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ABSTRACT  Neutrophil extracellular traps (NETs) are structures composed of DNA and granular
proteins, which rapidly trap and kill pathogens. The formation of NETs has been detected during infection
in animal experiments, but their role in humans is unclear. The purposes of this study were to quantitatively
evaluate the production of NETs during acute respiratory infection and to study the relationship between
the NET length and various inflammatory mediators.

We examined bronchial aspirates collected from nine intubated patients in an intensive care unit.
Samples were collected at the onset of acute respiratory infection (day 0) and on days 1, 3-5, and 6-8. The
NET length was visualised by immunohistochemistry and quantified using computer tracing software.

The NET length was measured and compared at each time point. The length differed significantly
between time points (p<<0.001). NETs were significantly longer on day 1 than on day 0 (p<<0.001).
Neutrophils released NETs abundantly in response to respiratory infection and regression analysis showed
that NET length correlated with six clinical parameters (white blood cells, platelets, lactate, CXC ligand-2,
interleukin-8, and procalcitonin) as the explanatory variables.

NETs in bronchial aspirates may reflect disease progression of respiratory infections. Quantification of
NETs in bronchial aspirates may provide a new indicator of inflammation.
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Introduction

A patient admitted to an intensive care unit (ICU) sometimes acquires a critical infectious disease such as
ventilator-associated pneumonia or sepsis [1]. To date, the therapeutic strategies for treating respiratory
infection focus on early diagnosis [2]. To detect respiratory infection before the revelation of lung
infiltration on a chest radiograph, Gram staining is performed at the bedside. In Gram staining of sputum,
in addition to bacteria and neutrophils, numerous fibrous structures in the background are frequently
observed. These structures are thought to be composed of fibrin. However, we reported that these structures
might be neutrophil extracellular traps (NETs) [3].

Neutrophils provide a first line of defence in innate immunity [4]. The mechanisms used by neutrophils to
eliminate microbes have historically been known to include phagocytosis, generation of reactive oxygen
species (ROS), and degranulation [5]. In 2004, BRINKMANN et al. [6] reported a newly identified neutrophil
activity, which they called NETs [6]. NETs are produced by activated neutrophils in response to a variety of
pro-inflammatory stimuli including lipopolysaccharide, interleukin (IL)-8, tumour necrosis factor (TNF),
and various bacteria and fungi [7-9]. High mobility group box 1 (HMGB-1) was also recently reported to
promote the formation of NETs [10]. The main components of NETs are decondensed chromatin, histones,
and antimicrobial proteins such as neutrophil elastase, myeloperoxidase, and LL37 [11]. Citrullinated
histone H3 (Cit H3) is also a characteristic feature involved in NET formation in vitro. Citrullination of
histone H3 by peptidylarginine deiminase 4 plays a pivotal role in chromatin decondensation during
“NETosis” [7, 12]. Inhibition of peptidylarginine deiminase 4 prevents NET formation [13].

Recently, this novel phenomenon, NETosis, has been researched extensively. However, the significance of NET
formation in vivo in clinical conditions is not understood fully. We published a preliminary report showing
that bronchial aspirates from patients with acute respiratory infections contain abundant NETs [14].

The purposes of this study were to confirm that the fibrous structures in Gram-stained bronchial aspirates
are composed of NETs, to measure changes in the length of NET's with time, to evaluate the citrullination of
histone H3, and to determine if there is a relationship between the NET length and various inflammatory
mediators in acute respiratory infection.

Methods
Sample collection
The outline of this study is described in the online supplementary material.

During the study period, from April 2011 to June 2011, bronchial aspirates samples were collected at the
onset of acute respiratory infection (day 0), and then on days 1, 3-5, and 6-8. The collection of bronchial
aspirates was performed by using an Argyle Suction Catheter with Mucus Trap (Covidien, Mansfield, MA,
USA) over the endotracheal tube for deeper-lying sampling. The sample was promptly and gently applied to
a glass slide. After drying, one sample immediately underwent Gram staining and the other samples were
stored at -80°C until the immunohistochemical analysis could be performed.

Acute respiratory infection was diagnosed based on the new onset of purulent endotracheal secretion and
the existence of bacterial phagocytosis revealed on a Gram stain of the bronchial aspirate.

Evaluation of clinical background and severity of illness

Age, sex, body temperature, acute physiological and chronic health evaluation (APACHE II) score, and
sequential organ failure assessment (SOFA) score were recorded at the time of admission. Blood samples
were collected at each time point when the bronchial aspirates samples were collected and were analysed for
laboratory data. The following parameters were measured: white blood cell (WBC) count, platelet count, the
concentration of C-reactive protein (CRP), D-dimer, lactate, procalcitonin (PCT), TNF-a, IL-6, IL-8, CXC
ligand (CXCL)2, HMGB-1, and E-selectin (refer to online supplementary methods).

Identification of NETs

To identify NETs, we used immunostaining to visualise the major NET components: DNA, neutrophil
elastase, and histone H3. Cit H3 was also evaluated as a predictor of NET formation by
immunohistochemistry (refer to online supplementary methods). Gram staining was conducted using a
standard method.

Quantification of NETs

NET length was quantified using Neurolucida (MBF Bioscience, Williston, VT, USA), software for neuron
mapping. NETs were depicted graphically as white lines (fig. 1b). The neutrophil cell bodies (yellow,
fig. 1b) were excluded from the calculation of NET length. NET length was defined as the mean length of
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FIGURE 1 Representative adapted images of neutrophil extracellular traps (NETs). a) Analysed using microscopy or b) acquired using Neurolucida (MBF
Bioscience, Williston, VT, USA), computer software for tracing neural networks. To calculate the length of NETs, all components merged in a fluorescent picture
were traced by the software and each aggregate was excluded from calculation as an actual cell body. Yellow circle: cell body; white line: NETs. Scale bars=30 pm.

DOI: 10.1183/09031936.00139813

NETs calculated by dividing the total length of the white line in the graphical depiction by the total number
of white lines.

Statistical analysis

Continuous variables are presented as median and interquartile range (IQR). Fisher’s exact test and t-test
were used to identify differences between time points in the study group. Single- and multiple-regression
analyses were used to identify associations between NET length and biological parameters. All statistical
analyses were performed using SAS software (SAS Institute Inc., Cary, NC, USA) for regression analyses and
Prism software (version 5.02; GraphPad Software, San Diego, CA, USA).

Results

Identification of NETs in Gram-stained bronchial aspirates

To clarify whether the fibrous structures in bronchial aspirates are indeed NETs, we evaluated purulent
bronchial aspirates using both Gram stain and immunostain on the same slide. As shown in figure 2, almost
all fibres detected in Gram staining also stained simultaneously with 4,6-diamidino-2-phenylindole (DAPT)
and neutrophil elastase. This result indicates that most of these fibrous structures observed using Gram stain
were NETs.

Characteristics of the study participants

In this study, we evaluated the production of NETs in bronchial aspirates at each time point based on our
protocol. During the study period, 263 patients were admitted to the ICU, and 49 of the 263 patients were
intubated. 40 patients were excluded according to the exclusion criteria, details of which are given in the
online supplementary material. The final number of patients included in the study was nine.

The characteristics of the patients are shown in table 1. The study group comprised of six males and three
females with a median age of 63.0 years (IQR, 52.0-75.0 years). The major diagnoses for hospitalisation were
trauma (n=2), resuscitated cardiopulmonary arrest (n=3), peritonitis (n=1), gas gangrene (n=1), bacterial
meningitis (n=1), and pneumonia (n=1). At the time of admission, the median body temperature was 37.6°C
(IQR 36.8-38.2°C), the median SOFA score was 7.0 (IQR 4.0-10.0), and the median APACHE II score was
21.0 (IQR 21.0-25.0). Seven out of the nine patients survived; two patients died during their ICU stay.

Variation in the appearance of NETs over time
To detect the NETs in the bronchial aspirates, DNA and histone H3 were visualised simultaneously using
immunostaining. NETs were recognised as the merged fibrous structures using these components (fig. 3a).

Previously, we reported that the appearance of NETs in bronchial aspirates increased gradually with the
duration and severity of infection and decreased with improvement in the patient’s condition [14].
Likewise, the immunohistochemical images of a representative case are shown in figure 3. Only a few NETs
were identified in the sample on day 0, the onset of acute respiratory infection. On day 1, we observed
infiltration of neutrophils and abundant expanse of NETs. After treatment with appropriate antibiotics, the
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FIGURE 2 Representative images of immunostaining (a—c and e—g) and Gram staining (red, d and h) of bronchial aspirates in the same sample. Neutrophil
extracellular traps were detected as co-localised fibre with 4,6-diamidino-2-phenylindole (blue, a and e) and neutrophil elastase (green, b and f) by
immunohistochemistry; they are identical to the fibrous structures delineated using the Gram stain. Images c) and g) are merged images of a) and b), and e) and
f), respectively. a—d) Scale bars=50 um and e-f) scale bars=10 pum.

respiratory infection improved gradually. In association with the recovery, the NET length shortened, and
the numbers of NETs decreased gradually by days 5 and 7.

Citrullination of histone H3 before NET formation

We observed Cit H3 simultaneously to identify the preliminary phase of NET formation. A representative
case is shown in figure 3. Cit H3 was detected in the nucleus of a subset of neutrophils on day 0 even though
these neutrophils did not extrude fibrous NETs (white arrowhead in fig. 3). On day 1, the detected area of
Cit H3 spread extensively inside the nucleus in some cells, and Cit H3 was detected in parts of the released
NETs (white arrow in fig. 3). In general, neutrophils and NETs containing Cit H3 were rarely observed on
day 5 or later (fig. 3).

Quantification of NETs by length

The NET length was measured using the Neurolucida software program to quantify the change in the NET
length. The mean NET lengths at each time point (days 0, 1, 3-5, and 6-8) were compared. Significant
changes were identified during the clinical course by analysis of variance for repeated measures (p<<0.001;
fig. 4). Tukey’s post hoc multiple comparison test showed that the NET length was significantly longer on
day 1 than on day 0 (p<<0.001) and that the NET length was significantly shorter on days 6-8 than on day 1
(p=0.0132).

To confirm the identification of the filamentous structure as NETs, we further analysed how the length of
this structure changed over time and how it degrades with DNase I in live samples with SYTOX orange
(Invitrogen, Carlsbad, CA, USA), a cell membrane impermeant nucleic acid stain, by time-lapse imaging

TABLE 1 Characteristics of study participants

Patient Age years Sex Condition Body temperature °C SOFA score APACHE Il score Survived
1 63 Male Trauma 38.2 2 6 Yes
2 82 Male Cardiac arrest 37 7 21 Yes
3 52 Female Trauma 38.9 9 21 Yes
4 41 Female Meningitis 38.1 4 6 Yes
5 10 Male Cardiac arrest 36.3 11 28 Yes
6 78 Female Pneumonia 36.4 4 22 Yes
7 73 Male Gas gangrene 36.8 10 25 Yes
8 75 Male Peritonitis 38.3 5 27 No
9 56 Male Cardiac arrest 37.6 10 21 No

SOFA: sequential organ failure assessment; APACHE IlI: acute physiological and chronic health evaluation.
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Day 0 Day 5 Day 7

FIGURE 3 Representative time course images for the immunohistochemical staining of bronchial aspirates in the same
patient. Single stain images for a) 4,6-diamidino-2-phenylindole (DAPI), b) histone H3, c) citrullinated histone H3
(Cit H3), and d) their merged image. Neutrophil extracellular traps (NETs) are recognised as fibrous structures with these
components. e-h) Representative images of time-dependent changes using e) DAPI f) histone H3, and g) Cit H3 to show
appearance of NETs related to disease progression of respiratory infection from day 0 to day 7. h) The merged image of
e—g for each day. White arrowhead: Cit H3 detected in the nucleus; white arrow: Cit H3 on NETs. Scale bars=30 pm.
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over a 0.5-h period. As a result, filamentous NETs were gradually stretched along with the stream of
bronchial aspirate (online supplementary video 1, arrow head). Furthermore, compared with control
(online supplementary video 2), treatment of bronchial aspirates with DNase I results in the gradual
shortening and melting of the filamentous NETs (online supplementary video 3).

The relationships between NET length and clinical parameters

To evaluate the associations between NET length and systemic inflammation, we analysed the relationships
between the mean NET length and clinical parameters and inflammatory cytokine levels in serum. The data
for each time point are shown in table 2. The relationships between NET length and the following
parameters were assessed: body temperature, SOFA score, APACHE II score, WBC and platelet count, blood
concentration of lactate, and serum concentration of C-reactive protein, D-dimer, PCT, tumour necrosis
factor-a, IL-6, IL-8, CXCL-2, HMGB-1, and E-selectin.

We investigated these associations by multiple regression analysis to confirm whether NET length could be
predicted by present or previous clinical parameters. A multiple regression model was constructed with the
NET length as the dependent variable and clinical data as independent variables. The multiple regression
analysis demonstrated that the regression model with dependent and independent variables on day 1 was
only meaningful because the F-tests for the model rejected the hypothesis of joint nonsignificance of the
independent variables. Scatter plots of all clinical parameters and NET length on day 1 are shown (fig. 5). In

TABLE 2 Clinical parameters, serum inflammatory cytokine concentrations, and neutrophil extracellular traps (NETs) length in

bronchial aspirates at each time point

Parameter Day

0 1 3-5 6-8
WBC per pL 13050 (9980-17880) 10560 (8060-21130) 8630 (7590-10450) 10340 (7490-11900)
PLT x10° per pL 147 (123-191) 137 (97-149) 142 (95-219) 211 (136-218)
CRP mg-dL™’ 1.8 (0.4-21.6) 8.6 (4.7-22.3) 4 (2.8-12.6) 6.3 (2.3-7.2)
D-dimer ng-mL™" 4 (2.2-22.7) 3.7 (1.4-15.0) 8.2 (4.3-13.6) 6.4 (2.8-8.6)
Lactate mg-dL™" 39 (17-57) 21 (9-26) 11 (9-19) 13.5 (7.8-18.5)
PCT ng-mL™" 0.7 (0.4-9.2) 3.6 (1.8-16.4) 2.2 (0.7-3.0) 0.8 (0.1-1.1)
TNF-0 pg-mL™’ 17.3 (9.2-28.0) 9.4 (7.4-17.9) 10.9 (8.5-16.3) 10 (7.7-14.8)
IL-6 pg-mL™" 184 (85-910) 82.8 (34.9-710.5) 113.3 (22.0-288.3) 82.7 (11.1-203.0)
IL-8 pg-mL™’ 118 (51.7-229.0) 41.6 (24.5-151.8) 47.6 (32.5-81.4) 43.3 (22.4-172.7)
CXCL-2 pg-mL’ 25.8 (11.0-36.1) 19.2 (10.7-47.3) 13.9 (10.1-30.3) 12.7 (10.5-28.6)
HMGB-1 ng-mL™’ 10.1 (7.3-11.5) 7.1 (4.6-8.5) 7.1 (6.0-8.7) 7.7 (5.7-10.5)
E-selectin ng-mL™" 105 (57-286) 148 (88.6-267.8) 124 (80.4-217.3) 96.9 (86.3-106.5)
NETs mean length pm 76.5 (70.9-78.1) 119.3 (113.8-122.6) 111.2 (98.5-119.3) 97.8 (86.3-106.5)

Data are presented as median (interquartile range). WBC: white blood cells; PLT: platelet; CRP: C-reactive protein; PCT: procalcitonin; TNF:

tumour necrosis factor; IL; interleukin; CXCL: CXC ligand; HMBG-1: high-mobility group box-1.
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FIGURE 5 Scatter plots of each clinical parameter and mean neutrophil extracellular trap (NET) length as independent
variables on day 1. None of these independent variables showed a significant difference. WBC: white blood cells; PLT:
platelet; CRP: C-reactive protein; PCT: procalcitonin; TNF: tumour necrosis factor; IL; interleukin; CXCL: CXC ligand;
HMBG-1: high-mobility group box-1.

the regression model, six parameters (WBC and platelet counts, and concentrations of CXCL-2, IL-8, lactate,
and PCT) were selected using a stepwise method (table 3). NET length on day 1 correlated with these six
inflammatory markers on day 1. The estimated regression model with these six parameters was as follows:
mean NET length= —1.23xWBC count + 0.88x CXCL -2 4 0.44xIL-8 — 0.29xlactate + 0.18 xplatelet count — 0.06 X PCT.

Discussion

The Gram stain is widely used in clinical-infection diagnostics because of its simplicity. In the ICU of our
hospital, Gram staining is performed on a routine basis at bedside. Through this experience, we noticed the
presence of numerous fibrous structures in the bronchial aspirate samples from patients with acute
respiratory infection and that the amount of fibres fluctuated over time. We previously demonstrated for
the first time that NETs could be detected immunohistochemically even after Gram staining in the same
smear sample [3]. In this study, we used the same method to demonstrate definitively that these fibrous
structures seen in Gram staining are composed of NETs (fig. 2). This observation suggests that NETs can be
identified using Gram staining alone without the need for immunostaining. This finding will be of great
value to the clinician because it means that, along with the identification of type and propagation status of
bacteria, evaluation of NET appearance on Gram-stained samples alone can provide information about the
biological response to infection without the need for time-consuming procedures.

The quantitative analysis of NET length showed that NET length in bronchial aspirates changed dynamically
during the course of respiratory infection. Neutrophils released abundant NETs into bronchial aspirates in
response to acute respiratory infections, after which the amount of NETs decreased and the fibres became
fragmented as the infection subsided (fig. 3).

Although the mechanism of varying NET length is uncertain, it is known that DNase I exists and has some
function in sputum [15]. Our data suggested that exposure to DNase I mainly results in shortening of NET's
(online supplementary video 3). It is possible that nascent production of NETs from neutrophils mainly
results in extension of existing NETs. A flow of bronchial secretion in the airway might play a part in
increasing NET length (online supplementary video 1), as evidenced by some reports showing that DNA
was stretched by the traction force [16, 17]. Thus, it is conceivable that decreasing NET length indicates
termination of bronchial infection because of a lack of new production of NETs in bronchi resulting from
the resolution of infection.

Researchers have tried to quantify NETs in vivo. However, quantification of NETs in vivo is more difficult
than expected because NETs are an extracellular fibrous component, which is difficult to measure precisely
by commonly used experimental techniques such as Western blotting, ELISA, PCR, or flow cytometry.
Some studies have reported on using the quantity of circulating free DNA to estimate the quantity of NETs
in serum [18, 19]. However, it is uncertain whether circulating free DNA reflects the amount of NETs
directly. The quantification method we used here is considered to be reliable because the NETs are
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TABLE 3 Results of the multiple regression analysis of variables related to neutrophil
extracellular trap length

Standardised regression coefficient p-value
Intercept 0 0.004
White blood cells -1.23 0.016
CXC ligand-2 0.88 0.016
Interleukin-8 0.44 0.029
Lactate -0.29 0.041
Platelet 0.18 0.075
Procalcitonin -0.06 0.199

The value of adjusted R2=0.999.

visualised morphologically and the length is measured directly on the slides. A disadvantage is that it takes a
relatively long time to obtain the result. Therefore, a simpler method to quantify NET appearance in human
samples is needed for more practical clinical application.

In the current study, Cit H3 was detected inside the nucleus in a subpopulation of neutrophils on day 0, and
many neutrophils expressing Cit H3 appeared at the time of maximum NET production on day 1.
Citrullination of histones is thought to be the first step of nuclear decondensation [12]. In this research,
polymorphonuclear leukocytes containing Cit H3 were predominant in the early infection phase, but were
observed rarely in the convalescent period. This observation supports the idea that citrullination of histone
H3 is mandatory for the process of NETosis before nuclear decondensation. A previous report suggested
that Cit H3 is released into the circulation during the early stage of lipopolysaccharide-induced shock and it
is associated with the severity of shock in a mouse model [20]. Our data suggests that the quantity of Cit H3
has potential as a clinical biomarker of the severity of infection, independent from other well-known
inflammatory biomarkers such as C-reactive protein and PCT.

The dynamic change in NET length described above correlated with six inflammatory parameters (table 3):
WBC and platelet counts, blood concentration of lactate, and serum concentrations of CXCL-2, IL-8, and
PCT. These are well-known markers that reflect the biological response to infection. WBC count correlated
negatively and most strongly with NET length. In general, WBC count is elevated in the early stages of
inflammation. By contrast, we found that the peak of the NET length was 1 day after the onset of infection.
We speculate that this gap and the negative correlation between WBC count and NET length reflect the shift
of WBCs from circulation to the respiratory tract.

After WBC count, CXCL-2 levels had the second strongest correlation with NET length. Also called MIP-2
or growth-regulated protein (GRO)-beta, CXCL-2 is secreted by monocytes and macrophages, and
promotes chemotaxis of neutrophils [21]. The third most strongly correlated parameter was IL-8
concentration, which also belongs to the CXC chemokine family. IL-8 is a pro-inflammatory cytokine
produced by macrophages and other cells, such as epithelial cells, and its level increased during community-
acquired pneumonia and ventilator-associated pneumonia [22]. It has been reported that IL-8 can trigger
the release of NETs in vitro [6]. Both the accumulation of polymorphonuclear leukocytes and the induction
of NETs in the respiratory tract might be induced partly by CXCL-2 or IL-8 produced by resident
macrophages in the lung [23], although confirmation is needed.

An increase in blood lactate level reflects peripheral hypoperfusion and is a predictor of patient mortality
under septic conditions in the ICU [23]. In this study, lactate level correlated negatively with NET length.
ROS species are an essential substance needed for production of NETs [24]. Volume resuscitation and
improved oxygenation by initiation of ventilator management in hypoxic conditions should increase the
generation of ROS because of abrupt oxidative stress [25]. One possible explanation of the negative
correlation between lactate level and NET production is that the amount of ROS might be insufficient to
induce NET production during the phase when lactate level increases. The relationship between lactate level
and NETs should be explored to elucidate the biological function of NETs in critical illnesses such as
circulatory insufficiency and hypoxia.

Platelet count and PCT level also correlated significantly with NET length in the regression analysis.
Platelet-neutrophil interactions play a pivotal role in NETosis [26, 27]. PCT is commonly used as an
inflammatory marker and is useful for predicting the prognosis and deciding whether to use antibiotics in
pneumonia [28, 29].
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Nosocomial tracheobronchitis is common in mechanically ventilated ICU patients [30]. A recent paper
reported that approximately one third of ventilator-associated tracheobronchitis (VAT) patients later
developed ventilator-associated pneumonia (VAP) [31]. Our method could potentially be utilised to predict
the progression to VAT, which could result in decreased numbers of VAP patients. Our study also suggests
that Gram staining can be used to evaluate NETSs as a surrogate for immunohistochemical detection.

Limitations of this study are the small number of patients enrolled in this study and that the patient
population was heterogeneous. Simple correlations could not been detected between any single
inflammatory parameter and the mean NET length, even though there were significant differences in the
NET length. Identification of biological parameters related to NET formation will need larger studies with
more participants. Additionally, in this study, we did not investigate the relationship between NET length
and bacterial number in bronchial aspirates. Elucidating this relationship may promote further
understanding of the biological relevance of NET length. Other candidate molecules involved in NET
production or clearance should be examined in the blood as well as bronchial aspirates. Further studies will
help clarify the biological significance of NETs in bronchial aspirates in various clinical conditions.

In conclusion, our findings suggest that NET length in bronchial aspirates reflects the immunological and
inflammatory states associated with disease progression in respiratory infections. NET length in bronchial
aspirates might provide a new inflammatory biomarker that could be applied when making decisions about
the initiation and cessation of antibiotics or immunomodulatory therapy.
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