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A B S T R A C T

Human respiratory syncytial virus (hRSV) is one of the main etiological agents of diseases of the lower re-
spiratory tract, and is often responsible for the hospitalization of children and the elderly. To date, treatments are
only palliative and there is no vaccine available. The airways of patients infected with hRSV exhibit intense
neutrophil infiltration, which is responsible for the release of neutrophil extracellular traps (NETs). These are
extracellular structures consisting of DNA associated with intracellular proteins, and are efficient in capturing
and eliminating various microorganisms, including some viruses. hRSV induces the release of NETs into the lung
tissue of infected individuals; however, the pathophysiological consequences of this event have not been elu-
cidated. The objective of this study was to utilize in vitro and in silico assays to investigate the impact of NETs on
hRSV infection. NETs, generated by neutrophils stimulated with phorbol myristate acetate (PMA), displayed long
fragments of DNA and an electrophoretic profile suggestive of the presence of proteins that are classically as-
sociated with these structures (elastase, cathepsin G, myeloperoxidase, and histones). The presence of NETs
(> 2 μg/ml) in HEp-2 cell culture medium resulted in cellular cytotoxicity of less than 50%. Pre-incubation (1 h)
of viral particles (multiplicity of infection (MOI) values of 0.1, 0.5, and 1.0) with NETs (2–32 μg/ml) resulted in
cellular protection from virus-induced death of HEp-2 cells. Concurrently, there was a reduction in the formation
of syncytia, which is related to decreased viral spread in infected tissue. Results from western blotting and
molecular docking, suggest interactions between F protein of the hRSV viral envelope and BPI (bactericidal
permeability-increasing protein), a microbicidal member of NETs. Interactions occurred at sites important for
the neutralization and coordination of the hRSV infection/replication process. Our results showed that the
presence of NETs decreases hRSV-induced cellular damage, possibly by directly affecting viral particle capture
and/or interfering with the fusion activity of the F protein. These findings broaden the understanding of the role
of NETs during hRSV infection.

1. Introduction

Human respiratory syncytial virus (hRSV) is one of the major etio-
logic agents of lower respiratory tract infections in neonates, children,
and the elderly, and might cause bronchiolitis, bronchitis, pneumonia,
and chronic obstructive pulmonary infections (Hall et al., 1991).
Among the currently available prevention measures is the administra-
tion of the Palivizumab antibody. However, the cost of administering

this drug is very high and has only been used for the immunization of
high-risk children (Huang et al., 2010).

In vitro airway epithelial cells infected with hRSV produce proin-
flammatory cytokines and chemokines that promote the activation and
recruitment of immune system cells, resulting in increased neutrophil
transmigration to the site (Rzepka et al., 2012). Neutrophils can be
found in the airways of pulmonary disease patients infected with hRSV.
Due to intense viral replication and leukocyte influx, the airways can
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become blocked by excessive mucus production, edema, and cellular
debris (Cortjens et al., 2016) worsening the patient’s clinical status.

Neutrophils present at the site of infection release Neutrophil ex-
tracellular traps (NETs), which consist of DNA associated with in-
tracellular proteins (granular, nuclear and cytoplasmic) such as elas-
tase, histones, and myeloperoxidase. NETs have microbicidal action,
specifically in relation to the capture and/or death of several pathogens
including some viruses (Brinkmann et al., 2004; Jenne et al., 2013;
Saitoh et al., 2012). Although the microbicidal action of NETs has been
described for several pathogens, its beneficial role has been questioned
with regard to several infectious and non-infectious human diseases.
The excessive presence of NETs can cause tissue damage and accelerate
the progression of some diseases including lung diseases (Porto and
Stain, 2016).

The role of neutrophils in hRSV infections has not been elucidated.
The airways of patients infected with hRSV accumulate mucus that is
rich in DNA (Cortjens et al., 2016). It has been shown that the hRSV F
protein can induce the release of NETs (Funchal et al., 2015). The F
protein mediates viral envelope fusion to the cytoplasmic membrane,
allowing for infection and fusion of infected cells with adjacent cells;
this leads to the formation of syncytial, multinucleated giant cells, a
cytopathic characteristic of hRSV infection (Collins et al., 2001).

The aim of the present study was to evaluate the role of NETs during
in vitro hRSV infection. Western blotting and in silico assays were per-
formed to analyze possible interactions between NET components and
the virus. This study helps to understand the role of NETs during viral
infection and its relationship to hRSV and may contribute to future
studies for the development of new treatments and strategies to combat
hRSV, helping to reduce infections and control the disease.

2. Materials and methods

2.1. Cell culture

HEp-2 cells (oropharyngeal carcinoma, permissive for infection and
replication of the hRSV virus) (Gupta et al., 1996), obtained from the
Cell Bank of Rio de Janeiro (BCRJ), were cultured in 75 cm2 culture
bottles (Corning Glass Works, New York, NY, USA) incubated in a hu-
midified incubator (37 °C, 5% CO2) and DMEM F12 culture medium,
(Sigma-Aldrich, Saint Louis, MO, USA) supplemented with 10% fetal
bovine serum (SFB - Cultilab, Campinas, SP, Brazil) plus antibiotics and
antimycotics (Gibco, Life Technologies, Gaithersburg, MD, USA).

2.2. Viral stock

Long strain hRSV virus, provided by Prof. Dr. Eurico de Arruda Neto
(Free Professor of Virology, Medical School of Ribeirão Preto - USP),
was used to inoculate HEp-2 cell cultures. Viral stocks were prepared in
incomplete DMEM F12 (not containing added FBS) culture medium.
After collecting the viral stock, the aliquots were frozen in DMEM F12
plus 10% trehalose and maintained at −80 °C until use (Gupta et al.,
1996). The viral titer was established by the lysis plaque formation
assay (Mckimm-Breschkin, 2004) and confirmed by the TCDI50 assay
(Rasmussen et al., 2011).

2.3. Purification and stimulation of human neutrophils to generate NETs

Human neutrophils were isolated and stimulated according to the
methodology described by Brinkmann et al. (2010), with modifications
(Najmeh et al., 2015; Saffarzadeh et al., 2012). Peripheral blood from
healthy volunteers was collected in the presence of sodium heparin and
separated using Histopaque 1077 and 1119 (Sigma). The cell pellet was
resuspended in DMEM F12 without FBS and overall counts were de-
termined using a Neubauer’s chamber (Neubauer Improved Bright-Line,
Loptik Labor, Germany). Neutrophils were then stimulated by phorbol
12-myristate 13-acetate (PMA – Sigma) (50 nM) diluted in DMEM F12

without FBS. The absence of FBS is necessary due to the presence of
DNAse, which could degrade the NETs (Von Köckritz-Blickwede et al.,
2009). After incubation in a humidified incubator (3 h, 37 °C, 5% CO2)
the supernatant was discarded and the NETs were collected and in-
cubated in a water bath at 40 °C for 24 h. The samples were aliquoted
and stored at −25 °C. To quantify the DNA present in the samples, a
Qubit 2.0 fluorimeter (Invitrogen Inc., Grand Island, NY, USA) was used
with the PicoGreen® dsDNA Assay Kit (Invitrogen).

2.4. Visualization of NETs by fluorescence microscopy

Isolated neutrophils were added to a 24-well plate (2× 105/well)
containing coverslips treated with 0.01% poly-L-lysine (Sigma). Cells
were stimulated with PMA (50 nM) for 3 h in a humidified incubator
(37 °C, 5% CO2). Unstimulated cells were used as a negative control for
NET production. The coverslips were mounted using ProLong Gold
containing DAPI (Invitrogen). Twenty-four hours later, the samples
were imaged using a Nikon Eclipse Ti fluorescence inverted microscope
coupled with a Nikon Sight digital camera.

2.5. Polyacrylamide gel electrophoresis

For analysis of the protein electrophoretic profile, NET aliquots
(0.8–3.2 μg), diluted in Laemmli sample buffer (Sigma), were applied to
12% and 20% polyacrylamide gels, prepared according to the protocol
of Green and Sambrook (2012). Precision Plus Protein Dual Color
Standards (Bio-Rad Laboratories, Inc, 205 CA, USA) were used as the
molecular weight marker. Subsequently, gels were stained with silver
nitrate (Chevallet et al., 2006).

2.6. Agarose gel electrophoresis

For analysis of the DNA electrophoretic profile, NET aliquots (1 μg)
were centrifuged at 10,200 xg for 10min and subjected to 1.5% agarose
gel electrophoresis. A 1-kb DNA ladder was used as the molecular
weight standard (Kasvi, Curitiba, PR, Brazil). The gel was stained with
GelRed (1:10,000) (Biotium, Hayward, CA, USA) and the images were
visualized and captured using a photodocumentator ultraviolet tran-
silluminator.

2.7. Evaluation of myeloperoxidase

In a 96-well plate, 50 μl/well of NETs (27 μg/ml) that had been
incubated in a water bath for 24 h at 40 °C were added in triplicate.
NETs not subjected to incubation, and referred to as fresh NETs, were
also tested. Cell-free culture medium was used as the negative control
for the reaction. Each well received 100 μl of 3′,5,5′-tetra-
methylbenzidine substrate (TMB, Wiener lab, Rosário, SF, Argentina).
After 1 h of incubation (37 °C, 5% CO2), the reaction was stopped with
1 N sulfuric acid. The absorbance of the solution was measured using a
spectrophotometric apparatus (Multiskan™ FC Microplate Photometer)
at 405 nm. The absorbance values were converted to a percentage of
myeloperoxidase activity, assuming 100% activity for the absorbance
values obtained using the fresh NET solution. Fresh NETs were collected
immediately after a 3-h stimulation with PMA and incubated with 500
mU/ml micrococcal nuclease (Worthington Biochemical, Lakewood,
NJ, USA) for 10min at 37 °C. Fresh NETs were quantified after the
addition of EDTA (5mM) so that the digestion would be complete
(Sousa-Rocha et al., 2015). NET samples incubated in a water bath for
24 h at 37 °C were included in the assay.

2.8. Determination of cellular cytotoxicity

HEp-2 cells grown in DMEM F12 culture medium plus 10% FBS
were plated in a 96-well plate and incubated for 24 h, to obtain a
confluency ≥80%. The culture medium was replaced with FBS-free
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DMEM F12 containing different concentrations of NETs (0–67 μg/ml).
The culture was maintained for 4 d in a humidified incubator (37 °C, 5%
CO2). HEp-2 cell viability was evaluated on the fourth day by per-
forming a colorimetric assay using MTT salts [1-(4,5-Dimethylthiazol-2-
yl)-3,5-diphenylformazan, thiazolyl blue formazan], following the
manufacturer’s recommendations (Sigma). The absorbance of the so-
lution (560 nm) was obtained using a spectrophotometric apparatus
(Multiskan™ FC Microplate Photometer) and the values were converted
to the percentage of cells. Absorbance values were converted to percent
viability assuming the cell culture control (cultured in the absence of
NETs) to be 100% viability.

2.9. In vitro hRSV infection

HEp-2 cells were plated in 96-well plates (5× 104/well) and
maintained for 24 h in DMEM F12 culture medium supplemented with
10% FBS. The assay was performed as described by Petricevich and
Mendonca (2003), with some modifications. hRSV suspensions (MOI of
0.1, 0.5, and 1 were incubated (1 h, 4 °C) in the presence of different
concentrations of NETs (0–64 μg/ml). Subsequently, the culture
medium from each well was replaced with NET-treated or untreated
viral aliquots for further incubation (2 h, 37 °C). The viral inoculum was
then discarded and wells were incubated for 4 d in a humidified in-
cubator (37 °C and 5% CO2) in the presence of serum free DMEM F12.
Cell viability was assessed on the fourth day by performing colorimetric
assays using MTT salts (as described previously), and absorbance was
measured using a spectrophotometric apparatus at 560 nm. The assays
included untreated and uninfected control groups (cell control) and an
additional group of untreated and virus-infected cells (viral control).
Absorbance values were converted into percent viable cells assuming
the cell control to be 100% viability. The percent protection obtained
using each treatment was calculated as follows:

=Cellular Protection OD
OD

* 100TS

CC100 (1)

Where:
OD is the optical density after reading the absorbance of the MTT

salts at 560 nm;
ODTS is the optical density obtained for each of the test

samples−ODVC (optical density of viral control), and
ODCC100 is ODCC –DOVC (optical density of the control cell− optical

density of viral control).

2.10. Statistical analysis

The experimental data were processed using Microsoft Excel® and
GraphPad Prism® 6 and were evaluated by analysis of variance (one-
way ANOVA), followed by the Bonferroni test. A level of significance of
p≤ 0.05 was used. The number of replicates for each experiment is
indicated in each respective figure.

2.11. Western blotting

Total NET solution was quantified using a bicinchoninic acid pro-
tein assay kit (Pierce, Biotechnology, Rockford, IL, USA). Next, 30 μg
total protein was diluted in sample buffer [62.5M Tris, pH 6.8, 2% SDS
(w/v), 5% glycerol (v/v), 0.01% bromophenol blue]. Samples were
resolved in 10% polyacrylamide gels and transferred onto nitrocellulose
membranes (Amersham Biosciences, Amersham, UK). After blocking in
5% non-fat dry milk, the membranes were incubated with RSV for 16 h
at 4 °C. After washing, the membranes were incubated with
Palivizumab (200 μg/mL; Synagis®, Abbvie, Wavre, Belgium) during 1 h
at room temperature. The membranes were washed and incubated with
horseradish peroxidase-conjugated goat secondary anti-human IgG
(KPL, Gaithersberg, MD, USA) for 45min at room temperature. Bound
virus were revealed by 1-step ultra TMB-blotting solution (Pierce).

2.12. Molecular docking

Three-dimensional structures of BPI (Bactericidal Permeability
Increasing Protein; PDB 1EWF), motavizumab antibody (PDB ID 3IXT),
and pre-fusion (PDB ID 4JHW) and post-fusion (PDB ID 3RRR) F protein
were obtained from the Protein Data Bank database. The molecular
docking procedures were performed by the online platform PatchDock®
(Duhovny et al., 2002), and the generated data were refined by the
online FireDock® server (Mashiach et al., 2008). The parameters for the
docking were kept standard, with a value of root-mean-square devia-
tion (RMSD)=4. The complexes and data were analyzed using Chi-
mera® graphic interface software, which was also used to generate
images.

3. Results and discussion

3.1. Generation of NETs by PMA-stimulated neutrophils

The process of Netose activated by PMA and hRSV are similar. Both
stimuli induce suicidal Netose in a ROS-dependent manner and these
NETs present DNA, elastase and myeloperoxidase in their composition
(Funchal et al., 2015). Thus, PMA stimulus was used to obtain NETs in
large quantities. NETs generated by PMA stimulation (50 nM for 3 h)
were evaluated morphologically by fluorescence microscopy and elec-
trophoretically using agarose and polyacrylamide gels. Unstimulated
neutrophils did not release NETs, whereas PMA-stimulated neutrophils
produced extracellular structures that were stained by DAPI, a fluor-
escent DNA intercalator (Fig. 1a,b). DNA present in NETs is decon-
densed, intact, and predominantly negatively charged, and can trap
pathogens and prevent their dissemination (Halverson et al., 2015).
Analysis of the DNA electrophoretic profile, using agarose gels, revealed
the presence of long and homogeneous DNA fragments greater than
10,000 base pairs (Fig. 1c). Proteins described as components of NETs
include histones, elastase, and myeloperoxidase, among others (Najmeh
et al., 2015). The protein content of NETs generated in this study was
analyzed using 12% and 20% polyacrylamide gels (Fig. 1d,e). Silver
nitrate staining of 12% gels resulted in the presence of three proteins
with molecular weights of approximately 75, 50, and 30 kDa. Based on
the protein composition of NETs and the determined molecular weights,
we suggest that these bands correspond to elastase (28.5 kDa), cathe-
psin G (28.8 kDa), and myeloperoxidase (73.8–87.2 kDa) (Fig. 1d). In-
creasing the gel acrylamide concentration resulted in the appearance of
additional bands with a molecular weight of approximately 15 kDa; it
was suggested that these proteins might be histones (11–15 kDa)
(Fig. 1e). Therefore, in our hands, the structures released by PMA-sti-
mulated neutrophils exhibited comparable morphology and content
(DNA and proteins) to those previously described in the literature.
These observations were of paramount importance for the subsequent
experiments.

3.2. NETs heated to 40 °C maintain their activity relative to human
physiological temperature

After the collection of the NET-rich supernatant, it was possible to
observe large clusters of whitish material, similar to cotton, that were
visually identified as DNA. For this material to be dissolved without the
use of DNAase, samples were maintained for 24 h in a water bath at
40 °C. This was important as the use of DNAse would result in excessive
fragmentation of DNA, which could interfere with viral capture by
NETs (Barrientos et al., 2013). The enzymatic activity of myeloperox-
idase was monitored to evaluate whether heating the samples to 40 °C
would impair the biological function of NETs. Fresh NETs were as-
sumed to have 100% myeloperoxidase enzymatic activity (Fig. 2). In-
cubation of NETs in a water bath for 24 h at 37 or 40 °C resulted in
decreases in enzymatic activity of 43.76% and 45.36%, respectively. In
terms of enzymatic activity, there was no statistically significant
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difference between NETs heated to 37 and 40 °C. This result had bio-
logical relevance based on the human physiological temperature of
37 °C. Among the main components of NETs, histones begin to exhibit
structural changes at approximately 65 °C; specifically, elastase under-
goes denaturation at 59 °C (Weischet et al., 1978; Byler et al., 1999),
whereas myeloperoxidase is structurally stable at temperatures up 80 °C
(Banerjee et al., 2011). According to Wallace et al. (1979), DNA has a
melting temperature (the temperature at which half of the sequence is
denatured) of 76.2 °C, and begins to undergo denaturation at approxi-
mately 70 °C (Wang et al., 2014). These data demonstrate that heating
the sample to 40 °C has no detrimental biological effect on NETs, and

therefore this treatment was suggested to not affect the results pre-
sented herein.

3.3. Cellular cytotoxicity of NETs on HEp-2 cells

Before assessing the effects of NETs on hRSV infection of HEp-2
cells, it was necessary to investigate any cytotoxic effects. Different
concentrations of NETs (0.06– 67 μg/ml) were incubated with HEp-2
cells (5× 104) and viability was evaluated after 4 d in culture in FBS-
free DMEM-F12 medium (Fig. 3). Cells not treated with NETs were
assumed to be 100% viable. NETs demonstrated a dose-dependent

Fig. 1. Neutrophil extracellular traps (NETs)
induced by phorbol myristate acetate (PMA)
stimulation. Neutrophils (2×105) (white
arrow) were incubated with only FBS-free
DMEM-F12 (a) or in the presence of
50 nM PMA (b). Images of the NETs (white ar-
rowhead) are representative of two in-
dependent assays performed in triplicate. (c)
Electrophoretic analysis of NETs in 1.5%
agarose gel, where M1=molecular DNA
marker (1 kb DNA ladder). Electrophoretic
analysis of NETs on 12% (D) and 20% (E)
polyacrylamide gels after staining with silver
nitrate. M2=molecular weight marker
(10–250 kDa), 1–3=NETs 12.5–50 μg/ml);
black arrows=major bands. The images are
representatives of three experiments.

Fig. 2. Evaluation of myeloperoxidase activity. Neutrophil extra-
cellular traps (NETs) that passed the water bath stage at 37 °C and
40 °C, as well as fresh NETs (without heating) were incubated with
myeloperoxidase substrate for 1 h. Absorbance readings were
taken at 405 nm. Culture medium (DMEM F12) was used as a
negative control and fresh NETs were assumed used as the positive
control (100% activity). The graph is representative of three in-
dependent experiments performed in triplicate. The result re-
presents the mean values obtained ± standard deviation
(*p < 0.05, **p < 0.01).
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cytotoxic effect, as demonstrated by Saffarzadeh et al. (2012), and re-
sulted in statistically significant cell death (up to 32% compared to
viability of the control) at concentrations ≥2 μg/ml. None of the tested
concentrations resulted in cell death exceeding 50%, even at the highest
concentration of 67 μg/ml. Saffarzadeh et al. (2012) analyzed the in-
fluence of NETs (3–10 μg/ml for 16 h) on epithelial (MLE-12 and AT-II)
and endothelial (A549, HPAEC, and HUVEC) cells and found that his-
tones are primarily responsible for cell damage induced by NETs. No
studies had previously been conducted assessing the cytotoxicity of
NETs on Hep-2 cells. Previous data have shown that compared to A549
cells Hep-2 cells can be more or less sensitive to cell death depending on
the stimulus (Chang, 2013; Rooney and Ryan, 2005). Our results sug-
gest that Hep-2 cells are less sensitive to cell death induced by NETs
than A549 cells. In addition, we demonstrated that NETs have a
CC50 > 67 μg/ml for Hep-2 cells.

3.4. NETs exhibit anti-hRSV action

Antiviral agents can have an inhibitory effect on infection due to
direct or indirect effects on cells and/or viral particles. Studies have
demonstrated the ability of NETs to inhibit infection by sequestering or
neutralizing viral particles (Jenne and Kubes, 2015). Through their
DNA network, NETs can capture viral particles, preventing them from
reaching the target cell, or neutralize viral particles through the action
of their proteins such as myeloperoxidase, defensins, and histones
(Collins et al., 2001; Funchal et al., 2015; Hoeksema et al., 2015). After
the cytotoxic evaluation of NETs using HEp-2 cells, their effect on in
vitro infection by hRSV was assessed. Before infection, different con-
centrations of viral particles (MOIs of 0.1, 0.5, and 1) were incubated
with different concentrations of NETs (0.5–64 μg/ml) for 1 h at 4 °C.
After 4 d of culture, cell viability was determined by performing MTT
assays (Fig. 4). Cell morphology and syncytium formation were also
analyzed microscopically after 3 d of culture for all treatments (Fig. 5).

Incubation of an MOI 0.1 viral inoculum with NETs resulted in cell
protection greater than 50% at concentrations< 16 μg/ml, with more
effective and statistically significant protection observed at concentra-
tions ranging from 2 to 8 μg/ml. Cell protection decreased with in-
creasing concentrations of NETs (> 32 μg/ml), which resulted in in-
creased cell damage and decreased viability (Fig. 4a). In addition, at
concentrations > 2 μg/ml, there was a reduction in syncytium count of
greater than 50% (Fig. 4b). Increased concentrations of NETs (≥32 μg/
ml) strongly reduced the number of syncytia, whereas cell damage was
also observed (Fig. 4a,b). NETs at a concentration of 64 μg/ml resulted
in intense cellular damage, greater than that caused by viral infection
(viral control). Based on morphological analysis (Fig. 5), viral control
cells exhibited elongated morphology, a reduction in the number of

cells, and a high number of syncytia. Low concentrations of NETs (1 μg/
ml) resulted in high syncytia counts. However, these were associated
with a reduction in size and are therefore difficult to visualize in the
presented images. For concentrations of NETs that protected cells from
cellular damage (< 8 μg/ml), there was a marked decrease in the
number of syncytia, relative to that observed for the viral control; in
addition, the syncytia in these conditions were smaller. With higher
concentrations of NETs (≥16 μg/ml) there was an increasing absence of
adherent cells and a decrease in the formation of syncytia, which were
observed to be larger than those observed with other conditions.

The viral inoculum (MOI) was increased to enhance the protective
effect of NETs. When using a five-fold larger inoculum (MOI=0.5), we
obtained results similar to those using an MOI of 0.1 (Fig. 4). NETs
(1–8 μg/ml) maintained a minimum cell protective effect of 50%, and
were associated with a decrease in the number of syncytia (Fig. 4c,d).
Concentrations ≥16 μg/ml were not considered effective; whereas
these treatments reduced the number of syncytia, adverse effects were
observed regarding the number of viable cells and the size of the syn-
cytia (Fig. 5).

Increasing the viral inoculum to a MOI of 1 (10-fold higher) resulted
in a marked reduction in the anti-hRSV effects of NETs. None of the NET
concentrations tested could prevent or reverse cellular damage caused
by viral infection, resulting in no statistically significant protection
(Fig. 4e). The lack of cellular protection at this concentration might
indicate a limited inhibitory effect of NETs with a high viral load. Al-
though cell protection was not observed based on viability assay, the
number of syncytia were significantly reduced relative to that of the
viral control, and concentrations of 2 and 4 μg/ml were most effective
(Fig. 4f). However, based on morphological analysis of cells (Fig. 5), all
concentrations resulted in a marked reduction in the number of cells
that adhered to the well, the presence of elongated cells, and a high
number of syncytia. At the highest NET concentration (64 μg/mL), we
observed a reduced cell number into well. The few remaining cells
undergo fusion and show large syncytia. The simultaneous presence of
virus and NETs during cell culture appeared to aggravate the individual
cytotoxic effects of each, resulting in a smaller number of cells and
consequently a smaller number of syncytia, but with increased dimen-
sions.

The data obtained demonstrate the anti-hRSV action of NETs
(2–8 μg/ml), with a direct effect on viral particles, suggesting that there
is a physical interaction between the virus and the DNA/protein
structure. During hRSV replication, the formation of syncytia is related
to the tissue dispersion of the virus. The reduction in the number and
size of syncytia with NET treatment (2–4 μg/ml) could indicate that
NETs are interfering with the cellular fusion protein (F). The virucidal
effect of NETs was strongly dependent on viral load. Cortjens et al.

Fig. 3. Determination of CC50 of neutrophil
extracellular traps (NETs) on HEp-2 cells. HEp-
2 (5×104) cells were cultured in the presence
of different concentrations of NETs (0–67 μg/
ml) for 4 d at 37 °C. Cell viability was assessed
by performing MTT assays. The absorbance
reading was measured at 560 nm and con-
verted into the percent viable cells, assuming
the cell control (NETs= 0 μg/ml) to be 100%
viable. The graph is representative of three
independent experiments performed in tripli-
cate. The curve shows the results of the mean
values obtained ± standard deviation
(*p < 0.05, **p < 0.01, ***p < 0.001).
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(2016) demonstrated that hRSV viral particles (MOI, 0.03–0.4), in the
presence of activated neutrophils, are captured by NETs, preventing
viral infection of cells. The observed benefits of NETs should be ana-
lyzed with caution since an intense neutrophil response might con-
tribute to the pathology of this viral infection. During our analyses, the
presence of NETs (> 16 μg/ml), even at lower concentrations than the
CC50 value (67 μg/ml), resulted in increased cell damage in the

presence of virus. The presence of NETs in the lung tissue of individuals
infected with hRSV has been identified as one of the im-
munopathological mechanisms involved in airway obstruction and
tissue damage. These mechanisms decrease the ventilation capacity of
the individual, the reaction to treatment, and the quality of life
(Brinkmann et al., 2010; Najmeh et al., 2015). Studies on antiviral
compounds use the selectivity index (SI=CC50/CE50) to relate

Fig. 4. Determination of CE50 of neutrophil extracellular traps (NETs) on human respiratory syncytial virus (hRSV). Virucidal effect of NETs (0.5–64 μg/ml) on hRSV
(MOI= 0.1, 0.5, and 1) based on the evaluation of % cellular protection (a, c, e) and quantification of syncytia formation (b, d, f). The graph is representative of three
independent experiments performed in triplicate. The curve shows the results of the mean values obtained ± standard deviation (*p < 0.05, **p < 0.01,
***p < 0.001).
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cytotoxicity (CC50) to effectiveness (CE50) of a given molecule. Com-
pounds with promising antiviral action are characterized by SI values
≥4 (Sidwell, 1986). The CC50 (> 67 μg/ml) and CE50 values (∼1 μg/
ml) for NETs, using viral MOIs of 0.1 and 0.5, correspond to an SI value
of ∼67. Under these conditions, we speculate that the presence of NETs

would be beneficial for the elimination of viral particles. In contrast, an
increase in viral load (MOI 1.0) appears to reduce this effect.

Fig. 5. Morphology of human respiratory syncytial virus (hRSV)-infected HEp-2 cells (MOI= 0.1, 0.5, and 1.0) after treatment with different concentrations of
neutrophil extracellular traps (NETs) (0.5–64 μg/ml). Uninfected cells were used as the cell control. Infected cells were designated as the viral control. The images
were evaluated and documented using a white light microscope (40×).
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3.5. Components of NETs interact with RSV

Western blotting assay was performed to evaluate the possible in-
teraction between NET protein components and the hRSV. The results
indicated that hRSV interacts with a protein from NETs (Fig. 6) This
protein has an apparent 52–60 kDa molecular weight. Among protein
components described for NETs, BPI (bactericidal permeability in-
creasing protein) is a monomer with 55 kDa molecular size. Some works
have described a role of BPI during viral infections. BPI negatively
regulates coxsackievirus B (CVB) replication (Morosky et al., 2016;
Delorme-Axford et al., 2014) and inhibits the infectivity of Influenza A
virus (Pinkenburg et al., 2016).

In order, molecular docking was used to complement the in-
vestigation and interpret the in vitro experimental data and better to
evaluate the interaction between BPI protein and the hRSV F protein.
The F protein was used in both conformation states, both pre- and post-
fusion, since both are present on the surface of the viral particle, and
comprise approximately 50% of the viral surface (Liljeroos et al., 2013).
The F protein of hRSV is critical for viral infection (McLellan et al.,
2013), and has recently been described to stimulate the release of NETs
(Funchal et al., 2015). Among NET component molecules, DNA has
high potential for pathogen capture due to its size and physicochemical
characteristics. Such effects are increased and enhanced by the presence
of various microbicidal proteins, such as BPI (Dąbrowska et al., 2016).

The structure of the motavizumab antibody (PDB ID 3IXT), known
to interact with the F protein, was obtained for comparison purposes.

Molecular docking between motavizumab and the F protein trimer re-
sulted in interactions with the antibody at the A site of the F protein in
both conformations, as described in the literature (McLellan et al.,
2011) (Supplementary Fig. 1). The motavizumab antibody interacts
with the A site (site II) of the F protein, which neutralizes virus fusion
with the cell (McLellan et al., 2010). The energy associated with these
interactions was found to be −11.31 kcal/mol and −29.4 kcal/mol, for
the pre-fusion and post-fusion conformations, respectively. The gener-
ated model resulted in high scores for both pre-fusion and post-fusion
forms (14,170 and 15372, respectively).

The molecular docking between F protein in pre-fusion state and BPI
resulted in three possible complex. The energy obtained (−22.05;
−19.70; −12.01 kcal/mol) demonstrate high stability of the complex,
compared to F-protein-motavizumab complex. Associated scores
(18858, 17,932 and 17,172) were also higher, indicating a high prob-
ability that the formed complexes are viable. The complexes were dif-
ferent when we analyze the interaction sites. In the first complex, BPI
interacts very close to site II (motavizumab site of interaction) with
average distance of 6.6 Å (Fig.7). This site is related to inhibition of
viral particles (McLellan et al., 2010). The others complex occurred
near to site IV (antibody 101 F site of interaction) (McLellan et al.,
2010) and to site I. These sites generate poor viral neutralization ac-
tivity on pre-fusion F protein (Killikelly et al., 2016) but they can help
in the capture viral role. The complex generated might result in in-
hibition of viral particle fusion activity, thus contributing to the anti-
viral action of NETs.

The only predicted complex between F protein in post-fusion state
and BPI (Fig.8) demonstrated binding energy of−5.66 kcal/mol, that is
lower than F protein in pre-fusion state, but still viable to form com-
plexes and the associated score was 16,970. The interaction region is
located very close to site IV (antibody 101 F site of interaction) with
average distance of 6.3 Å, indicating inhibition of viral particle fusion
activity (McLellan et al., 2010). Neutralization of F protein at site II
(pre-fusion) and IV (post-fusion) can lead to inhibition of viral fusion
activity with the host cell, whereas neutralization of the F protein at site
I can lead to inactivation of cell-cell fusion in infected cells.

The presence of NETs in the airway results in a delicate balance
between beneficial and detrimental effect during the ongoing infectious

Fig. 6. Interaction between NET protein components and the hRSV. NET pro-
tein components, immobilized in a nitrocellulose membrane, were incubated
with hRSV solution. Bound virus were revealed using antibodies (Palivizumab
and horseradish peroxidase-conjugated goat secondary anti-human IgG) and
ultra TMB-blotting solution.

Fig. 7. Model of the interaction between the pre-fusion F protein and BPI,
generated by the PatchDock server. (a) Surface model, in which it is possible to
see the first predicted complex formed by the two proteins. (b) The regions of
interaction (green) occur at site II of the F protein. (c) The lowest distance
between the pre-fusion F protein site II closest residue to BPI interaction re-
gions, as measured by the Chimera viewer (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).
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process. Elevated concentrations of NETs result in tissue damage,
whereas lower levels might promote the capture and inhibition of
hRSV, through interactions between the viral F protein and NET pro-
teins (BPI). These interactions could block viral F protein functions,
thereby affecting early virus cycle steps such as adhesion and inter-
nalization, as well as viral spread, by inhibiting cell-cell fusion, and
consequently syncytium formation.

4. Conclusion

We demonstrated in vitro that low concentrations of NETs exhibit
promising anti-hRSV activity, based on their virucidal effect, high se-
lectivity index (SI= 67), and effect on reducing virus-mediated cell
damage and syncytium formation. In silico interactions between the
virus F protein and NET proteins, specifically, BPI, might be at least
partially responsible for such effects by promoting virus neutralization.
However, our recent studies and others suggest that the airways of in-
dividuals infected with hRSV are obstructed by a large number of NETs,
which are stimulated by the virus itself, and could contribute to the
immunopathology observed in children infected with this virus
(Cortjens et al., 2016; Funchal et al., 2015). In addition to broadening
the understanding of the role of NETs during viral infection, as well as
their relationship with hRSV, these results demonstrate the need for
experimental and clinical approaches to modulate the detrimental ef-
fects of NETs during pulmonary disease. Future studies might con-
tribute to the development of new treatments and strategies to combat
hRSV, helping to reduce infections and control the disease, especially in
immunocompromised individuals.
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