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iii. Abstract and keywords

Background: Lung function impairment among asthmatics begins in early life and biomarkers for
identifying this impairment are needed. The chitinase-like protein YKL-40 has been associated with

asthma and lung function in adults but studies in children have yielded conflicting results. We
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evaluated the potential of YKL-40 and other systemic biomarkers for identifying asthmatic lung

function deficits in children.

Methods: We determined the levels of serum YKL-40, periostin, and high-sensitivity C-reactive
protein (hs-CRP) from the blood samples of 49 children with asthmatic symptoms. Lung function was
assessed with impulse oscillometry (I0S) and spirometry, combined with an exercise challenge and a

bronchodilator test. Fractional exhaled nitric oxide was measured at multiple flow rates.

Results: Serum levels of YKL-40 showed significant correlations with most 10S indices at baseline
(p=0.008-0.039), but there was no association between YKL-40 and spirometry parameters. Neither
periostin nor hs-CRP were associated with baseline lung function. Children with a significant
response in either the exercise challenge or the bronchodilator test had increased serum levels of
YKL-40 (p=0.003) and periostin (p=0.035). YKL-40 correlated significantly with the blood
neutrophil count (r;=0.397, p=0.005) but was not associated with biomarkers of eosinophilic

inflammation.

Conclusion: Serum YKL-40 is a potential biomarker for lung function deficits in children with
asthmatic symptoms. These deficits appear to be focused on small airways and may remain

undetected with spirometry.

Keywords: YKL-40, asthma, respiratory function tests, airway resistance, spirometry

iv. Main text

INTRODUCTION

Asthmatic subjects often present with decreased lung function, and a substantial proportion of the
lung function deficits are detectable in early childhood (1). In a subgroup, deterioration of lung

function progresses through adolescence and may lead to irreversible airflow obstruction (2).
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Biomarkers for early identification of subjects with abnormal lung function are crucial for optimizing

the treatment and follow-up of these patients.

YKL-40 is a chitinase-like protein found in humans that binds chitin but lacks enzymatic activity (3).
The biological significance of YKL-40 is incompletely understood, but increased levels of serum
YKL-40 have been observed in diseases involving infection, inflammation, and tissue remodeling (4).
In adults, increased serum YKL-40 has been associated with asthma, and its levels correlate with
increasing disease severity and bronchial wall thickness as well as decreasing lung function (3-5).
However, the significance of YKL-40 in childhood asthma remains unclear, and no association
between YKL-40 and lung function assessed with spirometry or airway hyperreactivity has been
observed in children (3,6,7). Other potentially useful biomarkers in asthma include periostin which is
related to T helper type 2 (T42) induced airway inflammation and high-sensitivity C-reactive protein

(hs-CRP) which increases in different conditions related to low-grade systemic inflammation (8).

Asthmatic inflammation involves both small and large airways (9). However, spirometry mainly
reflects the function of larger airways. Impulse oscillometry (I0S) uses pulse signals of different
frequencies to determine respiratory resistance and reactance. Based on computational models, high-
frequency resistance values, such as respiratory resistance at 20 Hz (R20) are considered to reflect
large airway function, whereas low-frequency resistance, such as respiratory resistance at 5 Hz (R5)
reflect the whole respiratory tract (10). Potential manifestations of small airway obstruction and
alveolar tissue involvement include increased difference between R5 and R20 (R5-20, i.e. frequency-
dependence of resistance) and decreased low-frequency reactance values, such as respiratory

reactance at 5 Hz (X5), which result in increased area under the reactance curve (AX) (10).

We aimed to clarify the role of YKL-40, periostin, and hs-CRP in childhood asthma. Therefore, we
investigated their association with lung function in children with asthmatic symptoms using 10S and
spirometry indices which have the potential of reflecting different parts of the respiratory tract. In

addition, we evaluated their relationship with airway hyperreactivity (AHR) and bronchodilator
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responsiveness (BDR). We also examined their associations with other blood and exhaled

inflammatory biomarkers.

METHODS

Subjects

In total, 58 children (aged 5-10 years) were recruited among patients referred to the Skin and Allergy
Hospital, Helsinki University Hospital, Finland, because of symptoms indicating probable asthma,
such as recurrent wheezing, persistent troublesome cough, and shortness of breath during exercise
(11). Baseline 10S and spirometry measurements followed by an exercise challenge and a
bronchodilator test were performed at the first visit. Extended fractional exhaled nitric oxide (FeENO)
measurements were performed at the second visit within 14 days. All children were free from
respiratory tract infections for >2 weeks, and possible asthma-control medications were ceased >4

weeks prior to the lung function measurements.

Allergic sensitization and serologic analyses

Allergic sensitization was defined as a serum-specific IgE level of >0.35 kU/1 or a skin prick test
wheal diameter of >3 mm to >1 aeroallergens: birch, timothy grass, meadow fescue, mugwort,

Cladosporium herbarum, cat, dog, horse, and Dermatophagoides pteronyssinus.

Venous blood samples were collected and blood eosinophil and neutrophil counts were determined at
the time of recruitment. Additional serum samples were stored in —40°C and used to determine YKL-
40 and periostin proteins with Human Chitinase 3-like 1 DuoSet ELISA kit (Biotechne, UK) and
Human Periostin/OSF-2 DuoSet ELISA kit (Biotechne, UK). All reagents were purchased from
Biotechne (DuoSet Ancillary Reagent Kit 2). Briefly, serum samples were diluted 1:10, 1:20, and
1:40 with reagent diluent and sandwich ELISA performed according to manufactures instructions.
Serum hs-CRP was determined using an immunoturbidimetric assay (CRPHS; RocheDiagnostics

GmbH, Mannheim, Germany).
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Lung function and inflammation

Baseline 10S (Masterscreen 10S, Carefusion, Hoechberg, Germany), spirometry (Masterscreen
Pneumo, Carefusion, Hoechberg, Germany), and FeNO at 50 ml/s (FeNOs,, CLD 88, Ecomedics,
Duernten, Switzerland) measurements were performed according to international recommendations
(12-14), as described earlier (11). For I0S, >3 regular breathing patterns lasting >20 seconds were
recorded, and the mean of each parameter was used in the analyses. Figure 1 illustrates the main 10S
parameters. In spirometry, the highest values of forced expiratory volume in one second (FEV,) and
forced vital capacity (FVC) were selected from the >3 successful measurements recorded, and flow
indices were derived from the curve with the largest sum of FEV; and FVC. FeNO was measured at
30, 50, 100, and 200 mi/s and alveolar nitric oxide concentration (Ca,yv) was calculated from the two-
compartment linear model (15) using two technically successful measurements for three different

flow rates: 100, 200, and either 30 or 50 ml/s for achieving the best goodness of fit.

Airway hyperreactivity and bronchodilator responsiveness

An outdoor free running test was performed as described earlier (16) using either 10S or spirometry
based on the age and cooperation of the child. Lung function was measured at 1, 5, and 10 minutes
after exercise, and the test was considered positive for significant AHR if R5 increased >35% (16)

from the baseline value or FEV; decreased >15% (17) at any of these time points.

After the exercise challenge, 300 micrograms of salbutamol (Ventoline, Glaxo, UK) was given to the
children via Babyhaler® spacer (Glaxo, UK) and both 10S and spirometry measurements were
repeated 10-15 minutes after the inhalation. Significant BDR was defined as a decrease of >40% (18)

from the baseline value in R5 or an increase of >12% (19) in FEV;.

Statistical analyses

Normality of the variables was evaluated with Shapiro-Wilk test. Spearman’s correlation test was
used to evaluate association between continuous variables and Mann-Whitney U test for comparisons

between groups. Z-score values of 10S, spirometry, and FeNOs, were determined based on national
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reference equations (18,20-22). Two-tailed tests with a significance level of 0.05 were used. The data

were analyzed with IBM SPSS Statistics version 25 and R version 3.3.3.

Ethics

The study was approved by Helsinki University Hospital (ID number: IAS16 ASA04 0116) and
Helsinki University Hospital Research Ethics Committee (approval number: 390/13/03/03/2015), and
it was conducted in compliance with the Declaration of Helsinki. Parents of all participating children
provided a written consent, and depending on literacy, the children contributed an oral or a written

consent.

RESULTS

Characteristics of the study subjects

Figure 2 illustrates a flowchart of the study. From the 50 children with serum samples collected, one
child was excluded from all analyses because of rheumatoid arthritis and its possible influence on the
investigated serum biomarkers (4). Two children had obstruction at baseline and therefore, exercise
challenge was not performed, but the children were included in other analyses. Table 1 presents the
baseline characteristics and lung function of the study children. YKL-40, periostin, and hs-CRP were
unrelated to age, height, gender (p>0.05 for all analyses, data not shown), and allergic sensitization,
but hs-CRP was associated with weight and body mass index (r;=0.304, p=0.034 and rs=0.331,
p=0.020, respectively). 11 children (22%) used continuous inhaled corticosteroid (one in combination
with montelukast and one with salmeterol) and one child (2%) used continuous montelukast which
were ceased >4 weeks before the lung function measurements. None of the children used specific
immunotherapy. YKL-40, periostin, and hs-CRP did not significantly differ between children with or
without asthma control medication use before study participation (median 31.7 vs. 22.3 ng/ml,
p=0.170 for YKL-40; median 53.9 vs. 52.9 ng/ml, p=0.871 for periostin; and median 0.46 vs. 0.32

mg/l, p=0.972 for hs-CRP, respectively).
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Serum biomarkers and lung function

Y KL-40 significantly correlated with the absolute and z-score values of all baseline 10S indices
except for R20 (Table 2) but was unrelated to the absolute and z-score values of the spirometry
indices (p>0.05 for all analyses, data not shown). Periostin and hs-CRP were not associated with any

of the 10S or spirometry indices (p>0.05 for all analyses).

In total, 18 children (39%) showed significant AHR and 10 children (20%) showed significant BDR.
10S was used as an endpoint measure of the exercise challenge in 25 children with 10 (40%) showing
significant AHR and spirometry in 21 children with 8 (38%) demonstrating significant AHR. Children
with a positive AHR or BDR test result had significantly higher levels of serum YKL-40 and periostin
than those with normal results (Figure 3). Hs-CRP did not differ between children with or without

significant AHR or BDR (p=0.311).

Associations between different markers of inflammation

YKL-40 correlated significantly with blood neutrophil count (r;=0.397, p=0.005) but was not
associated with hs-CRP (r;=0.211, p=0.146) or any of the blood or exhaled biomarkers related to
eosinophilic inflammation: r,=0.159 and p=0.276 for blood eosinophil count; r,=0.174 and p=0.232

for periostin; rs=0.088 and p=0.549 for FeNOs,; and r,=0.117 and p=0.422 for Ca_v.

Periostin correlated significantly with blood eosinophil count (r,=0.412, p=0.003) but not with blood
neutrophil count (r:=-0.125, p=0.393), FeNOs, (r;=0.099, p=0.500), or Ca.v (rs=0.018, p=0.912). Hs-
CRP correlated with blood neutrophil count (rs=0.440, p=0.002) but showed no association with blood

eosinophil count (r;=-0.119, p=0.415), FeNOs, (rs=-0.049, p=0.737), or Ca.v (rs=-0.086, p=0.601).

DISCUSSION

We demonstrate a significant association between serum YKL-40 and lung function in children with

asthmatic symptoms. This association was consistent throughout all 10S indices related to small
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airway function but was not observed with R20 or with spirometry indices, both of which are
considered to reflect mainly larger airway function. YKL-40 was also increased in children with
significant AHR or BDR, supporting its role as a possible biomarker of lung function deficits in

childhood asthma.

In adults, YKL-40 has been associated with lung function and AHR (3). In children, no association
between YKL-40 and spirometry has been observed (6,7), but an association between YKL-40 and
airway wall thickness has been observed in adults and children (5,6). We found significant
correlations between YKL-40 and all 10S indices related to small airway function: R5, R5-20, X5,
and AX (10), which remained significant with both absolute and the height- and sex-adjusted z-score
I0S values. However, YKL-40 was unrelated to R20 and spirometry indices. Therefore, early lung
function deficits related to increased YKL-40 may be focused on small airways and remain
undetectable with spirometry, which is relatively insensitive to early small airway pathology (9). It is
also possible that inhaled corticosteroids, which were ceased >4 weeks before the lung function
measurements in our study, could interfere with the association between YKL-40 and lung function
and explain the lack of correlation in previous studies. Nevertheless, we previously observed that
frequency-dependence of respiratory resistance in preschool 10S correlated with lung function in
adolescence among asthmatic subjects (23), supporting the notion that early lung function deficits in
asthma can be focused on small airways. These findings highlight the need for tools to assess small
airway function. However, further research is required to determine the persistence and longitudinal

progression of lung function deficits that manifest as increased YKL-40.

The molecular mechanisms underlying the effects of YKL-40 in asthma are unclear. In vitro and in
vivo animal studies have found a connection between that YKL-40 and Ty2-mediated inflammation
(4). However, clinical studies have found associations between YKL-40 and T2-related biomarkers
weak or nonexistent (6-8,24). We found no association between YKL-40 and blood or exhaled
biomarkers of eosinophilic inflammation. Interestingly, we did observe a significant correlation
between YKL-40 and blood neutrophils, which is consistent with a previous study in asthmatic

children (6). Accordingly, Gomez et al. (24) showed that adult asthma phenotypes with high serum
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YKL-40 had increased sputum neutrophils, whereas increased Ty2 markers were related to low YKL-

40.

YKL-40 has been proposed as a marker of airway remodeling (4), and it can promote bronchial
smooth muscle cell proliferation and migration as well as collagen production by lung fibroblasts
(25,26). Accordingly, Chupp et al. (5) observed that subepithelial basement membrane thickness
correlated with increasing expression of YKL-40 in the bronchial biopsies of asthmatic subjects.
Bronchial biopsies of preschool children with asthmatic symptoms have demonstrated pathological
changes related to airway remodeling, indicating that chronic inflammation might not be a
prerequisite for detectable histological changes but rather a parallel process in the disease
pathophysiology (4). Therefore, noninvasive markers of the progression of airway remodeling are
necessitated. We found that YKL-40 correlated with lung function in children with early signs of
asthma and the association was independent of markers of eosinophilic inflammation, highlighting the
potential complementary role of YKL-40 as a biomarker for early asthmatic lung function
impairment. Indirect markers of airway remodeling have been associated with decreased BDR in
asthmatic adults (27), but the clinical effects of early airway remodeling in asthmatic children remain
unclear (28), and further studies are needed to evaluate the association between YKL-40 and possible

decreases in BDR in children with confirmed asthma.

Neither periostin, nor hs-CRP were associated with baseline lung function. However, similar to YKL-
40, periostin was increased in children with significant AHR or BDR. This is consistent with previous
findings on the association between periostin and AHR in children (29). Periostin has been related to
Ty2-type inflammation and increased serum periostin levels are seen in blood and airway eosinophilia
(8). Accordingly, we observed a positive correlation between periostin and blood eosinophils.
However, periostin was unrelated to FeNOsy and Capyv Which might be related to the relatively small
study sample or possibly to the time between FeNO measurements and blood sample collection, as
weak associations between periostin and FeNO have been previously reported (8). We found no
associations between hs-CRP and lung function or FeNO and therefore, further studies are needed to

elucidate its potential usefulness in pediatric asthma.

This article is protected by copyright. All rights reserved.



This study has some limitations. Our sample size was limited and the patient population consisted of
children with mild to moderate symptoms, leaving out patients with severe pediatric asthma. Another
limitation is that all available techniques reflect indirect changes related to small airway function and
the presence of small airway dysfunction cannot be conclusively determined. Besides parallel
ventilation heterogeneity related to small airway obstruction, frequency-dependence of respiratory
resistance can be affected by upper airway shunt properties and respiratory tissue viscoelasticity (30).
Furthermore, the association between YKL-40 as well as periostin and AHR was significant only
when excluding children with a significant BDR from the negative group which complicates the
physiological interpretation of this finding. Nevertheless, both AHR and BDR are hallmarks of
asthma and a significant result in either of these tests is often used to classify patients with susceptible
symptoms as having asthma. However, it should be acknowledged that none of the available tests can
diagnose asthma or different subtypes of the disease in young children decisively which results in

heterogeneity within patient populations.

In conclusion, we established a significant association between serum chitinase-like protein YKL-40
and lung function in children with asthmatic symptoms. This association was focused on indices that
reflect small airway function, which might explain the lack of association with spirometry. YKL-40
was also increased in children with significant AHR or BDR. Therefore, YKL-40 appears as a
potential biomarker of lung function impairment in asthmatic children. Further studies are needed to

clarify the mechanisms and longitudinal progression of the observed associations.
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vii. Tables

Table 1. Baseline characteristics and lung function of the study children.

Age (years)

Male sex

Allergic sensitization
Blood eosinophils (10%1)
Blood neutrophils (10%/1)
Serum YKL-40 (ng/ml)
Serum periostin (ng/ml)

Serum hs-CRP (mg/l)

R5 (kPa/l/s)

R5 z-score (SD)
R20 (kPa/l/s)
R20 z-score (SD)
R5-20 (kPa/l/s)
R5-20 z-score (SD)
X5 (kPa/l/s)

X5 z-score (SD)
AX (kPa/l)

AX z-score (SD)
FEV; (I)

FEV, z-score (SD)

Study children (n=49)

7.0(6.2,7.7)

32 (65%)

30 (61%)
0.43 (0.20; 0.70)
2.85 (2.29; 3.53)
23.0 (18.0; 34.5)
52.9 (46.2; 62.0)
0.32 (0.19; 0.98)
0.79 (0.70; 0.91)
0.16 (-0.32; 1.12)
0.59 (0.53; 0.64)
-0.33 (-1.08; 0.38)
0.20 (0.12; 0.30)
1.29 (0.32; 2.39)

-0.24 (-0.31; -0.20)
-0.63 (-1.41; 0.07)
1.88 (1.33; 2.68)
2.86 (2.16; 3.67)
1.48 (1.24; 1.70)

-0.93 (-1.45; -0.10)
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FVC (1)

FVC z-score (SD)
FEV./FVC

FEV./FVC z-score (SD)
FEFs, (I/s)

FEFs, z-score (SD)
FeNOs, (ppb)

FeNOs, z-score (SD)

Carv (ppb)

1.71 (1.39; 2.05)
-0.35 (-1.06; 0.40)
0.85 (0.81; 0.91)
-0.85 (-1.65; 0.03)
1.71 (1.46; 2.00)
-0.92 (-1.63; -0.30)
11.90 (6.95; 20.70)
1.20 (0.25; 2.80)

1.90 (1.40; 3.06)

Data presented as no. (%) or median (interquartile range). Abbreviations: AX, area under the

reactance curve; Ca,v, alveolar nitric oxide concentration; FEFs,, forced expiratory flow at 50% of the

forced vital capacity; FeNOsy, fractional exhaled nitric oxide at 50 ml/s; FEV, forced expiratory

volume in one second; FVC, forced vital capacity; hs-CRP, high-sensitivity C-reactive protein; R5

and R20, respiratory resistance at 5 and 20 Hz, respectively; R5-20, difference between respiratory

resistance at 5 and 20 Hz; SD, standard deviation; X5, respiratory reactance at 5 Hz.
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Table 2. Correlations between serum YKL-40, periostin, and high-sensitivity C-reactive protein (hs-

CRP) and baseline impulse oscillometry indices.

R5 R20 R5-20 X5 AX

kPa/l/s z- kPa/lls z- kPa/l/s z- kPa/lls z- kPa/l z-

score score score score score

Serum r| 0299 0304 0094 0.088 029 0329 -0.377 -0.354 0.300 0.335
YKL-40

p| 0037 0034 0523 0547 0.039 0029 0.008 0.013 0.036 0.019
(ng/ml)

Serum r| -0024 -0.011 -0.189 -0.054 0.052 0.068 -0.157 -0.201 0.113 0.117
periostin

p| 0869 0941 0193 0712 0721 0641 0.281 0.166 0.361 0.424
(ng/ml)
Serum r| 0.068 0.148 0.098 0.217 0.029 0.067 0.014 -0.048 -0.010 0.112
hs-CRP

(mg/l) p| 0642 0311 0504 0135 0842 0646 0.925 0.744 0947 0.442

Abbreviations: AX, area under the reactance curve; R5 and R20, respiratory resistance at 5 and 20 Hz,
respectively; R5-20, difference between respiratory resistance at 5 and 20 Hz; X5, respiratory

reactance at 5 Hz.
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viii. Figure legends

Figure 1. Schematic illustration of impulse oscillometry indices respiratory resistance at 5 and 20 Hz
(R5 and R20, respectively), respiratory reactance at 5 Hz (X5), and area under the reactance curve

(AX).

Figure 2. Flowchart of the study. Abbreviations: FeNO, fractional exhaled nitric oxide; 10S, impulse

oscillometry.

Figure 3. Association between significant airway hyperreactivity (AHR) or bronchodilator
responsiveness (BDR) and serum level of (a) YKL-40 and (b) periostin. Results presented as

individual data points and boxplots.
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Resistance (R) Reactance (X)

kPa/l/s kPa/l/s

20 - - 0.4

15 0.2

1.0 0.0
RS

0.5 [X5 1.0.2

0.0 | | 1 0.4

5 10 15 20 25 30 35
Frequency (Hz)
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58 children with respiratory
symptoms

50 children with serum
samples

49 children with baseline
|0S, spirometry, and FeNO
measurements

1 child excluded because of
rheumatoid arthritis

47 children with excercise
challenge followed by
bronchodilator

2 children had obstruction
at baseline
—> no exercise challenge
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