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Abstract

Acute lung injury (ALl) and its most severe form, acute respiratory distress syndrome (ARDS), are characterised by high-
protein pulmonary edema and severe hypoxaemic respiratory failure due to increased permeability of pulmonary
microvascular endothelial cells (PMVEC). Alveolar epithelial cells (AEC) contribute importantly to normal alveolar function,
and AEC dysfunction in ALI/ARDS is associated with worse outcomes. We hypothesized that AEC can modulate human
PMVEC barrier function, and investigated the effects of AEC presence on human PMVEC barrier under septic conditions
in vitro. PMVEC isolated from human lung were treated in vitro with septic stimulation (lipopolysaccharide [LPS], a mixture
of clinically-relevant cytokines [cytomix], or plasma from patients with severe sepsis), and the trans-PMVEC leak of Evans
Blue dye-labeled albumin assessed. PMVEC septic responses were compared in the presence/absence of co-cultured A549
epithelial cell line or primary human AEC. Septic stimulation with LPS, cytomix, or septic plasma induced marked PMVEC
hyper-permeability (10.21.8, 8.9£2.2, and 3.7+0.2 fold-increase vs. control, respectively, p<<0.01 for all). The presence of
A549 cells or primary human AEC in a non-contact co-culture model attenuated septic PMVEC hyper-permeability by
39+4% to 100*3%, depending on the septic stimulation (p<<0.05). Septic PMVEC hyper-permeability was also attenuated
following treatment with culture medium conditioned by previous incubation with either naive or cytomix-treated A549
cells (p<<0.05), and this protective effect of A549 cell-conditioned medium was both heat-stable and transferable following
lipid extraction. Cytomix-stimulated PMN-dependent PMVEC hyper-permeability and trans-PMVEC PMN migration were also
inhibited in the presence of A549 cells or A549 cell-conditioned medium (p<<0.05). Human AEC appear to protect human
PMVEC barrier function under septic conditions in vitro, through release of a soluble mediator(s), which are at least partly
lipid in nature. This study suggests a scientific and potential clinical therapeutic importance of epithelial-endothelial cross
talk in maintaining alveolar integrity in ALI/ARDS.
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Introduction circulating neutrophils into the pulmonary interstitium and
o ) alveolar spaces [5,6,7]. PMVEC hyper-permeability during

A.Cutc l‘mg mjury (ALI) and its most severe .form, acute sepsis/ALI is the result of a complex interaction of PMVEC with
respiratory distress syndrome (ARDS), remain major causes of many soluble factors, such as bacterial lipopolysaccharide (LPS)
morbidity and mortality in critically ill patients. ALI/ARDS are and endogenous pro-inflammatory cytokines (eg. tumour necrosis

characterized by high-protein pulmonary edema and severe factor [TNF] o, interleukin [IL] 1p), as well as inflammatory cells,
hypoxemic respiratory failure [1,2,3] and may result from many

clinical insults, including sepsis and pneumonia. Despite improved
understanding of the pathophysiology of ALI/ARDS, the mortal-
ity rate remains significant at 35-40% [2,3,4].

including circulating neutrophils and pulmonary-resident alveolar
macrophages [6,8,9,10,11].

Alveolo-capillary PMVEC are normally closely apposed to
alveolar epithelial cells (AEC), and both cells together regulate gas-

The key pathophysiologic feature of ALI/ARDS is injury to the exchange across the alveolo-capillary membrane. AEC also play a
pulmonary alveolar-capillary membrane [1,2]. In sepsis, pulmo-

nary microvascular endothelial cell (PMVEC) injury and barrier
dysfunction results in the leak of protein-rich edema fluid and

key role in keeping alveoli relatively “dry”, as they form a very
tight permeability barrier [12]. AEC also continuously remove
liquid from the alveolar space through the cationic and water
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channels located at the AEC apical surface, transporting fluid to
the interstitial space for subsequent lymphatic removal [13]. AEC
dysfunction, resulting in impairment of their barrier and water
clearance functions, has been described in ARDS patients and is
associated with worse outcome. AEC may also contribute to
inflammatory events in ALI/ARDS, as they are an important
source of cytokines (eg. TNFa, IL1P, IL6) and chemokines
(eg.monocyte chemotactic protein [MCP] 1, IL8) under inflam-
matory conditions [14,15,16], and also promote intra-alveolar
coagulation [17]. However, the potential biological importance of
epithelial-endothelial interactions at the alveolo-capillary barrier,
and specifically the effect of AEC presence on PMVEC
permeability is not known, especially under septic conditions.

Thus, we hypothesized that AEC can modulate human
PMVEC barrier function. Specifically, we assessed whether the
presence of A549 cells, a human AEC cell line, or A549-derived
soluble products can modulate human PMVEC barrier function
under septic conditions in vitro. PMVEC isolated from human
lung tissue were cultured in the presence or absence of A549 cells
or primary human AEC during stimulation with LPS, cytomix (an
equimolar mixture of clinically-relevant human cytokines TNFa,
IL1B, and interferon [IFN] 7), or plasma isolated from patients
with severe sepsis. In addition, we assessed the effects on septic
PMVEC hyper-permeability of treatment with cell culture
medium “conditioned” by prior incubation with A549 cells. The
presence of A549 cells or A549 cell-conditioned medium (CM)
attenuated PMVEC hyper-permeability under all septic condi-
tions, through release of soluble factor(s), which were heat-stable
and at least partly lipid in nature. In addition, A549 cell presence
and A549-CM reduced septic neutrophil-dependent PMVEC
hyper-permeability and attenuated trans-PMVEC neutrophil
migration.

Methods

Ethics Approval

All procedures were approved by Western University’s Health
Sciences Research Ethics Board. Informed written consent was
obtained from healthy blood donors, as well as from septic patients
or their surrogate decision-makers. Discarded lung tissue samples
were obtained from the pathology department following removal
of all clinical identifiers, and as such, the institutional review board
waived the need for written informed consent from lung tissue
donors.

Human Pulmonary Microvascular Endothelial Cell
(PMVECQ) Isolation and Culture

PMVEC were isolated from human lung tissue, following
resectional surgery for localized lung cancer, as previously
reported [10].

Human Alveolar Epithelial Cell (AEC) Isolation & Culture

Two different human AEC-type cells were used in these
experiments. A549 cells, a type II AEC-like cell line, were cultured
as per suppliers guidelines (ATCC, Rockville, MD), and used for
the majority of studies.

In certain key experiments, the effects of A549 cells were
confirmed by limited studies using primary human type II AEC,
which were isolated using a previously described method [18,19].
Briefly, human peripheral lung tissue was finely minced, washed
with PBS, filtered (100 um strainer), and serially digested with
dispase and then elastase/trypsin (Sigma). The digested tissue was
filtered serially through sterile gauze, 100 um, and 40 um
strainers, the filtrate washed with PBS, and incubated for 3-hours
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in 10% FBS/DMEM at 37°C with 5% CO,. The non-adherent
cells were collected and centrifuged on a Percoll discontinuous
gradient (1.089 g/ml and 1.040 g/ml, Sigma) at 300 g for 20 min.
The cells at the interfacial layer were collected, washed twice with
PBS, and 2x10° cells seeded in each well of a 24-well plate and
cultured in 10% FBS/DMEM. The next day, dead cells were
removed, and attached cells permitted to grow to confluence over
4-5 days. >90% of cultured cells were AEC type II (positive
staining with rabbit polyclonal anti-human surfactant protein-C
antibody; Millipore, Billerica, MA), and were used for experiments
within 6 days.

Human PMVEC/A549 Cell Co-culture

In order to mimic the close apposition of PMVEC and AEC in
the normal human lung, a bilayer of PMVEC/A549 cells was
prepared as previously reported [19]. Cell-culture inserts with
3 um pores (Costar, Cambridge, MA) were inverted and the basal
undersurface of the membrane coated with 1% gelatin. 3x10*
A549 cells in 50 uL. Endothelial Growth Medium (EGM;
Walkerville, MD) were seeded on the basal undersurface of the
insert and cultured for 3-hours at 37°C in 95% air/5% CO,. After
incubation, the non-adherent cells were removed by aspiration.
The inserts were then flipped upright in a 24-well plate, and
incubated with 600 uL. of EGM medium in the lower chamber.
10°> human PMVEC in 200 uL medium were seeded on the apical
(upper) surface of the inserts. Every 3 days the medium was
changed, and the experiments were carried out on day 5.

In some experiments, PMVEC/A549 cells were also co-
cultured but were physically separated by a distance of 1 mm by
culturing A549 cells in the lower chamber below PMVEC
monolayers on cell-culture inserts. For these experiments, 10°
A549 cells were seeded in each lower chamber with 10% DMEM
and cultured for 3 days to reach confluence. For PMVEC/A549
cell co-culture experiments, PMVEC monolayer-inserts were
placed in the lower chambers containing A549 cells, along with
200 pL and 600 pL fresh EGM in upper and lower chambers,
respectively.

Isolation of Human Septic vs Control Plasma

Patients with severe sepsis were identified according to standard
criteria [20], and recruited without consideration of their age,
gender, or infection category. Isolated septic plasma was either
used fresh or stored at —20°C.. Control plasma was isolated from
healthy volunteers.

Preparation of A549 Cell-conditioned Medium

Confluent A549 cells were cultured in 24-well plates in 600 pL
of fresh 10% EGM medium for 8-hours in the presence or absence
of cytomix (10 ng/mL). This medium “conditioned” by A549 cells
(A549-CM) medium was aspirated, centrifuged for 5 min at
1000 xg at 4°C,, and the supernatant kept at —20°C until use. Two
control cell-CM were similarly prepared from: (1) cultures of
human PMVEC, and (2) PMVEC/A549 cell co-cultures.

In pilot studies, the potential nature of a soluble A549 cell-
derived factor in A549-CM was explored in three ways. First,
A549-, PMVEC- and PMVEC/A549-CM were frozen at —80°C
for later analysis of a panel of inflammatory cytokines, chemo-
kines, and growth factors using multiplexed immunoassay Kkits,
according to manufacturers’ instructions (Bio-Rad Laboratories
Inc.,Hercules, CA). A Bio-Plex 200 readout system was used (Bio-
Rad), which utilizes Luminex® xMAP fluorescent bead-based
technology (Luminex Corporation, Austin,I’X). Cytokine levels
(pg/mL) were automatically calculated from standard curves using
Bio-Plex Manager software (v. 4.1.1, Bio-Rad).
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Second, non-cytomix-treated A549-CM was heated to 100°C
for 20-min in order to denature peptides, and the effect of this
heated A549-CM on septic PMVEC then assessed. Finally, non-
cytomix-treated A549-CM was subjected to lipid extraction as
previously described [21,22]. Briefly, 25 mL of A549-CM or EGM
was added to 94 mL chloroform/methanol/12N HCI (vol/vol/
vol: 2/4/0.1). The solution was mixed thoroughly, followed by the
addition of 37 mL of chloroform and further mixing. Subsequent-
ly, 25 mL of HyO was added and the solution was mixed via 5-
min of shaking, and centrifuged at 1750 xg for 10-min. The upper
aqueous (water-methanol) phase was removed via suction, and the
lower chloroform phase was dried under Ny gas. The dissolved
lipid extract was dried and stored under Ny gas until further use.
For experiments, the extracted lipids were dissolved in 250 pL
methanol and sonicated, after which 20 pL of lipid extract from
A549-CM or EGM was added to 1 mL of EGM. Additionally,
20 pL of methanol was similarly diluted in the control medium, to
a final concentration of 2% for lipid extract experiments.

Experimental Protocols

Trans-PMVEC albumin permeability studies. Human
PMVEC monolayers in cell-culture inserts were stimulated for 8-
hours with cell-culture medium containing LPS (E. Coli, 055:B5;
Sigma), cytomix (an equimolar mixture of sepsis-relevant human
cytokines TNFa, IL1B, and IFNy; Sigma), or plasma from septic
patients vs healthy control subjects vs appropriate control media.
For LPS and cytomix studies, the appropriate control treatment
was PBS-treated culture medium. For human plasma studies, the
relevant control treatment chosen was 20% fetal bovine serum
(FBS)-treated culture medium.

For LPS and cytomix experiments, the respective septic
stimulation was added to both upper and lower chambers. In
pilot studies, stimulation in only upper or lower chambers was less
effective than stimulation in both chambers. For human plasma
studies, plasma or the control FBS were only added to the apical
aspect of PMVEC (upper chamber), because apical plasma
exposure was thought to be more physiologic and because of
limited supplies of individual patient plasma for the number of
required studies. Moreover, in pilot studies, septic plasma
stimulation of PMVEC was more effective from the upper vs
lower chamber, and equally effective to septic plasma stimulation
in both upper/lower chambers (data not shown).

The permeability of PMVEC monolayers or PMVEC/A549
cell bilayers was assessed by measuring the flux of Evans blue (EB)
dye-labeled bovine serum albumin, as we previously reported
[9,10]. After 7-hours of the 8-hours septic stimulation, 150 pl of a
4% solution of albumin were added to the lower chamber and
50 ul of a 0.67 mg/ml EB-albumin solution were added to the
upper chamber. The trans-PMVEC flux of EB-albumin into the
lower chamber over exactly 1-hour was quantified by measuring
the absorbance of the medium in the lower chamber at 620 nm,
and comparing values to a standard curve.

Polymorphonuclear neutrophil (PMN) dependent trans-
PMVEC protein leak, migration and adhesion. For all
PMN-PMVEC experiments, PMNs were isolated from normal
human blood donors using Lymphocyte Separation Medium (ICN
Biomedicals Inc., Aurora, OH), as described previously [23]. For
quantification of PMN-PMVEC adhesion and trans-PMVEC
PMN migration, isolated PMNs were labeled with calcein-AM
(excitation 494 nm, emission 517 nm; Invitrogen, Burlington,
Ontario, Canada).

PMN-dependent PMVEC hyper-permeability and trans-
PMVEC PMN migration were assessed in cell-culture inserts.
Confluent PMVEC monolayers and PMNs were separately
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stimulated with cytomix (0.03 and 0.3 ng/mL) for 3-hours.
5%10° PMN were then added to the apical aspect of PMVEC
monolayers for I-hour with cytomix (0.03 and 0.3 ng/mL)
stimulation. Following PMN-PMVEC co-culture, EB-albumin
was added to the upper chamber of inserts, and 1-hour later,
the medium from the lower chamber of the inserts (containing EB-
albumin and migrated PMN) was collected and centrifuged for 5-
min at 500 g. Trans-PMVEC EB-albumin leak was measured
spectrophotometrically in the supernatant. The cell pellets were
resuspended, and calcein-AM-labeled PMN quantified by fluores-
cence spectrophotometry (Victor3 fluorescence plate reader,
PerkinElmer, Boston, MA) against a standard curve of number
of calcein-AM-labelled PMN.

PMN-PMVEC adhesion was assessed in 24 well plates.
Confluent PMVEC monolayers and PMNs were separately
stimulated with cytomix (0.03 and 0.3 ng/mlL) for 3-hours, and
then 5x10° PMNs were added to the apical aspect of PMVEC
monolayers for 1-hour under cytomix (0.03 and 0.3 ng/mL)
stimulation. Non-adherent PMNs were removed by washing the
monolayers twice with PBS. The remaining cells in the wells were
collected with a cell scraper and the fluorescence intensity of the
cell suspension was measured. PMN-PMVEC adhesion rates were
calculated according to a standard curve as above.

Statistical Analysis

Data represent the mean®=SEM of at least 3 independent
experiments performed in at least duplicate. Data were analyzed
using one-way ANOVA, with post hoc testing where indicated
using Dunnett’s multiple comparison test. P<<0.05 was accepted as
significant.

Results

Effects of A549 Cell Presence on Septic PMVEC Hyper-
Permeability

Septic treatment of isolated human PMVEC with either
cytomix or LPS resulted in a significant and dose-dependent
increase in human PMVEC permeability to EB-labeled albumin
(Fig. 1). This “septic” PMVEC hyper-permeability did not appear
to be due simply to PMVEC death, as PMVEC survival was
97%2% and 98*1% at maximal doses of cytomix and LPS,
respectively, no different than 99+1% for PBS (p =ns for both).

We next assessed the effect of the presence of A549 cells in co-
culture with PMVEC on this septic PMVEC hyper-permeability
in 2 ways. First, a bilayer of PMVEC/A549 cells was created
in vitro as a model of the close apposition of PMVEC and AEC,
separated only by a thin basement membrane in the normal
human alveolo-capillary membrane (see schema, Fig. 2A). In the
PMVEC/A549 cell bilayer model, septic PMVEC hyper-perme-
ability following cytomix or LPS stimulation was completely
eliminated (Fig. 2B). In a second approach, the potential effects of
A549 cells on septic PMVEC hyper-permeability were assessed in
a PMVEC/A549 cell non-contact co-culture model, by culturing
human PMVEC on cell-culture inserts in the presence vs absence
of A549 cells in the lower chamber (see schema, Fig. 2C). Even at
this “remote” location, at 1 mm distance from PMVEC, A549
cells significantly reduced septic PMVEC hyper-permeability by
100£3% and 64*=9% for low-dose (0.1 ng/mL) and high-dose
(10 ng/mL) cytomix, respectively (Fig. 2D). Similarly, A549 cells
attenuated LPS-induced trans-PMVEC EB-albumin leak by
61%=4%. In control studies, the presence of extra PMVEC, rather
than A549 cells, in the lower chamber, had no effect on septic
PMVEC hyper-permeability (data not shown).
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Figure 1. Dose-dependent effects of cytomix and lipopolysac-
charide (LPS) on human pulmonary microvascular endothelial
cell (PMVEC) permeability. PMVEC seeded on cell-culture inserts for
5-6 days formed a monolayer, which was subsequently stimulated with
either cytomix (A) or LPS (B) vs PBS for 8-hours, and the permeability
determined by measurement of trans-PMVEC leak of Evans blue (EB)
dye-labeled albumin over the final 1-hour. The dose-response effects of
cytomix and LPS were both significant (P<0.01) by ANOVA; *: P<<0.05
vs. PBS/non-stimulated groups.

doi:10.1371/journal.pone.0055311.g001

Although PMVEC: barrier properties are important in normal
alveolo-capillary function, AEC also form a very tight permeability
barrier [12]. Thus, in the PMVEC/A549 cell bilayer model, we
were concerned whether the apparent reduction in septic PMVEC
hyper-permeability in the presence of adjacent A549 cells was
simply due to A549 cells creating a physical barrier. Indeed, when
we assessed the permeability of isolated A549 cells by themselves,
in the absence of PMVEC, they dose-dependently and dramat-
ically decreased EB-albumin leak (Fig. 3). As such, it was clear that
any potential modulatory effects of A549 cells on PMVEC
permeability could not be assessed via this PMVEC/A549 cell
bilayer model. Based on the inability to directly assess PMVEC
permeability in the PMVEC/A549 cell bilayer model, all
subsequent studies were completed using the PMVEC/A549 cell
non-contact co-culture model.

The clinical relevance of this putative A549 cell protective effect
against septic PMVEC hyper-permeability was assessed by
treating human PMVEC monolayers with plasma isolated from
septic human patients. In pilot experiments, apical (upper
chamber) septic plasma treatment induced PMVEC hyper-
permeability to EB-albumin in a dose-dependent manner
(Fig. 4A), beginning at 4-hours after stimulation, and peaking at
8-hours (Fig. 4B). Thus, 20% plasma and 8-hours stimulation time
were used for all subsequent human plasma experiments.

Human plasma isolated from healthy blood donors increased
trans-PMVEC EB-albumin leak by 190%£20% vs control FBS
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(Fig. 5A). Plasma from 8 of 10 septic human subjects induced
marked septic PMVEC hyper-permeability, increasing trans-
PMVEC EB-albumin leak by 366+19% of control FBS, which
was greater than the effect of healthy-donor control plasma
(p<<0.05). Moreover, the presence of A549 cells in the lower
chamber almost completely attenuated human septic plasma-
induced PMVEC hyper-permeability, back to the level of
permeability seen with healthy-donor control plasma (Fig. 5B).

Effects of A549 Cell-Conditioned Medium (CM)

We then explored the putative presence of soluble factors
produced by A549 cells in the protective effect against septic
PMVEC hyper-permeability. Unstimulated A549 cells were
cultured for 8-hours in normal cell-culture medium, and this
A549-CM collected, and subsequently used to culture PMVEC
during treatment with cytomix or LPS. A549-CM significantly
protected against septic (both cytomix and LPS) PMVEC hyper-
permeability (Fig. 6). Moreover, CM isolated from co-cultured
PMVEC/A549 cells, but not from PMVEC alone, had a similar
protective effect against septic PMVEC hyper-permeability. Thus,
the protective effect against septic PMVEC hyper-permeability
was specifically dependent on the presence of A549 cells.

In order to assess the effects of “septic” stimulation on A549
cells and the protective mechanism against septic PMVEC
hyper-permeability, A549 cells were pre-stimulated with cytomix
(10 ng/mL) for 8-hours prior to collection of A549-CM.
Cytomix pre-treatment of A549 cells did not affect the
protective effects of A549-CM against septic PMVEC hyper-
permeability (Fig. 7).

Effects of Primary Human Type Il AEC Presence on Septic
PMVEC Hyper-Permeability

The putative A549 cell-mediated protective effect on septic
human PMVEC was confirmed in a small number of selected
experiments by isolating and studying primary human type II
AEC from three different human subjects. These primary human
AEC were cultured in the lower chamber below human PMVEC,
in a PMVEC/AEC non-contact co-culture model, in the presence
of cytomix, LPS, or septic plasma. Similar to the protective effect
of A549 cell presence in PMVEC/A549 co-culture in the studies
described above, the presence of primary human type-II AEC
significantly attenuated PMVEC septic hyper-permeability in-
duced by cytomix, LPS, or septic plasma by 39*4%, 69+4%, and
73%8%, respectively (Fig. 8).

Effects of A549 Cells on Septic Neutrophil-PMVEC
Interactions

The effects of A549 cell presence on septic PMVEC hyper-
permeability in PMVEC/A549 cell co-culture were assessed in a
more clinically relevant situation of neutrophil presence. Human
neutrophil presence greatly enhanced septic PMVEC hyper-
permeability following treatment with cytomix (0.03 and 0.3 ng/
ml; Fig. 9A). The presence of A549 cells significantly reduced
neutrophil-dependent septic PMVEC hyper-permeability. In
addition, septic stimulation was associated with increased trans-
PMVEC neutrophil migration, which was also markedly reduced
by A549 cell presence (Fig. 9B).

Next, we assessed the effects of A549-CM, rather than the
presence of A549 cells, in neutrophil-PMVEC co-cultures. Similar
to the inhibitory effect of A549 cell presence, treatment with A549-
CM significantly reduced both neutrophil-dependent septic
PMVEC hyper-permeability (Fig. 9C) as well as trans-PMVEC
neutrophil migration (Fig. 9D).
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Figure 2. Effect of A549 cells in the bottom chamber on septic trans-PMVEC hyper-permeability. (A) PMVEC monolayers on the apical
aspect of inserts were co-cultured with A549 cells on the under-surface of the insert membrane, forming a bilayer. (B) PMVEC were stimulated with
cytomix (10 ng/mL) or LPS (1 pug/mL) for 8-hours to assess the effects of the presence (filled bars) or absence (open bars) of adjacent A549 cells on
trans-PMVEC EB-albumin leak. (C) PMVEC on inserts were also co-cultured with A549 cells on the bottom surface of the lower chamber, at 1 mm
distance from the insert membrane. (D) The effects of the presence (filled bars) or absence (open bars) of remote A549 cells on trans-PMVEC EB-
albumin leak following cytomix (1 or 10 ng/mL) or LPS (1 pug/mL) stimulation for 8-hours were assessed. P<<0.001 by ANOVA. *: P<<0.05 or **: P<<0.01
vs. respective PBS; #: P<<0.05 for the presence of A549 cell vs. PMVEC alone.

doi:10.1371/journal.pone.0055311.g002
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Figure 3. The effect of cell number on permeability of isolated
alveolar epithelial cells (A549). A549 cells at varying density were
seeded onto cell-culture inserts, incubated for 72-hours, and the trans-
A549 cell permeability to EB-labeled albumin assessed over 1-hour
incubation. P<<0.01 by ANOVA; **, P<<0.01 vs insert alone.
doi:10.1371/journal.pone.0055311.g003
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In neutrophil-PMVEC co-culture, neutrophil adhesion to
PMVEC was also increased under septic conditions (Table 1).
However, in contrast to the inhibitory effects of A549-CM on
trans-PMVEC neutrophil migration, A549-CM treatment of
neutrophil-PMVEC  co-cultures had no effect on neutrophil-
PMVEC adhesion.

Exploratory Studies on the A549 Cell-Derived Soluble
Protective Factor against Septic PMVEC Hyper-
Permeability

In exploratory studies, the production by A549 cells of an array
of sepsis-relevant soluble cytokines, chemokines, and growth
factors was measured by multiplex ELISA (Table 2). In isolated,
unstimulated (PBS-treated) A549 cells in culture, there was release
of low levels of IL8 and MCP1 over 8-hours, but no production of
any other measured factors. In contrast, following cytomix
stimulation, A549 cells released significant levels of IL6 and IL8,
macrophage inflammatory protein (MIP1p), interferon gamma-
induced protein 10 (IP10), MCPI, and granulocyte colony-
stimulating factor (GCSF) over 8-hours. In contrast, we did not
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hours with varying concentrations of plasma isolated from 3 different
patients with sepsis, and trans-PMVEC EB-albumin leak measured over
the final 1-hour. (B) PMVEC on the apical aspect of inserts were treated
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hour. P<0.05 by ANOVA for both A and B; *: P<<0.05 and **: P<<0.01 vs
FBS control.

doi:10.1371/journal.pone.0055311.g004

detect synthesis of any IL9, IL15, IL17, or platelet-derived growth
factor (PDGF) from cytomix-treated A549 cells (data not shown).
PMVEC alone produced much lesser amounts of IL8, IP10, and
GCSF than A549 cells, and there was no appreciable production
of MIPIPB. In PMVEC/A549 cell co-culture, there was a
significantly greater, synergistic increase in the culture medium
levels of IL6, IL8, and GCSF, but a lesser production of IP10 than
in isolated A549 cells alone.

Next, we assessed other possible properties of the soluble
mediator(s) likely responsible for the protective effect of A549-CM
on PMVEC hyper-permeability. Despite heat pre-treatment of the
A549-CM, the protective effect against septic PMVEC hyper-
permeability was preserved, suggesting that this heat-stable
protective effect was not mediated by soluble protein(s) in the
medium (Figure 10A). Moreover, the protective effect of A549-
CM was transferable through a lipid extract from A549-CM, but
not from EGM, protecting against septic neutrophil-dependent
PMVEC hyper-permeability (Figure 10B). In control studies,
unstimulated PMVEC permeability and septic PMVEC hyper-
permeability, as well as the protective effect of A549-CM were not
affected by the presence of 2% methanol in the lipid extraction
process (data not shown).
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Figure 5. Effect of A549 cells (bottom chamber) on trans-
PMVEC hyper-permeability following septic plasma treatment.
(A) PMVEC on the apical aspect of inserts were cultured for 8-hours with
20% FBS control, 20% plasma from 4 different healthy donor control
subjects, or 20% plasma from 10 different patients with sepsis, and
trans-PMVEC EB-albumin leak measured over the final 1-hour. *: P<0.05
vs FBS (note: all septic plasma bars were significantly different from FBS
control, but this is not indicated in the figure to avoid clutter); #:
P<0.05 and ##: P<<0.01 vs average of healthy donor control plasma.
(B) PMVEC on the apical aspect of inserts were treated with 20% plasma
from septic patients (n=8) for 8-hours in the presence (filled bars) or
absence (open bars) of A549 cells cultured on the bottom surface of the
lower chamber. The dotted line represents the average level of EB-
albumin leak induced by healthy donor control plasma in panel A.
P<0.05 by ANOVA. f: P<0.05 and 17: P<<0.01 for the presence of A549
cells vs. PMVEC alone.

doi:10.1371/journal.pone.0055311.g005

Discussion

In this study, septic treatment of human pulmonary microvas-
cular endothelial cells in vitro with LPS or cytomix increased
trans-PMVEC albumin leak. This septic PMVEC hyper-perme-
ability was markedly attenuated by co-culture with A549 cells, a
human alveolar epithelial cell line, both in a PMVEC/A549 cell
bilayer and in a non-contact PMVEC/A549 cell co-culture model.
Moreover, exposure of PMVEC to septic human plasma also
induced significant PMVEC hyper-permeability, which was
almost completely inhibited by co-culture with A549 cells. Primary
human AEC also attenuated septic PMVEC hyper-permeability in
response to LPS, cytomix, and septic plasma. Septic PMVEC
hyper-permeability was also prevented by incubation of PMVEC
i A549 cell-conditioned medium (CM). Furthermore, A549 cell
presence and A549-CM protected against septic PMN-dependent
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conditioned media during stimulation with cytomix(10 ng/mL) for 8-
hours. The data are expressed as a percentage of cytomix-stimulated
septic trans-PMVEC EB-albumin hyper-permeability. P<<0.01 by ANOVA
for A and B. *: P<<0.05 and **: P<<0.01 vs respective PBS; #: P<<0.05 and
##: P<0.01 vs respective EGM-treated.

doi:10.1371/journal.pone.0055311.9g006

PMVEC hyper-permeability and attenuated trans-PMVEC PMN
migration. The putative A549 cell-derived soluble protective
factor(s) were independent of septic stimulation of A549 cells, heat-
stable, and transferable through a lipid extract of A549-CM.

The key pathophysiological mechanism of ALI/ARDS is
hypoxaemic respiratory failure due to protein-rich alveolar edema,
a result of increased permeability of the pulmonary alveolo-
capillary microvascular barrier. Under normal conditions, the
PMVEC barrier regulates the passage of fluid, macromolecules,
and circulating cells from blood to the lung. However in ALI/
ARDS, the effects of multiple inflammatory mediators and cells, as
well as oxidative stress, increase PMVEC permeability and
promote neutrophil-PMVEC adhesion and trans-PMVEC neu-
trophil migration into lung interstitial and alveolar spaces.

There is limited direct evidence of PMVEC injury in humans
with ARDS. Plasma levels of three markers of EC activation/
injury (Von Willebrand’s factor [VWF], intercellular adhesion
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Figure 7. Effect of cytomix stimulation of A549 cells on the
protective effect of A549 cell-conditioned medium (CM)
against cytomix-stimulated septic PMVEC hyper-permeability.
Conditioned medium was obtained by prior incubation of A549 cells in
EGM with or without concurrent treatment with cytomix (10 ng/mL).
PMVEC were subsequently cultured in EGM or in A549-CM (PBS vs
cytomix pre-treated) during stimulation with cytomix (10 ng/mL) for 8-
hours. P<<0.01 by ANOVA. *: P<<0.05 and **: P<<0.01 vs respective PBS;
##: P<0.01 vs Cytomix/EGM-treated.

doi:10.1371/journal.pone.0055311.9g007

molecule [ICAM] 1, and E-selectin) were elevated in 55 ARDS
patients, with significantly higher levels in sepsis vs trauma patients
[24]. Moreover, in an ARDSnet study, plasma VWF was elevated
more than three-fold normal in ARDS patients, and higher levels
of this marker of EC activation/injury correlated inversely with
lower survival, as well as fewer ventilator-free and organ failure-
free days [25]. Indirect evidence of PMVEC injury in ALI comes
from animal models of sepsis/ALI [5,7,26], as well as study of
human PMVEC in vitro, as in the present study. We have
previously reported that human PMVEC septic albumin leak
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Figure 8. Effect of primary human alveolar epithelial cells in
the bottom chamber on septic PMVEC hyper-permeability.
PMVEC on the apical aspect of inserts were stimulated with cytomix
(10 ng/mL), LPS (1 png/mL), or 20% plasma from septic patients (n=2)
for 8-hours in the presence (filled bars) or absence (open bars) of
primary human alveolar epithelial cells (AEC) cultured in the bottom
chamber. The dotted line represents the appropriate control signal for
each stimulus (PBS for cytomix and LPS; FBS for plasma). *: P<<0.05 and
**: P<<0.01 vs respective control; #: P<<0.05 and ##: P<<0.01 vs PMVEC
alone.

doi:10.1371/journal.pone.0055311.9g008
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Figure 9. Effect of A549 cells and A549 cell-conditioned medium (CM) on septic PMN-dependent PMVEC permeability and trans-
PMVEC PMN migration. Panels A,B: In cytomix-stimulated PMN/PMVEC co-cultures, PMVEC permeability and PMN migration were measured in the
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doi:10.1371/journal.pone.0055311.g009

in vitro: (a) is enhanced by neutrophil presence and neutrophil-
PMVEC adhesion, (b) is specifically neutrophil inducible nitric
oxide synthase (iNOS)-dependent, and (c) appears to be mediated
by peroxynitrite [9,27].

The normal alveolar wall is comprised of many cells, including
interstitial cells such as macrophages, but AEC and capillary
endothelial cells comprise almost 50% of the alveolar wall cell
population [28]. Two AEC types have been recognized to line
alveoli: types I and II. Type I AEC are large, squamous cells which
cover the majority of the alveolar surface and regulate gas
exchange and solute/water diffusion [14]. Type II AEC are
cuboidal cells that can proliferate and differentiate into type I
AEC, repopulating the denuded alveolar lining in ARDS. Type II

Table 1. Cytomix-induced PMN adhesion to PMVEC (% of
total PMN).

Medium PBS Cyto 0.03 ng/mL Cyto 0.3 ng/mL
EGM 0.46+0.03 3.8+0.7*%* 10.2+2.3**
A549-CM 0.39%0.06 3.3+0.7** 8.6+1.8%*

**P<0.01 vs PBS. n=8.
doi:10.1371/journal.pone.0055311.t001
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AEC also synthesize pulmonary surfactant, facilitate clearance of
alveolar fluid and have an emerging role in innate immunity.

As we demonstrated, AEC constitute a very tight barrier, such
that their permeability to albumin has been estimated at only 10%
that of PMVEC [12]. As such, the PMVEC/AEC bilayer model
was not an appropriate one to assess the effects of the presence of
AEC on PMVEC septic hyper-permeability. Hence, we studied
the effects of AEC (both A549 cell and primary human AEC) on
septic PMVEC hyper-permeability through a non-contact, co-
culture model. Even though AEC were co-cultured in the lower
chamber of cell-culture inserts, at a 1 mm distance from PMVEC,
we observed marked attenuation of PMVEC hyper-permeability
under all septic conditions, including treatment with plasma from
septic humans. These data suggest AEC-mediated protection
against septic PMVEC hyper-permeability is mediated through
release of some soluble factor(s), which was confirmed by similar
protection observed following treatment of PMVEC with A549
cell-conditioned medium.

Our data strongly suggest a humoral mechanism, with release of
some soluble factor(s) into the culture medium, which then acted
in paracrine fashion on PMVEC to protect against septic hyper-
permeability, but the nature of the soluble factor(s) remains
unknown. We found that A549 cells produced high levels of a
number of cytokines and growth factors in response to septic
stimulation, such as I1L6/8, MCP1, and GCSF [15,29]. AEC can
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also secrete a number of other anti-inflammatory and ant-
microbial factors such as lysozyme, beta defensins, cathelicidin,
lipocalin-2, and various anti-oxidants [30] that could potentially
protect PMVEC against septic hyper-permeability. However,
none of the above factors are likely to be responsible for our
observed A549 cell-mediated protection against septic PMVEC
hyper-permeability for several reasons: (1) conditioned medium
from both naive and cytomix-treated A549 cells had a similar
protective effect; (2) the A549 cell-dependent protective factor(s)
were heat-stable; and (3) the A549 cell-dependent protective effect
was transferable through a lipid extract of A549 cell-conditioned
medium.

Preliminary data from our exploratory studies on the nature of
the A549 cell-derived soluble factor(s) suggest that lipid mediator(s)
could be responsible for the protection against septic PMVEC
hyper-permeability. Indeed, type II AEC can produce a number of
lipid mediators, including surfactant [30], sphingosine-1-phos-
phate [31], epoxyeicosatrienoic acids (EETs) [32] and AEC-
derived microparticles [33]. Clearly, a primary function of type 1I
AEC is the production and release of pulmonary surfactant.
Besides its crucial role in alveolar biomechanical homeostasis,
surfactant consists of proteins and lipids that can modulate innate
and adaptive immune systems. Surfactant-associated proteins A

PLOS ONE | www.plosone.org 9

Table 2. Levels of cytokines or chemokines in medium (pg/ml).
A549 PMVEC/A549 PMVEC
Time (hr) PBS Cytomix PBS Cytomix PBS Cytomix
IL-8 0 4+0 7+1 7+0 10+0 _ 3+0
2 48+7*% 1992 +99*" 151 £5%#F 19679+3277*#1 49+8* 152+33*
4 49+7*% 21973+2845%" 190+ 24%#7 44981 +8*#1 106+13* 2849+336*
8 73+5*% 62481+280%" 214+17+#1 129671+82*#F 68+7* 26298+*
MIP-1+ 0 _ 2+0 _ 2+0 _ _
2 _ 353+ _ 47+8*" _ _
4 _ 676+65*" _ 1280+187*" _ _
8 _ 1104+114%F _ 1272+211* _ _
IP-10 0 _ 12+2 N 11+2 B 13+2
2 _ 936+56*" _ 91+12+#1 _ 15+3
4 _ 20157+2184*" _ 1851+138+*#" _ 468+84*
8 _ 39913+2845*" _ 6819+522%#1 _ 1519+497*
MCP-1 0 3+1 5+2 9+2 11£2 _ _
2 25+3*% 414x16* 9112 30925+ 92+25 138+32
4 27+4* 1898+258* 9%+16 1577+ 148+ 115+31* 507 +45%
8 333+ 2054+337*" 13221 1904+286* 95+2% 1375+94*%
IL-6 0 _ 5+0 _ 5+0 _ 4+0
2 _ 583+ _ 199+ 23%#1 _ 61
4 _ 11124 _ 429+35%#1 _ 50+10*
8 _ 193+2% _ 682+95*T _ 256+17*
G-CSF 0 _ 101 _ 9+1 _ 9+0
2 _ 43+4%T _ 45+2%T _ 11£1
4 _ 705+41% _ 2628+781*" _ 226+28*
8 _ 2383+347*" _ 22205+6192%%T 978+85%
*P<<0.05 vs respective time 0;
#P<0.05 vs A549 alone at the same time point;
fP<0.05 vs PMVEC alone at the same time point;
_: not detected.
doi:10.1371/journal.pone.0055311.t002

and D enhance clearance of microbes and regulate host
inflammatory responses through interactions with multiple host
cell types, including T cells, dendritic cells and eosinophils [34,35].
The potential anti-inflammatory effects of surfactant and espe-
cially its lipid components on EC are unknown.

We recognize that the putative AEC-derived soluble factor(s)
may only partly be lipid in nature, as lipids commonly exist in
complex arrangements with other macromolecules (e.g. lipo-
proteins, surfactant). Clearly, a complete evaluation of all potential
AEC-derived lipid mediators is beyond the scope of this study, but
should be systematically evaluated in future studies. Moreover,
based on the normal close apposition of PMVEC and AEC in the
normal alveolo-capillary barrier in vivo, AEC may also modulate
PMVEC responses through direct AEC-PMVEC contact and
other signalling mechanisms different from our putative AEC-
derived soluble factor(s). For example, the presence of AEC in co-
culture down-regulated endothelial cell E-selectin expression
following LPS stimulation [36]. £ There are multiple pathways
of PMVEC barrier dysfunction, although the exact mechanisms of
septic PMVEC dysfunction and hyper-permeability have not been
identified [37,38,39,40]. Potential mechanisms include inter-
cellular gap formation due to either RhoA-ROCK or myosin
light chain kinase-dependent PMVEC retraction or disruption of
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doi:10.1371/journal.pone.0055311.g010

PMVEC adherens and/or tight junctions. Alternatively, septic
PMVEC apoptotic death and shedding could also affect the
pulmonary microvascular barrier. In addition, the presence and
interaction of activated leukocytes, specifically PMNs, enhances
ALI and PMVEC dysfunction, which could be mediated through
PMN-PMVEC adhesion-dependent signalling, serine protease and
metalloproteinase-dependent disassembly of adherens/tight junc-
tions, or induction of PMVEC death [41,42]. We have previously
reported that septic PMVEC barrier dysfunction was highly
dependent on PMN-PMVEC adhesion, and PMN iNOS expres-
sion/activity in both animal models and isolated human cells

[9,43].
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