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Abstract
Background—Airway neutrophils are abundant in some children with severe asthma, but their
functions are poorly understood.
Objective—We hypothesized that the inflammatory airway environment of children with
neutrophil-predominant severe asthma promotes neutrophil survival and disrupts neutrophilassociated innate immune defenses.
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Methods—Sixty seven children with severe asthma refractory to high-dose inhaled corticosteroid
(ICS) treatment undergoing bronchoscopy with bronchoalveolar lavage (BAL) for clinical
indications were stratified into neutrophil “high” versus “low” groups based on BAL differential
counts. Neutrophil activation markers, functional assays and phenotyping studies were performed
as well as airway macrophage functional assays. Results were compared to those from children
with moderate asthma treated with ICS.
Results—Children with neutrophil-predominant severe asthma had increased markers of
neutrophil activation/degranulation and a greater magnitude of airway pro-inflammatory cytokine
and chemokine release. Primary neutrophils exposed to BAL of these children exhibited greater
phagocytic capability and greater neutrophil extracellular trap formation, but a more impaired
respiratory burst. Despite greater abundance of airway TGF-β1 the neutrophils were not more
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apoptotic. Instead, neutrophils had a highly pro-inflammatory phenotype associated with a number
of surface markers that regulate neutrophil activation, recruitment/migration and granule release.
Airway macrophages from children with neutrophil-predominant severe asthma were also more
pro-inflammatory with impaired phagocytosis and increased apoptosis.
Conclusions—Children with neutrophil-predominant severe asthma have pro-inflammatory
neutrophils with enhanced survival. Airway macrophages are also pro-inflammatory and
dysfunctional and may contribute to global innate immune impairment. Therapies that target
neutrophils and related inflammation may be warranted in this subset of children.
Keywords
Severe asthma; Asthma phenotype; Asthma endotype; Neutrophil activation; Neutrophil
extracellular trap; Respiratory burst; Airway macrophage; Phagocytosis; Non-Type 2
inflammation; Pediatric asthma patients; Healthy adults
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INTRODUCTION
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Patients with severe, corticosteroid-refractory asthma are a heterogeneous group
necessitating a “personalized” versus a “one-size fits-all” treatment approach.1 Whereas
eosinophils are the hallmark Type-2 inflammatory cell and the target of a number of
emerging biologic therapies for severe asthma, neutrophils are much less understood. In
adults, abundant airway neutrophils have been identified in some patients with severe
asthma2-4, but their role is controversial5 and others have argued that neutrophil elevations
may simply result from intensive corticosteroid treatment, which can alter neutrophil
survival.6, 7 Studies in children are even more limited. In the few phenotypic8-10 and
bronchoscopic11, 12 pediatric studies that have been performed, the majority of children with
severe asthma studied had an eosinophil-predominant pattern of Type-2 airway
inflammation, raising questions about the relevance of neutrophils to pediatric disease.13
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We have previously demonstrated that neutrophil elevations are present in the airways of a
subpopulation of children with severe asthma and are associated with elevations in C-X-C
Motif Chemokine Ligand (CXCL) and C-C Motif Chemokine Ligand (CCL) proteins
responsible for neutrophil activation and chemotaxis, even in the absence of pathogenic
bacteria or fungi.11 Other recent studies outside of our laboratory suggest that neutrophil
elevations may be present in up to 30% of the entire population of children with severe
asthma.14, 15 Furthermore, others have also noted increased expression of interleukin
(IL)-17 receptor A, which promotes neutrophil maturation,16 and largely undetectable IL-4,
IL-5, and IL-13 concentrations in the airways of children with severe asthma.12 suggesting
that the inflammation in these children is not isolated to eosinophils alone.
Despite the potential importance of neutrophils in subsets of children with severe asthma,
studies of neutrophil biology are lacking in this population. Neutrophils play a fundamental
role in the innate immune response through killing of invading microbes and are, by design,
highly reactive cells that release proteolytic enzymes from their granules and secretory
vesicles and kill pathogens using bursts of reactive oxygen species. However, unlike
eosinophils or T cells, neutrophils are less sensitive to the effects of corticosteroids17, 18 and
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thus their presence in the airways in large numbers cannot be benign. We hypothesized that
the inflammatory airway environment of children with neutrophil-predominant severe
asthma refractory to high doses of inhaled corticosteroids (ICS) promotes neutrophil
survival and disrupts innate immune defenses. To this end, we characterized airway
neutrophil activation markers and key functions of phagocytosis, neutrophil extracellular
trap (NET) formation, respiratory burst and apoptosis in primary neutrophils exposed to
airway fluid from these children. Furthermore, since airway macrophages are the key
instigator of host defense and can assume differing immune phenotypes based on the airway
cytokine milieu,19 a secondary objective was to characterize airway macrophage
inflammatory patterns and functions in these same patients.

METHODS
Author Manuscript

Participants.

Author Manuscript

Children and adolescents age 6-21 years with physician-diagnosed asthma and a history of
≥12% relative change in forced expiratory volume in one second (FEV1) after
bronchodilator administration undergoing bronchoscopy with bronchoalveolar lavage (BAL)
for clinical indications. Children with severe asthma met published criteria for diagnosis20
and were treated with high-dose inhaled fluticasone equivalent (>800 mcg daily if ≥12 years
or >400 mcg daily if <12 years of age) plus an additional asthma controller medication (i.e.,
long-acting beta agonist or montelukast). These participants underwent bronchoscopy for
wheezing unresponsive to recommended treatment. For the purpose of comparison, children
and adolescents with moderate persistent asthma treated with ICS for at least 6 consecutive
months and undergoing bronchoscopy with BAL for clinical indications (suspected foreign
body, n = 3; suspected aspiration, n = 5; abnormal chest radiograph, n = 5) were also
recruited. Exclusion criteria for all asthmatic participants included birth prior to 35 weeks
gestation, an asthma exacerbation treated with systemic corticosteroid within the previous 4
weeks, or a positive BAL bacterial, viral or fungal culture. Informed consent and assent to
share the BAL fluid between the clinical and research laboratories was obtained.
Clinical procedures.
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Spirometry was performed with a portable spirometer (KoKo® Legend, Ferraris, Louisville,
CO). The best of three forced vital capacity (FVC) maneuvers was interpreted according to
population reference standards.21 Exhaled nitric oxide was quantified using a commercial
device (NIOX, Aerocrine, Solna, Sweden).22 Aeroallergen sensitization was defined as a
positive skin prick test or a specific aeroallergen immunoglobulin E (IgE) test >0.35 kU/L.
Venipuncture was performed at the time of bronchoscopy for total serum IgE, which was
quantified by a local laboratory (Children’s Healthcare of Atlanta, Atlanta, Georgia).
Bronchoscopy was performed as described previously using 0.9% sodium chloride warmed
to room temperature.11 BAL samples were subjected to standard culture and sensitivity
testing for bacteria, viruses and fungus (Children’s Healthcare of Atlanta).
Laboratory procedures.
Laboratory procedures are detailed in the Online Supplement. BAL was centrifuged at 1200
rpm for 7 minutes at 4° C within 1 hour of collection and the cell pellet was resuspended in
J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2020 February 01.
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10 mL of 1:1 Dulbecco’s modified Eagle’s medium/Ham’s F-12 solution containing 2%
FBS, L-glutamine, 15 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
penicillin (10,000 U), streptomycin (10,000 mg/mL), amphotericin (25 mg/mL), and
gentamicin (4 μg/mL). Total cell counts were performed with a hemocytometer and cellular
differentials were determined from 300 consecutive cells after Kwik-Diff® staining (Thermo
Shandon Limited, Runcorn, UK).
Enzyme-linked Immunosorbent Assays (ELISA).
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IL-1β, IL-6, IL-7, IL-8 (CXCL8), IL-10, IL-12p70, tumor necrosis factor alpha (TNFα),
CXCL1 (growth-related oncogene), CXCL10 (human interferon-inducible protein 10),
CCL2 (monocyte chemoattractant protein-1), CCL3 (macrophage inflammatory protein-1α),
CCL4 (macrophage inflammatory protein-1β), and CCL22 (macrophage-derived
chemokine) were quantified with bead-based multiplex assays (HSCYTO-60SK and
MPXHCYTO-60K, Millipore, Billerica, MA). IL-33 (R&D Systems, Minneapolis, MN),
transforming growth factor beta-1 (TGF-β1) (Promega, Madison, WI), neutrophil elastase
(Abcam, Cambridge, MA), myeloperoxidase (R&D Systems) and lactoferrin (Abcam)
ELISA were performed according to manufacturer instructions. Concentrations were
determined with a BioTek (Winooski, VT) Synergy HT 96-well plate reader using
manufacture recommended wavelengths and standard curve fit.
Cell culture experiments.
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HL-60 cells (Sigma-Aldrich, St. Louis, MO) were cultured and differentiated as described in
the Online Supplement. Primary human neutrophils were isolated from healthy donor blood
using the EasySep Direct Human Neutrophil Isolation Kit (Stemcell Technologies,
Vancouver, BC) per the manufacturer’s instructions. Neutrophil purity was confirmed with
Kwik-Diff (Thermo Shandon) staining. Cells were cultured at 37°C, 5% CO2 in Roswell
Park Memorial Institute-1640 media with L-glutamine supplemented with 10% heatinactivated Fetal Calf Serum, 1% penicillin/streptomycin, 50 mg/ml gentamicin and 5ng/ml
recombinant human TGF-β1 (BioLegend) for 16 hours. Recombinant human granulocytemacrophage colony-stimulating factor (GM-CSF) (Sigma) was added at 100ng/ml as
indicated for 30 minutes prior to harvesting.
Neutrophil experiments.
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Neutrophil phagocytosis was assessed after overnight culture in equal parts media and BAL
supernatant, followed by addition of phorbol 12-myristate 13-acetate (PMA) and pHrodo
Staphylococcus aureus BioParticles (Molecular Probes, Eugene,OR). Kinetic measurements
of neutrophil extracellular trap (NET) release were taken per established protocol23 and
apoptosis was assessed with phycoerythrin-conjugated Cleaved-Caspase-3 antibody (Cell
Signaling Technology, Danvers, MA) quantified by flow cytometry (FACSCalibur, BD
Biosciences). Respiratory burst was assessed with Dihydrorodamine123 after PMA
stimulation using flow cytometry (FACSCalibur). Neutrophil surface staining was performed
with CD66b-PerCPCy5.5, CD62L-BV421, CD11b-AF488, CD11c-PECy7, CD16-APCCy7
(BioLegend); cells were permeabilized and then stained intracellularly with CCL2-AF647
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(BioLegend) and analyzed with a Cytoflex Flow Cytometer (Beckman-Coulter, Brea, CA).
Expression data were analyzed using FlowJo version 10 software (Version 10, FlowJo LLC).
Airway macrophage experiments.
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Airway macrophages (100,000 cells) were isolated from the BAL cell suspension and
incubated with and without 1 mg/mL lipopolysaccharide as previously described.24 Protein
expression of TGF-β1 and poly [ADP-ribose] polymerase 1 (PARP-1) cleavage was
analyzed by fluorescent microscopy in cytospins using anti-TGFβ1 and PARP-1 antibodies
at a 1:100 dilution (sc-31609 and sc-8007, Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Phagocytosis of fluorescein isothiocyanate–conjugated, inactivated Staphylococcus aureus
(Invitrogen, Carlsbad, CA) was assessed with an Olympus confocal microscope (model
BX51; Olympus America, Inc) with quantitative digital fluorescence imaging software
(Olympus FluoView 300, Version 4.3). The phagocytic index of S. aureus (Relative
fluorescent units (RFU) × percentage of positive cells) were determined for each phagocytic
cell at 50% of the cell depth as described previously.24
Statistical analyses.
Statistical analyses were performed with IBM SPSS Statistics software (Version 24; SPSS,
Chicago, Ill). Skewed variables were logarithmically transformed before analysis. Chisquare tests and t tests were used to compare baseline clinical features between groups.
Experimental differences were assessed by ANOVA with Tukey post-hoc tests. A 2-tailed
probability of 0.05 or less was the threshold of significance for all comparisons.

RESULTS
Author Manuscript

Seventy one children with severe asthma were approached for the study. Four children had
positive bacterial BAL cultures (Haemophilus influenzae, n = 2; Streptococcus pneumoniae,
n = 2) and were excluded from further analysis, resulting in a final sample of 67 children.
BAL neutrophil percentages varied widely among children with severe asthma, with a
median of 5.0% (minimum, 0.66; maximum, 19.80%). By contrast, BAL neutrophil
percentages in children with moderate asthma treated with ICS were all below 5%. Children
with severe asthma were therefore stratified into neutrophil “high” versus “low” groups
using an arbitrary <5.0% and ≥5.0% cut-point as shown in Figure 1A.
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Features of the groups are shown in Table 1. Prior healthcare utilization, medication
requirements and exhaled nitric concentrations were significantly greater and lung function
values were significantly lower in children with severe versus moderate asthma. There were
no differences in clinical characteristics between the two severe groups, aside from lower
monocyte/macrophage percentages and higher neutrophil percentages (by definition).
Neutrophil activation.
Neutrophil activation, reflected by release of myeloperoxidase, elastase and lactoferrin
protein in the BAL fluid, was significantly greater in children with neutrophil “high” versus
neutrophil “low” severe asthma (Figure 1B-D) and was accompanied by increased
concentrations of IL-1β IL-6, Il-33, CXCL1, CXCL8, CXCL10, CCL2, CCL3, CCL4 and
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CCL22 protein (Table 2). IL-7, IL-12 and TNFα were also elevated in the BAL fluid of
children with neutrophil “high” severe asthma but were similar to concentrations in the
neutrophil “low” group (Table 2). Normalization of the neutrophil activation markers and
cytokine and chemokine concentrations to BAL protein levels did not significantly alter
these results (Table E1).
Neutrophil functional assays.
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Neutrophil functions were assessed in primary neutrophils exposed to BAL fluid from each
of the patient groups. Neutrophil elastase concentrations in the media after culture were
similar to those noted in the BAL fluid from each of the patient groups (Figure E1).
Neutrophil phagocytic function was enhanced in neutrophils exposed to BAL fluid from
children with neutrophil “high” severe asthma compared to the other groups (Figure 2A).
NET formation (i.e., extracellular DNA release) was also significantly higher in neutrophils
exposed to BAL fluid from children with neutrophil “high” severe asthma at baseline
(Figure 2B) 60 minutes, and 80 minutes (Figure E2). In contrast, the neutrophil oxidative
burst reflected by dihydrorhodamine-123 expression in response to PMA stimulation was
significantly less than that observed in neutrophils exposed to BAL fluid from children with
moderate asthma treated with ICS (Figure 2C). Neutrophil apoptosis, evidenced by cleavage
of caspase-3, was not significantly different (Figure 2D).
Neutrophil phenotyping studies.
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In a cell culture model system, TGF-β1 inhibited apoptosis in HL60-derived neutrophils in a
time dependent-manner (Figure E3A-B). Prolonged (i.e., overnight) TGF-β1 exposure also
enhanced phagocytosis and increased NET formation in HL60-derived neutrophils treated
with dexamethasone (Figure E3C-D). In primary neutrophils primed with GM-CSF,
prolonged TGF-β1 exposure also reduced expression of the L-selectin, CD62L (Figure
E4A), reduced intracellular CCL2 (Figure E4B), increased expression of the integrins
CD11b and CD11c (Figure E4C,D) and increased expression of the phagocytosis receptor,
CD16 (Figure E4E). No differences in CD66b expression were noted (Figure E4F).
Children with neutrophil “high” severe asthma had higher concentrations of free TGF-β1 in
the BAL fluid than children with neutrophil “low” severe asthma (Figure 3A). But despite
increased abundance of BAL TGF-β1, primary neutrophils exposed to BAL fluid from these
children exhibited a more pro-inflammatory phenotype characterized by increased CD62L,
increased CCL2, increased CD11b, decreased CD11c, increased CD16, and increased
CD66b expression (Figure 3B-G).
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Children with neutrophil “high” severe asthma also had higher TGF-β1 protein expression in
airway macrophages (Figure 4A) as well as increased macrophage concentrations of IL-10,
CXCL1, CXCL8, CXCL10, and CCL2 (Figure 4B-F). Airway macrophage phagocytic
function was also significantly impaired at baseline in children with neutrophil “high” severe
asthma and did not improve with lipopolysaccharide stimulation (Figure 4G). Moreover,
airway macrophage apoptosis, assessed by cleavage of PARP-1, was also increased in
children with neutrophil “high” severe asthma and increased further in response to
lipopolysaccharide (Figure 4F).
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DISCUSSION
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The role of airway neutrophils in children with severe asthma is not understood and the
existence of a unique “endotype” of neutrophilic severe asthma in school-age children has
been debated.13 We hypothesized that abundant airway neutrophils in children with severe
asthma are not benign and that the airway environment of children with neutrophilpredominant severe asthma promotes neutrophil survival and disrupts innate immune
defenses. Our findings suggest that airway neutrophils in children with neutrophilpredominant severe asthma are highly dysfunctional and characterized by greater release of
pro-inflammatory mediators and granules, greater phagocytic capability and NET formation,
but more impaired respiratory burst. Despite a highly immunosuppressive airway TGF-β1
environment, neutrophils exposed to the airway environment of these children were not more
apoptotic and displayed a number of surface markers associated with activation, including
increased expression of CD62L, an adhesion molecule that promotes endothelial attachment
for the purpose of migration, and increased expression of CCL2, which mediates neutrophil
recruitment. Although airway macrophages provide some defense against activated
neutrophils, airway macrophages from children with neutrophil-predominant severe asthma
were also highly pro-inflammatory with disrupted innate immune defenses (i.e., impaired
phagocytosis and increased apoptosis) and may perpetuate a sustained environment of
neutrophil-mediated inflammation rendering children more susceptible to lower respiratory
infections.
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Severe asthma is clearly heterogeneous, with a number of different endotypes that have been
classically defined by neutrophil and eosinophil percentages in the airways.25 In adults,
airway neutrophil numbers tend to increase in difficult-to-treat populations2, 26-28 in
association with increased IL-17 levels 29 and other inflammatory cytokines and
chemokines. 30-32 Airway neutrophil numbers may also increase further during acute
exacerbations.33 However, little is known about neutrophil functions in patients with severe
asthma. A few studies suggest that systemic neutrophils may be more activated in noneosinophilic asthma patients, with greater CXCL8 release34 and greater NET formation,35
which may be augmented after migration to the airways. However, other studies of asthma
patients suggest that the process of neutrophil activation may occur in the airways
themselves and lead to an activated and degranulated phenotype36 with increased NET
formation as assessed by antimicrobial proteins.37 Furthermore, whereas circulating
neutrophils are conventionally thought to have a 6- to 8-hour limited life span,38 more recent
work suggests that neutrophils can survive up to several days and return to the systemic
circulation by reverse migration.39, 40 Indeed, Uddin et al. similarly noted delayed airway
neutrophil apoptosis in patients with severe asthma, with the greatest neutrophil survival in
patients with the greatest airway neutrophil counts.41
Recent work suggests that neutrophils, like macrophages, are not terminally differentiated
and have functional plasticity with cytokine-driven polarization.42 In tumors, neutrophils can
acquire an anti-tumorigenic “N1” phenotype characterized by increased cytotoxic activity
with more superoxide and hydrogen peroxide release and promotion of CD8+ T cell
recruitment and activation through increased proinflammatory cytokine and chemokine
release. These same neutrophils can be modulated toward a pro-tumorigenic “N2”
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phenotype by TGF-β1, which inhibits neutrophil degranulation and reactive mediator release
and promotes neutrophil accumulation in the tumor.43, 44 Although global classification of
patient neutrophil populations as either “N1” or “N2” is an oversimplification, our results
suggest that the neutrophils present in airways of children with neutrophil-predominant
severe asthma are largely pro-inflammatory despite a highly imunosuppressive TGF-β1-rich
environment, evidenced by a number of “N1”-like features that may provide an opportunity
for future therapeutic intervention. Indeed, while a hyperinflammatory response may result
in damage to the host epithelium and endothelium (and increased mucosal permeability and
leakage), modulation of the “N1” neutrophil phenotype could reduce some collateral
damage from reactive oxygen species and granulocyte/protease release without
compromising antimicrobial functions.45 In contrast, a predominance of “N2” neutrophils
may compromise antimicrobial functions and result in bacterial co-infections.45
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To our knowledge, this is the first study to comprehensively examine neutrophil
predominance, neutrophil-associated markers of inflammation, neutrophil functions and
associated airway macrophage functions in children with severe asthma. However, there are
limitations. First, severe asthma by definition necessitates treatment with high doses of ICS;
20 therefore it is unclear how intensive corticosteroid treatment may have impacted our
results. Nonetheless, we still observed significant differences in neutrophil and macrophage
functions between children with neutrophil “high” and “low” asthma despite equivalent ICS
treatment. Furthermore, unlike eosinophils or T cells, neutrophils are relatively insensitive to
corticosteroids.17, 18 Second, we were unable to perform neutrophil functional experiments
on freshly isolated airway neutrophils given the relatively low neutrophil numbers (in
comparison with macrophages) and the need to share samples with the clinical laboratory.
We therefore do not expect that all of our primary neutrophil surface markers will replicate
perfectly in an airway environment, as these could change during the process of recruitment
and migration.46 Indeed, a prior study of induced sputum from asthmatic patients noted that
airway surface marker expression was not specific for asthmatic airway inflammation or
asthma disease activity, and was instead related to tissue migration.47 Likewise, CD62L,
which was higher in children with neutrophil “high” severe asthma in the present study, is
typically shed during migration and is lower in airway versus systemic compartments.36
However, other surface markers such as CD11b (which is associated with neutrophil
granules and secretory vesicles) were also more highly expressed in children with neutrophil
“high” severe asthma in the present study and would likely replicate in airway analyses,
given our other observations of greater neutrophil-associated granule release (i.e.,
lactoferrin, myeloperoxidase, elastase) in the BAL fluid of these same children. Finally, our
sample sizes were relatively small and limited to children undergoing bronchoscopy with
BAL for clinical purposes; this prohibited inclusion of healthy children.
In summary, these results demonstrate that neutrophil abundance in children with severe
asthma is not benign. Instead, neutrophils are highly activated and display a number of
functional alterations including greater inflammatory mediator and granule release and
greater NET formation without an accompanying increase in apoptosis. Children with
neutrophil “high” severe asthma therefore exhibit a paradox of immune activation with
dysfunctional respiratory burst capacity and prolonged survival despite an
immunosuppressive environment. Macrophage defenses were also paradoxically impaired in
J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2020 February 01.

Grunwell et al.

Page 9

Author Manuscript

these same children. Together, these findings may ultimately promote an environment of
sustained airway inflammation and structural damage in children with neutrophil “high”
severe asthma refractory to treatment with high doses of ICS. Novel therapeutic strategies
targeting neutrophil activation such as prostaglandin E3/E4 inhibitors, protein kinase
inhibitors, and other emerging treatment strategies may be beneficial in these patients.
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Refer to Web version on PubMed Central for supplementary material.
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BAL

Bronchoalveolar lavage

CCL

Chemokine (C-C motif) ligand

CXCL

Chemokine (C-X-C motif) ligand

ELISA

Enzyme-linked immunosorbent assay

FEV1

Forced expiratory volume in one second

FVC

Forced vital capacity

GM-CSF

Granulocyte-macrophage colony-stimulating factor

ICS

Inhaled corticosteroid

IgE

Immunoglobulin E

IL

Interleukin

LPS

Lipopolysaccharide

NET

Neutrophil extracellular trap

PARP-1

Poly [ADP-ribose] polymerase 1

PMA

Phorbol 12-myristate 13-acetate

RFU

Relative fluorescent unit

TGF-β1

Transforming growth factor beta-1

TNFα

Tumor necrosis factor alpha
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Highlights Box
What is already known about this topic?
Eosinophils are the hallmark Type-2 inflammatory cell targeted by emerging biologic
therapies for severe asthma. However, neutrophils are also abundant in a subset of
children with severe asthma, yet their associated functions are poorly understood.
What does this article add to our knowledge?
Children with neutrophil-predominant severe asthma have pro-inflammatory neutrophils
with altered function and enhanced survival, as well as pro-inflammatory airway
macrophages with impaired innate immune functions that may perpetuate airway
inflammation and susceptibility to respiratory infection.
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How does this study impact current management guidelines?
Therapeutic strategies targeting neutrophils and neutrophil activation pathways may be
beneficial in some children with severe asthma refractory to standard treatment
approaches.
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Figure 1.

(A) Airway neutrophil percentages and concentrations of (B) myeloperoxidase, (C) elastase
and (D) lactoferrin in bronchoalveolar lavage fluid from children with moderate asthma
treated with ICS (“MA”), children with neutrophil “low” severe asthma (“NLSA”), and
children with neutrophil “high” severe asthma (“NHSA”). Whiskers represent minimum and
maximum values; individual participants are shown as dots. *p<0.05
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Figure 2.

(A) Neutrophil phagocytic index, (B) extracellular DNA release (mean ± SEM), (C)
oxidative burst, and (D) apoptosis in children with moderate asthma treated with ICS
(“MA”), children with neutrophil “low” severe asthma (“NLSA”), and children with
neutrophil “high” severe asthma (“NHSA”). Whiskers represent minimum and maximum
values; dots reflect individual participants. RFU = relative fluorescent units. *p<0.05
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Figure 3.
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(A) TGF-β1 concentrations in the bronchoalveolar lavage (BAL) fluid and mean fluorescent
intensity (MFI) of (B) CD62L, (C) CCL2, (D) CD11b, (E) CD11c, (F) CD16, and (G) CD66
in primary neutrophils exposed to BAL fluid from children with neutrophil “low” (“NLSA”)
and neutrophil “high” severe asthma (“NHSA”). Whiskers represent minimum and
maximum values. *p<0.05.
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Figure 4.
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(A) Airway macrophage TGF-β1 protein expression, (B) protein-normalized concentrations
of IL-10, (C) CXCL1, (D) CXCL8, (E) CXCL10, and (F) CCL2, (G) phagocytosis, and (F)
apoptosis in children with neutrophil “low” (“NLSA”) and neutrophil “high” severe asthma
(“NHSA”). Whiskers represent minimum and maximum values. *p<0.05. RFU = relative
fluorescent unit, LPS = lipopolysaccharide
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Features of the participants. Data represent the mean ± SEM or the number of participants (%).
Feature

Moderate
asthma treated
with ICS
N = 13

Neutrophil
“low” severe
asthma
N = 29

Neutrophil
“high” severe
asthma
N = 38

18.0 ± 2.2

14.7 ± 2.4

13.0 ± 1.8

Males

6 (46.2)

11 (37.9) †

21 (55.3) †

Race: White
Black

8 (61.5)
5 (38.5)

17 (58.6)
12 (41.4)

24 (63.2)
14 (36.8)

Age (years)

Author Manuscript

Hispanic ethnicity

1 (7.7)

2 (6.9)

2 (7.9)

Obese (body mass index ≥95 percentile)

6 (46.2)

9 (31.0)

14 (36.8)

Aeroallergen sensitization

4 (30.8)

18 (62.1)

22 (57.9)

Emergency department visit for asthma (prior year)

1 (7.7)

14 (48.3) †

21 (55.3) †

0

13 (44.8) †

17 (44.7) †

0

2 (6.9)

5 (13.2)

7 (53.8)
6 (46.2)
300.3 ± 49.6

0†
749.8 ± 66.9 †

0†
38 (100) †
705.2 ± 56.9 †

109.5 ± 46.5

294.3 ± 105.4

419.9 ± 148.2

28.2 ± 12.7

42.0 ± 9.2

51.9 ± 9.4 †

Lung function values
FVC (% predicted)
FEV1 (% predicted)
FEV1/FVC
FEF25-75 (% predicted)
FEV1 bronchodilator reversibility (relative % change from baseline)

95.7 ± 6.2
92.0 ± 5.4
0.84 ± 0.02
86.3 ± 8.7
5.0 ± 1.2

89.8 ± 3.7
80.3 ± 4.8
0.81 ± 0.02
74.3 ± 5.9
15.0 ± 3.2 †

90.9 ± 3.1
83.6 ± 3.5
0.81 ± 0.02
77.5 ± 6.8
16.3 ± 3.0 †

Airway lavage characteristics
Protein (mcg/mL)
Cell count (x 106 cells)
Macrophages/monocytes (%)
Neutrophils (%)
Eosinophils (%)
Lymphocytes (%)

144.4 ± 27.2
3.99 ± 0.69
91.2 ± 0.8
2.4 ± 0.3
1.4 ± 0.5
4.3 ± 0.5

182.88 ± 18.2
3.67 ± 0.50
91.0 ± 0.8
2.7 ± 0.2
1.4 ± 0.3
4.5 ± 0.5

192.9 ± 17.9
3.93 ± 0.48
85.9 ± 1.0 †‡
8.0 ± 0.7 †‡
1.5 ± 0.5
4.5 ± 0.5

Hospitalization for asthma (prior year)
Intubation for asthma (ever in lifetime)
Daily medication use
ICS monotherapy
ICS + LABA or LTRA
Daily ICS dose (fluticasone equivalent)

1

Serum IgE (kU/L)

1

Exhaled nitric oxide (ppb)

29 (100)†

Author Manuscript

†

p< 0.05 vs. moderate asthma treated with ICS

‡

p < 0.05 vs. neutrophil low severe asthma

1

Log-transformed for significance testing

2

Defined as (post value in liters – baseline value in liters)/baseline value in liters

ICS = inhaled corticosteroid; IgE = immunoglobulin E; FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; FEF25-75 =
forced expiratory flow at 25-75% of vital capacity; LABA = long-acting beta agonist; LTRA = leukotriene receptor antagonist

Author Manuscript
J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2020 February 01.

Grunwell et al.

Page 19

Table 2.

Author Manuscript

Concentrations of cytokines and chemokines in the bronchoalveolar lavage fluid. Data represent the mean ±
SEM.
Analyte

Author Manuscript

Minimal
detectable
concentration

Moderate asthma
treated with ICS
N = 13

Neutrophil
“low” severe asthma
N = 29

Neutrophil
“high” severe asthma
N = 38

IL-1β (pg/mL)

0.06

0.14 ± 0.02

0.15 ± 0.02

0.26 ± 0.05 †‡

IL-6 (pg/mL)

0.10

7.17 ± 2.57

7.22 ± 1.23

26.44 ± 6.12 †‡

IL-7 (pg/mL)

0.12

2.18 ± 0.65

2.46 ± 0.58

2.47 ± 0.38

IL-12 (pg/mL)

0.11

0.29 ± 0.12

0.32 ± 0.08

0.33 ± 0.04

IL-33 (pg/mL)

0.07

1.96 ± 0.73

8.52 ± 4.05

21.01 ± 4.39 †‡

TNFα (pg/mL)

0.05

0.33 ± 0.07

0.91 ± 0.41

1.53 ± 0.69

CXCL1 (pg/mL)

10.10

587.85 ± 229.11

2133.19 ± 364.66 †

2790.68 ± 263.42 †‡

CXCL8 (pg/mL)

0.11

42.19 ± 18.64

40.33 ± 6.80

314.51 ± 125.61 †‡

CXCL10 (pg/mL)

1.20

173.67 ± 38.20

444.55 ± 63.87 †

1067.77 ± 224.52 †‡

CCL2 (pg/mL)

0.90

26.06 ± 10.49

35.61 ± 4.95

55.59 ± 8.79 †‡

CCL3 (pg/mL)

3.50

4.44 ± 0.63

6.20 ± 0.69

15.30 ± 4.66 †‡

CCL4 (pg/mL)

4.50

11.02 ± 3.87

22.93 ± 4.10 †

51.81 ± 14.16 †‡

CCL22 (pg/mL)

3.70

63.03 ± 19.69

114.59 ± 20.25 †

165.45 ± 35.33 †

†

p< 0.05 vs. moderate asthma treated with ICS

‡

p < 0.05 vs. neutrophil low severe asthma

CCL = chemokine (C-C motif) ligand; CXCL = chemokine (C-X-C motif) ligand; IL = interleukin; TNF = tumor necrosis factor

Author Manuscript
Author Manuscript
J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2020 February 01.

