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Mast cells are associated with
exacerbations and eosinophilia in
children with severe asthma
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ABSTRACT  The role of mast cells in the pathogenesis of childhood asthma is poorly understood. We
aimed to estimate the implication of airway mucosal mast cells in severe asthma and their relationship
with clinical, functional, inflammatory and remodelling parameters.

Bronchial biopsies were performed in 36 children (5-18 years) with severe asthma: 24 had frequent
severe exacerbations and/or daily symptoms in the previous year (symptomatic group), and 12 had few
symptoms and a persistent obstructive pattern (paucisymptomatic group). Nine children without asthma
were included as control subjects. We assessed mast cells in the submucosa and airway smooth muscle
using c-kit antibodies and in the entire biopsy area using Giemsa.

The number of submucosal mast cells was higher in the symptomatic group than in the
paucisymptomatic group (p=0.02). The number of submucosal mast cells correlated with the number of
severe exacerbations (p=0.02, r=0.37). There were positive correlations between the number of submucosal
mast cells (p<0.01, r=0.44), airway smooth muscle mast cells (p=0.02, r= 0.40), mast cells stained by
Giemsa (p<0.01, r=0.44) and submucosal eosinophils.

Mast cells are associated with severe exacerbations and submucosal eosinophilic inflammation in
children with severe asthma.
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Introduction

Studies in adults with asthma have provided evidence that mast cells (MCs) are involved in the
pathogenesis of asthma [1-11]. In adults with asthma, MCs are distributed in large and small airways [2, 3]
and within the epithelium [4-6], the submucosa [5-7] and the submucosal glands [2]. The presence of
MCs in airway smooth muscle (ASM) also appears to be a key feature of asthma pathogenesis [4, 8, 9]. MCs
are the most prominent inflammatory cells in the ASM bundles of adults with asthma, whereas only a few
MCs are found in the ASM bundles of healthy controls or in patients with eosinophilic bronchitis [8-10].
MCs in the ASM of subjects with asthma are often degranulated, suggesting that they are activated [2, 8].
Finally, ASM MC numbers have been shown to be associated with clinical and functional parameters, and
with some features of remodelling in adults with asthma [2, 4, 5, 9-11].

The involvement of MCs in the pathogenesis of asthma in children is less well described. The same
number of MCs are present in the subepithelial mucosa of children with wheezing or mild-to-severe
asthma as in control subjects [12-15]. MCs are also detected with the same frequency in the ASM of
preschool-age children who wheeze and schoolchildren with severe asthma as in controls [16, 17]. The
association between MCs and symptoms, lung functions, remodelling or inflammation in children with
severe asthma thus remains poorly described.

In the present study, we aimed to analyse whether the number of MCs correlated with clinical, functional,
inflammatory and remodelling parameters. We hypothesised that MCs are present in the ASM of children
with severe asthma, and that ASM MCs are related to the clinical presentation.

Materials and methods
This study was approved by the institutional review board of Necker Hospital. Written informed consent
was obtained from the parents. Some children have been included in previous studies [18, 19].

Subjects

Children aged 5-18 years with difficult-to-treat asthma referred to Necker hospital were followed every
2-3 months for at least 12 months before inclusion. At each visit, symptoms, adherence to treatment and
inhalation methods were recorded and lung functions tests were performed. Those with persistent symptoms
and/or bronchial obstruction under high doses of inhaled corticosteroids (ICS), despite good adherence and
inhalation technique, underwent further investigations (details are available in the supplementary material).
Children with severe asthma were included. Severe asthma was defined according to the American Thoracic
Society (ATS) workshop as requiring treatment with high-dose ICS and the presence of at least two of the
following minor criteria: the need for a daily long-lasting B2-agonist or leukotriene antagonist treatment,
short-acting B2-agonist use on a daily or near-daily basis, persistent airway obstruction (post-bronchodilator
forced expiratory volume in 1 s (FEV1) <80% predicted), one or more emergency care asthma visits, or three
or more oral steroid bursts per year [20]. Subjects with severe asthma were divided a priori into two groups
based on their symptom patterns and lung function during the previous 12 months, as previously described
[18, 19]. Symptomatic children (S group) were those with more than three severe exacerbations and/or daily
symptoms requiring the use of a short-acting B2-agonist more than three times per week, with or without
airway obstruction. Paucisymptomatic children (PS group) were those with a persistent obstructive pattern
(see “Spirometry”) and three severe exacerbations or less who exhibited daily symptoms requiring the use of a
short-acting p2-agonist three times per week or less. The recent ATS/European Respiratory Society (ERS)
guidelines on severe asthma were published after the end of patient inclusion, and define frequent severe
exacerbations as those requiring two or more bursts of systemic corticosteroids in the previous year [21]. We
therefore performed additional analyses using two as the cut-off value for the number of exacerbations.
Children diagnosed with conditions other than severe asthma were excluded and comorbidities and
contributory factors were treated (details are available in the supplementary material) [20].

Children with no history of asthma, no need for inhaled or oral steroids during the previous 6 months, and
requiring a flexible bronchoscopy with bronchoalveolar lavage (BAL) were included as control subjects.

Atopy was defined as a positive standard skin prick test (SPT) and/or specific IgE levels for current
allergens (details are available in the supplementary material).

Spirometry

Spirometry was performed as previously described [18, 19]. Paucisymptomatic patients with a non-reversible
airflow limitation (post-bronchodilator FEV1 <80% predicted with an FEV1 to forced vital capacity (FVC)
ratio <80 and a <12% increase in FEV1) underwent a second spirometry after 2 weeks of a 2 mg-kg™'-day ™
course of oral prednisone. A persistent obstructive pattern was defined as a post-bronchodilator FEV1 <80%
after the steroid course [22].
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Bronchoscopy

Flexible bronchoscopy was performed at least 4-6 weeks after the end of a systemic corticosteroid course,
as previously described [18, 19]. Biopsy samples were taken from the segmental bronchi of the right or left
lower lobe. In children with a persistent obstructive pattern, bronchoscopy was performed 4-6 weeks after
the course of steroids.

Tissue processing

Four to six biopsy samples were taken. Bronchial biopsies with an altered structure were not used. The
minimum size of the analysed section was 0.1 mm? (range 0.1-1.5 mm?). The best sample was used for
analysis. Sections were stained with Giemsa and the number of eosinophils, neutrophils and lymphocytes
was assessed in the submucosa and expressed as cell number per square millimetre. MCs were stained with
monoclonal mouse anti-human c-kit (CD117, clone A4502, diluted 1/400; Dako, Glostrup, Denmark) and
Giemsa. The number of MCs stained with c-kit was assessed 1) in the submucosa and reported as cell
number per square millimetre of submucosa and 2) in the ASM bundles and reported as cell number per
square millimetre of ASM. The number of MCs stained with Giemsa was assessed in the total biopsy
sample area and reported as cell number per square millimetre of biopsy sample area.

Epithelial integrity, reticular basement membrane (RBM) thickness (um), the percentage of the submucosa
occupied by mucus glands and ASM, and angiogenesis were assessed as described elsewhere [23].

Parameters were evaluated by two independent observers blind to the study cohort. The results are
expressed as the median of all measurements obtained for each patient. The mean biopsy sample area was
0.59 mm? (range 0.1-1.5 mm?). For all parameters, the coefficient of variation for two sections from the
same biopsy was 15%, and that between biopsies from the same patient was 18%. The inter-observer
reproducibility was >85%.

Statistical analysis

Insufficient data were available to perform power calculations. Data are expressed as the median (interquartile
range). Differences between groups were assessed using the Mann-Whitney test. Correlation analyses were
performed using Spearman’s rank correlation analysis. A p<0.05 was considered to be significant. Data were
analysed using GraphPad Prism version 5.03 (GraphPad Software, Inc., San Diego, CA, USA).

Results

Subjects

The general characteristics of patients with asthma and control subjects are shown in table 1. Thirty-six
children with severe asthma and nine control subjects were included. Children in the control group were
suspected of sarcoidosis and biopsies were performed to assess granulomatous inflammation. The
diagnosis of sarcoidosis was only confirmed in three patients. We found no evidence of a granulomatous
inflammation in the other six patients, who were given a final diagnosis of inflammatory (non-sarcoidosis)
uveitis. The demographics were similar between children with severe asthma and control subjects. Among

TABLE 1 Clinical characteristics of patients

Control subjects Severe asthma
Symptomatic Paucisymptomatic

Number 9 24 12
Age years 9.1(7.7-12.8) 10.6 (8.9-12.1) 12.9 (9.9-14)
Sex [male/female) 4[5 15/9 9/3
Atopic n (%) NA 16 (67) 11 (92)
Sensitisation to aeroallergens n (%) NA 12 (50) 9 (75)
Sensitisation to food allergens n (%) NA 6 (25) 2(17)
Age at diagnosis years NA 1(0.9-2) 1(0.6-1.9)
Regular inhaled steroids NA 24 12
Inhaled steroids pg per day eq BDP NA 1000 (800-1150) 1000 (900-1250)
Exacerbations in the past 12 months NA 6 (5-10) 0.5 (0-2.3)*
FEV1 (% predicted) NA 79 (74-91.5) 71.5 (66.8-74.8)"

Data are presented as median (interquartile range), unless otherwise stated. Eq BDP: beclomethasone
equivalents; NA: not applicable; FEVi: post-bronchodilator forced expiratory volume in 1s. #, p<0.01,
symptomatic versus paucisymptomatic. T: p=0.02, symptomatic versus paucisymptomatic.
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children with severe asthma, 24 were assigned to the S group, and 12 to the PS group. Children in both
groups had similar general characteristics, except for the number of exacerbations in the past 12 months
and the post-bronchodilator predicted FEV1%.

Mast cell distribution in asthmatic versus control subjects

One value for ASM MCs, labelled by c-kit from a child in the asthmatic group, was greater than the 99th
percentile and was excluded from the analysis. After staining with c-kit, the number of submucosal and
ASM MCs did not differ between children with asthma and control subjects (figures 1 and 2, table 2).
However, the number of MCs stained by Giemsa was higher in control subjects than in children with
severe asthma (p=0.03). We found MCs in ASM bundles of 12 out of 36 children with severe asthma
(33%), whereas only two out of nine control subjects (22%) had detectable MCs in the ASM.

Mast cell distribution in children with symptomatic versus paucisymptomatic severe asthma

After staining with c-kit, the number of submucosal MCs in the S group (13.5 (2-23)) was higher than in
the PS group (3 (0.5-5), p=0.02) (figure 3). We observed MCs labelled by c-kit in the ASM of 10 out of 24
patients from the S group (42%), and 2 out of 12 patients from the PS group (17%). The number of ASM
MCs of two patients (one in each group) was greater than the 99th percentile and these values were
excluded from the analysis. The number of ASM MCs tended to be higher in the S group (0 (0-4.5)) than
in the PS group (0 (0-0), p=0.06), although this was not significant. The number of MCs stained by
Giemsa was similar between the two groups (2 (0-7) versus 0 (0-4.8), p=0.31).

Using two or more severe exacerbations as a cut-off value as recommended in the ATS/ERS guidelines
gave similar results [21]. We found a higher number of submucosal MCs in the S group (n=26) than in
the PS group (n=10, p=0.02) but no difference in the number of ASM MCs or MCs stained by Giemsa
between the groups (details are available in the supplementary material).

Correlation between mast cell numbers and asthma features

Mast cells and clinical presentation

We first estimated the effect of ICS on the number of MCs in children with severe asthma, and found
no correlation between the dose of ICS and the number of submucosal and ASM c-kit" cells (p=0.13,
r=—0.25 and p=0.13, r= —0.26, respectively), or the number of MCs stained by Giemsa (p=0.07, r= —0.31).
The number of submucosal MCs stained by c-kit positively correlated with the number of severe
exacerbations (p=0.02, r=0.37), but not with the number of hospitalisations for asthma exacerbation
(p=0.66, r=0.07) (figure 4). We found no correlation between the number of ASM MCs and the number
of severe exacerbations (p=0.09, r=0.30), or the number of hospitalisations for asthma exacerbation
(p=0.66, r=—0.08). There was no correlation between the number of submucosal and ASM MCs and daily
symptoms (not shown). We found no correlations between the number of MCs stained by Giemsa and the
number of exacerbations, hospitalisations or daily asthma symptoms (not shown).

FIGURE 1 Mast cells stained with
c-kit in the submucosa (red arrows)
and airway smooth muscle (black
arrow) of a child with severe
asthma. Original magnification x20.
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FIGURE 2 The numbers of aJ submucosal mast cells (MCs) and b) MCs stained by c-kit in the airway smooth muscle (ASM) were similar between
children with asthma and control subjects. c) The number of MCs stained by Giemsa was smaller in children with asthma than in the control group.

Mast cells and airway inflammation
Inflammatory cell numbers in BAL did not correlate with the number of MCs stained with c-kit or
Giemsa (table 3).

The number of submucosal and ASM MCs labelled by c-kit, as well as the number of MCs stained with
Giemsa, consistently correlated with the number of eosinophils in the submucosa (table 3, figure 5).
No correlations were found between the number of MCs and other submucosal inflammatory cell types.

Mast cells and markers of remodelling

The number of submucosal and ASM MCs stained by c-kit and the number of MCs stained by Giemsa
did not correlate with RBM thickness, the percentage of the submucosa occupied by mucus glands and
ASM, the vessel numbers, or epithelial integrity (table 3).

Mast cells and lung functions

Neither the number of submucosal and ASM MCs stained by c-kit, nor the number of MCs stained by
Giemsa correlated with post-bronchodilator predicted FEV1%, FEV1/FVC or the predicted forced
expiratory flow at 25-75% of FVC (FEF25-75%) (details are available in the supplementary material).

Discussion

We analysed whether the number of MCs was related to symptoms, lung function, inflammation and
markers of remodelling in children with severe asthma. The number of MCs was rather lower in children
with severe asthma than in control subjects. However, we found that the number of submucosal and ASM
MCs was higher in children with frequent severe exacerbations than in those with few severe
exacerbations. Accordingly, the number of submucosal MCs positively correlated with the number of
severe exacerbations and eosinophilic infiltration in the submucosa. Finally, there was no relationship
between the number of MCs and lung functions or airway remodelling.

The number of MCs in airways of people with asthma is highly variable between studies [4, 9, 24-26].
Differences in asthma phenotypes, severity and corticosteroid treatment could account for this variability.
The method used to enumerate MCs could modify the results. Most asthma studies used antibodies against
tryptase [4, 9, 10, 12, 15-17] to identify MCs, whereas others used antibodies against c-kit [8, 27, 28].
Tryptase is trapped in intracytoplasmic granules. Thus degranulation of MCs, as observed in asthma [2, 8],
could cause extracellular staining and misestimation of the number of MCs. c-kit antibodies bind to the
transmembrane receptor c-kit, present on both degranulated and intact MCs, resulting in less confusion
with extracellular staining and a lower risk of misestimating the number of MCs. We found that the

TABLE 2 Number of mast cells in asthmatic and control subjects

Asthma No asthma p value
Number of patients 36 9
SM c-kit mm~2 6 (1.8-17) 22 (11-35) 0.17
ASM c-kit mm~2 0 (0-2.8) 0 (0-0) 0.38
Giemsa mm~? 2 (0-7) 7 (5-22) 0.03

Data are presented as median (interquartile range). SM: submucosal; ASM: airway smooth muscle.
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FIGURE 3 The numbers of a) submucosal mast cells (MCs) and b) airway smooth muscle (ASM] MCs stained by c-kit were greater in the
symptomatic (S) group than in the paucisymptomatic (PS) group. c) There was no difference in the number of MCs stained by Giemsa between the

two groups.
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number of MCs detected using Giemsa was higher in control subjects than in children with severe asthma,
whereas the number of MCs labelled by c-kit was similar. Giemsa stains the intracytoplasmic granules of
MCs, reflecting the population of intact MCs. We can therefore speculate that more MCs were degranulated
in the children with severe asthma than in control subjects.

Submucosal MC numbers were higher in children with frequent severe exacerbations regardless of the cut off
for the number of severe exacerbations. We confirmed this finding when we treated the number of severe
exacerbations as a continuous variable, showing a positive correlation between the number of submucosal
MCs and the number of severe exacerbations. Consistent with this finding, the number of ASM MCs tended
to be higher in the S group, and the absence of a correlation between the number of ASM MCs and severe
exacerbations could be related to the small number of children with asthma who had MCs in their ASM.
Oral steroids can reduce the number of MCs in the airways of people with asthma [26, 29]. However, an
effect of oral steroids on the reduction of MCs in the PS group seems unlikely, because children in the
S group received six times more oral steroid bursts within the previous year than children in the PS group.
Our results are consistent with the higher level of prostaglandin D2 (PGD2) - the main prostanoid produced
by activated MCs - observed in BAL fluid from adults with asthma with recent exacerbations relative to
those without exacerbations [30], as well as with the high MC degranulation rate observed early after the
beginning of a fatal exacerbation in the ASM of adults [31]. Our results also reinforce the finding that the
number of IgE™ MCs is associated with the severity of exacerbations [11], and that the number of ASM MCs
is related to poor asthma control in adults [32]. In children with asthma, exacerbations are often triggered by
viral infections and allergen exposure, both factors that can trigger MC degranulation [33-35]. Thus, MCs
might be directly involved in the pathogenesis of exacerbations. However, the correlation between MC
numbers and severe exacerbations was weak and other factors could play a role in asthma exacerbations [36].
In this context, we found in a previous study that intraepithelial neutrophils and eosinophils were associated
with frequent severe exacerbations in children with severe asthma [18].

Eosinophilic inflammation is one of the key features of severe asthma in children, but is still poorly understood
[37]. Adults with severe asthma and eosinophilic infiltration have a higher number of submucosal MCs than
those without eosinophilic infiltration [7]. In addition, in adults with asthma, eosinophilic inflammation
positively correlates with the number of MCs that express IgE [11] and the number of c-kit" cells [28].
Our findings extend these results to children with severe asthma. Ongoing airway eosinophilic inflammation in

p=0.02, r=0.37

8 )

Severe exacerbations
in the past 12 months

FIGURE 4 Positive correlation
between the number of submucosal
mast cells stained by c-kit and the
number of severe exacerbations
during the previous 12 months in
children with severe asthma.
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TABLE 3 Relationship between the number of mast cells and the number of inflammatory cells in bronchoalveolar lavage, in

the submucosa, and with markers of remodelling in children with asthma

Asthma Correlations
SM c-kit mm~2 ASM c-kit mm~2 Giemsa mm~?2
Number of patients 36
Bronchoalveolar lavage x10°-mL~"
Macrophages 62.2 (35.5-83.4) p=0.07, r=-0.38 p=0.45, r=-0.16 p=0.09, r=—-0.34
Eosinophils 1(0.7-3.5) p=0.11, r=0.20 p=0.46, r=0.13 p=0.17, r=0.25
Neutrophils 3.6 (2.3-6.5) p=0.45, r=0.14 p=0.38, r=0.16 p=0.97, r=-0.01
Mast cells 0 (0-0) p=0.65, r=0.09 p=0.22, r=0.25 p=0.09, r=0.34
Lymphocytes 4 (3.3-6.5) p=0.21, r=0.23 p=0.63, r=0.09 p=0.17, r=0.24
Submucosal infiltration mm~—2
Eosinophils 8.5 (5.1-20.3) p<0.01, r=0.44 p=0.02, r=0.40 p<0.01, r=0.44
Neutrophils 44.1 (30.5-59.3) p=0.10, r=—-0.28 p=0.28, r=—-0.19 p=0.23, r=-0.21
Lymphocytes 131.4 (93.1-190.7) p=0.36, r=0.19 p=0.30, r=0.22 p=0.20, r=0.26
Markers of remodelling
RBM thickness pm 6.8 (5.5-8.4) p=0.22, r=0.21 p=0.13, r=0.26 p=0.11, r=0.27
ASM area % 16.5 (10-23.8) p=0.45, r=0.14 p=0.99, r<0.01 p=0.90, r=-0.02
Vessel number per 0.1 mm? 20 (13-30) p=0.33, r=—0.17 p=0.90, r=0.02 p=0.74, r=0.06
Mucus gland area % 8 (3-20.3) p=0.94, r=-0.01 p=0.77, r=—0.06 p=0.16, r=-0.26
Epithelial integrity % 55 (30-80) p=0.22, r=-0.22 p=0.56, r=—0.11 p=0.61, r=-0.09

Data are presented as median (interquartile range), unless otherwise stated. SM: submucosal; ASM: airway smooth muscle; RBM: reticular

basement membrane.

children with severe therapy-resistant asthma does not appear to be associated with increased expression of
TH2 cytokines such as interleukin (IL)-4, IL-5 or IL-13 [17]. Thus, TH2-independent factors could drive
persistent eosinophilia in these patients. In vitro findings have shown that MCs increase eosinophil survival
through the secretion of granulocyte macrophage colony-stimulating factor, and that PGD2 and C-C
chemokine receptor type 3 (CCR3)-specific chemokines can exert a chemotactic effect on eosinophils [38, 39].
The correlation we found between the numbers of MCs and eosinophils is consistent with these data, and
raises the hypothesis that MCs could promote eosinophilia of the airways in children with severe asthma.

We found no relationship between MC number and lung function in children with asthma, as recently
reported [15, 17, 19, 40]. This could be due to the fact that, unlike adults, lung function in children with
severe asthma is often normal and is a poor marker of asthma severity in this population. It might also be
related to the heterogeneity of the patients addressed in our study. PS patients could represent a group of
patients with asthma who share specific pathophysiological mechanisms. In addition, the status of MCs
(degranulated/untouched cells) is probably more important than their number in the control of lung
function and interactions with ASM.

Our study has several limitations. First, this is a cross-sectional study and symptoms were not assessed
prospectively. However, all children with severe asthma underwent an assessment protocol of their condition.
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FIGURE 5 Positive correlations between the number of eosinophils in the submucosa and a) the number of submucosal mast cells (MCs) stained
by c-kit, b) the number of airway smooth muscle (ASM) MCs stained by c-kit and c) the number of MCs stained by Giemsa in children with severe

asthma.
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The distinction between S and PS children was based on clinical reports from the previous year, thus reliably
reflecting the distinct phenotype of the asthmatic subjects. Second, all children with asthma were treated with
high doses of inhaled steroids, which can potentially reduce MC numbers, even if it was shown that the number
of MCs remains stable after a 16-week course of inhaled steroids [41]. The number of MCs could have been
underestimated in children with asthma more than in control subjects owing to a higher frequency of
degranulated cells in children with asthma. However, studies in children with milder asthma cannot be
performed for ethical reasons. Studies including control subjects without airway disease would have led to a
better determination of the specificity of MC myositis in children with asthma, but are not feasible for ethical
reasons. The inclusion of children with eosinophilic bronchitis, a condition characterised by eosinophilic
inflammation and airway remodelling but no variable airflow limitation or airway hyperresponsiveness [9, 10],
would also have been useful, but this condition is rare in children. Finally, our data were obtained on a highly
selected population, and cannot be extrapolated to children with milder symptoms.

In conclusion, this study shows that MCs are located in the submucosa and more specifically in the ASM
in children with severe asthma. MC numbers are associated with clinical presentation and chronic
eosinophilic inflammation, but not with remodelling or lung function. Our data support the involvement
of MCs in both chronic airway inflammation and acute exacerbations. The development of therapies
targeting MCs in the most symptomatic children with eosinophilic severe asthma could help to decrease
airway inflammation and improve asthma symptoms.
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