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ABSTRACT The chitinase-like protein YKL-40 mediates airway inflaimmation and serum levels are
associated with asthma severity. However, asthma phenotypes associated with YKL-40 levels have not been
precisely defined.

We conducted an unsupervised cluster analysis of asthma patients treated at the Yale Center for Asthma
and Airways Disease (n=156) to identify subgroups according to YKL-40 level. The resulting YKL-40
clusters were cross-validated in cohorts from the Severe Asthma Research Programme (n=167) and the
New York University/Bellevue Asthma Repository (n=341). A sputum transcriptome analysis revealed
molecular pathways associated with YKL-40 subgroups.

Four YKL-40 clusters (C1-C4) were identified. C3 and C4 had high serum YKL-40 levels compared
with C1 and C2. C3 was associated with earlier onset and longer duration of disease, severe airflow
obstruction, and near-fatal asthma exacerbations. C4 had the highest serum YKL-40 levels, adult onset and
less airflow obstruction, but frequent exacerbations. An airway transcriptome analysis in C3 and C4
showed activation of non-type 2 inflammatory pathways.

Elevated serum YKL-40 levels were associated with two distinct clinical asthma phenotypes: one with
irreversible airway obstruction and another with severe exacerbations. The YKL-40 clusters are potentially
useful for identification of individuals with severe or exacerbation-prone asthma.
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Introduction

In subjects with asthma, high serum levels of the chitinase-like protein YKL-40, which is encoded by the
CHI3LI gene, are associated with severe asthma, lung function impairment and exacerbations of disease
[1]. However, unsupervised learning models to more precisely define the phenotypes associated with
YKL-40 have not been tested [2].

We have previously shown that the associations between asthma risk, disease severity and high serum
levels of YKL-40 are partially mediated by the genetic effects of a single nucleotide polymorphism (SNP)
in the CHI3LI gene promoter and an intronic SNP [3, 4]. While human and mechanistic studies have
demonstrated that YKL-40 is involved in airway remodelling [5, 6], they have not demonstrated a clear
association between markers of type 2 (T2) inflammation and YKL-40 [1, 2, 7]. This suggests that YKL-40
may influence or be influenced by non-T2 inflammatory responses in asthma.

In recent years, cluster analyses have been successfully used to identify subgroups of patients characterised
by similar features of asthma based on both clinical and molecular features of the disease [8-11]. In the
Severe Asthma Research Programme (SARP), Mookre et al. [9] used 11 clinical and physiological features
of asthma to identify five clusters of patients with distinct clinical characteristics. These features have been
replicated in independent cohorts, demonstrating that these clinical and physiological features are
important discriminators of asthma heterogeneity [12, 13].

As a result of the known association of YKL-40 with severe asthma, and the evidence suggesting a
connection between YKL-40 and non-T2 inflammatory pathways, we sought to use an unsupervised
clustering method to understand the clinical and physiological features of the disease and the distinct
molecular mechanisms present in the airway of asthmatic subjects with high serum levels of YKL-40. The
goal of these experiments was twofold. First, we tested whether the addition of serum YKL-40 levels to
previously validated clinical features of asthma severity in an unsupervised clustering analysis [9] would
lead to the identification of specific clinical subgroups characterised by increased expression of YKL-40.
Second, we sought to identify specific gene expression profiles in sputum associated with the YKL-40
clusters.

Methods

Subjects

Study participants in the Yale Center for Asthma and Airways Disease (YCAAD) cohort, based in New
Haven, CT, USA, completed a comprehensive phenotyping study visit. The inclusion and exclusion criteria
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FIGURE 1 Study workflow. YCAAD: Yale Center for Asthma and Airways Disease; SARP: Severe Asthma
Research Programme; NYUBAR: New York University/Bellevue Asthma Registry; T2: type 2.
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and the YCAAD phenotyping protocol have been described previously [1]. Additional description of the
methods is included in the supplementary material. Study participants in the SARP and New York
University/Bellevue Asthma Repository (NYUBAR) cohorts completed study visits using established
standard operating procedures, as described previously [9, 14]. The characteristics of these subjects have
been reported in previous publications [9, 12, 14, 15]. These studies were conducted following institutional
review board approval for all of the institutions involved and all participants provided informed consent.

Measurement of serum and sputum YKL-40 levels
YKL-40 levels were measured in duplicate in serum (all cohorts) and sputum (YCAAD only) supernatant
specimens by ELISA (Quidel, San Diego, CA, USA), as described previously [1, 11].

Sputum induction and gene expression measurements
Sputum induction was performed in the YCAAD cohort only; additional details are described in the
supplementary material.

Statistical analysis

All statistical, clustering and classifier analyses were performed using R software (R Foundation for
Statistical Computing, Vienna, Austria). Results are reported as median and interquartile range (25-75%),
unless otherwise specified. Continuous variables were tested using nonparametric tests, including the
Wilcoxon test to compare two groups and the Kruskal-Wallis test to compare more than two groups.
Categorical variables were analysed with the Chi-squared test. p-values <0.05 were considered significant.
Specific details on the clustering and gene expression analyses are described in the supplementary material.
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FIGURE 2 Serum YKL-40 levels in the four YKL-40 asthma clusters (C1-C4). a] Serum YKL-40 levels in C1-Cé4
in the Yale Center for Asthma and Airways Disease (YCAAD) cohort. C3 and C4 had elevated serum levels of
YKL-40 compared with C1 and C2. b, c] Serum YKL-40 levels were similar among the clusters in the b)
Severe Asthma Research Programme and c] New York University/Bellevue Asthma Registry cohorts
compared with the YCAAD cohort. d) Combined values for all cohorts. *: p<0.05; **: p<0.01.
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TABLE 1 Demographic and clinical characteristics of the YKL-40 clusters in the Yale Center for Asthma and Airways Disease
(YCAAD), Severe Asthma Research Programme (SARP) and New York University/Bellevue Asthma Registry (NYUBAR] cohorts

Total cohort Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-value
Discovery cohort: YCAAD
Subjects 156 76 (49) 30 (19) 20 (13) 30 (19)
Age years 49 (37-58) 42 (17-52) 49 (37-56) 52 (44-57) 60 (52-65) <0.01
Female 117 (75) 70 (92) 7 (23) 13 (65) 27 (90) <0.01
Ethnicity

White 114 (73) 60 (79) 24 (80) 11 (55) 19 (63) 0.2

African-American 29 (19) 10 (13) 6 (20) 5 (25) 8 (27)

Other 13 (8) 6(8) 4 (20) 3(10)

Hispanic 18 (12) 6(8) 3(10) 3(15) 6 (20) 0.36
BMI kg-m_2 28.9 (23.8-35.7) 25.1(22.2-32.0) 30.0 (25.7-32.4) 31.2(27.1-37.1) 32.9 (29.0-39.7)  <0.01
Age of onset years 21 (5-39) 16 (5-31) 30 (10-40) 5 (3-14) 42 (25-54) <0.01
Asthma duration years 21 (10-33) 18 (12-32) 20 (6-29) 40 (32-50) 16 (7-30) <0.01
Severe by EPR-3 63 (40) 16 (21) 13 (43) 16 (80) 18 (60) <0.01
Lifetime hospitalisations for asthma 65 (42) 22 (29) 12 (40) 15 (75) 16 (53) <0.01
Hospitalisations for asthma in the past year 35 (22) 11 (19) 6 (20) 7 (35) 11 (37) 0.04
ACT score 17 (11-21) 20 (17-23) 13 (10-19) 15 (9-20) 10 (9-17) <0.01
Pre-bronchodilator FEV1 % pred 82 (60-94) 91 (85-103) 72 (62-85) 43 (34-53) 72 (53-81) <0.01
Post-bronchodilator FEV1 % pred 86 (71-98) 96 (86-108) 86 (76-98) 51 (39-56) 75 (61-86) <0.01
Post-bronchodilator FEV1/FVC 74 (65-81) 79 (73-85) 70 (64-75) 53 (41-66) 71 (64-83) <0.01
Bronchodilator response % pred 5 (2-9) 4 (2-7) 12 (4-20) 6 (4-8) 5 (1-10) <0.01
Inhaled corticosteroid use 127 (81) 55 (72) 25 (83) 20 (100) 27 (90) 0.02
Inhaled corticosteroid dose pg-day™ 500 (0-675) 320 (0-640) 410 (0-830) 640 (500-1000) 640 (500-1000)  <0.01
Oral or systemic corticosteroids 18 (12) 3 (4) 3(10) 3 (15) 9 (30) <0.01
LABA use 103 (66) 40 (53) 18 (60) 19 (95) 26 (87) <0.01
Serum YKL-40 ng-mL™" 63 (35-108) 48 (32-71) 50 (33-88) 74 (46-108) 206 (110-311)  <0.01

Validation cohort 1: SARP
Subjects 167 84 (50) 57 (34) 14 (8) 12(7)
Age years 36 (26-47) 33 (25-44) 35 (25-43) 51 (38-59) 48 (46-54) <0.01
Female 115 (68) 84 (100) 19 (33) 6 (43) 4 (33) <0.01
Ethnicity

White 119 (71) 60 (71) 41 (72) 11 (79) 7 (58) 0.56

African-American 41 (25) 19 (23) 15 (26) 2 (14) 5 (42)

Other 7 (4) 5 (6) 11(2) 11(7)

BMI kg-m_2 26.8 (23.5-32.4) 26.1(23.0-29.8] 27.0 (24.0-32.8) 28.6 (24.4-32.4) 31.1(27.1-33.3) 0.17
Age of onset years 10 (4-26) 11 (4-22) 6 (2-22) 5 (1-28) 40 (38-46) <0.01
Asthma duration years 19 (9-32) 17 (9-29) 20 (15-33) 33 (29-45) 7 (4-11) <0.01
Lifetime hospitalisations for asthma 71 (43) 30 (36) 24 (42) 12 (86) 5 (42) 0.01
Pre-bronchodilator FEV1 % pred 80 (62-92) 88 (80-98) 73 (59-88) 32 (28-41) 58 (49-70) <0.01
Post-bronchodilator FEV1 % pred 92 (79-102) 96 (88-106) 89 (79-100) 44 (40-49) 79 (71-98) <0.01
Bronchodilator response % pred 10 (5-16) 7 (4-10) 15 (12-22) 10 (6-14) 12 (10-22) <0.01
Inhaled corticosteroid use 73 (44) 35 (42) 22 (39) 7 (50) 9 (75) <0.01
Oral or systemic corticosteroids 19 (12) 5 (6) 5(9) 5 (36) 3 (25) <0.01
LABA use 83 (50) 37 (44) 25 (44) 10 (71) 11 (92) <0.01
Serum YKL-40 ng~mL71 49 (34-68) 43 (33-61) 54 (28-69) 70 (42-101) 67 (50-165) <0.01
Validation cohort 2: NYUBAR

Subjects 341 205 (60) 97 (28) 15 (4) 24.(7)

Age years 37 (25-50) 34 (24-49) 34 (26-43) 46 (42-62) 54 (48-62) <0.01
Female 242 (71) 205 (100) 11 (11) 9 (60) 17 (71) <0.01
Ethnicity

White 75 (255) 76 (159) 68 (66) 67 (10) 83 (20) 0.06

African-American 19 (66) 20 (40) 19 (19) 27 (4) 13 (3)

Other 6 (21) 3(6) 13 (13) 6 (1) 4(1)

Hispanic 188 (55) 119 (58) 47 (49) 9 (60) 13 (54) 0.46
BMI kg-m_z 28.0 (24.0-33.0) 28.0 (23.0-33.0) 27.0 (24.0-32.0) 32.0 (27.5-40.0) 28.5 (24.0-33.5) 0.09
Age of onset years 16 (8-28) 18 (10-27) 12 (6-22) 9 (5-21) 45 (39-53) <0.01
Asthma duration years 16 (7-28) 15 (6-25) 18 (12-29) 36 (32-42) 8 (3-16) <0.01
Severe by EPR-3 209 (61) 121 (59) 50 (52) 15 (100) 23 (96) 0.01
Hospitalisations for asthma in the past year 36 (11) 14 (7) 11 (1) 7 (47) 4(17) <0.01
Pre-bronchodilator FEV1 % pred 82 (71-93) 86 (76-95) 79 (68-89) 40 (33-48) 67 (55-72) <0.01
Post-bronchodilator FEV1 % pred 87 (76-96) 89 (80-99) 86 (77-95) 48 (45-51) 73 (60-76) <0.01

Continued
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TABLE 1 Continued

Total cohort Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-value
Bronchodilator response % pred 4 (1-7) 3 (1-6) 5 (2-10) 4 (1-9) 6 (2-8) <0.01
Inhaled corticosteroid use 191 (56) 109 (53) 45 (46) 15 (100) 22 (92) <0.01
Oral or systemic corticosteroids 199 (58) 115 (56) 51 (53) 15 (100) 18 (75) <0.01
LABA use 141 (41) 85 (42) 29 (30) 12 (80) 15 (63) <0.01
Serum YKL-40 ng-mL’1 56 (42-87) 52 (40-80) 57 (39-86) 99 (60-177) 103 (61-156) <0.01

Data are presented as n, n (%) or median (interquartile range). BMI: body mass index; EPR-3: Expert Panel Report-3; ACT: Asthma Control
Test; FEV1: forced expiratory volume in 1's; FVC: forced vital capacity; LABA: long-acting B-agonist.

Results

Discovery and validation of YKL-40 clusters

To identify subgroups of asthma patients associated with elevated serum YKL-40 levels, we conducted an
unsupervised clustering analysis on 156 individuals from the YCAAD cohort using serum YKL-40 levels
and 11 clinical and physiological features of asthma, as described in Methods [9]. Figure 1 illustrates the
study workflow. Four subgroups of disease patients with differing serum YKL-40 levels and distinct clinical
and physiological characteristics of disease (clusters C1-C4) were identified (figure 2a). C1 had the lowest
median YKL-40 value (48 (32-71) ngmL™"), which was similar to the median value of C2 (50 (33-
88) ng~mL_1). These median values were also similar to YKL-40 values (43 (20-184) ng-mL_l) in healthy
subjects [16]. The high serum YKL-40 cluster C3 had a higher median YKL-40 level than the median level
of C1 and C2 combined (74 (6-108) versus 49 (32-74) ng~mL_1; p=0.05). C4 also had a higher median
level than C1 and C2 combined (206 (110-311) versus 49 (32-74) ng-mL_l; p<0.01). The median YKL-40
level of C1 and C2 combined was lower than that of C3 and C4 combined (49 (32-74) versus 110 (68—
222) ng-mL~"; p<0.01) (table 1).

To validate the YKL-40 clusters and their associated clinical, physiological and biological features, a
classifier algorithm was developed using recursive partitioning on the YCAAD cohort (supplementary
figure E1). This classifier was applied to the SARP (n=167) and NYUBAR (n=341) cohorts (figure 2b and
¢, and table 1). Subgrouping of both the SARP and NYUBAR cohorts using this algorithm demonstrated
clusters with YKL-40 levels similar to those of the YCAAD clusters (figure 2b and ¢, and table 1). C1 and
C2 had lower serum YKL-40 levels compared with C3 and C4 in both the SARP cohort (46 (32-65) versus
68 (46-126) ngmL™"; p=0.002) and the NYUBAR cohort (53 (40-81) versus 99 (59-162) ng-mL™;

TABLE 2 Biomarkers in the Yale Center for Asthma and Airways Disease (YCAAD], Severe Asthma Research Programme
(SARP) and New York University/Bellevue Asthma Registry (NYUBAR) cohorts by YKL-40 asthma cluster

Total cohort Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-value

YCAAD

Subjects 156 76 (49) 30 (19) 20 (13) 30 (19)

Sputum YKL-40 ng-mL~"# 15 (0-40) 10 (0-37) 10 (0-26) 28 (5-58) 32 (8-43) 0.16

Serum IgE IU-mL™" 91 (25-277) 77 (23-220) 85 (17-328) 163 (48-341) 72 (30-351) 0.40

FENO ppb 28 (19-53) 25 (18-55) 43 (23-60) 20 (15-35) 32 (21-50) 0.02

Absolute blood eosinophil count cells-uL~" 165 (86-335) 136 (84-276) 170 (101-322) 192 (86-399) 170 (91-338) 0.69

Eosinophils in sputum %* 3(1-7) 2 (1-5) 4 (2-8) 2 (1-4) 5(2-12) 0.08

Neutrophils in sputum %" 37 (27-48) 34 (27-44) 37 (24-45) 46 (34-55) 43 (29-50) 0.15

Macrophages in sputum % 55 (42-65) 60 (51-67) 51 (42-67) 47 (35-55) 44 (35-58) <0.01
SARP

Subjects 167 84 (50) 57 (34) 14 (8) 12(7)

Serum IgE U-mL™! 116 (34-301) 73 (24-191) 177 (60-354) 162 (18-262) 270 (200-333) 0.03

FENO ppb 25 (16-50) 21 (11-52) 29 (23-63) 27 (16-40) 52 (16-111) 0.04

Blood eosinophils % 3 (2-5) 2.5 (1.8-4.0) 4.0 (2.0-6.0) 5.1 (4.0-7.5) 4.5 (2.3-9.8) <0.01
NYUBAR

Subjects 341 205 (60) 97 (28) 15 (4) 24 (7)

Serum IgE IU-mL™" 129 (41-345) 119 (31-328) 197 (74-443) 130 (52-278) 94 (46-173) 0.02

Data are expressed as n, n (%) or median (interquartile range). FENo: exhaled nitric oxide fraction. #: data available for n=113 (C1, n=54; C2,
n=17; C3, n=18; C4, n=24).
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p<0.001) (table 2). Combining the data from the three cohorts showed that the serum YKL-40 level in C3
was 58% higher and in C4 was 133% higher compared with C1 and C2 combined (supplementary table
E2). Overall, this analysis of the three cohorts of asthma revealed consistent subgroups of individuals with
either normal (C1 and C2) or elevated (C3 and C4) serum levels of YKL-40.

Clinical and physiological characteristics of the YKL-40 clusters

To determine the phenotype of each of the YKL-40 clusters (C1-C4), we compared their clinical
characteristics (table 1). In all three cohorts, individuals in C1 (the cluster with the lowest serum YKL-40
levels) were the most prevalent (53%), the youngest (median age 42 years) and predominantly female
(97%). Compared with the high serum YKL-40 clusters C3 and C4, C1 was also distinguished by a lower
disease severity, low rates of exacerbations requiring hospitalisation or mechanical ventilation, normal lung
function (figure 3a—c) and lower doses of medications.

YKL-40 cluster C2, which was also characterised by low serum YKL-40 levels, was the second most
common cluster (27%) and was predominantly male (70%). C2 was the only cluster demonstrating
bronchodilation following the administration of a short-acting B-agonist in all three cohorts (table 1).
Despite local differences in IgE levels (table 2), C2 had higher IgE levels than C1 in all three cohorts (172
(66-392) versus 96 (29-252) TU-mL™"; p<0.01) (supplementary table E2) and similar levels to C3 and C4.
Therefore, C1 and C2 had similar low YKL-40 levels, but differed by bronchodilation response and IgE
levels.

The high serum YKL-40 cluster C3 included individuals who were older (median age 49 years) and had
more severe disease than C1 and C2. Compared with the other three clusters, C3 had the earliest asthma
onset (median 6 years) and the longest duration of disease (median 36 years) (supplementary table E2), as
well as the highest rates of near-fatal asthma (NFA) exacerbations requiring intubation (average 44%)
(figure 4) and irreversible airflow obstruction (median post-bronchodilator forced expiratory volume in 1 s
(FEV1) 48% predicted) (supplementary table E2). Moreover, 96% of patients in C3 were using inhaled
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FIGURE 3 Differences in lung function among the YKL-40 clusters (C1-C4) in the three cohorts: a Yale Center
for Asthma and Airways Disease, b] Severe Asthma Research Programme and c) New York University/
Bellevue Asthma Registry. Post-bronchodilator forced expiratory volume in 1s (FEV1) was significantly
different among the YKL-40 clusters in all three cohorts. C3 had severely reduced post-bronchodilator FEV1
in all three cohorts. d] Combined values for all cohorts. **: p<0.01.
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Research Programme; NYUBAR: New York University/Bellevue Asthma Registry. The rate was significantly
higher in C3 in all three cohorts.

and/or systemic corticosteroids (figure 3). Despite the high rates of corticosteroid use, C3 also required
additional controller medications (table 1).

C4 was the cluster with the highest serum YKL-40 levels (figure 2). C4 differed from C3 in several other
key features, including older age of asthma onset (median 43 years) and shorter duration of disease
(median 11 years) (supplementary table E2), as well as a lower rate of NFA (9%) and less-severe persistent
airflow obstruction (median post-bronchodilator FEV1 74% predicted) (figures 3 and 4, and
supplementary table E2). Interestingly, although statistically significant in YCAAD only, C4 had the
highest rate of obesity among the clusters in YCAAD (67% versus 41%; p=0.007). A combined analysis of
all three cohorts demonstrated that C3 and C4 had higher rates of obesity than C1 and C2 (57% versus
35%; p<0.01). Similar to C1, C4 was predominantly female (73%), but differed by age of onset (43 versus
15 years; p<0.01). C4 had lower bronchodilator response compared with C2 (6% versus 9%; p=0.04)
(supplementary table E2).

This analysis demonstrated consistent phenotypic characteristics within YKL-40 clusters in the three
asthma cohorts, including several features that were not observed in the original SARP clusters and thus
were not included in the clustering algorithm (higher IgE in C2 and higher NFA rates in C3). A
Chi-squared test comparing the YKL-40 clusters with the original SARP clusters demonstrated a
statistically significant difference between the results of the two clustering approaches (p<0.001)
(supplementary table E3). Overall, the most striking clinical findings were that C2 was characterised by
elevated IgE, while C3 and C4 were characterised by severe disease, and were discriminated by high serum
YKL-40 levels, severe exacerbations and worse airflow obstruction.

al p=0.03 b) p=0.03
350 - - 80 - - -
. L]
_ 300+
1 L o .
E 250- : . 5 60 i}
2 z .
g 2004 . LS IS ,,:'-
' =} n [}
< 1501 . . g 40 e
>_ -
£ . E .
5 100+ [ 2
3 o . a2 20 °
o 504 %l n
L
0_
T T 0 T T
C1+C2 C3+C4 C1+C2 C3+C4
YKL-40 cluster YKL-40 cluster

FIGURE 5 a) Sputum YKL-40 levels and b} sputum neutrophils in the Yale Center for Asthma and Airways
Disease cohort. Both values were increased in clusters C3 and C4 compared with C1 and C2.
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Sputum cell characteristics and YKL-40 protein expression associated with YKL-40 clusters

We next evaluated correlations between the YKL-40 clusters and cell and protein data from induced
sputum in a YCAAD subset (n=113: Cl, n=54; C2, n=17; C3, n=18; C4, n=24) (table 2). Although
pairwise comparisons across clusters did not identify particular differences in sputum cell counts or
YKL-40 levels (table 2), we examined whether the combination of clusters with high serum YKL-40 levels
(C3 and C4) had distinctive sputum characteristics when compared with the combination of clusters with
low serum YKL-40 levels (Cl and C2). The clusters with high serum YKL-40 levels (C3 and C4)
demonstrated higher sputum YKL-40 protein levels (28.8 versus 9.6 ng-mL™"; p=0.03) (figure 5a) and
higher neutrophil levels (45% versus 34%; p=0.03) (figure 5b) compared with the low serum YKL-40
clusters (C1 and C2). In all the subjects in this YCAAD subset, sputum YKL-40 levels were also correlated
with serum YKL-40 levels (p=0.23; p=0.02) (data not shown). Sputum macrophage percentages were
higher in C1 and C2 compared with C3 and C4 (58 versus 44%; p<0.01). An analysis of sputum cell
characteristics revealed no differences in sputum cellularity or cell viability across the four YKL-40 clusters
(data not shown).

Sputum T2 inflammatory gene expression associated with YKL-40 clusters

Based on the observed clinical, physiological and sputum differences among the YKL-40 clusters, we
hypothesised that gene expression profiles in the airway would also differ among the clusters. Therefore,
we analysed mRNA expression in the sputum of a subset of the YCAAD subjects involved in the discovery
of the YKL-40 clusters (n=63: Cl, n=30; C2, n=8; C3, n=13; C4, n=12) and healthy controls (n=10)
(supplementary table E4). Sputum CHI3LI mRNA expression did not differ significantly among the 63
YCAAD subjects or in pairwise comparisons between clusters and healthy controls (data not shown).

Based on the above-mentioned low YKL-40 expression and elevated IgE levels in C2, this cluster was
predicted to be characterised by T2 inflammation. Consistent with this hypothesis, the T2 expression
signature (the average mRNA expression of interleukin (IL)-4, IL-5 and IL-13) was highest in C2
compared with the other YKL-40 clusters (p=0.04) (figure 6). A broader transcriptome analysis revealed
additional transcriptional enrichment for the IL-5 signalling pathway in C2, providing additional evidence
of T2 enrichment in this cluster (supplementary tables E7 and E8). The presence of the highest T2 mRNA
expression in this cluster with low YKL-40 protein levels suggests that YKL-40 is primarily associated with
non-T2 inflammatory pathways [11, 17]. In contrast, the high serum YKL-40 clusters (C3 and C4) were
characterised by high sputum YKL-40 protein levels and airway neutrophilia, and were not associated with
sputum markers of T2 inflammation. Taken together, these results suggest that YKL-40 may be a non-T2
asthma biomarker.

Sputum non-T2 immune gene expression associated with YKL-40 clusters
To further delineate the association between non-T2 inflammatory mechanisms and YKL-40, the 63
YCAAD subjects’ sputum expression profiles were compared with those of the healthy controls. C1 was
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FIGURE 6 Analysis of the type 2 (T2) sputum transcriptome in the YKL-40 clusters and healthy controls in the

Yale Center for Asthma and Airways Disease cohort. Mean T2 gene expression levels [interleukin (IL)-4, IL-5
and IL-13) among the YKL-40 clusters demonstrate lower levels of T2 gene expression in C1 and C4.
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enriched for genes involved in airway immunity and innate immune response to viral infection networks
(supplementary tables E5 and E6).

The high serum YKL-40 clusters (C3 and C4) showed similar gene ontology enrichment for immune
responses. Both C3 and C4 showed 11 genes with identical dysregulation and similar fold change
magnitude (supplementary table E9). Supplementary figure E2 illustrates the expression of five genes
common to both clusters that have been previously linked to airway biology and asthma: TNFAIP3
[18-20], MIR21 [21, 22], HLA-DQAI [23, 24], ILIRAP [25] and CCLIS8 [26-28].

Transcriptional changes specific to C3 are presented in figure 7a and supplementary table E10. The
identified transcripts included several genes involved in the innate and adaptive immune responses, such
as the defensins DEFAI, DEFAIB and DEFA3, TLR2, IFITMI, and LY86 (supplementary figure E3). A
pathway enrichment analysis of C3 transcripts identified several dysregulated pathways, including
neutrophil extracellular trap (NET) formation (NETosis), immune response to bacterial infections in the
airway, and inhibition of neutrophil migration by pro-resolving lipid mediators. This enrichment analysis
suggests that among individuals in C3, there was activation of innate immunity and the NETosis pathways
that are involved in sterile inflammation and autoimmunity (supplementary tables E10 and E11).
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FIGURE 7 Analysis of the non-type 2 sputum transcriptome in the YKL-40 clusters and healthy controls in the
Yale Center for Asthma and Airways Disease cohort. a] Heatmap of sputum gene expression in C3 compared
with healthy controls shows activation of innate immunity pathways and the NETosis pathway. b] Heatmap of
sputum gene expression in C4 compared with healthy controls shows activation of the interleukin (IL)-1 and
IL-18 pathways in C4. See supplementary tables E10 and E12 for full details of probesets and gene symbols.
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In contrast to C3, the transcriptional profile associated with C4 showed activation of several genes involved
in the IL-1 and IL-18 pathways (figure 7b, supplementary figure E4, and supplementary tables E12 and
E13), and no activation of NETosis.

Discussion

In this study, we identified four YKL-40 asthma clusters using unsupervised clustering based on a
combination of serum YKL-40 levels and clinical features of asthma. Two of the four YKL-40 clusters (C3
and C4) were characterised by high serum YKL-40 levels compared with the other two clusters (C1 and
C2). The clusters had distinct clinical, physiological and sputum inflammatory cell features. Following
their discovery in the YCAAD cohort, the YKL-40 clusters were validated in two additional cohorts, i.e.
SARP and NYUBAR. Importantly, the YKL-40 clusters had distinct characteristics that separated them
from the original SARP clusters and resulted from the inclusion of serum YKL-40 levels in the clustering
algorithm, which linked these clinical characteristics to circulating levels of the YKL-40 protein. This
clustering was supported by noncluster features, including history of intubations and molecular differences
in the sputum transcriptome. The known association between YKL-40 and non-T2 inflammation was
supported by the discovery of T2 inflammatory enrichment in the low serum YKL-40 cluster C2 combined
with the enrichment of non-T2 inflammatory genes in high serum YKL-40 clusters C3 and C4.
Furthermore, the non-T2 networks observed in C3 were distinct from those in C4.

In all three cohorts, the subjects in C3 were linked by higher rates of NFA and severe airflow obstruction.
These shared features may underlie the mechanisms leading to increased YKL-40 production in this
group. Several molecular mechanisms may explain the association between YKL-40 and these clinical and
physiological features. The first mechanism proposes a link between mechanical stress and YKL-40 in
patients with NFA. Given that mechanical stress on the airway epithelium is known to lead to YKL-40
production [29], the exposure to airway stretch seen in NFA-related respiratory failure or in response to
severe airflow obstruction may be responsible, at least in part, for the increased YKL-40 seen in C3.

The second mechanism posits that YKL-40 activates smooth muscle proliferation, leading to airway
remodelling and severe airflow obstruction. This mechanism is based on the following observations: 1) in
airway epithelial cells, exposure to YKL-40 causes increased IL-8 synthesis and smooth muscle
proliferation in vitro, and 2) YKL-40 increases protease-activated receptor-2 activity, which enhances
bronchial smooth muscle proliferation [5, 6].

A novel finding of our study is the presence in C3 of increases in both sputum neutrophils and the
expression of genes involved in the formation of NETs. NETs act as extracellular DNA traps formed by
neutrophils and eosinophils, and NETosis is a highly immunogenic cell death process associated with NET
formation. NETosis has been associated with sterile inflammation, autoimmunity and chronic conditions
associated with inflammation [30]. Previous reports have found NETs in the airway of individuals with
allergic asthma and our study provides support for the role of NETosis in this severe asthma subgroup
characterised by high YKL-40 [31].

The identification of asthma cluster C3 is relevant given the association of C3 with severe fixed airflow
obstruction and NFA, as well as the potential to target NET production in the airway with inhaled
recombinant DNase (in a similar fashion to cystic fibrosis) [32].

In contrast to C3, YKL-40 cluster C4 had the highest serum YKL-40 level, older (adult) disease onset and
less airflow obstruction. C4 was also characterised by poor asthma control, frequent severe exacerbations
requiring hospitalisation and a high rate of obesity (although statistically significant only in the YCAAD
cohort). The association with obesity may explain, at least in part, the elevated YKL-40 levels in C4. It is
known that visceral adipose tissue is a source of YKL-40 [33]. More importantly, the association between
obesity and asthma may be mediated through a combination of elevated YKL-40 due to visceral fat
accumulation and T2 inflammation in asthma [34]. Despite the similarities between C3 and C4 in terms
of sputum neutrophil counts and the activation of the airway-associated genes TNFAIP3, HLA-DQAI,
ILIRAP, CCL18 and MIR21, the C4 sputum gene expression profile showed distinct activation of the IL-1
and IL-18 pathways. The discrepancies between C3 and C4, including contrasting gene expression profiles
and different fold differences in serum YKL-40 levels, suggest that their molecular associations with
YKL-40 may be mediated by at least two different non-T2 inflammatory mechanisms. Our finding that
sputum CHI3LI mRNA expression did not differ among clusters in the YCAAD cohort suggests that the
higher serum YKL-40 levels in C3 and C4 may be related to mechanisms independent of elevated CHI3L1I
mRNA expression in sputum cells (i.e. production by bronchial epithelial cells, smooth muscle and
visceral fat).

The cluster analysis also identified two low serum YKL-40 clusters. C1 was an overwhelmingly female
subgroup characterised by nonsevere asthma and preserved lung function, while C2 was a high-T2
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subgroup with IL-5 signalling pathway enrichment, similar to previously identified asthma clusters with
high T2 gene expression [17, 35]. These clinical differences and the presence of significant differences in
serum YKL-40 levels confirm our ability to discriminate asthma subgroups using this approach. This novel
framework for characterising distinct subgroups of patients with asthma according to clinical features and
serum YKL-40 will enable further studies to unveil the distinct mechanisms underlying these associations.

Our study does have some limitations, including its cross-sectional nature. We were unable to determine
whether the YKL-40 clusters remained stable over time or were affected by changes in the environment or
medications, including compliance with the latter. Therefore, prospective studies of these clusters are
necessary to understand the interaction of these clusters with time and asthma therapy. Not all of the
pairwise comparisons across the clusters in all cohorts demonstrated the same differences. This may be
partially explained by local differences in the study cohorts despite the similar inclusion criteria,
therapeutic effects, sample sizes and variations in classifier performance of the two validation cohorts.
However, our approach revealed clusters with nearly identical physiological and clinical characteristics and
comparable YKL-40 levels among the three cohorts. Selection of other asthma features and models may
have yielded different clustering results; however, we sought to balance cluster discovery and the ability to
validate these novel clusters in independent cohorts. Our model may evolve over time as our
understanding of YKL-40 biology improves and additional asthma cohorts incorporate the sputum
transcriptome in their patient characterisation.

In conclusion, using a clustering analysis of subjects with asthma based on YKL-40 levels and clinical and
physiological features of the disease, we identified four distinct clusters of subjects. Two clusters were
connected by elevated serum YKL-40 levels, but were differentiated by the magnitude of the YKL-40
elevation and specific clinical/physiological abnormalities. This study suggests that the use of YKL-40
levels in combination with clinical and physiological features of asthma can identify specific subgroups of
patients with distinct clinical features and risk for severe airflow obstruction, NFA and frequent severe
exacerbations. The high serum YKL-40 clusters (C3 and C4) may be clinically and biologically relevant for
identifying patients with severe asthma with non-T2 disease.
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