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ABSTRACT Childhood lung infection is often associated with prominent neutrophilic airway
inflammation and excess production of proteases such as neutrophil elastase (NE). The mechanisms
responsible for this inflammation are not well understood. One potentially relevant pathway is the
production of extracellular traps by neutrophils (NETs) and macrophages (METs). The aim of this study
was to measure NET and MET expression in children and the effect of deoxyribonculease (DNase) 1 and
α1-antitrypsin (AAT) on this process.

We studied 76 children (median age of 4.0 years) with cystic fibrosis or chronic cough who underwent
investigational bronchoscopy. NETs, METs and neutrophil elastase activity in bronchoalveolar lavage
(BAL) samples were measured using confocal microscopy and functional assays. The effects of DNase 1
and AAT on NET/MET expression and neutrophil elastase activity were examined in vitro.

Both subject groups had airway neutrophilia with prominent BAL production of NETs with neutrophil
elastase co-expression; the mean %±standard error of the mean of neutrophils expressing NETs in the
cystic fibrosis group was 23.3±2.8% and in the non-cystic fibrosis group was 28.4±3.9%. NET expression
was higher in subjects who had detectable neutrophil elastase activity (p⩽0.0074). The percentage of
macrophages expressing METs in the cystic fibrosis group was 10.7±1.2% and in the non-cystic fibrosis
group was 13.2±1.9%. DNase 1 decreased NET/MET expression (p<0.0001), but increased neutrophil
elastase activity (p⩽0.0137). The combination of AAT and DNase 1 reduced neutrophil elastase activity
(p⩽0.0049).

We observed prominent extracellular trap formation in symptomatic children with and without cystic
fibrosis. This innate inflammatory response was down-regulated by a combination of currently available
therapeutics.
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Prominent extracellular trap formation may be observed in young children with airway
inflammation, with and without cystic fibrosis. This innate inflammatory response is down-
regulated by a combination of currently available therapeutics. https://bit.ly/3bDaWyC
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Introduction
An effective immune response to infection is characterised by an initiation phase with activation of
immune effector cells/mediators, then a resolution phase. An inadequate initiation may result in
progressive infection; whilst an ineffective resolution may result in excessive inflammation and tissue
damage.

Early childhood is a crucial period for lung development. This period is also characterised by a high
frequency of respiratory infection, which may potentially have an adverse effect on this development.
Young children have an immune response to infection that is less effective than adults. There are major
logistical issues in the study of lung infection in children particularly in terms of obtaining relevant
samples and imaging. Consequently, the pathogenesis of respiratory infection in childhood remains
relatively poorly understood, as does optimal treatment pathways.

Cystic fibrosis lung disease is characterised by recurrent lower airway infection and prominent neutrophilic
inflammation that begins in the first year of life [1–3]. The persistent airway infection and inflammation
causes bronchiectasis and eventually respiratory failure [4]. The presence of protease neutrophil elastase
activity in bronchoalveolar (BAL) fluid in children with cystic fibrosis has been shown to be a primary risk
factor for the development of bronchiectasis in this context [5].

Childhood respiratory infection may also have long-term effects in non-cystic fibrosis subjects with
decreased lung function and increased risk of development of chronic airways disease [6–11]. A chronic
wet cough may be a risk factor for the development of bronchiectasis [12].

One potentially relevant inflammatory pathway is phagocytic extracellular trap formation, an innate
immune response. Extracellular traps are produced by neutrophils (NETs) and are composed of
extracellular DNA with co-localised mediators such as neutrophil elastase [13, 14]. These NETs help
protect against infection, but may also damage host tissue [14–17]. More recently it has been recognised
that macrophages also express extracellular traps (METs) and we have demonstrated this in the lung [18, 19].
NETs have been described in the cystic fibrosis lung but this process is not well studied in young children
[20]. NETs and METs are dismantled by deoxyribonuclease (DNase) 1 [14]. DNase 1 is available in the
form of inhaled dornase alfa, which is used to break down extracellular DNA and improve sputum
clearance in subjects with cystic fibrosis [21]. Dornase alfa is currently recommended for children with
cystic fibrosis who are six years and older [22]. The activity of neutrophil elastase is reduced by
anti-proteases such as alpha-1 antitrypsin (AAT), which is produced by the liver to control protease
activity but also may be given exogenously; e.g. to subjects with AAT deficiency and emphysema.

Our hypothesis is that phagocytic extracellular traps may be present in early life and contribute to lung
inflammation, both in subjects with and without cystic fibrosis. Importantly the process of NET and MET
expression in childhood may represent a new therapeutic target.

Material and methods
Study populations
Two paediatric groups with prominent airway neutrophilia were studied; 1) subjects with cystic fibrosis
and, 2) children with chronic cough.

We recruited children from two tertiary paediatric referral centres in Melbourne, Australia: Monash
Children’s Hospital (MCH)/Monash Health and the Royal Children’s Hospital (RCH). Subjects at MCH
had a clinically indicated bronchoscopy as part of standard clinical care. Children with cystic fibrosis and
non-cystic fibrosis airways disease were recruited from Monash. Subjects at the RCH were recruited as part
of the Australian Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF) protocol [5].

This research project was approved by the Monash Health human research ethics committee and as part
of the AREST CF protocol by the ethics committee at RCH. Informed, written consent was obtained from
the child’s parent/legal guardian prior to enrolment.

It was not feasible to obtain BAL samples in asymptomatic children without airway neutrophilia due to
ethical concerns. Therefore we also included as a control group, adults with a chronic cough with normal
lung function who had had BAL samples taken previously [18].

Clinical samples
BAL samples were obtained from anaesthetised patients as previously described [5]. Peripheral blood
samples were also obtained on the day of the bronchoscopy.
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Assessment of inflammation
BAL samples were centrifuged to separate cells and supernatant. The BAL supernatants and serum from
peripheral blood were frozen at −80°C pending further analysis. Cell differential count and viability was
performed on the BAL samples as previously described [18, 19].

To assess trap expression, cells were incubated with the prevalent respiratory bacterium non-typeable
Haemophilus influenzae (NTHi), NTHi and DNase 1 or unstimulated (baseline) for one hour. Cells were then
fixed and permeabilised and stained for relevant antibodies to define the expression of NETs and METs.
Confocal microscopy was used to take images and results were analysed as previously described [18, 19, 23].

Biomarker/inflammatory mediator expression was assessed in BAL and serum samples. In BAL levels of
neutrophil elastase activity, AAT and interleukin (IL)-6 were measured. The BAL levels of AAT and IL-6
in both paediatric groups were compared with the adult control group. In the serum samples levels of
AAT, then C-reactive protein (CRP) and IL-6 were measured. AAT levels were measured by nephelometric
assay in the serum and an ELISA in the BAL.

Initial samples were used for the analysis of lung extracellular trap expression, whilst subsequent samples
were used for the assessment of functional assays of macrophage IL-6 production and effect of AAT on
neutrophil elastase activity (there was not enough sample to perform both analyses). Biomarker analysis
was done on all samples.

Statistics
Statistical analysis using paired/unpaired testing with parametric or non-parametric analysis or
Chi-squared test was performed as appropriate. Results are expressed graphically as mean±SEM or median
values and interquartile range as appropriate.

More details are available in the Supplementary Methods in the Online Supplement.

Results
Characteristics of the study participants
BAL samples were obtained from 76 participants: 38 children with cystic fibrosis and 38 subjects in the
non-cystic fibrosis group. The median age in both groups was 4 years and there were no significant
differences in baseline clinical characteristics between the two groups. Both groups had prominent airway
neutrophilia and a high prevalence (⩾66%) of microbial pathogens; approximately half of the subjects had
detectable neutrophil elastase activity in the BAL fluid (table 1). Further details of the subjects (including
features of the adult control subjects) are listed in the Supplementary Methods and Supplementary Tables
1 and 2 in the Online Supplement.

Phagocyte extracellular trap expression
Both the cystic fibrosis and the non-cystic fibrosis groups had prominent expression of NETs and METs at
baseline (analysed in the first 46 subjects (24 cystic fibrosis and 22 non- cystic fibrosis subjects)). Levels of
NET expression were two-fold higher than MET expression. The mean±SEM % of neutrophils expressing
NETs in the cystic fibrosis group was 23.3±2.8% and in the non-cystic fibrosis group was 28.4±3.9%. The
percentage of macrophages expressing METs in the cystic fibrosis group was 10.7±1.2% and in the
non-cystic fibrosis group was 13.2±1.9 The addition of NTHi to unstimulated BAL cells significantly
upregulated trap expression in both groups (p⩽0.0431), validating the relevance of infection to the
production of NETs and METs. Results are shown in figure 1a–f and in Supplementary Figures 1–3.

TABLE 1 Baseline characteristics of groups

Characteristic CF-group Non-CF group p-value

Children n 38 38
Age years 4.1 (1.8–6.0) 3.7 (1.8–6.7) 0.87
Female/male n 15/23 13/25 0.81
Detectable neutrophil elastase activity n/total N (%) 23/38 (61) 17/38 (45) 0.25
Infection n/total N (%) 30/38 (79) 25/38 (66) 0.30
Neutrophils in BAL % 22 (11–52) 23 (11–39) 0.81
Subjects with elevated BAL neutrophil %- n/total N (%) 29/38 (76%) 29/38 (76%)

Data are presented as median (interquartile range), unless otherwise stated. BAL=bronchoalveolar lavage.
An elavated percentage of neutrophils in BAL is defined as >10%.
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FIGURE 1 Phagocyte extracellular trap expression. Neutrophil (NET) and macrophage (MET) extracellular trap
expression was assessed in both the cystic fibrosis (CF) and non-CF groups using confocal microscopy; at
baseline and with the addition of the bacterium nontypeable Haemophilus influenzae (NTHi). a) NET expression
and b) MET expression. Images shown are merged with chromatin (blue), citrullinated histone (H3Cit) (red),
matrix metalloproteinase (MMP) 9 (green) and neutrophil elastase (NE) (white). c) NET expression in CF group
and d) NET expression in non-CF group. e) MET expression in CF group and f) MET expression in non-CF
group. Bronchoalveolar lavage (BAL) neutrophil elastase (NE) activity was assessed in both g) CF and
h) non-CF groups. The number of neutrophils expressing NETs was compared between subjects without
detectable NE and with detectable NE. Results shown as mean±SEM or median.
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NET expression and neutrophil elastase activity
An important component of NET formation is the expression of neutrophil elastase; the presence of
detectable neutrophil elastase has been shown to be a key risk factor for the development of cystic fibrosis
in bronchiectasis. In the cystic fibrosis group the number of neutrophils expressing NETs per mL was
compared in subjects with detectable and non-detectable neutrophil elastase activity using an established
thresh-hold (figure 1g). The numbers of NETs in subjects with detectable neutrophil elastase was almost
10-fold higher compared to those subjects with no neutrophil elastase (p=0.0074).

In the non-cystic fibrosis group similar results were obtained (figure 1h). The numbers of NETs in
subjects with detectable neutrophil elastase was 14-fold higher compared to those subjects with no
neutrophil elastase (p=0.0056).

Measurement of IL-6
Levels of IL-6 an inflammatory cytokine, were measured in the BAL fluid. Nearly all paediatric subjects
had detectable IL-6 and levels were comparable between the cystic fibrosis and non-cystic fibrosis groups
(figure 2a). BAL macrophages were infected in vitro with NTHi (for 3 h), which induced significant
upregulation of IL-6 production in the cystic fibrosis group with a five-fold increase (figure 2b) and the
non-cystic fibrosis group with a three-fold increase (figure 2c) (p=0.0002). Serum IL-6 was generally
detectable in both the cystic fibrosis (82%) and non-cystic fibrosis groups (97%) with similar levels
(figure S5).

Measurement of CRP and AAT levels
AAT and CRP are acute phase proteins primarily produced in the liver in response to inflammatory
signals (e.g. IL-6). Levels of AAT were assessed using an automated nephelometric assay that is used in
clinical practice and has a well-established normal range (reference interval). Both groups had median
levels that were comparable. Despite these subjects having significant neutrophilic airway inflammation the
median values for both groups were in the lower normal range. Both the cystic fibrosis and non-cystic
fibrosis populations appeared to be mildly shifted downwards (Figure S6).

In the cystic fibrosis group the serum CRP levels were three-fold higher in subjects with detectable
neutrophil elastase compared with subjects with no detectable neutrophil elastase and in the non-cystic
fibrosis group six-fold higher (Figure S7a and b) (p⩽0.041). In contrast, levels of serum AAT showed no
difference (figure S7c and d).

BAL levels of AAT in both paediatric groups were compared to the adult control group (Table S3). This
adult group despite a lack of neutrophilic airway inflammation had levels of AAT that were more than
seven-fold higher than the paediatric groups (figure 2d), (p<0.0001).

Effect of DNase1 and AAT
In both the cystic fibrosis and non-cystic fibrosis groups, the administration of DNase 1 in vitro to
NTHi-stimulated cells caused a 20-fold reduction in NET (figure 3a-d) and MET expression (Figure S8)
(p<0.0001).

AAT is the most important anti-protease involved in downregulation of neutrophil elastase activity. The
addition of AAT to NTHi-infected blood neutrophils (that expressed NETs) in both groups induced a
more than five-fold reduction in neutrophil elastase activity (figure 3e and f), (p=0.0010).

The effect of DNase 1 on NTHi-infected neutrophils was assessed. In contrast to AAT, the addition of
DNase 1 increased neutrophil elastase activity approximately two-fold (p⩽0.0137).
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The combination of AAT and DNase 1 was then assessed. This resulted in a six-fold decrease in
neutrophil elastase activity in the cystic fibrosis group and a 10-fold decrease in the non-cystic fibrosis
group when compared to DNase 1 alone (p⩽0.0049), (figure 3g and h). Further experiments validated this
approach (Figure S9).

The effect of adding AAT on the BAL samples with detectable neutrophil elastase activity was assessed.
This resulted in the removal of detectable neutrophil elastase activity in most cases (figure 3i and j).

A summary of the results and their possible relationship to each other is shown in figure 4.

Discussion
We have demonstrated prominent neutrophil and macrophage extracellular trap expression in the lungs of
young children and have defined pathways involved in their function. Treatment with medications in
current clinical use ameliorated trap formation with potential anti-inflammatory effects.

Although NET expression has been described in cystic fibrosis [20], these studies have generally been
undertaken in adults and used sputum analysis. There are issues with the use of sputum samples to assess
NET expression as there are a variety of causes of cell death that may be responsible for the presence of
extracellular DNA in sputum. There is minimal published literature defining the presence of lung NETs in
early childhood.

To our knowledge, our work is the largest and most comprehensive study of phagocytic traps in young
children. In the current study we have demonstrated the presence of BAL NETs in children with cystic
fibrosis from the age of one year onwards. We also studied a non-cystic fibrosis group who were composed
of young children with a chronic cough. Similar to the cystic fibrosis group, these children had prominent
expression of NETs, which was much higher in those with detectable neutrophil elastase activity. Both

FIGURE 3 Effect of deoxyribonuclease (DNase) 1 and alpha-1 antitrypsin (AAT). The effect of DNase 1 on
neutrophil extracellular trap (NET) expression was assessed in both the cystic fibrosis (CF) and non-CF
groups. a) Extracellular trap expression in NTHi stimulated cells and b) the effect of the addition of DNase
1. c) NET expression in CF group and d) NET expression in non-CF group. The addition of AAT decreased NE
activity compared to control in e) CF subjects and similar results were noted in f) non-CF subjects. DNase 1
increases NE activity which is reduced by the addition of AAT in g) CF subjects and h) non-CF subjects. The
addition of AAT to BAL reduces NE activity in i) CF and j) non-CF populations. Results shown as mean±SEM or
median.
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FIGURE 4 Potential relation between key results. Summary of the possible relation between the airway and
systemic immune responses. Infection/inflammation in the airway causes the expression of neutrophil
extracellular traps (NETs) with neutrophil elastase (NE); as well as activating macrophages to produce
inflammatory mediators such as interleukin (IL)-6. One of the potential effects of inflammatory mediators is
to act on the liver to induce acute phase reactants such as C-reactive protein (CRP) and α1-antitrypsin (AAT).
Circulating AAT may then come back to the airway. DNase 1 breaks down NETs and AAT inactivates NE. Both
DNase 1 and AAT may be given exogeneously.
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groups of children had marked airway neutrophilia and this was much more prominent than we typically
observe in adult subjects.

SLY et al. [5] studied the potential role of a number of factors in the development of bronchiectasis in
young children. The key finding of this study was that the presence of detectable neutrophil elastase
activity was associated with the development of bronchiectasis. We used the same methodology and
demonstrated the levels of NETs (that expressed neutrophil elastase) were much higher in subjects with
detectable neutrophil elastase. This result implies that a primary mechanism for the development of lung
damage in cystic fibrosis is via NET formation.

In addition to NETs, other forms of extracellular traps have been described such as METs. These METs
produce mediators such as matrix metalloproteinase (MMP) 9 and 12, which have shown to have a role in
the development of emphysema [24, 25] and potentially also in cystic fibrosis [26–28]. To our knowledge,
pulmonary METs have not been described previously in young children, but were present in both groups
of subjects and may potentially contribute to host pathology.

Both the cystic fibrosis and non-cystic fibrosis children groups had prominent BAL inflammation with
airway neutrophilia. Levels of NETs and to a lesser extent METs were much higher than we have
previously observed in adult subjects (for NETs more than 10-fold higher) [18, 19]. Surprisingly the
responses were similar between the two groups. This is likely to be explained by the non-cystic fibrosis
group having exacerbated airways disease whilst the cystic fibrosis group were most commonly assessed
when at baseline. The results are suggestive that young children make a strong innate immune response in
the lung to infection.

Lung inflammation may induce pathways to resolve this response. IL-6 is a key inflammatory cytokine.
Both groups had detectable IL-6 in BAL fluid and lung macrophages demonstrated enhanced production
with NTHi infection; most subjects also had detectable blood levels of IL-6. Blood levels of IL-6 in young
children have not been well established, but the levels were not obviously elevated (as may be expected in
inflammatory states). In addition to its inflammatory effects, IL-6 is the primary cytokine that induces the
production of acute phase reactants in the lung such as AAT. AAT is predominantly produced in the liver
and has a primary role in inactivating proteases, particularly neutrophil elastase. The production of DNase
1 dismantles extracellular trap formation and has an anti-inflammatory effect [19, 29, 30].

We found that both cystic fibrosis and non-cystic fibrosis children had median serum levels of AAT that
were in the lower part of the normal range with both populations being skewed downwards (rather than
having outlying subjects). This result is surprising as these children generally had significant airway
inflammation (and AAT levels might be expected to be increased). Studies have assessed the role of AAT
deficiency alleles in cystic fibrosis; these deficiency alleles have not been found been to be significantly
different from normal populations nor were they associated with severity of lung disease [31–33].

Most subjects had detectable AAT in the BAL fluid, but there is very limited literature available regarding
what are the normal levels of AAT in the lung. One study described subjects who were healthy smokers as
having a median BAL AAT level of 795 ng·mL−1 and in COPD smokers levels were 512 ng·mL−1 (as
measured by ELISA) [34]. In the current study we also compared BAL AAT levels in adults with chronic
cough with the paediatric groups; levels in children were much lower than adults (in contrast to the IL-6
levels). The results from the current study imply that these children may have a relative deficiency of AAT
production in response to inflammation and protease production [35]. The mechanisms responsible for
this effect are not clear but could include deficient IL-6 signalling or the inability of young children to
upregulate liver AAT production in response to inflammation.

There are several limitations of this study. The first relates to the ethical issue of subjecting asymptomatic
children to general anaesthesia to obtain a BAL sample, which required us to use adult controls to
compare AAT levels. At our institutions, we do not perform bronchoscopy and BAL in asymptomatic
children. Hence we used an adult control group who had chronic cough but did not have airway infection,
neutrophilia or NET formation. In our laboratory the normal serum levels of AAT have a range of 1.0 to
2.4 g·L−1 for the population aged from 1.0 to 70.0 years. Thus serum levels of AAT are roughly
comparable between adult and paediatric groups. The number of subjects was moderate in size compared
with adult studies, however the results were significant with large differences. The non-cystic fibrosis group
was hetereogeneous and whether chronic cough or infection predisposes to the development of lung
disease has not been definitively confirmed. The adult controls did not have serum samples available to
assess AAT levels.

The results clearly demonstrate that DNase 1 (dornase alfa) reduces NET/MET expression. We have
previously demonstrated in vivo in a smoke exposure model that DNase 1 reduces lung proteolysis and
similar findings have been described in the liver [19, 36]. In addition we have demonstrated that this
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therapy markedly reduces lung leukocyte numbers. In other models, DNase 1 has been shown to have a
beneficial anti-inflammatory effect [29, 30]. However DNase 1 was used as a long-term maintenance
therapy in a cohort of adults with non-cystic fibrosis bronchiectasis with worse outcomes [37].

Exogenenous AAT has been administered for the treatment of emphysema for a number of years as well
as in trials of other lung diseases including cystic fibrosis with inconclusive results [35] DNase 1 has
previously been shown to facilitate neutrophil elastase release [38, 39]. We found similar results in our in
vitro NET model. The findings suggest that neutrophil elastase in a trap may be protected from the action
of AAT. Our results suggest that before administering DNase 1, assessment of AAT levels is important as
this could potentially indicate subjects who are more at risk from tissue damage from released proteases.

The first five years of life are critical for normal lung growth. Our work suggests that both DNase 1 and
AAT may have a role in reducing pathogenic lung inflammation in children. Furthermore, our results
imply a possible role for the use of combined DNase 1 and AAT, particularly in subjects who may have a
relative deficiency of AAT. The potential benefits of this novel approach has to be weighed up against the
risks of inhibiting a host immune response and perhaps may be safest to be used for the treatment of
exacerbations with co-administered antibiotics. DNase 1 has a short half-life so this medication may need
to be given twice rather than once daily. AAT as it is principally derived from human serum, is not widely
available in many countries and also is relatively unstable with variable effectiveness as a consequence.
This regimen may reduce excessive inflammation not only in cystic fibrosis but also in the much larger
non-cystic fibrosis population such as in children with pneumonia.

In conclusion, phagocyte extracellular trap expression is prominent in children, both with cystic fibrosis
and non-cystic fibrosis airways disease. This robust innate inflammatory response may potentially
contribute to lung damage and represent a new therapeutic target in early life with the possible
combination of DNase 1 and AAT.
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