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EXPERIMENTAL

Active transforming growth factor-51 activates
the procollagen | promoter in patients

with acute lung injury

Abstract Objective: Fibroprolifera-
tion markers like procollagen I pre-
dict mortality in patients with acute
lung injury (ALI) and acute respira-
tory distress syndrome (ARDS). We
sought to determine whether bron-
choalveolar lavage fluid (BALF)
from patients with lung injury con-
tained mediators that would activate
procollagen I promoter and if this
activation predicted important clini-
cal outcomes. Design: Prospective
controlled study of ALI/ARDS.
Setting: Intensive care units and lab-
oratory of a university hospital.
Patients and participants: Acute lung
injury/ARDS, cardiogenic edema
(negative controls) and pulmonary
fibrosis (positive controls) patients.
Interventions: Bronchoalveolar la-
vage fluid was collected within 48 h
of intubation from ALI/ARDS pa-
tients. BALF was also collected from
patients with pulmonary fibrosis and
cardiogenic pulmonary edema. Hu-
man lung fibroblasts were transfected
with a procollagen I promoter-luci-
ferase construct and incubated with
BALF; procollagen I promoter ac-
tivity was then measured. BALF ac-
tive TGF-f1 levels were measured by

Introduction

The incidence of acute lung injury (ALI) and acute res-
piratory distress syndrome (ARDS) in the United States
has been estimated to be 30 per 100,000, or nearly
150,000 cases annually [1]. Despite advances in sup-

ELISA. Results: Twenty-nine ARDS
patients, nine negative and six posi-
tive controls were enrolled. BALF
from ARDS patients induced 41%
greater procollagen I promoter acti-
vation than that from negative con-
trols (p<0.05) and a TGF-f1 blocking
antibody significantly reduced this
activation in ARDS patients. There
was a trend toward higher TGF-£1
levels in the ARDS group compared
to negative controls (—1.056 log;o+
0.1415 vs —1.505 log;(+0.1425)
(p<0.09). Procollagen I promoter ac-
tivation was not associated with
mortality; however, lower TGF-f1
levels were associated with more
ventilator-free and ICU-free days.
Conclusions: Bronchoalveolar lavage
fluid from ALI/ARDS patients acti-
vates procollagen I promoter, which
is due partly to TGF-S1. Activated
TGF-B1 may impact ARDS outcome
independent of its effect on procol-
lagen I activation.

Keywords Acute respiratory distress
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portive treatment and mechanical ventilation strategies,
mortality in cases of ALI/ARDS remains approximately

40% [2] and patients who survive often have significant
residual disability [3, 4]. At the time of death most pa-
tients are on mechanical ventilation, which may have
contributed to the development of sepsis and/or multiple
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organ dysfunction syndrome [5], the most common cause
of ARDS mortality [6].

Better to understand the pathophysiology of ARDS
and to identify patients who might benefit from innova-
tive therapies, investigators have sought measurements
made early in the clinical course of patients with ARDS
that predict mortality. Surprisingly, severity of hypox-
emia, lung compliance abnormalities and markers of in-
flammation in the lung or blood all fail to predict mor-
tality [7-9]. Several groups of investigators have dem-
onstrated, however, that elevated markers of lung fibro-
proliferation predict a poor outcome in patients with
ARDS [10-13]. For example, both the presence of fi-
brosis on lung biopsies [14, 15] and elevated levels of
procollagen I and procollagen III in bronchoalveolar la-
vage fluid have been associated with increased risk of
death in patients with ARDS [10-13]. In addition, the
pulmonary dead space fraction, which may be a marker of
fibrosis, was shown to predict mortality [16].

The factor(s) in ARDS responsible for the develop-
ment of fibroproliferation are not known. We developed a
bioassay that measures the activity of the human procol-
lagen I promoter in primary cultures of normal human
lung fibroblasts. We used this assay to determine whether
bronchoalveolar lavage fluid (BALF) obtained from pa-
tients with ARDS within 48 h of intubation could activate
procollagen I by transcription. We then measured active
transforming growth factor-betal (TGF-f1), a member of
a family of polypeptide growth factors that activates fi-
broblasts [17], in BALF and also determined whether
blocking TGF-S1 could prevent BALF-induced procol-
lagen I promoter activation. Lastly, we wished to deter-
mine if either of our biological assays could predict
mortality or other important clinical outcomes. This work
was presented at the American Thoracic Society Inter-
national Conference, 2004 [18].

Methods

Study population

Subjects were recruited from the medical intensive care unit at
Northwestern Memorial Hospital, a tertiary care hospital, between
May 2001 and March 2003. Patients intubated within 48 h for acute
respiratory failure, with bilateral infiltrates on chest X-ray, absence
of clinical evidence of left atrial hypertension or (when available) a
pulmonary artery wedge pressure below 18 mmHg and a PaO,/
FIO, ratio less than 300 were eligible for the study. Subjects in-
tubated for cardiogenic pulmonary edema, and those undergoing
elective bronchoscopy and bronchoalveolar lavage (BAL) without
evidence of fibrotic lung disease were included as negative con-
trols. A second group of patients with pulmonary fibrosis or stage
IV sarcoidosis who were undergoing bronchoscopy with BAL were
included as positive controls. ARDS subjects were followed until
hospital discharge or death. Outcome measures included ventilator-
free days, ICU-free days and survival. Informed consent was ob-
tained from subjects or surrogates. The protocol was approved by
the Institutional Review Board (IRB) of Northwestern University.

Bronchoalveolar lavage protocol

Each mechanically ventilated patient had BALF collected within
48 h of intubation. A fiberoptic bronchoscope or a BAL catheter
was wedged into position in a distal bronchus and sterile saline was
instilled in 20 cc aliquots and then aspirated and collected. This was
repeated up to three times. The fluid was centrifuged at 1500 rpm
within 30 min of collection for 10 min, aliquotted and frozen at
-80°C.

Procollagen I promoter (PIP) reporter assay

Primary normal human lung fibroblasts (NHLF, Cambrex) were
cultured in fibroblast growth medium 2 (FGM-2). Transient trans-
fections of NHLF were carried out at 50% confluence in 6-well
plates using TransIT-LT1 (Mirus) according to the manufacturer’s
protocol. A typical transfection was performed by using 2.0 ug of a
firefly luciferase reporter driven by procollagen I promoter (PIP)
[19] and 50 ng of Renilla luciferase driven by herpes simplex virus
thymidine kinase promoter (prL-TK vector, Promega). Cells were
exposed to 1 ml of FGM-2 media along with either 1 ml of saline
(negative control) or 1 ml of BALF from different samples. A
positive control was conducted in cells exposed to 1 ml of FGF2-
media combined with 1 ml of saline containing recombinant active
human TGF-A1 (0.5 ng/ml). Cells were lysed using passive lysis
buffer (Promega) and luciferase values were obtained using the
Dual Luciferase Assay System (Promega). The ratio of PIP-luci-
ferase/TK-luciferase was calculated for each sample and normal-
ized to maximal activation as assessed by incubation with 0.5 ng/ml
TGF-B1. Each BAL sample was analyzed three separate times and
the average value was used for analysis. To determine whether
inhibitors of PIP activation were present in the BALF, PIP activity
was measured 24 h after the addition of exogenous active human
TGF-p1 (0.5 ng/ml) to each BAL sample. In an available subset of
five ARDS samples with the highest PIP activation, a neutralizing
antibody for TGF-$1 (10 ng/ml, R&D systems) was added to the
samples to determine whether it decreased PIP activation.

Bronchoalveolar lavage fluid procollagen I peptide assay

Procollagen I peptide was measured in BALF in a convenience
sample of 11 ARDS patients and all negative controls by ELISA
according to the manufacturer protocol (Metra CCIP, Quiedel).

Bronchoalveolar lavage fluid activated transforming
growth factor-81 assay

Active TGF-B1 was measured from BALF in duplicate using the
TGFpB; Enax ImmunoAssay System according to manufacturer
protocol (Promega). This assay only measures TGF-p1 that has
been cleaved and is biologically active.

Statistics

Demographic and physiologic variables are expressed as means +
SD. Continuous variables were analyzed using a Student’s r-test
(SPSS for Windows 11.5; SPSS, Chicago, IL). Since active TGF-f1
values were not normally distributed, they were log transformed for
analysis. One-way ANOVA was performed to determine if there
was a significant difference between procollagen I promoter acti-
vation or log transformed active TGF-f1 mean values among three
groups, and means between two groups were compared and p
values calculated using Bonferroni’s correction. A paired -test was
performed to compare PIP activation for each dose of TGF-j1 as
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well as in the presence and absence of TGF-f1 antibody. Pearson
correlation and Spearman correlation coefficients were calculated
for PIP, TGF-f1 and outcome measures that were normally and not
normally distributed, respectively. The highest third of TGF-j1
values were compared to the lowest two thirds for Kaplan-Meier
analysis and calculation of odds ratios. A p value less than 0.05 was
considered significant. For odds ratios, confidence intervals that did
not cross were 1.0 were considered significant.

Results

Characteristics of the study population

Twenty-nine ARDS patients, nine negative control and
six positive control patients were enrolled in the study.
There were 20 (70.0%) men and 9 women in the ARDS
group and the average age was 55+16 years. Other de-
mographic variables for the ARDS patients are shown in
Table 1 and clinical characteristics of negative and posi-
tive controls are shown in Table 2. The overall mortality
was 41% (12/29). Non-survivors were significantly older
and had higher MODS scores than survivors, but there
were no differences in PaO,/FIO, ratios, compliance or
APACHE 1I scores (Table 3).

Bronchoalveolar lavage fluid from patients
with acute respiratory distress syndrome
induces procollagen I promoter activation

Mean PIP activation was significantly different among the
three groups (Fig. 1; p<0.001). Further, the mean PIP
values were significantly higher in positive compared to
the negative controls, indicating that the assay was able to
discriminate between patients with fibrotic and non-fi-
brotic lung disease. The mean PIP value was also sig-
nificantly higher in ARDS patients than the mean in
negative controls (p<0.05). In addition, the ARDS pa-

Table 1 Baseline characteristics of ARDS patients

Characteristic Numbers (total of 29)
Age (years) 55+16
Men/Women 20/9
BMI 26.6x4.5
APACHE 11 26.3+4.4
P/F ratio 138+62
MODS 174
Compliance 36.5+£21.3
Risk factor

Pneumonia 19

Sepsis 7

Aspiration 2

Blood transfusion 1

Values are given as means + SD where appropriate

BMI body mass index, P/F PaO,/FIO,, APACHE II Acute Physi-
ology and Chronic Health Evaluation II, MODS Multiple Organ
Dysfunction Score

Table 2 Characteristics of positive and negative controls

Cardiogenic edema (n=5)

Age (years) 55+18
Men/women 2/3
BMI 30.1+6.2
APACHE 11 21.8+7.8
P/F ratio 202+113
MODS 13+3
Compliance 22.6+4.1
“Normal” lung (n=4)
Age (years) 5549
Reason for bronchoscopy
Unexplained hemoptysis 4
Fibrotic controls (n=6)
Age (years) 46x16
Pulmonary diagnosis
IPF 3
Stage 4 sarcoidosis 2
Cystic fibrosis 1

Values are given as means + SD where appropriate

BMI body mass index, P/F PaO,/F10,, APACHE II Acute Physi-
ology and Chronic Health Evaluation II, MODS Multiple Organ
Dysfunction Score, IPF idiopathic pulmonary fibrosis

Table 3 Characteristics of ARDS survivors and non-survivors

ARDS survivors and non-survivors

Survivors (n=17) Non-survivors (n=12)  p value
Age (years) 50£13 64+16 0.01
APACHE 11 25.2+8.7 29.1+8.6 0.25
P/F ratio 127+59 154+65 0.24
MODS 1543 19+5 0.03
Compliance 38.5+£26.0 33.5+11.8 0.57

APACHE II Acute Physiology and Chronic Health Evaluation II,
P/F PaO,/FIO,, MODS Multiple Organ Dysfunction Score

tients demonstrated greater variability in their PIP re-
sponse, as evidenced by a significantly greater variance
compared to negative or positive controls. There was
nearly an 8-fold difference between ARDS subjects with
the highest and lowest PIP activity (Fig. 11), and 4 of 29
(14%) had values within the fibrotic controls range or
higher. Lastly, in a sub-sample of 11 ARDS patients for
whom BAL fluid was available, procollagen I peptide
levels were higher compared to those of negative controls
(p<0.03) (Fig. 2). This sub-sample was not statistically
different compared to the entire cohort of 29 ARDS pa-
tients with respect to age, APACHE II scores, PaO,/FIO,
ratios, compliance or outcome (data not shown).

Acute respiratory distress syndrome patients
exhibit active transforming growth factor-£1

Mean TGF-p1 levels in the BALF of ARDS subjects were
higher than the mean of negative control subjects (Fig. 3),
though this did not reach statistical significance (p=0.09).
As with PIP, there was significant variability in the active
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Fig. 1 Procollagen I promoter activation. Primary cultures of nor-
mal human lung fibroblasts were transiently transfected with
plasmids encoding the human procollagen I promoter driving lu-
ciferase, which were then incubated with BALF from patients with
ARDS, (-) controls, or (+) controls. Luciferase activity was mea-
sured in cell lysates 24 h later and is expressed as the percentage of
the maximal (0.5 ng/ml TGF-f1) stimulated value. The horizontal
bars represents sample means. p<0.001 for comparison between
positive and negative controls and p<0.05 for comparison between
ARDS and negative controls
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Fig. 2 Procollagen I peptide levels in ARDS patients (n=11)
compared to negative controls. An ELISA assay was used to
measure procollagen I peptide in the BALF from patients with
ARDS and negative controls. The horizontal bars represents sam-
ple means. p<0.03 for comparison between ARDS patients and
controls

TGF-f1 levels of ARDS subjects with over a 3-log dif-
ference between the lowest and highest values. There was
a significant correlation between TGF-/1 and procollagen
I peptide values (p<0.05) (Fig. 4).

BAL TGF-p1
1m
|
u
- 0
T~
=
o £ A
-2 .
3 - —
-2-
A
u
-3 = )
ARDS (-) Controls

Subject Groups

Fig. 3 There is a trend toward higher active TGF-j1 levels in
patients with ARDS than in controls. An ELISA assay was used to
measure active TGF-$1 in the BALF from patients with ARDS or
negative controls. All experiments were repeated in duplicate. The
horizontal bars represents sample means. p<0.09 for comparison
between ARDS patients and controls
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Fig. 4 Active TGF-f1 levels correlated with procollagen I peptide
levels. The correlation coefficient between active TGF-f1 and
procollagen I peptide levels in BALF from ARDS patients (n=11)
was 0.73 (p<0.02)

Active transforming growth factor-31 contributes
to procollagen I promoter activation

The PIP-luciferase construct responded to TGF-f1 in a
dose-dependent fashion (see electronic supplementary
material) plateauing at a concentration of 0.5 ng/ml. In a
group of five available patient BALs with the highest PIP
activity, the addition of TGF-1 blocking antibody sig-
nificantly attenuated the PIP response (Fig. 5). The ad-
dition of exogenous TGF-A1 (0.5 ng/ml) to all BAL
samples led to maximal PIP activation (see electronic
supplementary material), suggesting the absence of sig-
nificant TGF-A1 inhibitors in BALF.
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Fig. 5 TGF-f1 in the BALF is largely responsible for procollagen I
promoter activation. Primary cultures of normal human lung fi-
broblasts were transiently transfected with the human procollagen I
promoter- luciferase plasmid construct. They were then exposed to
BALF from ARDS patients with the highest PIP activity (n=5) in
the presence or absence of an antibody to TGF-£1 and luciferase
activity was assessed 24 h later. There was a significant fall in
procollagen I promoter activation in the presence of TGF-31 an-
tibody, p=0.008

Clinical outcomes

There was no significant correlation between of PaO,/
FIO, ratios, respiratory system compliance or APACHE
IT scores to outcome (Table 4) for either biological assay.
In addition, there were no statistically significant differ-
ences in PIP values between ARDS survivors and non-
survivors (Fig. 6A) and there was no significant correla-
tion between PIP values and ICU-free (IFD) or ventilator-
free days (VFD) (Table 4). In contrast, there was a sig-
nificant negative correlation between active TGF-f1
levels and ventilator-free days and ICU-free days (Ta-
ble 3). These results did not change when controlled for
age and APACHE II scores. Furthermore, the odds ratios
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Fig. 6 Procollagen I promoter activation and active TGF-$1 levels
and mortality. BALF procollagen I promoter activation was not
different in patients who died from ARDS (28-day all cause mor-
tality) and those who survived, p=0.56 (a). A similar analysis was

Table 4 Correlation coefficients for outcome

Ventilator-free days ICU-free days

P/F -0.34 -0.28
Compliance 0.23 0.27
APACHE 1II -0.34 -0.30
PIP 0.16 0.11
LogTGF-f1 -0.37° -0.42°

2 p=0.06, ° p<0.05
P/F PaO,/FIO,, APACHE II Acute Physiology and Chronic Health
Evaluation II, PIP procollagen I promoter activation
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Fig. 7 Survival curves in ARDS patients with high and low TGF-
B1 levels. The highest third (High TGF-f1) of TGF-f1 values were
compared to the lowest two thirds (Low TGF-f1) to determine the
relationship of high TGF-1 levels and survival (p<0.51)

for prolonged mechanical ventilation (<14 VFD) and ICU
stay (<14 IFD) with high TGF-B1 levels were 17.33
(2.35-127.34) and 6.50 (1.09-38.6), respectively. Mean
TGF-B1 levels were higher in non-survivors compared to
survivors (Fig. 6B), though this did not reach statistical
significance (p=0.14). Survival curves stratified by TGF-
B1 levels were not statistically different (Fig. 7).
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conducted comparing Log active TGF-f1 levels in patients with
ARDS (b). Non-survivors had higher mean levels than survivors,
though the difference was not statistically significant, p=0.14
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Discussion

In the present study we demonstrate that the BALF ob-
tained from patients with ALI/ARDS within 48 h of in-
tubation is capable of activating the human procollagen I
promoter (PIP). This increase in procollagen I promoter
activity appears to result from TGF-B1 present in the
BALF, as active TGF-B1 was present in most ARDS
subjects and PIP activation by BALF was blocked by
TGF-B1 antibody. Several groups of investigators have
detected procollagen I [12, 20, 21] and III [10, 11, 13, 22]
in the BALF of patients with ARDS in the first 1-3 days
following injury. Furthermore, BALF obtained from pa-
tients with ARDS 1-3 days following intubation is mi-
togenic for fibroblasts [13] and contains factors known to
induce collagen production in some in vitro models in-
cluding TGF-a [23] and TGF-p1 [24]. Many of these
markers of fibroproliferation have been shown to predict
poor outcomes in patients with ALI/ARDS [25].

We wished to determine whether the BALF from pa-
tients with ARDS was capable of activating the human
procollagen I promoter and to determine which factor(s)
were responsible for that activation. To address this
question, we developed a bioassay using the full length
human PIP in primary human lung fibroblasts. The use of
primary cultured cells minimizes the effect of aberrant
signaling mechanisms that may be present in immortal-
ized cells. The use of the full length promoter allows for
responses to both stimulatory and inhibitory cytokines
that may be present in the BALF. Therefore, this system
provides direct evidence for factor(s) in BALF from
ARDS patients that can activate the PIP and also for the
absence of significant inhibitors of this activation. Our
bioassay differs from that used by Fahy et al., who
transfected the human plasminogen activator inhibitor-1
(PAI-1) promoter [24] driving luciferase into mink lung
epithelial cells. Their assay is very sensitive for detection
of active TGF-f1, but cannot address the question of
whether TGF-f1 or other cytokines is/are responsible for
PIP activation.

An important role for TGF-f1 in the upregulation of
fibroblasts following ALI would be consistent with pre-
vious human and experimental observations. TGF-f1 re-
ceptors can be detected in lung mesenchymal cells, mi-
crovascular endothelial cells as well as alveolar epithelial
cells [26]. Total TGF-B1 expression is increased in ex-
perimental models of ALI and lung fibrosis [27, 28] and
in patients with fibrotic lung diseases that appear similar
to fibroproliferative ARDS histologically, such as idio-
pathic pulmonary fibrosis [29] and stage IV sarcoidosis
[30]. Following the infant respiratory distress syndrome,
patients who progressed to chronic lung disease had six-
fold higher levels of active TGF-$1 than patients who did
not [31].

Based on our analysis, TGF-B1 explains only about
50% of the procollagen I peptide levels in alveolar fluid.

This suggests that factors other than TGF-j1 are present
in alveolar fluid that also modulate procollagen I pro-
duction. Potential candidates include thrombin [32], tissue
plasminogen activator [33], insulin [34], insulin-like
growth factor [35], IL-4 or IL-13 [36, 37].

The ability of the BALF collected from patients in the
early phase of ARDS to activate the PIP activation was
not associated with significant clinical outcomes; how-
ever, levels of active TGF-f1 are inversely correlated
with ventilator-free days and ICU-free days. One previous
study has shown that higher BAL procollagen I peptide
levels were associated with increased mortality risk [12].
These investigators measured procollagen I peptide levels
four times within the first week of intubation. While there
were no differences in procollagen I levels between sur-
vivors and non-survivors in the first 24 h following in-
tubation, there were significant differences by day 7. In
contrast, day 1 BAL procollagen III levels have been
shown to be predictive of mortality [10, 13] and day 1
tracheal aspirate levels of N-terminal procollagen III
peptide levels greater than 1.75 U/ml were associated
with a two-fold increased risk of death [11]. Collagen
content and the ratio of type I to type III collagen is
altered following lung injury [38] and it is possible that
the balance of type I and type III collagen may be im-
portant in patient outcome. We did not measure BAL PIP
activity later in ARDS (e.g. day 3 or day 7) and it may be
that inability to downregulate procollagen 1 expression
over time may impact outcome.

Our findings suggest that TGF-f1 levels may have a
greater impact on outcome than PIP activation. BAL
TGF-B1 levels inversely correlated with ventilator-free
days and with ICU-free days. There is also a suggestion
that patients with higher TGF-B1 levels may have a
higher risk of death and may die faster, although neither
outcome was statistically significant. The failure to reach
statistical significance may be due to the relatively small
numbers of patients in our study. Based on the unknown
operating characteristics of our novel assays, it was dif-
ficult to calculate the power of our study a priori.

Our findings suggest that active TGF-f1 might act
through mechanisms distinct from PIP activation and
there is biologic plausibility in disassociating TGF-f1
effects on fibroproliferation and ARDS outcome. Several
groups of investigators have reported that markers of al-
veolar epithelial cell injury predict outcome in patients
with ARDS [39-41]. TGF-S1 can increase both alveolar
epithelial permeability [42, 43] and downregulate alveolar
epithelial proliferation [44]. TGF-B1 can also increase
pulmonary endothelial permeability by promoting ad-
herens junction disassembly [45] as well as inhibiting
pulmonary endothelial proliferation [46]. Thus, the effect
of TGF-f1 on alveolar epithelial and endothelial function
in ARDS and its relationship to clinical outcome deserves
further study.
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One potential limitation of our study is the low volume
of fluid used for our BALs, which may have limited our
alveolar sampling. We used the same protocol, however,
in our negative and positive controls and were able to
detect differences in our patient groups. If anything, this
under-sampling might have decreased our ability to detect
factors that activate PIP or active TGF-f1. Thus, our re-
sults may underestimate TGF-$1 levels and the ability of
the BALF to activate TGF-£1.

In conclusion, we demonstrate that active TGF-S1 in
the BALF obtained from patients with ARDS within 48 h
of intubation activates the procollagen I promoter in pri-

mary cultures of human lung fibroblasts. While the ability
of the BALF to activate the procollagen I promoter does
not predict clinical outcome, elevated levels of active
TGF-B1 predict a poorer outcome.
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