~~~~.-

4* _;'.

. $ % .
4*v

481 r I
Figure 9. Histologic assessment of lung biopsies obtained from patients with acute lung injury. Open lung biopsies were performed on two pa-

tients with acute lung injury as part of their routine clinical evaluation, 10 or 13 d after disease onset. Both eventually recovered completely.

Tissue was fixed in 10% buffered formalin and routinely processed and stained with hematoxylin and eosin (X 100; inset, X600). Resolving acute

lung injury showing interstitial thickening, buds of immature fibroblast proliferation and hemorrhage. These two biopsies show, in addition,
occasional cells (arrows) morphologically similar to those undergoing programmed death in vitro after culture with bioactive lavage fluid (de-

tailed in the insets). Note that in (A), the cell appearing to undergo programmed death is present in an area where the fibroblastic plug has

clearly reepithelialized.
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sor gene p53 (30). Examination of these issues in repairing
lung will require identification and purification ofthe observed
bioactivity.

Clinical implications. A more thorough understanding of
the normal homeostatic mechanisms engaged by the body to
control a fibroproliferative response may provide clinicians
with novel therapeutic directions for a number of disorders for
which little in the way of therapy is currently available. The
broad class of fibroproliferative disorders include atherosclero-
sis, as well as acute and chronic fibrosis of the lung, liver, and
kidney. Currently no effective means of controlling a fibropro-
liferative response is available. In this connection, our data
indicates that lung injury and repair represents a useful experi-
mental system for understanding the general biological process
of repair and remodeling after tissue injury. Its utility derives
from the precisely defined kinetics of the cellular events and
our ability to safely, repetitively, and with minimal pertubation
obtain biological samples directly from the region of interest.
Potential applications of our findings will of necessity await
purification and characterization of the bioactivity, as well as
the examination of the role of programmed cell death in the
body's response to other pathological and physiological fibro-
proliferative processes.
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