The chitinase-like protein YKL-40: A possible biomarker
of inflammation and airway remodeling in severe pediatric

asthma
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Background: Problematic severe childhood asthma includes a
subgroup of patients who are resistant to therapy. The specific
mechanisms involved are unknown, and novel biomarkers are
required to facilitate treatment and diagnosis of therapy-
resistant asthma. The chitinase-like protein YKL-40 has been
related to asthma and airway remodeling.

Objectives: To compare serum YKL-40 levels in children with
severe, therapy-resistant asthma (n = 34), children with
controlled persistent asthma (n = 39), and healthy controls

(n = 27), and to investigate correlations with biomarkers of
inflammation and airway remodeling.
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Methods: The study protocol included questionnaires,
measurement of exhaled nitric oxide in exhaled air, blood
sampling for inflammatory biomarkers, and high-resolution
computed tomography of the lungs to identify bronchial wall
thickening (therapy-resistant only). Serum YKL-40 levels were
measured by ELISA, and all asthmatic children were genotyped
for a CHI3L1 promoter single nucleotide polymorphism
(rs4950928).

Results: Serum YKL-40 levels were significantly higher in
children with therapy-resistant asthma than in healthy children
(19.2 ng/mL vs 13.8 ng/mL, P =.03). Among children with severe,
therapy-resistant asthma, YKL-40 levels correlated with fraction
of exhaled nitric oxide in exhaled air (r = 0.48, P = .004), blood
neutrophils (r = 0.63, P <.001), and bronchial wall thickening on
high-resolution computed tomography (r = 0.45, P = .01).
Following adjustment for CHI3L1 genotype, significantly greater
levels of YKL-40 were found in children with therapy-resistant
asthma than in children with controlled asthma.

Conclusions: YKL-40 levels are increased in children with
severe, therapy-resistant asthma compared to healthy children,
and also compared to children with controlled asthma following
correction for genotype. (J Allergy Clin Immunol
2013;EEN:EEN-NEN,)

Key words: Asthma, children, inflammation, airway remodeling,
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A small proportion of children with asthma suffer from chronic
symptoms and severe exacerbations despite treatment with high
doses of currently available asthma medications.' The term
problematic severe asthma has been proposed to classify these
children of whom a subgroup suffers from severe, therapy-
resistant asthma that does not respond satisfactorily to asthma
therapy and probably requires novel therapeutic approaches.’
There is an urgent need to find new and specific biomarkers to
improve the diagnosis and treatment of patients with severe,
therapy-resistant childhood asthma.*

A group of proteins recently discovered to be potential
biomarkers of asthma are the chitinases and chitinase-like pro-
teins. Chitin is a tough structural polysaccharide, the second most
abundant biopolymer in nature after cellulose, used by a variety of
organisms including insects, crustaceans, parasites, fungi, and
bacteria to protect against harsh environmental conditions.®
Although chitin is not present in the human body, we express
enzymes capable of its degradation. Two members of this family,
the enzymatically active chitotriosidase and the enzymatically
inactive chitinase-like protein YKL-40, have been shown to be
increased in the serum of asthmatic patients,7’8 and levels of
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Abbreviations used
FeNno: Fraction of exhaled nitric oxide in exhaled air
HRCT: High-resolution computerized tomography

YKL-40 have also been shown to correlate with markers of
disease severity.® Interestingly, a promoter single nucleotide pol-
ymorphism in the gene encoding YKL-40, CHI3LI rs4950928
(-131C/G) has also been associated with features of asthma and
increased circulating YKL-40 levels in serum.” Chitotriosidase
activity is also subject to strong genetic regulation in that individ-
uals homozygous for a 24-bp duplication in exon 10 of CHIT1, the
gene coding for chitotriosidase, display complete enzyme inactiv-
ity."” However, little is known about the expression and regulation
of YKL-40 and chitotriosidase in relation to asthma in children.

Specifically, it has been suggested that the chitinase family
members may be involved in the development of fibrosis and
remodeling of the airway.'' Bronchial wall thickening, identified
by high-resolution computerized tomography (HRCT), can be as-
sessed quantitatively on the basis of the number of visible bronchi
at 3 different levels of the lung. Increased bronchial wall thicken-
ing has been shown to be a consistent finding in children with se-
vere asthma compared with healthy controls.'? The thickness of
the bronchial wall has been shown to correlate with the thickness
of the reticular basement membrane and the airway epithe-
lium,'*'3 supporting the assessment of bronchial wall thickening
as an appropriate marker of airway remodeling.

We aimed to examine serum YKL-40 levels and chitotriosidase
activity in children with controlled and therapy-resistant asthma,
and to investigate potential correlations between YKL-40 levels,
bronchial wall thickening as assessed by HRCT, pulmonary
function measurements, and other biomarkers of inflammation.
Finally, we wanted to examine the effect of genetic variations in
the CHI3L1 and CHITI genes on YKL-40 levels and chitotriosi-
dase activity, respectively. Baseline data on the cohorts of well-
characterized asthmatic patients have been published previously.'®

METHODS

In this cross-sectional, explorative case-control study, children aged 6 to 18
years with problematic severe asthma were compared with age-matched peers
with controlled asthma. These 2 conditions were defined in accordance with
guidelines established by the Global Initiative for Asthma,'” which takes into
account the severity of the underlying disease, as indicated by the need for
treatment and degree of symptom control achieved.'® Inclusion criteria are
presented in Table 1. Written informed consent was obtained from all partic-
ipants and their guardians. The study was approved by the regional board of
ethics at Karolinska Institutet (Dnr 2006/1324-31/1 and 2008/378).

Subjects

The children recruited were participating in the Swedish National Study on
children with problematic severe asthma. Details of recruitment and inclusion
are presented elsewhere.'® Briefly, allergists throughout Sweden were invited
to identify and refer children with problematic severe asthma and age-matched
peers (12 months) with controlled asthma for this investigation. The referred
children were invited to participate and following reassessment of their med-
ical histories, medication, and adherence to prescribed treatment, final selec-
tion of the participants was performed according to the inclusion criteria
(Table I). The children who admitted that they missed more than 3 doses of
prescribed medication per week were considered ineligible for inclusion.
A mobile team consisting of 2 of the authors (J.K. and B.N.) visited the
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participating clinics and conducted the interviews and the majority of the pro-
cedures on site, using brought equipment, to ensure standardized collection of
biological samples and data. As shown in Fig 1, we excluded children who
were classified as having asthma that was difficult to treat because of identified
aggravating factors (such as known allergen and tobacco exposure, or un-
treated comorbidities such as rhinitis), described in more detail previously.'®
The reason for removing these children was that they did not necessarily have
severe asthma if the aggravating factors were removed/treated.

The remaining 34 children with severe asthma were classified as resistant to
therapy on the basis of a detailed clinical characterization.'® Therefore, the
current analysis includes 34 children with therapy-resistant asthma and 39
children with controlled asthma. In addition, we included 27 school-aged
healthy controls (average age 10 years) for comparison. These healthy con-
trols had been admitted for elective surgical procedures such as scrotal hernia,
and blood samples were collected prior to the procedure.

Procedures

Asthma control was estimated according to the asthma control test.'
A total of 25 points can be achieved with optimal asthma control, and a score
of 19 or less suggests poorly controlled asthma.

Exhaled nitric oxide, pulmonary function, and assess-
ment of bronchial hyperresponsiveness. A NIOX analyzer
(Aerocrine AB, Solna, Sweden) was used to measure the fraction of exhaled
nitric oxide in exhaled air (FENO), in accordance with international guide-
lines.?® Spirometry was performed using a Vitalograph 2120 (Vitalograph, En-
nis, Ireland), in accordance with recommendations from the European
Respiratory Society using the reference values reported by Polgar and
Weng.?! Bronchial hyperresponsiveness to methacholine was assessed using
a Spira nebuliser (Spira Respiratory Care Centre, Himeenlinna, Finland),
and the slope of the dose-response curve was calculated.”

CT scanning of lungs. Children suffering from problematic severe
asthma underwent HRCT of their lungs at their local hospitals, within 3
months after inclusion into the study. A standardized protocol was used, and
all images were evaluated by the same radiologist (M.L.).

HRCT scans were obtained at full inspiration with 1- to 1.5-mm thick
sections at 10-mm intervals through the thorax, and images were reconstructed
by using a high spatial resolution reconstruction algorithm. The images were
viewed at lung window settings optimized for pediatric lungs: window level
500 Hounsfield units and window width 1500 Hounsfield units.

Bronchial wall thickening was assessed using a semiquantitative score first
described by Marchac et al'? and used in previous studies in children with se-
vere asthma.'*'* The score is based on the assumption that any increase in the
thickness of the bronchial wall will be associated with an increase in the num-
ber of visible bronchi on HRCT. Consequently, all visible sections of bronchi
were counted at 3 predetermined levels in the right lung (1 cm below the ca-
rina, 2.5-3 cm below the top of the right pulmonary vein, and above the right
side of the diaphragm). All circular (complete circles or at least two thirds of a
circle) and longitudinal bronchi except hilar bronchi were included. The num-
ber of visible sections of bronchi at these 3 levels were added to yield a score
(3-level score) for bronchial wall thickening.'2

Serologic analysis and number of eosinophils and
neutrophils. Following application of local anesthesia (EMLA cream,
Astra Zeneca, Sweden), samples of venous blood were collected and an
eosinophil and neutrophil count was performed. The serum concentration of IgE
(kU/L) was analyzed using ImmunoCAP (Phadia AB, Uppsala, Sweden).

Measurement of chitinase levels. Serum YKL-40levels were
measured by ELISA according to the manufacturer’s instructions (Human
Chitinase 3-like 1 DuoSet ELISA Development Kit, RnD Systems, Abingdon,
United Kingdom). Two different dilutions were made for each sample from
which an average was obtained, and all samples were analyzed in duplicate and
presented as ng/mL. The detection limit of this assay was 31 pg/mL, interassay
variability was 3%, and intraassay variability was 14%. Chitotriosidase
activity in the serum was determined by using the fluorogenic substrate
4MU-deoxychitobiose as described and presented as nmol/mL/hour.?® Further
details are provided in the Online Repository at www.jacionline.org.
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TABLE I. Criteria for inclusion of children suffering from problematic severe and controlled persistent asthma

Problematic severe asthma Controlled persistent asthma
Major criteria (all required) Major criteria (all required)
m A diagnosis of asthma by a pediatric allergist m A diagnosis of asthma by a pediatric allergist
m Daily high-dose administration of ICS (=800 wg budesonide or >400 g B Daily low- to medium-dose administration of ICS (>100-<400 wg
fluticasone/momethasone per day) in combination with LABA and/or budesonide or >50-<200 g fluticasone per day). Use of either LABA
LTRA* or LTRA was acceptable

Minor criteria observed within the preceding 12-mo period (minimum of at Minor criteria observed within the preceding 12-mo period (all required)
least 1 required)

W at least 1 emergency hospitalization B no hospitalization

| at least 2 emergency outpatient visits B no emergency outpatient visits

| at least 1 oral treatment with corticosteroid B no oral corticosteroid treatment

| at least 12 exacerbations of asthmatic symptoms per year or symptoms B fewer than 5 exacerbations of symptomst
present continuously for at least 3 mo

B symptoms that limited daily activities (including sport or leisure B occasional symptoms related to strenuous exercise only, otherwise
activities) more than twice a week for at least 3 consecutive mo no symptoms

B nocturnal symptoms more than twice a week for at least 3 consecutive H no nocturnal symptoms
mo

ICS, Inhaled corticosteroid; LABA, long-acting 3, agonist; LTRA, leukotriene receptor antagonist.

*High-dose administration of ICS for at least 6 mo during the preceding year; previous use of LABA or LTRA was considered acceptable only if this treatment was discontinued
because of inefficacy or the occurrence of unacceptable side effects.

TAn increase in the ICS dosage for a maximum of 2 wk in connection with asthma exacerbations was considered acceptable.

27 hospital-based
pediatric clinics were
invited to participate

{

16 clinics referred

children
70 children 41 children
referred as PA referred as CA
23 children A 4
classified as 57 children with
difficultto treat [€=— PA according to
excluded from inclusion criteria
analysis
! y
34 children 39 children with
classified as CA according to
severely resistant inclusion criteria
to therapy

FIG 1. Flow of patients from referral to final inclusion. CA, Controlled persistent asthma; PA, problematic
severe asthma.

Genotyping. DNA was available from all asthmatic children. The -131 ~ according to manufacturer’s protocol (C__27832042_10, Applied Biosys-
C/G polymorphism in the CHI3LI gene (rs4950928) was analyzed by using  tems, Foster City, Calif). The CHITI 24-bp duplication (rs3831317) was gen-
TagMan allelic discrimination on the ABI Prism 7500 detection system  otyped using melting curve analysis to discriminate the different PCR
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TABLE Il. Comparison of baseline characteristics, asthma control, pulmonary function measurements, and biomarkers of
inflammation between children with therapy-resistant asthma and children with controlled asthma
Variable Therapy-resistant asthma (n = 34) Controlled asthma (n = 39) P value
Age (y) 133 = 3.1 13.8 £ 29 .50
Inhaled corticosteroids (g budesonide eq), median (IQR) 800 (800-800) 320 (200-400) NA
Body mass index 204 = 35 20.0 = 3.1 .63
Asthma control test score 17 £ 32 23 = 1.8 <.001
FEV, (%) 86 + 19 90 = 11 22
FEV,/FVC X 100 80 = 10 85 =8 .03
FENO (ppb), median (IQR) 15 (10-38) 17 (9-26) .93
Dose-response s10pe methacholines median (IQR) 50 (1.4-92)* 3.4 (0.4-27) .01
Total IgE (kU/L), median (IQR) 219 (44-885) 280 (66-700) .92
Blood eosinophils 10° x L™h 042 =04 025 = 0.2 .04
Blood neutrophils (10° X L") 3315 2.7 %07 .03
YKL-40 (ng/mL), median (IQR) 19.2 (14-23) 16.3 (15-18) 12
Bronchial wall thickening by HRCT 205 £ 8 =

Note: All values givens as means = SD unless otherwise stated.

FVC, Forced vital capacity; IQR, interquartile range; NA, statistical comparison not relevant because the observed differences reflect the inclusion criteria.

*Dose-response Slopemethacholine: 1 = 24.
THRCT not performed on children with controlled asthma.
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FIG 2. Comparison of serum levels of YKL-40 in children with severe,
therapy-resistant asthma, children with controlled persistent asthma, and
healthy controls. Results are presented as individual data points with me-
dian bars.

products based on the presence or absence of the duplication. Details of the
primers used are described in the Online Repository at www.jacionline.org.
Reruns of 10% of the samples for both genotypes showed 100% concordance.

Statistical analyses

The results presented in this study consisted of data sets with both normal
and skewed distributions. Levels of YKL-40 and chitotriosidase activity were
presented in figures, and described in the text as medians with interquartile
range. The Mann-Whitney test was used to analyze between-group differences
in chitinases, IgE, dose-response slope for methacholine, and FENo, whereas
Student # test was used to analyze differences in asthma control test scores,
body mass index, quantification of bronchial wall thickening, pulmonary func-
tion measurements, and white blood cells count. Correlations were assessed
using the Pearson test or the Spearman test depending on the distribution of
the 2 data sets being investigated, and a X2 test was used to test associations
between categorical variables. All values were analyzed with the IBM SPSS
Statistics (Chicago, Ill), Version 20.0.

The high number of hypothesis tests performed in this study is by definition
associated with the risk of a high number of false positives (80 X 0.05 = 4
false positives on average). Correction for multiple testing was therefore
performed according to the method of Benjamini and Hochberg.>* Applying a
false-discovery rate of 5% (.05) corresponds to a raw P value of .011. How-
ever, using false-discovery rate P-value correction to reduce the number of
false positives comes with the penalty of a drastic decrease in statistical power.

As such, both P values and the corresponding false-discovery rate values are
reported for all presented results (see Table El in this article’s Online
Repository at www.jacionline.org).

RESULTS

Clinical characteristics of the included patients are presented in
Table II. Children with therapy-resistant asthma (n = 34) received
higher doses of inhaled corticosteroids, had inferior asthma con-
trol (P <.001), more airflow obstruction (P =.03), increased bron-
chial hyperresponsiveness (P = .01), and increased numbers of
blood eosinophils (P = .04) and neutrophils (P = .03) compared
to children with controlled asthma (n = 39). There were no differ-
ences between these 2 groups of children with respect to age at in-
clusion, body mass index, FENo, and total IgE in blood.

Serum levels of YKL-40 in children with severe,
therapy-resistant asthma, children with controlled
asthma, and healthy controls

YKL-40 levels (ng/mL) were measured in serum from children
with severe, therapy-resistant asthma (n = 34), children with
controlled asthma (n = 39), and healthy controls (n = 27) (Table II
and Fig 2). Significantly higher levels of YKL-40 were found in se-
rum from children with severe, therapy-resistant asthma compared
with healthy children (19.2 [14-23] vs 13.8 [9-20], P = .03). The
differences between children with therapy-resistant and children
with controlled asthma (19.2 [14-23] vs 16.3 [15-18], P = .12)
and between children with controlled asthma and healthy controls
(P = .26) were not statistically significant.

Associations between YKL-40 levels, asthma
control, bronchial wall thickening, and biomarkers
of inflammation

Among all children with asthma, there were correlations
between YKL-40 levels and asthma control (r = —0.38,
P =.001) and blood neutrophils (r = 0.51, P <.001). These corre-
lations were also evident in children with severe, therapy-resistant
asthma (n = 34): asthma control (» = —0.38, P = .03) and blood
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FIG 3. Correlations between YKL-40 levels, asthma control, FENO, neutrophils, and bronchial wall thickening

among children with severe, therapy-resistant asthma.

TABLE Ill. Comparison of asthmatic children with YKL-40 levels above the median (16.9 ng/mL) to children with YKL-40 levels

below the median

Variable YKL-40 levels above the median (n = 36) YKL-40 levels below the median (n = 36) P value
Age (y) 143 =27 12.8 + 3.6 .04
Inhaled corticosteroids (g budesonide eq), median (IQR) 800 (320-800) 400 (200-800) 12
Asthma control test 18.8 = 3.9 21.6 = 3.4 .002
FEV, (%) 91 £ 15 85 = 15 13
FENO (ppb), median (IQR) 18.9 (12-38) 14 (9-20) .045
Dose-response s1ope ethachotines Mmedian (IQR)* 4.2 (0.5-45) 11.3 (0.6-52) .63
Blood eosinophils (10° x L™") 0.31 =02 0.35 + 0.4 .60
Blood neutrophils (10° X L™ 33+ 14 26 +08 01
Bronchial wall thickening on HRCT} 23.2 £ 8.6 169 = 5.8 .03

Note: All values givens as means = SD unless otherwise stated.

IQR, Interquartile range.

*Dose-response SIopemethacholine: 1 = 33 below median and n = 28 above median.
fBronchial wall thickening: n = 18 above median and n = 13 below median.

neutrophils (r = 0.63, P <.001) (Fig 3). Furthermore, among chil-
dren with therapy-resistant asthma, there were significant correla-
tions between YKL-40 levels and Feno (r = 0.48, P = .004), as
well as with airway remodeling assessed by bronchial wall thick-
ening on HRCT (r = 0.45, P = .01; Fig 3). There were no signif-
icant correlations between YKL-40 levels with measurements of
pulmonary function or bronchial hyperresponsiveness (data not
shown). When investigating all children with asthma (n = 73),
those with YKL-40 levels above the median (16.9 ng/mL) were
older (P = .04) and had reduced asthma control (P = .002), in-
creased bronchial wall thickening on HRCT (P =.03), more blood

neutrophils (P = .01), and higher FEno (P = .045) compared to
those with YKL-40 levels below the median (Table III).

Associations between the -131 C/G polymorphism
(rs4950928) in CHI3L1, YKL-40 levels, and asthma
severity

Children homozygous for the C allele (n = 46) had higher
circulating levels of YKL-40 (18.3 [16-23]), compared to heter-
ozygous (CG) carriers (n = 24, 13.7 [12-16]; P <.001, Fig 4).
Fifty-five percent of the children with therapy-resistant asthma
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FIG 4. The effect of genetic variability on chitinase levels in all asthmatic
subjects. Serum YKL-40 levels are categorized according to CHI3L1 geno-
type (rs4950928) and asthma severity. Results from children with controlled
asthma (@) and children with severe, therapy-resistant asthma (M) are dis-
played as individual data points with median bars.

were homozygous for the C allele (n = 18) compared with 72% of
the children with controlled asthma (P =.07). Among the CC car-
riers, children with severe, therapy-resistant asthma had higher
levels of YKL-40 compared to those with controlled asthma
(22.8 [20-28] vs 16.7 [15 -18]; P <.001, Fig 4). Among the CG
carriers, there was no significant difference in YKL-40 levels be-
tween children with therapy-resistant asthma and children with
controlled asthma. The number of subjects homozygous for the
G allele is too small for between-group comparisons.

Associations between the CHI3L1-131 C/G
polymorphism (rs4950928) and clinical
characteristics

There was no difference between CC carriers and CG carriers
with respect to, age, body mass index, asthma control, bronchial
wall thickening, or pulmonary function measurements (data not
shown). However, CC carriers had higher levels of blood neutro-
phils (3.2 vs 2.5, P = .04). In addition, CC carriers with therapy-
resistant asthma had higher levels of FENo compared to CG
carriers with therapy-resistant asthma (26 [14-39] vs 10 [7-14],
P = .003). Among all CC carriers, there were correlations be-
tween YKL-40 levels and asthma control (r = -—0.59,
P < .001), FEV, (r = 0.34, P = .02), neutrophils (r = 0.6,
P <.001), FEno (r = 0.48, P =.001), and bronchial wall thicken-
ing (r = 0.58, P =.02). Among CG carriers, none of these corre-
lations were found (results not shown).

Serum levels of chitotriosidase activity in children
with severe, therapy-resistant asthma, children
with controlled asthma, and healthy controls and
associations with the CHIT17 24-bp duplication
(rs3831317)

Chitotriosidase activity (nmol/mL/h) was not significantly
higher in serum from children with severe, therapy-resistant
asthma (57.0 [36-83]) compared to those with controlled asthma
(52.0 [36-60], P = .22), or compared with healthy controls (59.0
[41-68], P = .26; see Fig E1 in this article’s Online Repository at
www.jacionline.org). Children without the 24-bp duplication in
exon 10 (75/75 bp homozygous) had significantly higher chito-
triosidase activity compared with those heterozygous for the
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duplication (75/99 heterozygous) (63.5 [52-82] vs 36.5 [29-43],
P <.001; see Fig E2 in this article’s Online Repository at www.
jacionline.org). Among the 75/75 homozygous children, those
with severe, therapy-resistant asthma had higher levels of chito-
triosidase activity compared to those with controlled asthma
(75.5 [54-102] vs 58.0 [52-73], P = .03).

DISCUSSION

In this cohort of well-characterized school-aged children with
asthma, we demonstrate associations between YKL-40 levels,
clinical characteristics, and disease severity. We show for the first
time that serum YKIL-40 level is increased in children with severe,
therapy-resistant asthma compared with healthy children. Further-
more, serum levels of YKL-40 significantly correlate with asthma
control, airway remodeling measured as bronchial wall thickening
by HRCT, and blood neutrophils in children with severe resistance
to therapy. Moreover, 2 entirely new insights were made by
exploring the association between YKL-40 levels and asthma
severity in relation to the natural variability in chitinase levels
caused by a common single nucleotide polymorphism (rs4950928)
in CHI3L]. First, among children without this specific mutation in
CHI3L1 (CC carriers), those with therapy-resistant asthma had
higher levels of YKL-40 compared with those with controlled
asthma. Second, among heterozygous children (CG carriers), no
difference in YKL-40 levels was found between those with
therapy-resistant asthma and those with controlled asthma.
A particular strength of the present study is that we have investigated
only children with severe, therapy-resistant asthma and have ex-
cluded children classified as difficult to treat, that is, children whose
lack of asthma control could be explained by complex problems
such as poor adherence, comorbidity, environmental exposures (al-
lergens, tobacco), or psychological issues. Severe therapy resistance
was diagnosed when a detailed and standardized workup failed to
identify any underlying problem, but the child still suffered from
chronic symptoms and/or recurrent exacerbations, as described pre-
viously in more detail.'® Accordingly, children with therapy-
resistant asthma have truly severe asthma, and therefore it is more
relevant to study biomarkers related to asthma severity in this group.

Several members of the glycosyl hydrolase family 18 of
chitinases are expressed in humans, of which YKL-40, chitotrio-
sidase, and acidic mammalian chitinase have been linked to airway
inflammation."! In the current study, we focused on YKL-40 as this
protein has been suggested to be a biomarker of severe asthma in
adults.® We found that children with severe therapy resistance
had significantly higher levels of YKL-40 compared with healthy
controls, whereas no difference was found between children with
controlled asthma and healthy controls. Children with controlled
asthma displayed intermediate YKL-40 levels between those of
the healthy controls and those of therapy-resistant asthmatic chil-
dren. These results, together with the inverse correlation between
YKL-40 levels and asthma control, strengthen the view that in-
creased levels of YKL-40 in children are associated with severe
asthma, and extend previous observations made in Chinese, French,
and North American cohorts of adult patients with asthma.®*> The
nonsignificant difference in YKL-40 levels between children with
therapy-resistant asthma and children with controlled asthma in
the initial group comparison could be caused by insufficient statis-
tical power, which is one of the limitations of this study.

In our analysis of chitotriosidase activity in children with
controlled asthma and children with therapy-resistant asthma and
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healthy volunteers, we found no between-group differences.
Previous reports regarding chitotriosidase activity in asthma are
few and conflicting, and none have been performed in children.
Chitotriosidase activity has been reported to be reduced in
asthma,”® shown to be no different compared with that of healthy
controls,?” as well as increased in asthmatic subjects,” and further
studies are required to clarify a possible role.

One approach taken to examine which clinical characteristics are
associated with high serum YKL-40 levels was to compare asth-
matic children with YKL-40 levels above and below the median of
the whole group. These results showed that children with high levels
of YKL-40 were older and had reduced asthma control, increased
bronchial wall thickening on HRCT, more blood neutrophils in
blood, and higher FENO compared with those with YKL-40 levels
below the median, thus revealing a cluster of clinical and pathophys-
iologic variables associated with high levels of YKL-40.

The finding of a correlation between serum YKL-40 levels and
bronchial wall thickening in children with therapy-resistant
asthma is of particular interest. The image of thickened bronchial
walls represents not only an increased thickness of the reticular
membrane but also hypertrophy and hyperplasia of the bronchial
smooth muscle, myofibroblastic proliferation, increased numbers
and size of the mucus glands, and angiogenesis.28 Our findings
strengthen the view that YKL-40 is a marker of or directly
involved in remodeling of the airways. Chupp et al® found a cor-
relation between serum and bronchoalveolar lavage levels of
YKL-40 and subepithelial basal membrane thickness. Gavala
et al*® performed an allergen challenge in patients with mild
asthma and report increased YKL-40 levels in bronchoalveolar
lavage 48 hours postchallenge. They also found correlations
between YKL-40 levels and profibrotic factors, which also sup-
port the involvement of chitinases in airway remodeling. YKL-
40 binds to collagen I and can regulate the formation of collagen
fibrils®® and has recently been shown to increase the proliferation
and migration of human bronchial smooth muscle.®' In relation to
other diseases also characterized by chronic inflammation and tis-
sue remodeling, YKL-40 has been shown to play a role in fibrosis
and angiogenesis by regulating the survival, adhesion, migration,
and proliferation of various structural cell types."'

Another noteworthy finding is the close correlation between
YKL-40 levels and blood neutrophils. Previous studies have
indicated that alveolar macrophages are a major source of YKL-
40 in the airways,>” although it is known that YKL-40 can be
stored in the specific granules of neutrophils and released upon
activation of these cells.’> A recent study of sputum YKL-40
levels in adults with asthma also demonstrated a strong correla-
tion with sputum neutrophil count™ in agreement with the find-
ings of the current study.

Variation in the CHI3L1 gene was strongly associated with se-
rum YKIL-40 levels as children homozygous for the C allele had
higher levels of YKL-40 than did CG carriers. The investigated
single nucleotide polymorphism (rs4950928) is in the promoter
for CHI3L1. The G allele disrupts the binding of transcription fac-
tors and is associated with lower levels of messenger RNA, lower
YKL-40levels,* improved pulmonary function, lower prevalence
of asthma,9 and a reduced number of asthma-related hospital ad-
mission.>® A novel finding in the current study is that the G allele
is associated with lower numbers of neutrophils and lower FENo.

Among CC carriers, children with severe, therapy-resistant
asthma had significantly higher levels of YKL-40 compared to
those with controlled asthma. This finding was supported by
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stronger correlations between YKL-40 levels and asthma control,
pulmonary function measurement, airway remodeling, and in-
flammatory biomarkers among CC carriers. Among the CG
carriers, we found no difference in YKL-40 levels between those
with therapy-resistant asthma and those with controlled asthma
and none of the above-mentioned correlations were found.
Accordingly, the association between YKL-40 levels and asthma
severity is most evident among CC carriers who have the capacity
to produce higher levels of YKL-40, an association that may be
less obvious when analyses include CG carriers or GG carriers
who produce lower levels of YKL-40. These findings demonstrate
that the natural variability in YKL-40 levels caused by common
mutations in CHI3LI may need to be considered if YKL-40 is to
be used as a marker of asthma severity. YKL-40 in the airways is a
marker of and/or is involved in airway remodeling, and the in-
creased levels of YKL-40 observed in those with severe asthma
may be due to the greater degree of airway remodeling in these
patients. Little is currently known about the genetic causes of se-
vere, therapy-resistant asthma in children,®” and our data support
arole of genes regulating YKL-40 levels in disease development.

In conclusion, children with severe, therapy-resistant asthma
have higher levels of YKL-40 than do healthy controls, and
adjustment for genotype also revealed higher levels in those with
therapy-resistant asthma compared with those with controlled
asthma. Our results demonstrate that high levels of YKL-40 in
asthmatic children are associated with poor asthma control,
increased markers of inflammation, and remodeling as well as
variations in CHI3LI. Taken together, these findings indicate that
YKL-40 may be an easily attainable biomarker of asthma severity
and airway remodeling in children.

‘We acknowledge the contribution from members of The Swedish Network
of Pediatric Allergists working with severe asthma, who helped in identifying
patients for this study. The network consists of the following individuals:
Helen Axfors Olsson, Vaxjo General Hospital; Magnus Aurivillius, Malmo
General Hospital; Carl Axel Hederos and Lars Haggblom, Karlstad General
Hospital; Anna Hedlund and Stig Orjestad, Skellefted General Hospital;
Anders Lindfors, Maria Ingemansson, Louise Lindgren, Sten-Erik Bergstrom,
Anne Kihlstrom, Paivi Soderman, Awder Mustafa, and Mia Stalberg,
Karolinska University Hospital; Eva Landgren, Sundsvall General Hospital;
Lennart Nordvall, Pia Kalm-Stephens, and Fredrik Cederblad, Uppsala
University Hospital; Jan Svedmyr, Falun General Hospital; Per Thungqvist,
Sachsska Children’s Hospital; Goran Wennergren, Bill Hesselmar, and Nils
Aberg, Sahlgrenska University Hospital; Anna Winberg, Norrland University
Hospital; Kajsa Oberg and Olaf Kiissner, Norra Alvsborg General Hospital;
Nils-Olof Jonsson and Goran Oldeus Ryhov, County Hospital of Jonkoping;
and Lennart Nilsson, Regional Hospital of Linkoping.

Clinical implications: Serum YKL-40 level may be a new bio-

marker of airway inflammation and remodeling in children
with severe asthma.
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METHODS
Measurement of chitotriosidase activity and
analysis of CHIT1 rs3831317 genotype

Chitotriosidase activity in the serum was determined by using the
fluorogenic substrate 4MU-deoxychitobiose as described and presented as
nmol/mL/h. Briefly: 25 L of serum, diluted with BSA/PBS (1 mg/mL) and
100 p.L of substrate mixture, 0.111 mmol/L 4MU-deoxychitobiose, and 1 mg/
mL of BSA in Mcllvain buffer (100 mmol/L citric acid, 200 mmol/L sodium
phosphate) (pH 5.2) were incubated for 20 minutes at 37°C. Reactions were
stopped with 2.0 mL of 0.3 mol/L glycine NaOH buffer (pH 10.6), and the
formed 4MU was detected fluorometrically (excitation at 445 nm; emission at
366 nm). To discriminate between chitotriosidase activity and that of acidic
mammalian chitinase in serum samples, a neutralizing antibody against acidic
mammalian chitinase was used.
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The CHIT! 24-bp duplication (rs3831317) was genotyped by using melting
curve analysis to discriminate the different PCR products on the basis of the
presence or absence of the duplication. The following forward (5'-GGA-
GAAGCCGGCAAAGTC-3') and reverse primers (5'-AGCTATCTGAAGCA-
GAAG-3") were used. PCR reactions were performed with 10 wmol/L of each
primer, in a final volume of 10 wL, using SYBR Green PCR Master Mix (Ap-
plied Biosystems) following the manufacturer’s recommended protocol. Melt-
ing curve analysis was performed as a post-PCR procedure with the SDS v1.4
software using the ABI Prism 7500 detection system (Applied Biosystems).

Correction for multiple statistical analyses

Correction for multiple testing was performed according to the method of
Benjamini and Hochberg.>* P values and corresponding false-discovery rate
values are reported for all presented results in Table E1.
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FIG E1. Comparison of serum levels of chitotriosidase activity in children with severe, therapy-resistant
asthma, children with controlled persistent asthma, and healthy controls. Results are presented as
individual data points with median bars.
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FIG E2. The effect of CHIT1 rs 3831317 genotype on serum chitotriosidase
activity in all asthmatic subjects. The CHIT1 24-bp duplication (rs3831317)
results in a nonfunctional protein lacking enzymatic activity. Children
were grouped into those lacking the 24-bp duplication in exon 10 (75/75
bp homozygous, wild-type), heterozygote carriers (75/99 bp), and those ho-
mozygous for the duplication (99/99 bp). Results from children with con-
trolled asthma (@) and children with severe, therapy-resistant asthma
(M) are displayed as individual data points with median bars.
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TABLE E1. Benjamini and Hochberg®* correction for multiple testing
Variable Patient group 1/variable Patient group 2 Test P value FDR
1 Asthma control test Therapy resistant Controlled asthma t Test .001 .008
2 YKL-40 CC CG Mann-Whitney .001 .008
3 YKL-40 CC: Therapy resistant CC: controlled asthma Mann-Whitney .001 .008
4 Chitotriosidase 75175 75/99 Mann-Whitney .001 .008
5 YKL-40 Asthma control All children with asthma Pearson/Spearman .001 .008
6 YKL-40 Blood neutrophils All children with asthma Pearson/Spearman .001 .008
7 YKL-40 Blood neutrophils Therapy resistant Pearson/Spearman .001 .008
8 YKL-40 Asthma control CC Pearson/Spearman .001 .008
9 YKL-40 Neutrophils CC Pearson/Spearman .001 .008
10 YKL-40 Feno CC Pearson/Spearman .001 .008
11 Asthma control test YKL-40 > median YKL-40 < median t Test .002 .01
12 Feno CC Therapy resistant CG therapy resistant Mann-Whitney .003 .02
13 YKL-40 Feno Therapy resistant Pearson/Spearman .004 .02
14 Chitotriosidase Blood neutrophils All children with asthma Pearson/Spearman .007 .04
15 Methacholine Therapy resistant Controlled asthma Mann-Whitney .01 .04
16 Blood neutrophils YKL-40 > median YKL-40 < median t Test .01 .04
17 YKL-40 HRCT All children with asthma Pearson/Spearman .01 .04
18 YKL-40 HRCT Therapy resistant Pearson/Spearman .01 .04
19 YKL-40 FEV, CC Pearson/Spearman .02 .08
20 YKL-40 Bronchial wall thickening CC Pearson/Spearman .02 .08
21 FEV,/FVC X 100 Therapy resistant Controlled asthma t Test .03 .09
22 Blood neutrophils Therapy resistant Controlled asthma t Test .03 .09
23 Bronchial wall thickening YKL-40 > median YKL-40 < median t Test .03 .09
24 YKL-40 Therapy resistant Healthy controls Mann-Whitney .03 .09
25 Chitotriosidase 75/75 Therapy resistant 75/75 Controlled asthma Mann-Whitney .03 .09
26 YKL-40 Asthma control Therapy resistant Pearson/Spearman .03 .09
27 Chitotriosidase Blood neutrophils Therapy resistant Pearson/Spearman .03 .09
28 Blood eosinophils Therapy resistant Controlled asthma t Test .04 .10
29 Age YKL-40 > median YKL-40 < median t Test .04 .10
30 Blood neutrophils CC CG t Test .04 .10
31 Chitotriosidase Asthma control All children with asthma Pearson/Spearman .04 .10
32 Feno YKL-40 > median YKL-40 < median Mann-Whitney .045 11
33 YKL-40 Feno All children with asthma Pearson/Spearman .07 .16
34 Therapy resistant with CC compared with controlled asthma with CC X .07 .16
35 Chitotriosidase Asthma control Therapy resistant Pearson/Spearman A1 25
36 YKL-40 Therapy resistant Controlled asthma Mann-Whitney 12 .26
37 Inhaled corticosteroids YKL-40 > median YKL-40 < median Mann-Whitney 12 26
38 FEV, YKL-40 > median YKL-40 < median t Test 13 27
39 Chitotriosidase FEno All children with asthma Pearson/Spearman .14 .29
40 YKL-40 Bronchial wall thickening CG Pearson/Spearman 18 .36
41 YKL-40 CG: therapy resistant CG: controlled asthma Mann Whitney .19 .37
42 FEV, Therapy resistant Controlled asthma t Test 22 41
43 Chitotriosidase Therapy resistant Controlled asthma Mann-Whitney 22 41
44 Bronchial wall thickening CcC CG t Test 24 44
45 Chitotriosidase Therapy resistant Healthy controls Mann-Whitney .26 45
46 YKL-40 Controlled asthma Healthy controls Mann-Whitney .26 45
47 YKL-40 Methacholine Therapy resistant Pearson/Spearman 27 46
48 Chitotriosidase Blood eosinophls All children with asthma Pearson/Spearman .29 46
49 YKL-40 FEV, Therapy resistant Pearson/Spearman 29 46
50 Chitotriosidase FEV, Therapy resistant Pearson/Spearman 29 46
51 Chitotriosidase FEV, All children with asthma Pearson/Spearman 3 47
52 Asthma control test CcC CG t Test 307 47
53 Chitotriosidase HRCT All children with asthma Pearson/Spearman 34 .60
54 Chitotriosidase HRCT Therapy resistant Pearson/Spearman 34 .50
55 YKL-40 Methacholine All children with asthma Pearson/Spearman 38 55
56 YKL-40 Blood eosinophls All children with asthma Pearson/Spearman .39 .55
57 YKL-40 FEV, CG Pearson/Spearman .39 55
58 YKL-40 Blood eosinophls Therapy resistant Pearson/Spearman 42 .58
59 Blood eosinophils CcC CG t Test 47 .64
60 YKL-40 Neutrophils CG Pearson/Spearman 49 .65
61 Age Therapy resistant Controlled asthma t Test 5 .65
62 YKL-40 FEV, All children with asthma Pearson/Spearman 5 .65

(Continued)
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TABLE E1. (Continued)
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Variable Patient group 1/variable Patient group 2 Test P value FDR

63 Blood eosinophils YKL-40 > median YKL-40 < median t Test .6 75
64 Chitotriosidase Controlled asthma Healthy controls Mann-Whitney .6 75
65 Body mass index Therapy resistant Controlled asthma t Test .63 75
66 Methacholine YKL-40 > median YKL-40 < median Mann-Whitney .63 75
67 Chitotriosidase Methacholine Therapy resistant Pearson/Spearman .63 75
68 FEV,/FVC X 100 YKL-40 > median YKL-40 < median t Test .66 .78
69 75/75: Therapy resistant vs controlled X .69 8

70 Chitotriosidase Blood eosinophils Therapy resistant Pearson/Spearman 74 .83
71 Chitotriosidase Feno Therapy resistant Pearson/Spearman 74 .83
72 YKL-40 Asthma control CG Pearson/Spearman a7 .86
73 FEV, CcC CG t Test .83 91
74 BMI CcC CG t Test .87 93
75 Age CC CG t Test .88 93
76 Chitotriosidase Methacholine All children with asthma Pearson/Spearman .88 93
77 YKL-40 Feno CG Pearson/Spearman 9 94
78 Total IgE Therapy resistant Controlled asthma Mann-Whitney 92 94
79 Feno Therapy resistant Controlled asthma Mann-Whitney .93 94
80 Chitotriosidase 75/99 Therapy resistant 75/99 Controlled asthma Mann-Whitney .96 96

Note: P value/FDR conversion (HT = 80): P, .05 (FDR = .13); P, .011 (FDR = .05).

BMI, Body mass index; FDR, false-discovery rate; FVC, forced vital capacity; HT, hypothesis tests.
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