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Abstract

Rationale: Neutrophils are recruited to the airways of individuals
with cystic fibrosis (CF). In adolescents and adults with CF, airway
neutrophils actively exocytose the primary granule protease elastase
(NE), whose extracellular activity correlates with lung damage. During
childhood, free extracellular NE activity is measurable only in a subset
of patients, and the exocytic function of airway neutrophils is unknown.

Objectives: To measure NE exocytosis by airway neutrophils in
relation to free extracellular NE activity and lung damage in children
with CF.

Methods:We measured lung damage using chest computed
tomography coupled with the Perth-Rotterdam Annotated Grid
Morphometric Analysis for Cystic Fibrosis scoring system.
Concomitantly, we phenotyped blood and BAL fluid leukocytes by
flow and image cytometry, and measured free extracellular NE
activity using spectrophotometric and Förster resonance energy

transfer assays. Children with airway inflammation linked to
aerodigestive disorder were enrolled as control subjects.

Measurements and Main Results: Children with CF but not
disease control children harbored BAL fluid neutrophils with high
exocytosis of primary granules, before the detection of bronchiectasis.
This measure of NE exocytosis correlated with lung damage (R = 0.55;
P = 0.0008), whereas the molecular measure of free extracellular NE
activity did not. This discrepancy may be caused by the inhibition of
extracellular NE by BAL fluid antiproteases and its binding to leukocytes.

Conclusions: NE exocytosis by airway neutrophils occurs in all
children with CF, and its cellular measure correlates with early lung
damage. These findings implicate live airway neutrophils in early CF
pathogenesis, which should instruct biomarker development and
antiinflammatory therapy in children with CF.
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Cystic fibrosis (CF) is a multiorgan disease
caused by recessive mutations of the CFTR
gene (1). Morbidity and mortality in CF
relate primarily to progressive lung damage,
leading eventually to respiratory failure.
Although some studies point to anomalies
in prenatal development of large airways in
CF (2), the first overt symptoms may be
detected months to years after birth (3–5),
primarily because of involvement of the
small airways (6). Thanks to newborn
screening, CF infants can be diagnosed
within a few weeks of birth and monitored
closely from a very young age, which has
led to improved patient care and outcomes
(7). Among methods for monitoring in
early CF are chest computed tomography

(CT) scans (8), to assess structural lung
damage, and BAL fluid (BALF) collection
(9), to investigate infection status, as well as
cellular and molecular biomarkers (10).

Nearly 20 years have revealed that
children with CF develop signs of lung
disease early in life (5, 11, 12). Inflammation
as evidenced by increased levels of
proinflammatory mediators and
downstream recruitment of blood
neutrophils into the airway lumen occurs
within a few weeks after birth (13). It is
still unclear whether early CF airway
inflammation is triggered solely by cellular
stress linked to abnormal CFTR expression
(14), as suggested by several CF models
in which infection can be excluded
experimentally (15–18). Early infection is
also believed to play a role in this process,
possibly as a trigger, and most definitely as
an accelerator, of inflammation (19). Still to
be better defined are the roles played in
early disease of typical CF-associated
proinflammatory microorganisms, such as
Pseudomonas aeruginosa, Staphylococcus
aureus, Haemophilus influenzae, and
Aspergillus spp. (20–23), and of oral
microflora that may also spread to the
airways (24).

Critically, recruitment of blood
neutrophils to the airways in early CF
disease is marked by the appearance of
neutrophil-derivedmetabolites in BALF (25,
26), and release of the protease neutrophil
elastase (NE). A cross-sectional study close
to a decade ago showed that free
extracellular NE activity in BALF
(measured with a conventional
spectrophotometric assay) correlated with
structural lung damage as assessed with a
three-slice CT method (27). A follow-up
longitudinal study showed that 3-month-
old infants with CF whose BALF was
positive for free extracellular NE activity
had increased odds of developing
bronchiectasis at 12 and 36 months than
those for which BALF was negative (28).

Another important issue relates to the
mode of release of NE by airway neutrophils,
which is normally contained in primary
granules in the cytosol (29). We showed in

prior studies that live neutrophils recruited
to the airway lumen in adolescents and
adults with CF are characterized by
hyperactive NE exocytosis and the loss
of phagocytic receptors, among other
anomalies (30–33). However, it remains
unknown whether similar active
dysfunction occurs in neutrophils present
in the airway lumen of children with CF,
and how this dysfunction may relate to free
extracellular NE activity and structural lung
damage. This question is particularly
important at a time when novel therapies
are slowing the appearance of symptoms in
patients with CF (34).

To address this question, we performed
phenotyping of airway leukocytes from
children with CF using flow and image
cytometry (35). Concomitantly, we used
chest CT scans scored with the sensitive
Perth-Rotterdam Annotated Grid
Morphometric Analysis for Cystic Fibrosis
(PRAGMA-CF) tool recently developed for
early disease monitoring (36), and free
extracellular NE activity measurement by a
Förster resonance energy transfer (FRET)-
based method (37–39). Our findings
support the notion that NE exocytosis by
airway neutrophils occurs in children with
CF, and that its cellular measure correlates
with early lung damage. Some of the results
of these studies have been previously
reported in the form of abstracts (40–43).

Methods

Human Subjects and Samples
Data were collected prospectively from 42
children with CF (age, 3–62 mo) enrolled in
disease surveillance programs at Telethon
Kids Institute, Perth, Australia and
Erasmus Medical Center/Sophia Children’s
Hospital, Rotterdam, the Netherlands.
Measures of NE exocytosis by freshly
collected blood and BAL leukocytes,
free extracellular NE activity in BALF,
inflammatory mediator levels in BALF,
and chest CT scans analyzed with the
PRAGMA-CF scoring method were sought
at the same visit.
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This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

At a Glance Commentary

Scientific Knowledge on the
Subject: Neutrophils are recruited
into the airways of individuals with
cystic fibrosis (CF), and actively
exocytose the primary granule protease
elastase, whose free extracellular
activity correlates with CF lung
damage, notably bronchiectasis.
During childhood, free extracellular
elastase activity is only measurable in a
subset of patients, and the exocytic
function of airway neutrophils is
unknown.

What This Study Adds to the
Field: Using flow cytometry, we show
that neutrophils actively release
elastase in the airway lumen of children
with CF, before the detection of
bronchiectasis. In a cross-sectional
two-center study, this measure of
elastase exocytosis correlated with early
structural lung damage measured by
chest computed tomography. These
findings implicate live airway
neutrophils in early CF airway
pathogenesis, which should instruct
biomarker development and
antiinflammatory therapy in early CF.
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Control subjects (n = 10) were enrolled
among children without CF less than
6 years of age who were undergoing a
bronchoscopy procedure as part of their
diagnostic work-up in the Aerodigestive
Clinic at Emory University. This clinic
follows patients with airway disorders
(laryngomalacia, subglottic stenosis,
tracheomalacia, bronchomalacia),
dysphagia, and chronic aspiration, and
patients with complex medical conditions
and genetic disorders associated with
various malformations. We excluded
patients with a tracheostomy, those with
significant airway reconstruction (slide
tracheoplasty), significant prematurity
(,28 wk gestational age), or those with
evidence of diffuse lung disease (childhood
interstitial lung disorders)

Demographic data for the primary
prospective cohorts of CF and control
children are summarized in Table 1. Further
details on human subjects and sample
collection appear in the METHODS section of
the online supplement. Because samples
from children were sometimes limiting in
terms of cell yield, we list in Table E1 in the
online supplement all CF and control
subjects and the assays that were effectively
implemented on their samples. In addition,
fixed BALF leukocytes were available to
conduct confirmatory image cytometry
measurement of NE content from another
prospective cohort of 10 children with CF
enrolled in 2015 at Erasmus Medical
Center/Sophia Children’s Hospital (age,
13–37 mo).

Chest CT Imaging
Volumetric chest CT scans obtained under
general anesthesia at Princess Margaret

Hospital for Children (8) and free-breathing
chest CT scans obtained without anesthesia
at Erasmus Medical Center/Sophia
Children’s Hospital were scored using
the PRAGMA-CF method (36). Total
disease (PRAGMA-Dis%), bronchiectasis
(PRAGMA-Bx%), and air trapping
(PRAGMA-TA%) were reported.

Flow and Image Cytometry
Multiparametric flow cytometry was
performed on cells obtained from blood and
BALF, as detailed previously (33, 35), with
some modifications detailed in the METHODS

section of the online supplement. Critical to
the implementation of this study was the
implementation of cell staining, and data
acquisition protocols for flow cytometry
that enabled cross-center standardization
and downstream centralized analysis, as
explained previously (35). Image cytometry
data acquisition and analysis was
performed as described previously (31).
Gating of neutrophils and macrophages
followed the strategy illustrated in Figure
E2A.

BALF Assays for Inflammatory
Mediators and Free Extracellular NE
Activity and Inhibition
Levels of 20 inflammatory mediators were
measured in BALF using a multiplexed
high-sensitivity chemiluminescent assay
(U-plex; Meso Scale Diagnostics), per the
manufacturer’s protocol. Free extracellular
NE activity was measured using a
conventional spectrophotometric assay (28)
based on the chromogenic substrate
N-methoxysuccinyl-Ala-Ala-Pro-Val
p-nitroanilide (working range, 0.02–12.0
mg/ml), and the FRET-based NEmo-1

probe (Sirius Fine Chemicals SiChem
GmbH), as previously described (37–39).
The NEmo-1 probe was also used to assess
the potential of native BALF from children
with CF to inhibit NE activity, as before
(38). Samples were measured in duplicate
with repeated measures for values outside
the working range.

Statistical Analysis
Data were tabulated in Excel (Microsoft)
and transferred to JMP13 (SAS Institute)
and Prism v7 (GraphPad) for statistical
analysis. The potential effect of study site
was evaluated for all measured variables
based on linear models adjusting for age and
site, with or without their interactions. Data
for those variables found to be significantly
affected were corrected for site effects while
adjusting for age using a well-established
nonparametric empirical Bayesian method
(44) typically used for multisite analysis of
data. Downstream statistical analyses were
performed on the combined data with the
site effect corrected. Data were analyzed
using nonparametric statistics, including
the Mann-Whitney test for unpaired
samples, Wilcoxon signed rank test for
paired outcomes, and Spearman test for
correlations.

Results

Macrophages and Neutrophils
Coexist in BAL from Children with CF
and Disease Control Children
CT scans were successfully conducted on 36
out of 42 children with CF and analyzed
using the PRAGMA-CF scoring method
(36). This analysis yielded a PRAGMA-%
Dis of 2.97 (interquartile range, 2.2–3.85),
PRAGMA-%TA of 2.28 (0.48–5.06), and
PRAGMA-%Bx of 0.0 (interquartile range,
0.0–0.26). The fact that bronchiectasis was
not detectable or below 1% in most children
in this study illustrates their early stage of
disease. Airway leukocyte counts by the
clinical laboratory showed a predominance
of macrophages (median, 83%) over
neutrophils (median, 14.5%) and
lymphocytes (median, 3.0%). In disease
control children, BAL counts showed a
predominance of macrophages (median,
83.6%) over lymphocytes (median, 9.0%)
and neutrophils (median, 4.35%). These
data are consistent with BAL counts
assessed in a cohort of 48 normal children
aged 3–16 years (45), with macrophages

Table 1. Demographics of the Primary CF and Control Cohorts

CF Control

Sex, n (%)
Males 20 (47.6) 5 (50.0)
Females 22 (52.4) 5 (50.0)

Age, mo, mean (SD) 30.82 (23.0) 21.4 (7.5)
Genotype, n (%)
F508Del homozygous 18 (42.9) NA
F508Del heterozygous 19 (45.2) NA
Other 5 (11.9) NA

Infection status (pathogens detected), n (%)
None 32 (76.2) 6 (60.0)
One 7 (16.7) 2 (20.0)
Two or more 3 (7.1) 2 (20.0)

Definition of abbreviations: CF = cystic fibrosis; NA = not applicable.
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predominant (median, 84%) over
lymphocytes (median, 12.5%), and very few
neutrophils (median, 0.9%). Absolute BAL
counts presented in Table E2 show that
children with CF had higher numbers of
total leukocytes, macrophages, and
neutrophils than disease control children
enrolled in this study. However, disease
control children still presented with
significant numbers of BAL neutrophils,
consistent with airway inflammation (albeit
lower than in infants with CF).

Airway Neutrophils in Children with
CF Show Distinct Changes Consistent
with Hyperexocytosis
Flow cytometry was used to gain further
insight into airway leukocytes from CF and
control children. Matched blood samples
collected at the same visit as the BAL
procedure were also available for CF and
control children (34 out of 42, and 9 out
of 10, respectively). Our gating strategy
discriminated major leukocyte subsets from
blood and BAL (Figures 1A and E1), and
yielded airway macrophage and neutrophil
percentages that were highly correlated
with those reported by the clinical
laboratory for both CF and control cohorts
(R. 0.7 for all), thus validating our
analytical approach.

Next, we assessed surface marker
expression on airway neutrophils. We found
that all children with CF enrolled (age range,
3–62 mo) harbored a distinct population of
live airway neutrophils that we previously
found to be typical of CF airways in
adolescents and adults (33), with increased
CD63 expression (reflecting exocytosis of
NE-rich primary granules), and decreased
CD16 expression (reflecting phagocytic
receptor loss) compared with blood
neutrophils (Figure 1A). Upregulation of
CD66b, reflecting exocytosis of secondary
granules (Figure 1B) was also consistent
with prior data in adolescents and adults
with CF (32, 46). Because CD16 was also
significantly downregulated on disease
control airway neutrophils compared with
blood (albeit to a lesser extent than CF
airway neutrophils), this change may not be
viewed as specific to CF. By contrast,
neither surface CD66b nor surface CD63
were significantly upregulated on airway
neutrophils from disease control children,
which suggests that hyperactive exocytosis
of secondary granules and, most importantly,
of NE-rich primary granules may be
distinguishing features of CF pathogenesis.

Cell-based Measure of NE Exocytosis
by Airway Neutrophils, but Not
Inflammatory Mediators or Free
Extracellular NE Activity, Correlates
Cross-Sectionally with Structural
Lung Damage in Children with CF
The exocytosis of NE-rich primary granules,
reflected by airway neutrophil CD63
expression measured by flow cytometry,
showed a significant positive correlation
with structural lung damage (R = 0.55; P =
0.0008), as measured by PRAGMA-%Dis
(Figure 2A). By contrast, PRAGMA-%Dis
correlates neither with typical measures of
inflammation, such as BAL neutrophil % or
count (not shown), nor the levels of 20
inflammatory mediators (see Table E3),
although we observed a trend toward a
positive correlation for IL-8.

Because primary granule exocytosis by
neutrophils results in extracellular NE
release, we next assessed NE activity in BAL
from this cohort. Of 42 patients, 35 had
enough BALF for NE measurement. Of
those, the conventional spectrophotometric
NE activity assay (28) yielded measurable
levels in 27 samples. To achieve higher
sensitivity, we used a newly introduced
FRET method based on the NEmo-1 probe
(37–39). This method yielded measurable
NE activity in 33 out of 35 samples. Despite
its increased sensitivity, the FRET-based
NE activity measure trended but did not
correlate significantly with PRAGMA-%Dis
(Figure 2B).

Cell-based Measure of NE Exocytosis
by Airway Neutrophils and Free
Extracellular NE Activity Are Not
Impacted by Infection Status in
Children with CF
We investigated whether airway neutrophil
CD63 expression and free extracellular NE
activity differed based on infection, as
determined by clinicalmicrobiology. Infection
status was classified based on the presence
of 0, 1, or 2 or more proinflammatory
pathogens, which were previously identified
in studies of children with CF to encompass
P. aeruginosa, S. aureus, H. influenzae, and
Aspergillus spp. (21, 22). Among the 42
children with CF included in the present
study, both airway neutrophil CD63
(Figure 3A) and free extracellular NE
activity (Figure 3B) were not associated
with infection status among children with
CF. Similar results were observed in disease
control subjects (not shown).

Extracellular NE Is Counteracted by
Antiproteases and Compartmentalizes
in Airway Leukocytes in BALF
of Children with CF
To explain the discrepancy between airway
neutrophil CD63 expression and FRET-
based free extracellular NE activity data,
we investigated whether the activity of
NE released by neutrophils could be
counteracted by antiproteases present in
the BALF of children with CF, and/or
compartmentalize in airway leukocytes.
The presence of a functional antiprotease
shield was assessed using BALF from
children with CF with high or low level of
free extracellular NE (Figure 4A). We
observed that the BAL from children with
CF with low NE status was still able to
inhibit the recombinant NE activity,
whereas those with high NE were unable
to inhibit recombinant NE, suggesting
that the antiprotease shield in children
with CF is still active at early stages of
disease. Using flow cytometry, we found
significant surface NE expression in
children with CF on airway neutrophils and
macrophages, with higher levels on the
latter (Figure 4B).

Finally, to assess whether NE could be
found inside of airway leukocytes, we used
fixed and permeabilized BAL cells from
another prospectively enrolled CF cohort
(n = 10; age, 13–37 mo), and used image
cytometry to quantify NE burden (see
Figure E2). As expected, airway neutrophils
contained large amounts of total NE,
although sizeable amounts were also
detectable in airway macrophages. Because
NE biosynthesis is confined to neutrophils,
these data suggest that airway macrophages
in children with CF can bind and internalize
extracellular NE released by airway
neutrophils.

Discussion

Through cellular phenotyping, we
demonstrate that children with CF at all
stages of disease harbor a distinct population
of airway neutrophils with high active
exocytosis of NE-rich primary granules.
Airway neutrophil CD63 expression
correlated positively with structural lung
damage (R = 0.55), and did not depend on
infection status. In contrast, conventional
biomarkers of neutrophilic inflammation
used in individuals with CF to track the
severity of lung damage (10), such as BAL
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neutrophil % and inflammatory mediator
levels, did not correlate with lung damage.
However, the correlations of IL-8 levels
(measured by a multiplexed chemoluminescent

assay) and free extracellular NE activity
(measured by a sensitive FRET-based assay)
with lung damage both trended toward
significance.

CD66b, a marker of secondary granule
exocytosis, was upregulated on airway
neutrophils from CF but not children
without CF, compared with blood as we
previously observed on airway neutrophils
from older patients with CF (32, 33). Also
consistent with previous findings in older
patients with CF, we found that airway
neutrophils in children with CF
downregulated the phagocytic receptor
CD16 (33), although similar (albeit lesser)
downregulation was seen in disease control
children. Together, our findings suggest
that neutrophils recruited to the airway
lumen of children with CF are conditioned
to adopt an activated state with
distinguishing features (increased CD63
expression). This is consistent with the
notion that the CF airway environment can
trigger early inflammation, as previously
proposed in select mouse models of CF (38,
47, 48), human CF fetal xenografts (15), CF
ferrets (18, 49), and children with CF (13).
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Insights gained from this study of children
with CF can help calibrate models (50).

Our study confirms that recruitment
and dysfunction of neutrophils are key
processes in early CF airway disease,
whether triggered by infectious or sterile
mechanisms (51). Our findings have
important therapeutic implications, because
they highlight the need for efficient
leukocyte-targeted interventions (52)
to help curb down the progression of
structural lung damage in children with CF.
A prime target for intervention is NE, for

which inhibitors (53) should be tested for
their ability to block not only extracellular,
but also surface-associated forms.
Alternative strategies include reducing the
number of neutrophils recruited from
blood (54, 48) and their ability to exocytose
primary granules (55).

The apparent discrepancy between the
cellular measure of NE release (airway
neutrophil CD63 expression) and the
molecular measure of free extracellular NE
activity (FRET-based assay) is explained, at
least in part, by our findings that NE is

present at the surface and inside of airway
neutrophils and macrophages, and that the
airway antiprotease shield is still able to
inhibit NE activity in children with CF, at
least until its maximum buffering capacity is
reached. This finding also suggests that
assays for free extracellular NE activity do
not reflect the overall burden of NE in CF
airways.

The finding of high NE expression
on airway macrophages also suggests a
role for this subset in controlling the fate
of NE. Therefore, it may also be beneficial
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to design targeted interventions aimed
at optimizing airway macrophage function
in children with CF (56). Understanding
the fate of extracellular NE is critical
to correct the protease-antiprotease
imbalance that characterizes CF airways
(57). However, targeting NE may
not suffice, because similar complex
activation and compartmentalization
may occur with other proteases, such
as matrix metalloproteinases 2, 9, and
12, which originate from neutrophils
and macrophages (46, 58–60). Future
work should aim to identify the mutual
impacts that these proteases have on
each other, and points for intervention
at molecular and/or cellular levels.

The present study extends prior
data (27, 28) gained with a less sensitive
method for CT scoring, and for free
extracellular NE measurement, yielding
categorical data (presence/absence)
adequate only for odds ratio calculation
over time, whereas the FRET method
used here yields continuous data
enabling correlation analysis. The
recently developed PRAGMA-CF CT
scoring method (36) was critical in
detecting early disease events in our cohort
of patients with CF. Indeed, very few
children showed evidence of bronchiectasis,
including among 5 year olds. This is in
contrast with studies conducted in the past
decade, and may reflect improved abilities
to preserve the integrity of lung architecture
in children with CF. This emphasizes
the need for sensitive methods able to
detect pathologic processes occurring in
CF airways before the detection of
bronchiectasis.

The present study also presents several
limitations. First, disease control subjects
included in this study had higher numbers
of neutrophils in their BAL than healthy
children from a prior study (45), but did not
include patients with primary ciliary
dyskinesia or idiopathic bronchiectasis,
who may undergo very pronounced
neutrophil recruitment to the airways and
hence may have represented more
appropriate control subjects. With regards
to primary ciliary dyskinesia itself, the onset
of neutrophilic inflammation is not known
and prior pediatric studies have enrolled
patients older than 6 years of age (61–63),
which exceeds the age range of children
with CF (5 yr and under) enrolled in this
study. Further studies investigating BAL of
infants with early onset primary ciliary
dyskinesia or idiopathic bronchiectasis are
needed to shed light on whether these
conditions show similar neutrophil
exocytosis profiles as infants with CF.

Second, it is important to note that the
infection status of children with CF in our
study used routine clinical microbiologic
methods, rather than highly sensitive
genomics-based methods (23). Therefore,
although we can safely state that the
presence of typical CF proinflammatory
pathogens (P. aeruginosa, S. aureus,
H. influenzae, and Aspergillus spp.) does not
impact airway neutrophil CD63 expression
at the time of the measurement, we cannot
exclude potential impact of prior infections,
or low-level presence of atypical organisms
(24). Viral infections may also be at play,
although a recent study suggested that
children with CF do not suffer more
frequent viral infections or increased

inflammatory responses on viral infections
than children without CF (64).

Third, it is important to acknowledge
that this study is cross-sectional in nature,
and although it shows a significant
correlation between NE exocytosis, as
indicated by NE CD63 surface expression,
and early lung damage, which excludes
bronchiectasis for all but a handful of
patients, it thus does not provide any
information on its predictive value for future
damage. A follow-up longitudinal study is a
clear future direction for our multisite
research effort.

Finally, our attempt to generate
CT, BALF, and BAL leukocyte analyses
at the same visit from children with
CF younger than 5 years of age sometimes
faced limitations of volumes that
prevented some downstream analyses. In
that context, it is critical in follow-up
studies to choose surrogate endpoints
wisely, and airway neutrophil CD63
emerges as a worthwhile candidate in
that regard. n
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