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Although activated neutrophils are thought to play a significant role in
mediating acute respiratory response syndrome (ARDS), at present the contribution of neutrophil
extracellular traps (NETs) to lung endothelial barrier function is unclear. To clarify their role,
we co-cultured in vitro NETs induced by phorbol myristate acetate (PMA), activated neutrophils with
lung endothelial cell monolayers (HPAEC) and examined the barrier function of lung endothelial
cells. Co-culture with stimulated neutrophils increased the albumin permeability of HPAEC and
altered cytoskeleton F-actin and vascular endothelial-cadherin in cell-cell junctions. This in vitro

experiment shows that altered HPAEC barrier function and increased albumin permeability are caused
by the direct effect of PMA-induced NETs and their components. NET formation may be involved in the
increased vascular permeability of the lung, which is a common feature in ARDS of various
etiologies.
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Acute respiratory distress syndrome (ARDS) is an acute inflammatory lung injury characterized by
hypoxemic respiratory failure as a consequence of increased permeability of the endothelial-epithelial
barrier, alveolar damage, and pulmonary edema. The pathogenesis of ARDS is complex, and the
syndrome has a high mortality ratein critically ill patients. Despite significant advances in mechanical
ventilation aimed to better protect the lungs, ARDS remains difficult to prevent, reduce, or treat
effectively. Recent research hasidentified anovel antibacterial strategy: neutrophil extracellular traps
(NETSs), which localize to and eliminate pathogens. These NETs are characterized by chromatin decorated
with cytosolic and granular proteins. They immobilize or trap various pathogens, thus preventing their
dissemination. However, similar to the excess production of inflammatory mediators, the excessive
presence of NETs—and in particular NET-bound components—also has harmful effects. For instance,
NETs contain histone, neutrophil elastase (NE), cathepsin G, and myeloperoxidase (MPO), all of which
are cytotoxic to endothelial cells. Neutrophil extracellular traps are found not only at sites of infection and
acute inflammation but also in the bloodstream, where they are known as circulating cell-free NETSs.
Researchers have hypothesized that circulating cell-free NETs interact with platelets, leucocytes, and the
vascular endothelium in the lung to induce ARDS. In patients with ARDSand in murine models of lung

injury, NETs develop in response to a variety of infectious stimuli and contribute to the injury.

Direct evidence of lung hyperpermeability caused by NETs and circulating cell-free NETs is still lacking.
Therefore, to examine whether NET formation is involved in lung hyperpermeability during acute
inflammation, we cocultured human pulmonary endothelial cell monolayers with neutrophils after

pretreatment with phorbol myristate acetate (PMA).

1) Analysisof NET formation

The NET formation of polymorphonuclear leukocytes (PMNSs) after activation by PMA was assessed by
the release of cf-DNA, NE-DNA, and MPO-DNA into the medium. The medium levels of all three types
of DNA increased significantly after the suspension was incubated with PMA for 2 h and then without
PMA for 4 h (Table 1). We also analyzed the generation of NETs by PMNs after PMA activation by
immunofluorescence confocal microscopy and found that incubating the suspension with PMA for 2 h
and then without PMA for 4 h caused extracellular release of MPO, NE, and DNA (Figure 1).

Table 1: Medium levels of cell-free DNA, NE-DNA, and MPO-DNA before and after activation of
neutrophils by PMA

Before addition  Incubation with PMA  Incubation with PMA for 2 One-way Tukey
of PMA,n=5 for 2 hours before hours + incubation without ANOVA, P
washing, n=5 PMA for 4 hours,n=5 value

Total incubationtime 0 hours 2 hours 6 hours

cf-DNA, ng/ml 825+129 73.54+11.08 1681 + 326 0.008 ab



MPO-DNA, Abssos 0.29+ 0.08 0.26 + 0.09 5.13+0.62 0.004 ab
NE-DNA, Absyos 0.049+ 0.022 0.051+ 0.027 0.72+0.17 0.009 ab

Figure 1: Detection of NETs by immunolabeling

Representative images showing direct immunofluorescence staining of DNA (blue), MPO, (green), and NE,
(red) in neutrophils and NET structure before (A) and after addition of PMA (B and C). Neutrophils were
incubated with PMA for 2 hours (B) and then washed three times to remove PMA and further incubated
without PMA for 4 hours (C).

2) NETsinfluence per meability in HPAECs
To evaluate the effects of activated PMNs on permeability across the HPAEC monolayer, we assessed Pa

inamodel of HPAECs co-cultured with PMNs activated by PMA. After the addition of PMNs activated by
PMA, Pa significantly increased when compared with co-culture with PMNs without PMA stimulation
(Figure 2). This increase in permeability was significantly reduced by pretrestment with CL-amidine,
DNase, or NE inhibitor (Figure 2).

Figure 2: The apparent permeability coefficients of albumin (Pa) in HPAEC monolayer induced by co-
culture with PMA-activated neutrophils FITC-labelled albumin in the lower chamber with permeation
through the HPAEC monolayer co-cultured with and without PM A-treated neutrophils in the presence and
absence of DNase, a neutrophil elastase (NE) inhibitor, and a CL-amidine. Values are means + SD; n = 4.
**P < 0.01 vs without PMA. 1P < 0.05; 1P < 0.01 vs with PMA.
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3) NETsaffect HPAEC cytoskeletal and VE-cadherin



Endothelial adherens junctions play a key role in maintaining the integrity of cell-cell junction structures.
We examined the adherens junction component V E-cadherin under co-culture conditions. The distribution
of VE-cadherin in HPAECs co-cultured with stimulated PMNs was significantly altered compared with
HPAECSs co-cultured with unstimulated PMNs: the latter showed a straight, linear distribution of VE-
cadherin between the cells (Figure 3A); however, aimost al VE-cadherin expression disappeared in
HPAECs co-cultured with stimulated PMNs (Figure 3B and F). When HPAECs were pretreated with DNase
(Figure 3D), a PAD4 inhibitor (Figure 3E), or an NE inhibitor (Figure 3C), an interrupted (Figure 3E,
dashed arrows) and a zig-zag (Figure 3C and D, white arrows) redistribution patterns appeared in the
HPAECs. Many cytoplasmic bodies visualized by double-immunofluorescence staining were observed in
cells co-cultured with PMA-activated neutrophils (Figure 3B to E). Cellular actin filament alignment was
assessed by F-actin staining. HPAECs co-cultured with stimulated PMNs caused the remodeling of the
endothelial actin cytoskeleton, i.e., actin fibers moved from the cortica rim and were collected and
condensed as intracellular stress fiber (Figure 3B and C). The alteration in F-actin in HPAECs co-cultured
with stimulated PMNswas partially prevented when HPAECs were pretreated with DNase, PAD4 inhibitor,
or NE inhibitor (Figure 3C-E).

Figure 3: Intercellular junctions were evaluated by detecting the adherens junction protein VE-cadherin
(red). The cytoskeleton was evaluated by detecting F-actin (green). DNA was stained using Hoechst 33248
(blue). Brown arrows indicate stress fibers. White arrows indicate a zig-zag pattern; dashed arrows indicate

an interrupted pattern. NET inhibition was performed by DNase, a CL-amidine, and NE inhibitor.
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Thisin vitro study showed that co-culture with stimulated PMNs increases the permeability of
the HPAEC monolayer and causes cytoskeleton remodeling and alterations of VE-cadherin at the cell-cell
junction. These effects were prevented by pretreating HPAECs with DNase, a PAD4 inhibitor, and an NE



inhibitor, suggesting that formation of both NETs and NET components affects HPAEC barrier function.
This study shows that both NETs and NET components are factors that probably account for the lung
endothelial barrier dysfunction caused by activated neutrophils. Our results arein line with the data recently
published by Lv et al., although that group used a cell line of different origin. With the direct visualization
XCEL Ligence system, they showed that lipopolysaccharide-activated neutrophils (referred to as NETing
neutrophils) caused homologous lung epithelial injuries in a time- and number-/concentration-dependent
manner. Together, they showed that both pulmonary endothelial and epithelial cells are injured directly by
NETSs, a process that might be involved in the pathogenesis of ARDS.

Previous studies demonstrated that plasma levels of circulating cell-free NETs were higher in
patients with bacterial and viral pneumonia-associated ARDS, blood transfusion—associated ARDS, and
remote lung injuries than in individual s without ARDS. In addition, the levels of circulating cell-free NETs
correlated to the severity of ARDS, indicating that NETs were accelerated in ARDS and may play a central
role in the pathogenesis of ARDS. NET-targeted therapies, such as those inhibiting de novo NET synthesis
or accelerating the degradation of preformed NETS, are potential therapeutic avenues to be explored in
further investigations.

Thisin vitro study indicates that lung endothelial barrier functions are altered by NET formation
and the extracellular release of NET components. Hyperpermeability, cytoskeleton remodeling, and
alteration of VE-cadherinin cell-cell junctions are prevented by inhibition of NET formation and increased
degradation of NET structure. NETs would be involved in the increased vascular permeability of the lung,
which seemsto be acommon feature in ARDS of various etiologies. Thus, this study providesinsights that

may help generate novel approaches for medical interventions.
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