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ABSTRACT
Rationale: Asthma phenotyping requires novel biomarker discovery.

Objectives: To identify plasma biomarkers associated with asthma phenotypes by
application of a new proteomic panel to samples from two well-characterized cohorts
of severe (SA) and mild-to-moderate (MMA) asthmatics, chronic obstructive

pulmonary disease (COPD) subjects and healthy controls (HC).

Methods: An antibody-based array targeting 177 proteins predominantly involved in
pathways relevant to inflammation, lipid metabolism, signal transduction and
extracellular matrix was applied to plasma from 525 asthmatics and HC in the U-
BIOPRED cohort, and 142 subjects with asthma and COPD from the validation
cohort BIOAIR. Effects of oral corticosteroids (OCS) were determined by a two-week,
placebo-controlled OCS trial in BIOAIR, and confirmed by relation to objective OCS

measures in U-BIOPRED.

Results: In U-BIOPRED, 110 proteins were significantly different, mostly elevated, in
SA compared to MMA and HC. Ten proteins were elevated in SA versus MMA in
both U-BIOPRED and BIOAIR (alpha-1-antichymotrypsin, apolipoprotein-E,
complement component 9, complement factor I, macrophage inflammatory protein-3,
interleukin-6, sphingomyelin phosphodiesterase 3, RANK, TGF-B1, and glutathione
S-transferase). OCS treatment decreased most proteins, yet differences between SA
and MMA remained following correction for OCS use. Consensus clustering of U-
BIOPRED protein data yielded six clusters associated with asthma control, quality of
life, blood neutrophils, hsCRP, and BMI, but not Type-2 inflammatory biomarkers.
The mast cell specific enzyme carboxypeptidase A3 was one major contributor to

cluster differentiation.



Conclusions: The plasma proteomic panel revealed previously unexplored yet
potentially useful Type-2-independent biomarkers, and validated several proteins

with established involvement in the pathophysiology of severe asthma.

Word count: 250 out of 250
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suspension bead arrays



INTRODUCTION

Asthma is a prevalent chronic inflammatory disease with many different phenotypes
sharing common clinical manifestations of episodic breathlessness, wheezing,
cough, airflow obstruction, usually reversible, and airway hyperresponsiveness (1, 2).
The underpinning pathobiology may however be widely different. As individuals
respond differently to treatments targeting specific pathways, better predictive
biomarkers are required to improve patient selection, guide treatment, and monitor
response. Currently available Type-2 asthma biomarkers, such as blood eosinophils,
total serum IgE or fraction of exhaled nitric oxide (FeNO), do not adequately enable
endotyping which is required for personalized treatment (1). Another major clinical
challenge is the identification of biomarkers reflecting non-Type-2 asthma, which is
often more severe and lacking effective treatments (3, 4).

With the overall aim being biomarker discovery, the ChAMP (Centre for Allergy
Research highlights Asthma Markers of Phenotype) consortium developed an affinity
proteomics panel focused on proteins with potential involvement in airway or
systemic inflammation. Protein selection was based on literature reviews, database
searches, and recent research findings. The four main biological processes reflected
by the proteins were 1) immune response, 2) lipid mediator pathways (predominantly
sphingolipids), 3) signal transduction and 4) extracellular matrix (figure 1). The panel
was enriched in non-Type-2-related proteins to address the unmet clinical need in
this particular subgroup. Specifically, our objective was to examine plasma protein
associations with asthma severity and oral corticosteroid (OCS) treatment.
Furthermore, we aimed to test the hypothesis that specific plasma protein profiles

can identify uniqgue molecular subgroups of asthma patients.



Initially, subjects with mild-to-moderate or severe asthma, and healthy controls
from the multicentre investigation U-BIOPRED (Unbiased Biomarkers for the
Prediction of Respiratory Disease outcome) were screened (5). The discoveries in U-
BIOPRED were then validated in a second cohort, BIOAIR (Longitudinal Assessment
of Clinical Course and BlOmarkers in Severe Chronic AIRway Disease) (6), where
samples were obtained from subjects with mild-to-moderate or severe asthma or
COPD, before and after a placebo-controlled intervention with oral prednisolone. This
permitted comparisons between the protein profiles of subjects with severe asthma
and COPD, distinct respiratory disorders that may show certain overlapping
characteristics, and importantly, an assessment of the pharmacological effect of oral
glucocorticosteroids on the plasma proteins measured. The study design and main

aims are shown in figure 1.

METHODS

Subjects

The discovery cohort included baseline EDTA plasma samples from U-BIOPRED, a
prospective cohort study of severe asthma phenotypes (Clin.Trial.Gov
NCT01976767) (5). Of 525 included subjects, 263 were non-smokers with severe
asthma (SAn), 95 current or ex-smokers with severe asthma (SAs/ex), 76 non-
smokers with mild-to-moderate asthma (MMA), and 91 healthy non-smoking controls
(HC) (figure 1). Subject characteristics and data availability are summarized in

tables 1 and S1.



The validation cohort included 142 subjects from the BIOAIR study
(Clin.Trial.Gov NCT00555607) (6). After a four-week treatment optimization period,
subjects underwent a two-week, double-blind placebo-controlled OCS intervention
(0.5 mgl/kg/day prednisolone) added to regular treatment, followed by an identical
open OCS treatment of the placebo group only (figure 1). Heparin plasma samples
from 58 SAn, 48 MMA, and 36 patients with COPD, before and after the intervention,
were analysed. Subject characteristics and data availability are shown in tables 1
and S1.

Further information regarding the study design of each cohort and diagnostic criteria
for each subject group are presented in the online supplement. Both studies were
approved by the ethics committees of each participating clinical institution and

participants provided written informed consent.

Panel design and suspension bead array protein profiling

Detailed information regarding the protein panel of 177 proteins (table S2) and the
antibody bead array methodology is provided in the online data supplement. Briefly,
this in-house developed array-based affinity proteomics method utilizes antibodies
coupled to magnetic color-coded beads (MagPlex, Luminex Corp., Austin, TX, USA)
to create a multiplex analysis platform (7, 8). Measurements were performed using
FlexMAP3D instruments (Luminex corp.) and reported as relative fluorescent

intensity values.

Statistical analysis

Statistical analysis and visualization were performed in R (9, 10). Nonparametric
Kruskal-Wallis (multiple groups), Wilcoxon rank-sum (pairwise group), and Wilcoxon
signed-rank test (paired) tests were used for comparisons of continuous variables. All

reported P values for the proteins were adjusted for multiple testing using the



Benjamini and Hochberg (11) method and controlling the false discovery rate (FDR)
at 5%.

Unsupervised consensus cluster analysis was used to identify potential
subgroups of asthma patients, a process described in more detail in the online
supplement. Briefly, a reduced set of variables (n=139) was selected for consensus
cluster analysis of log2 transformed and z-scored intensity signals for each antibody,
performed using the ‘ConsensusClusterPlus’ package in R (12, 13). The Euclidean
distance measure was used to describe similarity between subjects and the
partitioning around the medoids algorithm was used for clustering. For model
validation, clustering was repeated 1000 times, randomly removing 10% of subjects
at each iteration. The cluster stability of models with two to ten clusters was
evaluated by the lowest proportion of ambiguously clustered subjects (14) and the
lowest deviation of ideal stability (15). A six-cluster model had slightly lower stability
compared to ten (table S8), but demonstrated greater consistency across all clusters
(figure S2e) and is therefore presented.

To identify proteins important for classification of the six cluster groups, the
Boruta algorithm (R package ‘Boruta’) (16), a wrapper built around the Random

forest classification method, was used. For more details, see the online supplement.

RESULTS

Screening for asthma-associated proteins in U-BIOPRED
Plasma profiling revealed 110 proteins (measured by 139 antibodies) that showed

significantly different levels between subject groups in the U-BIOPRED cohort (table



S4). The top 21 proteins, all with P values lower than 10™°, are shown in table 2. The
most significant differences were consistently identified between SAn or SAs/ex, and
MMA or HC (figure 2a). No proteins were different between the non-smoking and
smoking severe asthma groups (SAn and SAs/ex), nor between MMA and HC
(figure 2a). The overlap of proteins showing significant differences in the pairwise

group comparisons are shown in figure Sla.

Validation of asthma severity-associated proteins in BIOAIR

In the validation cohort BIOAIR, between-group comparisons revealed significantly
different plasma levels in 23 proteins (25 antibodies), see table S5. Of these, 15
proteins were altered between MMA and COPD (all elevated in COPD) and 13
between SAn and MMA (all elevated in SAn). No differences in protein levels were
found between SAn and COPD. As shown in figure Slb, the majority of the
significantly different proteins were unique to the SAn vs MMA, or the MMA vs COPD
pairwise group comparison.

Comparing the results of U-BIOPRED and BIOAIR, ten proteins were confirmed
to be significantly different between severe and mild-to-moderate asthma in both
cohorts (table 3). Alpha-1-antichymotrypsin (SERPINAS3), apolipoprotein E (APOE),
complement component 9 (C9), macrophage inflammatory protein-3 (CCL23 [MIP-
3]), complement factor | (CFl), interleukin-6 (IL-6), sphingomyelin phosphodiesterase
3 (SMPD3), TNF receptor superfamily member 1la (TNFRSF11A [RANK]),
transforming growth factor beta 1 (TGFB1), and glutathione S-transferase P

(GSTP1), were all elevated in SAn compared to MMA (figure 3).

Influence of oral corticosteroids on plasma protein levels
The highly significant differences in plasma protein levels observed between severe

and mild-to-moderate asthma could be due to differences in disease mechanisms,



pharmacological treatments, or both. We therefore used the BIOAIR cohort, where
subjects underwent a two-week controlled OCS trial with prednisolone, to examine
the effect of glucocorticoid treatment on plasma protein levels. The majority of
proteins were found to be affected by prednisolone, most of which were decreased
(figure 4a-b). Among the ten proteins that were elevated in severe asthma in both
BIOAIR and U-BIOPRED (figure 3), apolipoprotein E, complement component 9,
macrophage inflammatory protein-3, and alpha-1-antichymotrypsin all showed a
significant change following oral steroid treatment. Apolipoprotein E and alpha-1-
antichymotrypsin were increased after OCS intake (figure 4c), whereas complement
component 9 and macrophage inflammatory protein-3 were decreased.

Oral steroid-induced plasma protein changes found in BIOAIR were confirmed
by combining prescription data and the objective measurement of urinary
prednisolone metabolites in U-BIOPRED. Comparing levels between SAn reportedly
taking and not taking OCS, as confirmed by urinary analysis, 20 proteins (21
antibodies) in U-BIOPRED were associated with oral steroid use (figure 2c and
table S6). In line with BIOAIR results, apolipoprotein E and alpha-1-antichymotrypsin
showed profiles that were both severity and steroid-dependent, increasing from MMA
to SAn not taking OCS, and further from SAn not taking OCS to SAn taking OCS
(figure 4c). No proteins were significantly different when comparing the smaller
groups of smoking severe asthmatics (SAs/ex) that used OCS and those who did not
(figure 2c).

To take into account oral steroid effects, the multiple group comparison of SAn,
SAs/ex, MMA and HC was repeated, limited to subjects reporting no current OCS
use and in whom no urinary prednisolone metabolites were detected. Levels of 98

proteins (126 antibodies) remained significantly different between U-BIOPRED



subject groups (figure 2b). Pairwise comparisons of these groups revealed a similar
pattern as for the whole dataset, irrespective of OCS use (compare figure 2a with
figure 2b). Again, there was no difference in levels between SAn and SAs/ex (data
not shown). More importantly, the ten replicated proteins remained elevated in
severe asthma (significant after FDR-adjustment: apolipoprotein E, complement
component 9, macrophage inflammatory protein-3, complement factor |, alpha-1-
antichymotrypsin, and RANK). A summary of all proteins that were significantly
changed using these two approaches, including or excluding OCS users, is shown in

table S7.

Identification of protein-driven subgroups of asthma

To identify subgroups or phenotypes of asthma, a protein-driven consensus
clustering algorithm was applied to U-BIOPRED asthmatics. We clustered subjects
based on their plasma protein profiles alone, restricted to the asthma-associated
proteins identified in the univariate analysis (table S4). Evaluation of cluster models
identified six robust clusters with high stability (table S8, figure 5a) and that were
defined only by within-group similarities of included protein profiles. By applying a
classification algorithm, it was possible to identify 108 profiles (85 unique proteins)
confirmed as important for classification of the six clusters (figure S3). Although all
proteins were relevant for classification, the three most contributing proteins are
shown in figure 5b.

A pattern was observed among the clusters when sorted by median plasma
protein levels. Most commonly (63% of 139 antibody profiles), the highest levels were
found in cluster 1, followed in decreasing order by clusters 6, 4, 3, 2 and 5.
Decreasing protein plasma levels across the clusters were also associated with signs

of decreasing disease severity (table S9). Although subjects with SA and MMA were



found in all clusters, those with SA were relatively more prevalent in clusters 1, 4 and
6 (more than 90% per cluster) and subjects with MMA were relatively more prevalent
in clusters 2, 3, and 5 (21%-37% of subjects per cluster) which contained 78% of all
MMA subjects.

The clusters aggregated subjects with similar clinical outcomes (table S9). In
cluster 1, subjects experienced low lung function, the most uncontrolled asthma, the
lowest quality of life, and the most frequent exacerbations. These subjects had the
highest BMI (84% overweight, 60% obese) and evidence of systemic inflammation
reflected by the most elevated high-sensitivity CRP (hsCRP) and highest blood
neutrophils. They also showed signs of increased mast cell activation as reflected by
elevated urinary tetranor-PGDM. Conversely, cluster 5 included the youngest
subjects with the best lung function, best asthma control, earliest onset of asthma
and lowest BMI. These subjects also exhibited the lowest blood neutrophil numbers,
lowest hsCRP and near-normal urinary tetranor-PGDM concentration. A selection of
clinical and biochemical variables associated with the clusters are shown in figure
5b.

Parameters that were not different among the clusters included gender
distribution and objective evidence of OCS use. Indices of Type-2 inflammation,
including blood and sputum eosinophils, FeNO, circulating periostin, total serum IgE

and prevalence of atopy, were also not significantly different (table S9).

Proteins associated with Type-2-high asthma

To examine whether proteins in the array were altered in subjects with Type-2-high
compared to Type-2-low inflammation, we examined the U-BIOPRED data in relation
to two recently published strategies for defining Type-2 asthma. Dividing asthma

subjects according to a composite Type-2 biomarker score based on blood



eosinophils, FeNO, and serum periostin as described by the Refractory Asthma
Stratification Programme (RASP) (17), was not associated with any significant
differences in protein levels. In U-BIOPRED, we have recently published that high
urinary LTE4; levels have a strong Type-2 association (18). In the current
investigation, only 7 of the proteins in the panel were associated with LTE, levels
(table S10). Taken together, this analysis confirms that the protein panel is suitable

for its purpose to identify Type-2-independent signals.

DISCUSSION

Using a high-throughput, array-based protein profiling technique to simultaneously
analyse 177 selected plasma proteins in 667 subjects from two established European
asthma cohorts, we identified both known and previously unknown candidate
proteins associated with asthma severity. Despite observed effects of oral
corticosteroids on multiple proteins, associations with asthma severity remained for
most proteins following adjustment for OCS use, a confounding factor often
overlooked in biomarker discovery efforts. Furthermore, the patterns of protein
profiles grouped asthmatics into clusters with clinically meaningful differences that
were independent of Type-2 inflammation.

Among the 110 proteins significantly altered in severe compared to milder
disease, many were known to be involved in regulation of immunological pathways.
For example, the chitinases (CHI3L1 [YKL-40] and CHIT1 [chitotriosidase]) were
elevated in both severe asthma groups irrespective of smoking status compared with
HC, in line with previous data (19). Multiple inflammatory cytokines associated with

the pathobiology of severe asthma were also differentially abundant, including IL-4,



IL-6, IL-10, IL-13, IL-17A, IL-26, and TNFa (20, 21). Severe asthmatics also showed
increased levels of surfactant proteins, such as surfactant protein D, a pattern-
recognition molecule involved in innate immune responses with antimicrobial activity
(22). Increased plasma levels are in line with previous findings (23), presumably
reflecting increased epithelial damage and permeability within the peripheral airways.

Of the lipid mediator pathways, our findings suggest involvement of
sphingolipids in asthma pathogenesis as multiple enzymes of sphingolipid
metabolism were elevated in SA including ceramide synthases, sphingosine kinases,
and sphingomyelin phosphodiesterases. Components of the sphingolipid pathways,
that have been shown to be involved in asthma and linked to disease severity (24,
25), represent potential therapeutic targets (26). Several genome-wide association
studies have also linked polymorphisms in the 17921 locus where the ORMDL3 gene
resides to both childhood and adult asthma (27, 28). ORMDL3 is a regulator of
sphingolipid synthesis and genetic variants lead to increased expression as well as
decreased sphingolipid de novo synthesis in children with asthma (29). Certain
eicosanoid pathway enzymes were also elevated in severe asthma such as
hematopoietic prostaglandin D synthase (HPGDS) and cyclooxygenase-1 (PTGS1
[COX-1]) which are involved in many processes, and in particular mast cell activation
(30).

Further proteins found to be increased in severe compared to mild asthma
included members of the complement and coagulation cascades, confirming recent
reports (31-33), as well as metabolic factors such as insulin and leptin. Proteins
related to oxidative stress, including superoxide dismutase (SOD2) and glutathione

S-transferase (GSTP1), were also elevated. These proteins have previously been



associated with air pollution and mild asthma (34), but their pathobiological role in
severe asthma is largely unknown.

The follow-up investigation in the BIOAIR cohort replicated some of the findings
with ten proteins being significantly increased in SA compared to MMA in both
cohorts. Many more proteins also followed the same trends as observed in U-
BIOPRED, but did not reach statistical significance, possibly due to the smaller size
of BIOAIR. It is also possible that this number may have been greater if plasma had
been collected in exactly the same way in both studies (i.e. both heparin, or both
EDTA plasma samples). However, the studies were planned and conducted at
different times by different consortia, and therefore procedures were not identical.
This study nevertheless demonstrates the complementary power of BIOAIR and U-
BIOPRED, despite minor differences in methodology.

Among replicated findings were proteins with known involvement in airway
fibrosis and remodelling such as TGF-B1 (35) and alpha-1-antichymotrypsin. The
latter might be of particular relevance in COPD, where plasma levels have been
found to be elevated (36). IL-6, which may play a role in the pathobiology of a
specific, exacerbation-prone, asthma sub-phenotype (37), was also increased in SA
patients. Interestingly, plasma macrophage inflammatory protein-3 was elevated,
consistent with a strong association of the gene encoding for macrophage
inflammatory protein-3 with suboptimal asthma control (38). Indeed, in the cluster
analy-sis, macrophage inflammatory protein-3 showed the highest levels in the
cluster with the worst ACQ-7 and AQLQ scores and was among the most significant
proteins differentiating between clusters. In the context of asthma, apolipoprotein E
has received attention due to its ability to suppress airway inflammation, and one

may speculate that the increased levels observed in SA represent a protective



function (39). However, apolipoproteins may also be affected by statin therapy and
for this reason we investigated whether APOE differed between MMA and SA
following removal of patients with cardiovascular comorbidities. In both U-BIOPRED
and BIOAIR, APOE remained significantly greater in SA than MMA, data not shown.

One patrticularly novel aspect of this study was the exploration of plasma protein
profiles for the clustering of asthmatics into consensus groups beyond their clinical
diagnosis. This vyielded six clusters of subjects with differences in clinical and
biochemical parameters. Clusters sorted by decreasing median plasma levels of the
studied proteins were associated with phenotypes of decreasing severity. In
summary, we observed associations between the cluster groups and age, age of
asthma onset, BMI, FEV, exacerbations, blood neutrophils, serum hsCRP, asthma
control and quality of life. However, no significant differences across clusters were
observed in measures associated with Type-2 inflammation, including blood and
sputum eosinophils, FeNO, total serum IgE, serum periostin, RASP Type-2 score, or
atopy. Along with the relative lack of differences in protein levels observed when
dividing asthmatics into Type-2-high and Type-2-low subgroups, these findings
confirm that the protein panel was fit for the purpose of identifying Type-2-
independent signals. Furthermore, the proportion of subjects with detectable urinary
levels of prednisolone metabolites was similar among the clusters, suggesting that
OCS use was not a factor driving the observed cluster differences.

Plasma proteins that were particularly important for cluster classification
included carboxypeptidase A3 (CPA3, a mast cell specific carboxypeptidase stored in
secretory granules), tripartite motif containing protein 33 (TRIM33), and TRAF3
interacting protein 2 (TRAF3IP2). In fact, the cluster-driven increase in

carboxypeptidase A3 was mimicked by elevated urinary tetranor-PGDM, the major



urinary metabolite of the main mast cell prostanoid PGD,. Collectively, this evidence
suggests a pivotal role for mast cell activation in Type-2-independent severe asthma.
Interestingly, and in contrast to these findings, we previously showed that PGD; is
associated with Type-2 inflammation (18). Thus, taken together our findings indicate
that mast cells are diametric immune cells with a wide-spread involvement in both
Type-2 and non-Type-2 inflammation.

Several new biological treatments have been approved for insufficiently
controlled Type-2 asthma, although what currently represents a major unmet medical
need is improved therapy for the subgroup of asthmatics with little or no Type-2
inflammation (1, 2, 40). Interestingly, the most striking differences in clinical
characteristics between clusters included the high BMI observed in cluster 1, a group
which also had the highest blood neutrophils, highest serum CRP, worst quality of
life, and most exacerbations, possibly reflecting a non-Type-2 asthma group. Serum
CRP has been suggested as a biomarker for neutrophilic asthma (41), and
accordingly, a neutrophilic inflammatory phenotype of asthma was associated with
increased systemic inflammation, as reflected by elevated serum CRP levels
compared with non-neutrophilic asthma (42). Our findings may therefore provide a
set of new, potential Type-2-independent biomarkers.

A major strength of the current investigation is the use of two cohorts of well-
characterised asthmatic subjects, enabling validation of findings in an independent
population and providing a comparison with COPD. Incidentally, severe asthma and
COPD could not be differentiated based on levels of the measured proteins in
plasma, providing support for “The Dutch Hypothesis” (43) and common molecular
features in severe obstructive inflammatory airway diseases. One may speculate that

the lack of difference between SA and COPD in BIOAIR could be due to the



presence of patients with asthma/COPD overlap in either of these groups. This is
however unlikely as the inclusion/exclusion criteria of the BIOAIR study were
designed to reduce possible overlap between diagnoses. An exclusion factor for
severe asthma was current smoking (>10 cigarettes per day) and a history of greater
than 5 pack years. In fact, the median number of pack years in the BIOAIR SA group
was 0, and reversibility was also significantly higher, as expected, in SA compared to
COPD (44). An exclusion factor for COPD was diagnosed asthma or allergy, and
furthermore, COPD patients were required to be current or ex-smokers with a history
of >15 pack years.

The two study designs were also complementary with U-BIOPRED providing
data from a larger, observational, cross-sectional study. BIOAIR, on the other hand,
although smaller, included two interventions: first four weeks of standardized
treatment, which reduced biological variability due to differences in therapy, and then
a placebo-controlled OCS trial. A further strength was the design of the array by the
ChAMP consortium, based on multiple hypotheses concerning signalling pathways of
relevance to asthma, airway inflammation, and immune-mediated diseases. The
outcome was successful as the majority of proteins indeed displayed differential
levels between disease severity and treatment groups. Finally, a methodological
advantage of the assay itself was that for several analytes, multiple antibodies
targeting the same protein were used, often showing supporting profiles (figure S4).

A further advantage of the current investigation is that the analysis was based
on the readily available plasma matrix, supporting future development of less
invasive tools for molecular asthma phenotyping at the point-of-care. The detection of
elevated airway proteins, such as surfactant proteins, in plasma from subjects with

severe asthma and COPD, suggesting increased leakage in severe disease, also



confirms that disease processes in the lung tissue may be reflected in plasma.
Generally, the findings suggest a greater systemic impact of severe compared to
mild-to-moderate asthma as protein levels were similar in mild asthma and healthy
controls.

Possible effects of therapy are often overlooked in biomarker discovery efforts
but the BIOAIR oral prednisolone intervention enabled a thorough assessment of the
effect of oral corticosteroid therapy on plasma protein profiles. Results showed that
levels of most proteins were reduced by OCS treatment. Interestingly, when U-
BIOPRED subjects taking OCS were removed from analyses (figure 2b), the
differences between mild-to-moderate and severe asthma were maintained for most
proteins, although not all, suggesting that plasma levels were affected both by
disease severity and OCS treatment. Moreover, proteins that were altered by OCS in
the non-smoking severe asthmatics did not change with OCS use in the smoking
severe asthma group where, in fact, no proteins changed (figure 2c). This may
reflect the known decreased responsiveness to corticosteroids and differences in
inflammatory biomarkers among smoking asthmatics (45, 46) and/or be a power
issue. The severe asthma groups in both U-BIOPRED and BIOAIR were taking
higher doses of inhaled corticosteroids than the mild-to-moderate groups, as per
inclusion criteria, and it is important to note that ICS could potentially also affect
protein expression. Unfortunately, a limitation of the current investigation is that we
were not able to examine this possibility as rigorously as for OCS.

In conclusion, the antibody array we developed identified multiple plasma
proteins associated with asthma severity, both confirming the involvement of known
proteins such as inflammatory cytokines, growth factors, and chitinases, as well as

suggesting novel targets for further investigation. For example, our findings advocate



components of the sphingolipid pathway and complement cascades as well as mast
cell related proteins as being worthy of more detailed future examinations. These
discoveries were found to be independent of effects potentially related to oral
corticosteroid therapy. Furthermore, we showed that protein profiles, driven by
amongst others a mast cell-specific carboxypeptidase, could be used to group
asthmatic subjects into six clinically distinct clusters. Taken together, we present a
platform that is able to suggest novel biomarker candidates for molecular
phenotyping, particularly relevant to non-Type-2 asthma. The panel may also aid
discovery of future pharmacotherapeutic targets by exposing previously unexplored

pathways.
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Figure 1. Study overview. Two independent cohorts, U-BIOPRED and BIOAIR, were
investigated in this study. In a first screening, the U-BIOPRED cohort including 525
baseline plasma samples from 525 subjects was profiled using antibody bead arrays
detecting 177 proteins with 377 antibodies. In the validation stage, the same array
was used to profile the BIOAIR cohort comprising 351 plasma samples from 142
subjects. The BIOAIR cohort included a double-blind placebo-controlled oral
corticosteroid intervention trial where the placebo group received additional open
steroid treatment. These samples were used to study the influence of steroids on
plasma protein levels. Asthmatic subjects from the U-BIOPRED cohort were used to
identify potential phenotypes using consensus clustering of protein profiles. COPD =
chronic obstructive pulmonary disease; HC = healthy non-smoking controls; MMA =
non-smokers with mild-to-moderate asthma SAn = non-smokers with severe asthma;

SAs/ex = smokers or ex-smokers with severe asthma.
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Figure 2. (a) Volcano plots of pairwise group comparisons in U-BIOPRED highlight
multiple proteins elevated in subjects with severe asthma, but not in mild-to-
moderate. Each dot represents a protein measured by the antibody array. Dashed
lines represent adjusted P values <0.05. Highlighted in red are proteins significantly
different in the respective pairwise group comparison as well as in the multiple group
comparison (i.e. any of the 110 proteins). If multiple antibodies for the same target
protein were significant, they all needed to show the same sign of log2 fold change.
(b) Group comparisons in U-BIOPRED when limited to subjects where OCS use was
not reported and confirmed negative by urinary analysis (SAn n=103, SAs/ex n=42,
MMA n=63, HC n=90). Highlighted in red are the proteins found to be significantly
different in the respective pairwise group comparison based on all subjects (i.e.

proteins that were significantly different in the respective comparisons in figure 2a).



The majority of the proteins were still significantly different, seen by enrichment of red
circles above the P value threshold. (c) Analysis of steroid effect in U-BIOPRED. SAn
and SAs/ex stratified by reported OCS use and OCS metabolite detection. OCS use
defined as prescribed and confirmed positive in urine (SAn n=51, SAs/ex n=21) and
no OCS defined as not prescribed and confirmed negative in urine (SAn n=103,
SAs/ex n=42). HC = healthy non-smoking controls; MMA = non-smokers with mild-to-
moderate asthma; OCS = oral corticosteroids; SAn = non-smokers with severe

asthma; SAs/ex = smokers or ex-smokers with severe asthma.
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Figure 3. Proteins validated in two independent cohorts. Boxplots of the 10 proteins

showing significantly different plasma levels between SAn and MMA in both studied

cohorts (adjusted p<0.05). The screening cohort U-BIOPRED and the validation




cohort BIOAIR are shown side by side for each protein. COPD = chronic obstructive
pulmonary disease; HC = healthy non-smoking controls; MMA = non-smokers with

mild-to-moderate asthma; SAn = non-smokers with severe asthma.

SERPINAS3 = Alpha-1-antichymotrypsin (ACT), APOE = Apolipoprotein E (Apo-E), C9
= Complement component 9 (C9), CCL23 = Macrophage inflammatory protein 3
(MIP-3), CFI = Complement factor | (C1), IL6 = Interleukin-6 (IL-6), SMPD3 =
Sphingomyelin phosphodiesterase 3, TNFRSF11A = Receptor activator of nuclear
factor kappa B (RANK), TGFB1 = Transforming growth factor beta-1 (TGF-B1),

GSTP1 = Glutathione S-transferase P (GSTP1-1).
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Figure 4. Influence of oral corticosteroids. (a) Volcano plots of comparisons in

BIOAIR show that multiple proteins were affected by the steroid treatment, with the

majority being decreased. Each dot represents a protein measured by the antibody

array, with significantly changing proteins highlighted in red (above the dashed lines

representing adjusted P values <0.05). The two most significant proteins on the

decreasing and increasing side are labelled. Fold change calculated as log2 of the



median of individual ratios (post/pre). (b) List of proteins where the signal of at least
one of the multiple antibodies targeting that protein in the array was affected by OCS.
Decreasing levels indicated by no mark and increasing levels marked with (+). Mixed
directions provided by multiple antibodies are marked with (*) and mixed directions of
effect in different subject groups are marked with (-,+). (c) The plasma levels of
apolipoprotein E (APOE) and alpha 1-antichymotrypsin (SERPINA3) increased after
oral corticosteroids (OCS) in BIOAIR subject groups. In U-BIOPRED, APOE and
SERPINA3 were associated with the severity of asthma as well as with the use of
OCS among the severe asthmatics. Adjusted Wilcoxon signed-rank (BIOAIR) and
rank-sum test (U-BIOPRED) P values *<0.05, ** <0.01, *** <0.001. COPD = chronic
obstructive pulmonary disease; HC = healthy non-smoking controls; MMA = non-

smokers with mild-to-moderate asthma SAn = non-smokers with severe asthma.
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Figure 5. Phenotypes of asthma. (a) Six clusters were identified in a consensus
clustering of asthmatic subjects (n=434, mild-to-moderate or severe asthma) from the
U-BIOPRED cohort. The clustering was driven by the profiles of 110 proteins (139
antibodies). (b) The three proteins CPA3 (carboxypeptidase A3), TRIM33 (tripartite

motif containing protein 33), and TRAF3IP2 (TRAF3 interacting protein 2) with the



greatest importance for cluster classification (for ranked importance of all proteins,
see Figure S3) and a selection of variables with a significant association with
clusters. Boxes show the first quartile, median and third quartile. P values are from
the Kruskal Wallis test. ACQ-7 = asthma control questionnaire-average of 7; AQLQ =
asthma quality of life questionnaire-average; BMI = body mass index; FEV1 = forced
expiratory volume in 1 s; HC = non-smoking healthy controls; hsCRP = high-

sensitivity C-reactive protein.



Table 1. Demographic and clinical characteristics of study subjects.

U-BIOPRED cohort

HC MMA San SAs/ex P value' (incl. HC) P value' (excl. HC)

(n =91) (n =76) (n =263) (n = 95)
Age (years) 36 (27-49) 43 (29-51) 53 (44-62) 55 (48-61) <0.0001 <0.0001
Gender (% females) 37.4 48.7 66.2 51.6 <0.0001 0.004
BMI (kg/m®) 24.7 (22.8-27.5) 24.8 (22.9-28.7) 27.5 (24.5-33.4) 29.0 (25.6-32.6) <0.0001 <0.0001
Age of onset or diagnosis (years) NA 15 (6-34) 20 (7-38) 38 (17-47) - <0.0001
FEV, (% predicted) 103.1 (94.1-110.3) 91.7 (78.5-101.0) 65.8 (50.4-84.5) 68.6 (55.1-78.2) <0.0001 <0.0001
FEV./FVC 79.9 (75.3-82.9) 73.3 (67.1-78.6) 64.4 (52.9-74.4) 62.8 (54.5-70.2) <0.0001 <0.0001
FeNO (ppb) 20.0 (13.4-29.2) 27.5(19.0-56.0) 27.0 (16.0-47.0) 23.0 (12.0-44.0) 0.0006 0.1501
FEV, (% predicted)* NA 91.4 (76.6-101.4) 64.2 (50.2-79.6) 67.8 (53.4-75.6) - <0.0001
FEV,/FVC* NA 73.0 (66.0-77.5) 63.1 (53.2-72.7) 62.1 (53.4-69.5) - <0.0001
Reversibility (%) NA 9.6 (5.6-16.1) 13.3 (5.8-22.1) 14.6 (7.7-21.1) - 0.090
OCS dose (normalized to mg NA NA 10.0 (7.5-19.0) 13.8 (10.0-20.0) - 0.065
Prednisolone)
OCS users (n) NA NA 137 46 -
LTRA users (n) NA NA 114 41 -
Blood eosinophils (cells/pL) 100 (90-200) 200 (100-300) 220 (100-465) 225 (110-403) <0.0001 0.260
Blood neutrophils (cells/pL) 3100 (2550-4215) 3155 (2700-4425) 4720 (3600-6600) 4845 (3993-6728) <0.0001 <0.0001
Blood WBC (cells/pL) 5700 (4725-6905) 5700 (5100-7300) 7980 (6400-9963) 8450 (6735-10300) <0.0001 <0.0001
Serum periostin (ng/mL) 49.9 (43.9-57.8) 48.8 (41.6-54.7) 50.0 (42.0-60.5) 43.8 (36.2-59.6) 0.023 0.014
Serum total IgE (IU/mL) 23.4 (8.1-69.7) 94.7 (52.5-255.2)  120.0 (44.4-356.5) 119.4 (49.2-352.5) <0.0001 0.666
hsCRP (mg/L) 0.8 (0.4-1.5) 0.7 (0.4-1.8) 2.0 (0.9-4.9) 2.4 (1.1-4.8) <0.0001 <0.0001
Sputum eosinophils (%) 0.0 (0.0-0.2) 0.8 (0.2-3.4) 2.9 (0.6-21.5) 3.3(0.7-13.3) <0.0001 0.017
Sputum neutrophils (%) 41 (21-62) 42 (25-63) 55 (35-79) 55 (36-65) 0.015 0.065
ACQ-7 0.0 (0.0-0.0) 0.7 (0.4-1.3) 2.3(1.7-3.1) 2.3 (1.6-3.0) <0.0001 <0.0001
AQLQ 7.0 (7.0-7.0) 6.2 (5.4-6.5) 4.5 (3.6-5.4) 4.4 (3.5-5.2) <0.0001 <0.0001




BIOAIR cohort

MMA SAn COPD P value'

(n =48) (n =58) (n = 36)
Age (years) 42 (32-53) 51 (42-58) 66 (55-70) <0.0001
Gender (% females) 66.7 60.3 36.1 0.015
BMI (kg/m®) 24.6 (22.4-27.1) 27.4 (25.6-30.7) 25.9 (22.4-29.6) 0.0007
Age of diagnosis (years) 18 (4-33) 31 (20-42) 60 (49-66) <0.0001
FEV; (% predicted)* 89.8 (79.3-100.9) 72.8 (56.2-88.4) 44.3 (36.9-57.4) <0.0001
FEV./FVC (%)* 71.1 (61.9-76.2) 67.0 (57.3-76.2) 44.9 (40.8-54.0) <0.0001
FeNO (ppb) 34.0 (20.7-59.1) 35.1 (14.4-77.0) 10.8 (7.5-18.3) 0.0007
Reversibility (%) 9.5 (7.3-14.1) 8.9 (3.5-13.7) 4.4 (1.9-5.7) <0.0001
OCS users (n) 0 7 0 -
Blood eosinophils (cells/uL) 250 (160-380) 260 (100-480) 200 (100-280) 0.088
Blood neutrophils (cells/uL) 3700 (2610-4360) 4880 (3680-6880) 4920 (3760-5920) 0.0001
Blood WBC (cells/pL) 6330 (5400-7220) 7770 (6700-10300) 7500 (6560-9250) <0.0001
Serum periostin (ng/L) 86 (71-104) 78 (69.5-101) 74 (60-91) 0.089
Serum total IgE (1U/mL) 172 (43.1-320) 152 (50.1-326) 54.5 (29.3-146) 0.013
hsCRP (mg/L) 1.0 (0.38-2.5) 2.2 (0.72-5.3) 3.1(1.8-6.6) 0.0004
Sputum eosinophils (%) 1.2 (0.4-8.8) 11 (2.4-30) 0.11 (0-0.63) <0.0001
Sputum neutrophils (%) 45 (17-69) 35 (25-63) 68 (50-77) 0.033
ACQ-7 0.86 (0.32-1.4) 1.7 (1.0-2.9) 2.0(1.3-2.8) <0.0001
SGRQ 17 (11-39) 42 (31-61) 41 (32-59) <0.0001

Data are presented as median (interquartile range), unless otherwise stated.

*Pre-bronchodilator.

T Kruskal-Wallis, Wilcoxon rank-sum or Chi-squared test, unadjusted.

Definition of abbreviations: ACQ-7 = asthma control questionnaire-average of 7; AQLQ = asthma quality of life questionnaire-average; BMI = body mass index;
COPD = chronic obstructive pulmonary disease; FeNO = fraction of exhaled nitric oxide; FEV, = forced expiratory volume in 1 s; FVC = forced vital capacity; HC
= healthy non-smoking controls; hsCRP = high-sensitivity C-reactive protein; MMA = non-smokers with mild-to-moderate asthma; NA = Not applicable; OCS =
oral corticosteroids; SAn = non-smokers with severe asthma; SAs/ex = smokers or ex-smokers with severe asthma; SGRQ = St. George’s Respiratory

Questionnaire score; WBC = white blood cells.



Table 2. Plasma proteins significantly different between subject groups in the U-BIOPRED cohort. There were 21 proteins targeted by 23
antibodies with an adjusted Kruskal-Wallis P value <10™°. All plasma proteins were found elevated in SAn and SAs/ex compared to MMA and
HC. Comparisons of SAn vs. SAs/ex and MMA vs. HC showed nonsignificant differences for all proteins (data not shown). Table was sorted by
the adjusted Kruskal-Wallis P value, lowest on top. A list of all the 110 proteins that were significantly different is shown in Table E4.

Protein Gene Antibody -log P -log P value'
value* SAn vs. MMA SAnvs. HC SAs/ex vs. MMA SAs/ex vs. HC

A|pha-]_-antichymotrypsin (ACT) SERPINA3 HPAO000893 22.01 10.82 14.52 7.08 9.05
Complement component 9 (C9) () HPA029577  14.55 7.51 9.77 5.11 6.10
Complement component 9 (C9) C9 HPA070709  14.03 7.36 9.51 5.00 6.10
Lung surfactant protein D (SPD) SFTPD HPA044582  13.72 7.36 9.00 5.21 5.92
Tumor necrosis factor alpha (TNFa) TNF HPAO055037  13.04 7.51 8.39 5.21 5.03
SPARC-like protein 1 SPARCL1 HPAO067641 12.70 7.36 8.60 4.72 5.01
Fractalkine CX3CL1 HPA056729 12.37 6.01 8.85 4.59 6.10
Interleukin-2 receptor subunit alpha (IL-2Ra) IL2RA HPA046738 12.19 7.21 7.74 4.96 5.24
Complement factor | (C1) CFlI HPA024061 11.96 5.72 8.38 4.66 6.10
Complement component 8 gamma chain C8G HPA046269 11.96 6.62 8.05 4.66 5.19
Fibrinogen alpha chain FGA HPA064755 11.96 7.36 6.85 5.60 4.92
Complement factor | (C1) CFlI HPA001143 11.77 6.01 7.77 4.85 5.85
Membrane-associated guanylate kinase MAGI1 HPA031852 11.62 7.16 7.77 4.08 4.43
inverted 1 (MAGUK)

Macrophage inflammatory protein-3 (MIP-3) CCL23 HPAO063758  11.30 6.92 6.92 4.85 4.85
Fibroleukin FGL2 HPA026682 11.29 6.17 7.96 4.08 5.01
Interleukin-1 receptor beta (IL-1R) IL1IR2 HPA027598 11.11 6.48 7.44 4.32 4.85
Cyclooxygenase-1 (COX-1) PTGS1 HPA002834 11.10 6.34 7.64 4.15 4.85
Ceramide synthase 4 (CerS4) CERS4 HPA023621 11.10 6.25 7.74 4.21 4.74
E-selectin SELE HPAO57891  11.03 6.62 7.54 4.08 4.26
Uteroglobin SCGB1A1 HPA031828 10.96 6.48 7.00 4.66 4.74
Apolipoprotein E (Apo-E) APOE HPAO68768 10.82 7.36 4.32 6.72 4.26
Leptin LEP HPA068565 10.80 5.46 8.96 1.77 3.57
Granulocyte-macrophage colony-stimulating CSF2 HPA071579 10.74 6.32 6.11 5.24 4.96

factor (GM-CSF)




*Kruskal-Wallis test, adjusted.
"Wilcoxon rank-sum test, adjusted.

Definition of abbreviations: HC = healthy non-smoking controls; MMA = non-smokers with mild-to-moderate asthma; SAn = non-smokers with severe asthma;
SAs/ex = smokers or ex-smokers with severe asthma.



Table 3. Proteins successfully validated in both the U-BIOPRED and BIOAIR cohort. All proteins showed higher plasma levels in
SAn compared to MMA.

-log P value* SAn vs. MMA

Protein Gene Antibody U-BIOPRED BIOAIR
Alpha-1-antichymotrypsin (ACT) SERPINA3 HPA000893 10.82 2.22
Apolipoprotein E (Apo-E) APOE HPA068768 7.36 1.66
Complement component 9 (C9) C9 HPAO70709 7.36 1.57
Macrophage inflammatory protein 3 (MIP-3) CCL23 HPA063758 6.92 1.55
Complement factor | (C1) CFlI HPA024061 5.72 1.44
Interleukin-6 (IL-6) IL6 HPAO044648 3.28 1.66
Sphingomyelin phosphodiesterase 3 SMPD3 HPA069383 3.14 1.72
Receptor activator of nuclear factor kappa B (RANK) TNFRSF11A HPAQ027728 2.72 1.66
Transforming growth factor beta-1 (TGF-31) TGFB1 HPA047516 2.41 1.55
Glutathione S-transferase P (GSTP1-1) GSTP1 HPA019779 1.33 1.72

*Wilcoxon rank-sum test, adjusted
Definition of abbreviations: MMA = non-smokers with mild-to-moderate asthma; SAn = non-smokers with severe asthma



ONLINE DATA SUPPLEMENT
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SUPPLEMENTARY METHODS

Subjects, inclusion and exclusion criteria and study design

U-BIOPRED

Asthma diagnosis was based on fulfilling one of following four criteria:

1) Airflow reversibility (an in increase in forced expiratory volume in 1 second (FEV1)
=212% of predicted or improvement of 200 ml after inhalation of 400 pg salbutamol);

2) Airway hyperresponsiveness (methacholine provocative concentration causing
20% fall in FEV1 <8 mg/ml);

3) Diurnal peak expiratory flow (PEF) amplitude >8% of mean,;

4) A decrease in FEV1 >12% of predicted and >200 ml within 4 weeks after tapering
maintenance treatment (one or more of: inhaled corticosteroids (ICS), oral
corticosteroids (OCS), long-acting -agonists (LABA), short-acting 3-agonists
(SABA))

Plus a history of wheeze, either spontaneous or on exertion.

Subjects with severe asthma had been under follow-up by a respiratory specialist for
at least 6 months prior to enrolment in the study. During this time, investigations to
exclude other diagnoses were performed and steps taken to optimise asthma control
(treatment of co-morbidities, assessment of adherence, and reduction in allergen
exposure). Non-smokers with severe asthma (SAn) were defined according to GINA
guidelines [1] and/or frequent exacerbations (more than 2 per year) despite high-
dose ICS (ICS 21000 pg fluticasone propionate/day or equivalent dose, or a doubling
of the dose of maintenance ICS for at least three days or requiring hospitalisation),
with or without OCS, plus at least one other controller medication. They had been
non-smokers for at least the past 12 months with a pack-year history of <5. Smoker
and ex-smokers with severe asthma (SAs/ex) were defined as SAn except being
either current smokers or former smokers with a pack-year history of >5.

Non-smokers with mild-to-moderate asthma (MMA) were defined by GINA guidelines
[1] and had controlled or partially controlled asthma symptoms whilst receiving a
dose of less than 500 ug fluticasone propionate/day or equivalent. They had been
non-smokers for at least the past 12 months with a pack-year history of <5.

Healthy non-smoking controls (HC) had no history of asthma, wheeze or other
chronic respiratory disease. They had a pre-bronchodilator FEV1 of 280% predicted
and were non-smokers for at least the past 12 months with pack-year history of <5.

Exclusion criteria included a history of recreational drug use, allergy which
contraindicated participation, or a recent history of incapacitating psychiatric
disorders. Female subjects who were pregnant or breast feeding (or up to 6 weeks
post-partum or cessation of breast feeding) were also excluded. No participation
within 3 months after the first dose using a new molecular entity, drug or invasive
procedure in another study. In addition, subjects were to have no history of or current
evidence of upper or lower respiratory infection or symptoms within 2 weeks of
baseline assessment (in which case assessments were deferred).



Study design

In this prospective cohort study, all subjects were identified and recruited locally and
attended a screening visit when eligibility for the study was confirmed. All subjects
underwent a baseline visit (up to 28 days later) at which study data and biological
samples were collected.

BIOAIR

Asthma and COPD were diagnosed by pulmonary specialists according to published
criteria [2-5]. The diagnosis of asthma had to be confirmed by at least one of the four
criteria for reversible airway obstruction as documented during the last 5 years before
the study or at screening visit, namely:

1) an increase in FEV1 29% of predicted (or improvement of 200 ml) after
administration of four puffs of 100 ug salbutamol dose-aerosol inhaled via a spacer,
or after additional inhalation of four puffs of 20 pg ipratropium bromide administered
through a large volume spacer;

2) mean diurnal variation in PEF of 215% on 24 days/week for at least 2 weeks, as
calculated by the following equation: (highest PEF—-lowest PEF)/mean PEF;

3) an increase in FEV1 of at least 400 ml after a course of prednisolone 0.5
mg/kg/day for 14 days;

4) in patients with a FEV1 270% predicted, demonstrated bronchial
hyperresponsiveness to histamine, methacholine, isocapnic hyperventilation,
exercise or other indirect challenges (according to established local methods).

Subjects in the severe asthma group had been under specialist treatment for at least
one year and had experienced at least one exacerbation in the past year.
Exacerbations were defined either by the initiation of a course of OCS therapy in
those individuals on regular ICS treatment, or for those on regular OCS therapy, a
significant temporary increase in their dose of oral steroids for an acute deterioration
in their disease control. Severe asthmatics had to require continuous treatment with
high doses of ICS (at least 1600 pg/day budesonide or beclomethasone, 800 ug/day
fluticasone or equivalent). For those taking oral steroids, the inhaled dose of steroids
had to be at least 800 pg/day budesonide or beclomethasone, 400 pg/day fluticasone
or equivalent. In addition, the subjects had to require continuous treatment with LABA
or oral theophylline, as documented for at least one year.

Non-smokers with mild-to-moderate asthma (MMA) had stable disease and received
daily treatment with a maximum of 800 pg/day budesonide or beclomethasone, 500
pg/day fluticasone or equivalent. MMA subjects used SABA as needed but did not
require treatment with LABA and had had no exacerbations, nor hospitalisations in
the past year.

Subjects recruited to the COPD group had a FEV1/FVC (Forced Vital Capacity) ratio
of less than 0.7, and a post-bronchodilator FEV1 value between 30 and 80% of
predicted, that increased by less than 9% (or 200 ml) after inhalation of
bronchodilator. They were required to have been treated with ICS in the range of



800-1600 pg/day (beclomethasone, budesonide or equivalent) for at least three
months prior to the study. A smoking history of more than 15 pack years, either as a
current or ex-smoker, was required in the COPD group, whereas asthma patients
who had smoked for more than 5 pack years were excluded.

Subjects were excluded if they were pregnant, had a history of alcohol or illicit drug
abuse, had other acute or chronic pulmonary disorders or had clinically relevant
psychiatric disease. They were not allowed to be receiving immunosuppressants
other than corticosteroids, or undergoing immunotherapy. Subjects receiving chronic
oxygen therapy were also excluded.

Study design

Subjects were screened during a half-day visit in one of the participating clinics
following which all subjects underwent a 4-week treatment optimisation period.
Medication details are shown below:

MMA 1. Fixed moderate daily dose of inhaled steroids (800 pg budesonide or
beclomethasone, or 500 pg fluticasone). 2. Fixed daily dose of LABA (formoterol 9-24
pg b.i.d. or salmeterol 50 ug b.i.d.). 3. SABA prescribed as needed. 4. No other drugs
should be taken except for topical nasal drugs or treatment of comorbidity.

SAn 1. Fixed high daily dose of inhaled steroids (1600 pg budesonide or 1500 pg
beclomethasone, or 1000 ug fluticasone). 2. Fixed daily dose of LABA (formoterol 9-
24 pg b.i.d. or salmeterol 50 pg b.i.d.). 3. SABA prescribed as needed. 4. If
applicable, dose of oral prednisolone unchanged. 5. No other drugs should be taken
except for topical nasal drugs or treatment of comorbidity. (1 and 2 could be
administered as a fixed combination, provided that the dosage is accurate)

COPD 1. Fixed daily dose of LABA (formoterol 9-24 nug b.i.d. or salmeterol 50 pg
b.i.d.). 2. Ipratropium 40 ug g.i.d. 3. Fixed daily dose of inhaled steroid (800 ug
budesonide or beclomethasone, or 500 pg fluticasone). 4. SABA prescribed as
needed. 5. No other drugs should be taken except for treatment of co-morbidity.

The optimisation period was followed by a 2-week double-blind placebo-controlled
steroid intervention, consisting of a standard course of oral prednisolone of 0.5 mg/kg
of body weight/day or placebo added to regular treatment. This was followed by an
identical open OCS treatment of the placebo group only.

Designing a protein panel for plasma profiling

We designed a panel for protein profiling based on knowledge within the consortium,
searches in databases (Ensembl, Genotator, the Human Protein Atlas, Ingenuity
Pathway Analysis, Intomics, MetaCore) and the literature. The selection covered
proteins reported or proposed to be dysregulated in asthma or chronic obstructive
pulmonary disease (COPD) and/or being expressed in blood, lung or during
inflammation, and resulted in 177 proteins (Table S2). Biological processes reflected
by these proteins were the immune response, lipid mediator pathways, signal



transduction, extracellular matrix, energy/metabolic, coagulation and complement
system. These proteins were targeted by 377 antibodies, the majority affinity-purified
polyclonal antibodies from the Human Protein Atlas project (HPA,
www.proteinatlas.org) [6] in addition to anti-CHI3L1 (AF2599 and MAB25991, R&D
Systems, Minneapolis, MN, USA) and anti-HPGDS (MAB6487, R&D Systems). The
antibody set included at least two and up to five antibodies per protein target for 125
of the proteins (71% of the full protein panel), see Table S3. These so-called paired
antibodies were raised against the same or different amino acid sequences of the
protein (ranging from partial to full protein sequence coverage and an average length
of 80 amino acids).

Protein profiling using suspension bead arrays

Protein profiling in plasma was performed using antibody suspension bead arrays.
The in-house developed array-based affinity proteomics method enables, in
combination with the HPA antibodies, a dual dimensional multiplexing capacity for
the analysis of 384 samples in parallel on 384 proteins. To create the bead array,
antibodies were separately and covalently coupled to magnetic color-coded beads
(MagPlex, Luminex Corp., Austin, TX, USA) before being combined into a multiplex
suspension as previously described [7, 8].

Layouts of 96-well microtiter plates were designed for each of the two cohorts,
U-BIOPRED and BIOAIR, separately. This design controlled for a balanced
distribution of disease groups and controls (U-BIOPRED cohort: mild-to-moderate
asthma [MMA], non-smokers with severe asthma [SAn], smokers or ex-smokers with
severe asthma [SAs/ex], healthy non-smoking controls [HC]; BIOAIR cohort: MMA,
SAn, COPD); intervention group (applicable for BIOAIR); gender and age across the
multiple plates. In BIOAIR, where sampling was done at multiple time points, all
samples from each subject were analysed on the same plate. The samples were
then randomized within each plate and distributed using a liquid handling device
(EVO150, Tecan Group, Mannedorf, Switzerland). In addition, sample-free PBS
buffer in duplicates and technical replicates constituting a pool of all samples within a
cohort were included on each plate as negative controls and for quality assessment,
respectively.

Plasma samples were diluted in PBS and the protein content directly labelled
with biotin. Labelled samples were diluted in assay buffer, heat treated at 56°C
before being combined with antibody-coupled beads in 384-well microtiter plates.
Incubation took place overnight. Measurements were performed using FlexMAP3D
instruments (Luminex corp.), in parallel where applicable, reporting relative
fluorescent intensity values.

Data pre-processing

Outliers were identified and removed based on robust principal component analysis
(PCA) and the R package “rrcov” [9]. This resulted in exclusion of samples from 6
subjects (4 SAn, 1 MMA, 1 HC) from the U-BIOPRED dataset and samples from all
timepoints of 2 COPD subjects in the BIOAIR dataset. These samples are excluded
from the numbers presented and not included in Table 1 and Table S1 or in the



statistical analysis. The raw intensity values were processed to minimize batch
effects using the R package “MDimNormn” and function “normn_MA” [10], such that
for each antibody the geometric mean of each plate was adjusted to match the
geometric mean of the geometric mean values of multiple plates, thereby resulting in
egual means for each plate.

Statistical analysis

Statistical analysis and visualization were performed in R [11, 12].

Univariate statistics

Nonparametric Kruskal-Wallis and Wilcoxon rank-sum tests were used for multiple
group and pairwise group comparisons of continuous variables, respectively.
Wilcoxon signed-rank tests were used in paired comparisons. For all proteins, P
values were adjusted for multiple testing using the Benjamini and Hochberg [13]
method and controlling the false discovery rate (FDR) at 5%.

Consensus cluster analysis

Consensus clustering is a method for class discovery where the clustering results are
validated by a resampling scheme that simulates perturbations of the data, thereby
allowing for assessment of the robustness of the clusters [14]. From the U-BIOPRED
data, a reduced set of variables (n=139 antibodies) from 434 subjects with asthma
(263 SAN, 95 SAs/ex, and 76 MMA) was selected for consensus cluster analysis on
log2 transformed and z-scored intensity signals of each antibody. Variables were
selected if significantly different (adjusted P <0.05) in the multiple group comparison
in U-BIOPRED (Table S4). Consensus cluster analysis was performed using the
‘ConsensusClusterPlus’ package in R [15]. The Euclidean distance measure was
used to describe similarity between subjects and partitioning around the medoids
algorithm used for clustering. The clustering was repeated 1000 times, removing
randomly 10% of the subjects at each iteration. Models of two to ten clusters were
generated and cluster stability evaluated by two methods: 1) localizing the cluster
model having the lowest proportion of ambiguously clustered subjects [16] which is
demonstrated by the cluster model number having the longest flat line in the
cumulative distribution function plot; and 2) the lowest deviation from ideal stability
also based on the cumulative distribution function [17]. Evaluation of cluster models
identified ten clusters to have slightly better numerical stability than six (Table S8,
Figure S2). However, all clusters in the six-cluster model demonstrated greater
consistency compared to all clusters in the ten-cluster model (Figure S2E) and was
therefore selected for clinical and biochemical characterization in more detail. In an
exploratory analysis, Kruskal-Wallis and Chi-squared tests were used to identify
clinical and haematological variables that were significantly different between
clusters.

Classification analysis with variable selection and random forest
To identify which of the 139 variables used in the consensus clustering were relevant
for classification of the six clusters, machine learning was applied with feature
(variable) selection based on a random forest classification algorithm.

In the pre-processing steps, there were no variables that needed to be removed
due to zero or near-zero variance in their values and no variables with missing data.



Feature selection was performed using the Boruta algorithm (R package
‘Boruta’, all parameters set to default except number of trees ntree=1000, maximal
number of iterations maxRuns=1000) [18]. Boruta is a so-called all-relevant variable
method, meaning that it identifies all variables that are relevant for the classification.
Boruta assesses the relevance by comparing the importance of the original variables
with the importance of random permutations of the original variables. The importance
of each variable is provided by a specified machine learning method. Here, the
default method Random forest (R package ‘ranger’) was applied. To alleviate the
problem of class imbalance, we adjusted the weights for the classes in the splitting
rule of the random-forest algorithm according to the frequency of the classes. In
short, Boruta works by first making a copy of each variable and randomly mixes the
values of these to create “shadow variables”. This is followed by training a Random
forest model on the extended dataset and extracting the importance measures
(ranger normalized permutation importance). Original variables with a higher
importance than the maximum importance seen for any of the shadow variables are
recorded as a hit. The process is then repeated for a set number of times and a
statistical test is used to test if a variable has significantly higher importance score
than the shadow variables. P values were adjusted with the Bonferroni method and P
values <0.01 considered significant. Variables are defined as confirmed important,
unimportant or tentatively important (i.e. unresolved).



SUPPLEMENTARY TABLES AND FIGURES

Table S1. Percent (%) available values for each variable reported in Table 1 from the U-BIOPRED
and BIOAIR cohorts.

U-BIOPRED
HC MMA SAn SAs/ex
(n =91) (n =76) (n = 263) (n =95)
Age (years) 100% 100% 100% 100%
BMI (kg/m®) 100% 100% 100% 100%
Age of onset or diagnosis (years)  NA 96% 98% 99%
FEV, (% predicted) 100% 99% 99% 100%
FEV./FVC 100% 99% 99% 100%
FeNO (ppb) 97% 99% 95% 94%
FEV; (% predicted)* NA 99% 99% 100%
FEV./FVC* NA 99% 99% 100%
Reversibility (%) NA 97% 98% 97%
Blood eosinophils (cells/pL) 100% 100% 98% 97%
Blood neutrophils (cells/pL) 100% 100% 98% 97%
Blood WBC (cells/pL) 100% 100% 99% 97%
Serum periostin (ng/mL) 90% 91% 90% 86%
Serum total IgE (IU/mL) 97% 97% 99% 97%
hsCRP (mg/L) 98% 99% 99% 100%
Sputum eosinophils (%) 41% 54% 44% 54%
Sputum neutrophils (%) 41% 54% 44% 54%
ACQ-7 32% 97% 97% 98%
AQLQ 31% 97% 99% 96%
BIOAIR
MMA SAn COPD
(n = 48) (n = 58) (n = 36)
Age (years) 100% 100% 100%
BMI (kg/m?) 100% 100% 100%
Age of diagnosis (years) 90% 88% 97%
FEV; (% predicted)* 92% 98% 97%
FEV./FVC (%)* 92% 98% 97%
FeNO (ppb) 52% 48% 45%
Reversibility (%) 100% 97% 97%
Blood eosinophils (cells/pL) 94% 97% 100%
Blood neutrophils (cells/pL) 90% 95% 95%
Bloood WBC (cells/pL) 98% 100% 100%
Serum periostin (ng/L) 90% 98% 95%
Serum total IgE (1U/mL) 96% 98% 97%
hsCRP (mg/L) 92% 95% 87%
Sputum eosinophils (%) 60% 48% 37%
Sputum neutrophils (%6) 60% 48% 37%
ACQ-7 92% 88% 66%
SGRQ 81% 91% 84%

*Pre-bronchodilator.

Definition of abbreviations: ACQ-7 = asthma control questionnaire-average of 7; AQLQ = asthma
quality of life questionnaire-average; BMI = body mass index; COPD = chronic obstructive pulmonary
disease; FeNO = fraction of exhaled nitric oxide; FEV = forced expiratory volume in 1 s; FVC = forced



vital capacity; HC = healthy non-smoking controls; hsCRP = high-sensitivity C-reactive protein; MMA =
non-smokers with mild-to-moderate asthma; OCS = oral corticosteroids; SAn =

= non-smokers with
severe asthma; SAs/ex = smokers or ex-smokers with severe asthma; SGRQ = St. George's

Respiratory Questionnaire score; WBC = white blood cells.



Table S2. List of the 177 proteins analysed with the antibody bead array, grouped by biological

process.
Gene* Gene description Ensembl ID UniProt Number of
ID antibodies
Immune response
AGER advanced glycosylation end- ENSG00000204305 Q15109 2
product specific receptor
ARFGAP1 ADP ribosylation factor GTPase ENSG00000101199 Q8N6T3 3
activating protein 1
CCL5 C-C motif chemokine ligand 5 ENSG00000271503 P13501 3
CCL11 C-C motif chemokine ligand 11 ENSG00000172156 P51671 1
CCL23 C-C motif chemokine ligand 23 ENSG00000274736 P55773 2
CCR6 C-C motif chemokine receptor 6 ENSG00000112486 P51684 2
CD40 CD40 molecule ENSG00000101017 P25942 2
CD55 CD55 molecule (Cromer blood ENSG00000196352 P08174 1
group)
CD163 CD163 molecule ENSG00000177575 Q86vB7 2
CHI3L1 chitinase 3 like 1 ENSG00000133048 P36222 5
CHIT1 chitinase 1 ENSG00000133063 Q13231 3
CMA1 chymase 1 ENSG00000092009 P23946 1
CPA3 carboxypeptidase A3 ENSG00000163751 P15088 2
CSF2 colony stimulating factor 2 ENSG00000164400 P04141 3
CX3CL1 C-X3-C motif chemokine ligand 1 ENSG00000006210 P78423 3
ELANE elastase, neutrophil expressed ENSG00000197561 P08246 2
EPX eosinophil peroxidase ENSG00000121053 P11678 1
FKBP5 FK506 binding protein 5 ENSG00000096060 Q13451 3
GATA3 GATA binding protein 3 ENSG00000107485 P23771 2
GZMB granzyme B ENSG00000100453 P10144 1
HLA-DQA1 major histocompatibility complex, ENSG00000196735 P01909 1
class Il, DQalpha 1
HSP90B1 heat shock protein 90 beta family ENSG00000166598 P14625 4
member 1
IFNG interferon gamma ENSG00000111537 P01579 4
IGF2 insulin like growth factor 2 ENSG00000167244 P01344 2
IL1B interleukin 1 beta ENSG00000125538 P01584 3
IL1IR2 interleukin 1 receptor type 2 ENSG00000115590 P27930 2
ILIRL1 interleukin 1 receptor like 1 ENSG00000115602 Q01638 2
IL2RA interleukin 2 receptor subunit ENSG00000134460 P01589 2
alpha
IL3 interleukin 3 ENSG00000164399 P08700 3
IL4 interleukin 4 ENSG00000113520 P05112 3
ILS interleukin 5 ENSG00000113525 P05113 1
IL6 interleukin 6 ENSG00000136244 P05231 3
IL10 interleukin 10 ENSG00000136634 P22301 3
ILIORA interleukin 10 receptor subunit ENSG00000110324 Q13651 3
alpha
IL12A interleukin 12A ENSG00000168811 P29459 1
IL12B interleukin 12B ENSG00000113302 P29460 2



IL13 interleukin 13 ENSG00000169194 P35225 2
IL17A interleukin 17A ENSG00000112115 Q16552 3
IL17RA interleukin 17 receptor A ENSG00000177663 Q96F46 3
ILL7RB interleukin 17 receptor B ENSG00000056736 Q9NRM6 3
IL25 interleukin 25 ENSG00000166090 Q9H293 2
IL26 interleukin 26 ENSG00000111536 Q9NPH9 3
IL33 interleukin 33 ENSG00000137033 095760 3
IRF5 interferon regulatory factor 5 ENSG00000128604 Q13568 1
IRF8 interferon regulatory factor 8 ENSG00000140968 Q02556 2
ISG15 ISG15 ubiquitin-like modifier ENSG00000187608 P0O5161 1
KIT KIT proto-oncogene receptor ENSG00000157404 P10721 2
tyrosine kinase
KITLG KIT ligand ENSG00000049130 P21583 2
LRRN4 leucine rich repeat neuronal 4 ENSG00000125872 Q8wuT4 2
MPO myeloperoxidase ENSG00000005381 P0O5164 2
NFKB2 nuclear factor kappa B subunit 2 ENSG00000077150 Q00653 1
NGF nerve growth factor ENSG00000134259 P01138 2
OLR1 oxidized low density lipoprotein ENSG00000173391 P78380 4
receptor 1
PDGFB platelet derived growth factor ENSG00000100311 P01127 2
subunit B
PYCARD PYD and CARD domain containing ENSG00000103490 QouLz3 1
SELE selectin E ENSG00000007908 P16581 4
SELP selectin P ENSG00000174175 P16109 2
SFTPA1/SFTPA2 surfactant protein Al/surfactant ENSG00000122852/ Q8iwL2/ 3
protein A2 ENSG00000185303 QsiwLl
SFTPB surfactant protein B ENSG00000168878 P07988 2
SFTPC surfactant protein C ENSG00000168484 P11686 1
SFTPD surfactant protein D ENSG00000133661 P35247 2
TGFB1 transforming growth factor beta 1 ENSG00000105329 P01137 2
TGFB3 transforming growth factor beta 3 ENSG00000119699 P10600 1
TLR2 toll like receptor 2 ENSG00000137462 060603 4
TNF tumor necrosis factor ENSG00000232810 P01375 3
TNFRSF11A TNF receptor superfamily member ~ ENSG00000141655 Q9Y6Q6 2
11a
TNFRSF11B TNF receptor superfamily member ~ ENSG00000164761 000300 1
11b
TNFSF10 tumor necrosis factor superfamily ENSG00000121858 P50591 4
member 10
TRAF3IP2 TRAF3 interacting protein 2 ENSG00000056972 043734 3
TRIM33 tripartite motif containing 33 ENSG00000197323 Q9UPN9 1
TSLP thymic stromal lymphopoietin ENSG00000145777 Q969D9 2
VCAM1 vascular cell adhesion molecule 1 ENSG00000162692 P19320 3
Lipid metabolism/transport (phospholipid/eicosanoid/apolipo/sphingolipid)
ACER1 alkaline ceramidase 1 ENSG00000167769 Q8TDN7 1
ACER2 alkaline ceramidase 2 ENSG00000177076 Q5QJu3 2
APOA1 apolipoprotein Al ENSG00000118137 P02647 1
APOA4 apolipoprotein A4 ENSG00000110244 P06727 1



kinase, WW and PDZ domain
containing 1

APOC3 apolipoprotein C3 ENSG00000110245 P02656 2

APOE apolipoprotein E ENSG00000130203 P02649 2

APOH apolipoprotein H ENSG00000091583 P02749 2

CERS1 ceramide synthase 1 ENSG00000223802 P27544 1

CERS2 ceramide synthase 2 ENSG00000143418 Q96G23 1

CERS3 ceramide synthase 3 ENSG00000154227 Q8IU89 3

CERS4 ceramide synthase 4 ENSG00000090661 Q9HA82 3

CERS5 ceramide synthase 5 ENSG00000139624 Q8N5B7 2

CERS6 ceramide synthase 6 ENSG00000172292 Q6ZMGS 2

DEGS1 delta 4-desaturase, sphingolipid 1 ENSG00000143753 015121 3

GBA glucosylceramidase beta ENSG00000177628 P04062 1

GSTP1 glutathione S-transferase pi 1 ENSG00000084207 P09211 2

HMGCR 3-hydroxy-3-methylglutaryl-CoA ENSG00000113161 P04035 1
reductase

HPGDS hematopoietic prostaglandin D ENSG00000163106 060760 2
synthase

NAPSA napsin A aspartic peptidase ENSG00000131400 096009 3

ORM1/0ORM2 orosomucoid 1/orosomucoid 2 ENSG00000229314/ P02763/ 2

ENSG00000228278 P19652

PLPP1 phospholipid phosphatase 1 ENSG00000067113 014494 1

PTGS1 prostaglandin-endoperoxide ENSG00000095303 P23219 1
synthase 1

PTGS2 prostaglandin-endoperoxide ENSG00000073756 P35354 1
synthase 2

SGMS1 sphingomyelin synthase 1 ENSG00000198964 2

SGMS2 sphingomyelin synthase 2 ENSG00000164023 Q8NHU3 2

SGPL1 sphingosine-1-phosphate lyase 1 ENSG00000166224 095470 1

SMPD1 sphingomyelin phosphodiesterase ENSG00000166311 P17405 1
1

SMPD2 sphingomyelin phosphodiesterase ENSG00000135587 060906 1
2

SMPD3 sphingomyelin phosphodiesterase ENSG00000103056 Q9NY59 4
3

SPHK1 sphingosine kinase 1 ENSG00000176170 QI9NYA1

SPHK2 sphingosine kinase 2 ENSG00000063176 Q9NRAO

SPTLC3 serine palmitoyltransferase long ENSG00000172296 QI9NUV7
chain base subunit 3

UGCG UDP-glucose ceramide ENSG00000148154 Q16739 2
glucosyltransferase

UGT8 UDP glycosyltransferase 8 ENSG00000174607 Q16880 2

Signal transduction

ADCY2 adenylate cyclase 2 ENSG00000078295 Q08462 2

DLG2 discs large MAGUK scaffold protein  ENSG00000150672 Q15700 3
2

KCNB2 potassium voltage-gated channel ENSG00000182674 Q92953 1
subfamily B member 2

MAGI1 membrane associated guanylate ENSG00000151276 Q96Qz7 3



MAP2K3 mitogen-activated protein kinase ENSG00000034152 P46734 1
kinase 3
MAP2K3/MAP2K6  mitogen-activated protein kinase ENSG00000034152/ P46734/ 1
kinase 3/mitogen-activated protein  ENSG00000108984 P52564
kinase kinase 6
MS4A15 membrane spanning 4-domains ENSG00000166961 Q8N5U1 2
Al5
NCOA2 nuclear receptor coactivator 2 ENSG00000140396 Q15596 2
NOS2 nitric oxide synthase 2 ENSG00000007171 P35228 3
NPSR1 neuropeptide S receptor 1 ENSG00000187258 Q6W5P4 4
NR3C1 nuclear receptor subfamily 3 group  ENSG00000113580 P04150 1
C member 1
RAB31 RAB31, member RAS oncogene ENSG00000168461 Q13636 1
family
RASD2 RASD family member 2 ENSG00000100302 Q96D21 1
RGS18 regulator of G-protein signaling 18 ENSG00000150681 Q9NS28 4
ROS1 ROS proto-oncogene 1, receptor ENSG00000047936 P08922 2
tyrosine kinase
RTKN2 rhotekin 2 ENSG00000182010 Q8I1ZC4 3
S100A12 $100 calcium binding protein A12 ENSG00000163221 P80511 2
TAS2R3 taste 2 receptor member 3 ENSG00000127362 Q9NYW6E 4
TAS2R10 taste 2 receptor member 10 ENSG00000121318 Q9NYWO 3
TAS2R14 taste 2 receptor member 14 ENSG00000212127 QONYV8 4
TAS2R38 taste 2 receptor member 38 ENSG00000257138 P59533 2
ZNF688 zinc finger protein 688 ENSG00000229809 POC7X2 1
Extracellular matrix
ANXA2 annexin A2 ENSG00000182718 P07355 2
ECM1 extracellular matrix protein 1 ENSG00000143369 Q16610 1
KRT1 keratin 1 ENSG00000167768 P04264 1
MGP matrix Gla protein ENSG00000111341 P08493 1
MMP1 matrix metallopeptidase 1 ENSG00000196611 P03956 4
MMP7 matrix metallopeptidase 7 ENSG00000137673 P09237 3
MMP9 matrix metallopeptidase 9 ENSG00000100985 P14780 2
MMP10 matrix metallopeptidase 10 ENSG00000166670 P09238 2
POSTN periostin ENSG00000133110 Q15063 1
SERPINA1 serpin family A member 1 ENSG00000197249 P01009 3
SERPINA3 serpin family A member 3 ENSG00000196136 P0O1011 1
SPARCL1 SPARC like 1 ENSG00000152583 Q14515 2
SPP1 secreted phosphoprotein 1 ENSG00000118785 P10451 2
SPRR3 small proline rich protein 3 ENSG00000163209 QouBCS 2
TIMP1 TIMP metallopeptidase inhibitor 1 ENSG00000102265 P01033 1
Energy/metabolic
ATP5A1 ATP synthase, H+ transporting, ENSG00000152234 P25705 1
mitochondrial F1 complex, alpha
subunit 1, cardiac muscle
BAGALTS beta-1,4-galactosyltransferase 5 ENSG00000158470 043286 3
B4GALT6 beta-1,4-galactosyltransferase 6 ENSG00000118276 QouBX8 2
FETUB fetuin B ENSG00000090512 Q9UGMS5 3



INS insulin ENSG00000254647 P01308 1
LEP leptin ENSG00000174697 P41159 4
Coagulation
A2M alpha-2-macroglobulin ENSG00000175899 P01023 1
F7 coagulation factor VII ENSG00000057593 P08709 2
FGA fibrinogen alpha chain ENSG00000171560 P02671 2
FGL2 fibrinogen like 2 ENSG00000127951 Q14314 2
HRG histidine rich glycoprotein ENSG00000113905 P04196 2
LPA lipoprotein(a) ENSG00000198670 P08519 3
Complement system
ciaB complement Clq B chain ENSG00000173369 P02746
C4A/C4B complement C4A (Rodgers blood ENSG00000244731/ pocoL4/
group)/complement C4B (Chido ENSG00000224389 POCOL5
blood group)
C8G complement C8 gamma chain ENSG00000176919 P07360 2
Cc9 complement C9 ENSG00000113600 P02748 2
CFI complement factor | ENSG00000205403 P05156 2
Others
Clorf195 chromosome 1 open reading frame  ENSG00000204464 2
195
CRISP3 cysteine rich secretory protein 3 ENSG00000096006 P54108 2
GAP43 growth associated protein 43 ENSG00000172020 P17677 2
MDC1 mediator of DNA damage ENSG00000137337 Q14676 3
checkpoint 1
MOCOS molybdenum cofactor sulfurase ENSG00000075643 Q96EN8 4
MRPL43 mitochondrial ribosomal protein ENSG00000055950 Q8N983 4
L43
PSORS1C1 psoriasis susceptibility 1 candidate =~ ENSG00000204540 Q9UIG5 2
1
PSORS1C2 psoriasis susceptibility 1 candidate =~ ENSG00000204538 QouUIG4 3
2
RETNLB resistin like beta ENSG00000163515 Q9BQO8 1
RNASE3 ribonuclease A family member 3 ENSG00000169397 P12724 1
SCGB1A1l secretoglobin family 1A member 1 ENSG00000149021 P11684 1
SLC11A1 solute carrier family 11 member 1 ENSG00000018280 P49279 2
SLC22A2 solute carrier family 22 member 2 ENSG00000112499 015244 2
SOD2 superoxide dismutase 2 ENSG00000112096 P04179 1
TBX21 T-box 21 ENSG00000073861 Q9ulL17 3
TNNI3 troponin I3, cardiac type ENSG00000129991 P19429 2
TTR transthyretin ENSG00000118271 P02766 1

* Corresponding protein name can be found at https://www.uniprot.org/



Table S3. The protein panel included 177 proteins. In the antibody bead array, two or more
antibodies for each protein target were included for the majority of the proteins, resulting in 377

antibodies.

Number of antibodies per protein

Number of proteins

Number of antibodies

1 52 52
2 68 136
3 40 120
4 16 64
5 1 5
Total: 177 377



Table S4. Plasma protein group comparisons in the U-BIOPRED cohort. 110 proteins showed
significantly different plasma levels in multiple group comparisons (adjusted Kruskal-Wallis test*).
Pairwise group comparisons (adjusted Wilcoxon rank-sum test') as well as directionality, indicated
with (+) or (-), meaning higher or lower in the first group mentioned, are also reported. Table sorted by
the adjusted Kruskal-Wallis P values in increasing order.

P value'
SAn SAn SAn SAs/ex SAs/ex MMA
VS. VS. VS. VS. VS. VS.

Gene? Antibody P value* SAs/ex MMA HC MMA HC HC

SERPINA3 HPA000893 9.8E-23 1.0E+00 (-) 1.5E-11 (+) 3.0E-15 (+) 8.4E-08 (+) 809E-10 (+) 9.8E-01 (+)
Cc9 HPA029577 2.8E-15 1.0E+00 () 3.1E-08 (+) 1.7E-10 (+) 7.7E-06 (+) 8.0E-07 (+) 9.8E-01 (+)
Cc9 HPA070709 9.4E-15 1.0E+00 (+) 4.4E-08 (+) 3.1E-10 (+) 9.9E-06 (+) 8.0E-07 (+) 9.8E-01 (+)
SFTPD HPA044582 1.9E-14 1.0E+00 (-) 4.4E-08 (+) 1.0E-09 (+) 6.1E-06 (+) 1.2E-06 (+) 9.9E-01 ()
TNF HPA055037 9.1E-14 1.0E+00 () 3.1E-08 (+) 4.1E-09 (+) 6.1E-06 (+) 9.3E-06 (+) 9.8E-01 (-)
SPARCL1 HPA067641 2.0E-13 1.0E+00 (+) 4.4E-08 (+) 25E-09 (+) 19E-05 (+) 9.8E-06 (+) 9.8E-01 (-)
CX3CL1 HPA056729 4.3E-13 1.0E+00 () 9.7E-07 (+) 1.4E-09 (+) 26E-05 (+) 8.0E-07 (+) 9.8E-01 (+)
IL2RA HPA046738 6.5E-13 1.0E+00 (+) 6.2E-08 (+) 1.8E-08 (+) 1.1E-05 (+) 5.7E-06 (+) 9.8E-01 (+)
CFI HPA024061 1.1E-12 1.0E+00 (-) 1.9E-06 (+) 4.2E-09 (+) 22E-05 (+) 8.0E-07 (+) 9.8E-01 (+)
C8G HPA046269 1.1E-12 1.0E+00 () 2.4E-07 (+) 8.9E-09 (+) 22E-05 (+) 6.5E-06 (+) 9.8E-01 (+)
FGA HPA064755 1.1E-12 1.0E+00 (+) 4.4E-08 (+) 1.4E-07 (+) 25E-06 (+) 1.2E-05 (+) 9.8E-01 (-)
CFI HPA001143 1.7E-12 1.0E+00 () 9.7E-07 (+) 1.7E-08 (+) 1.4E-05 (+) 1.4E-06 (+) 9.8E-01 (+)
MAGI1 HPA031852 2.4E-12 1.0E+00 (-) 6.9E-08 (+) 1.7E-08 (+) 84E-05 (+) 3.7E-05 (+) 9.8E-01 (+)
CCL23 HPA063758 5.0E-12 1.0E+00 (+) 1.2E-07 (+) 1.2E-07 (+) 1.4E-05 (+) 14E-05 (+) 9.8E-01 (+)
FGL2 HPA026682 5.1E-12 1.0E+00 (-) 6.8E-07 (+) 1.1E-08 (+) 84E-05 (+) 9.8E-06 (+) 9.8E-01 (+)
IL1IR2 HPA027598 7.8E-12 1.0E+00 (-) 3.3E-07 (+) 3.6E-08 (+) 4.8E-05 (+) 14E-05 (+) 9.8E-01 (+)
PTGS1 HPA002834 7.9E-12 1.0E+00 (+) 4.6E-07 (+) 2.3E-08 (+) 7.1E-05 (+) 14E-05 (+) 9.9E-01 (+)
CERS4 HPA023621 8.0E-12 1.0E+00 (-) 5.6E-07 (+) 1.8E-08 (+) 6.2E-05 (+) 1.8E-05 (+) 9.8E-01 (+)
SELE HPA057891 9.4E-12 1.0E+00 (+) 2.4E-07 (+) 2.9E-08 (+) 84E-05 (+) b55E-05 (+) 9.8E-01 (+)
SCGB1A1 HPA031828 1.1E-11 1.0E+00 () 3.3E-07 (+) 9.9E-08 (+) 22E-05 (+) 1.8E-05 (+) 9.8E-01 (+)
APOE HPA068768 1.5E-11 1.0E+00 (-) 4.4E-08 (+) 4.8E-05 (+) 19E-07 (+) b55E-05 (+) 9.8E-01 (-)
LEP HPA068565 1.6E-11 1.0E+00 (+) 3.5E-06 (+) 1.1E-09 (+) 1.7E-02 (+) 27E-04 (+) 9.8E-01 (+)
CSF2 HPA071579 1.8E-11 1.0E+00 (-) 4.8E-07 (+) 7.8E-07 (+) b5.7E-06 (+) 1.1E-05 (+) 9.8E-01 (+)
CD163 HPA046404 1.8E-10 1.0E+00 () 5.0E-07 (+) 7.5E-07 (+) b5.8E-05 (+) 9.5E-05 (+) 9.8E-01 (+)
PDGFB HPA011972 5.2E-10 1.0E+00 (+) 3.3E-07 (+) 1.4E-06 (+) 1.3E-04 (+) 4.4E-04 (+) 9.8E-01 (-)
MRPL43 HPA047247 6.1E-10 1.0E+00 (-) 1.9E-06 (+) 8.3E-07 (+) 9.5E-05 (+) 7.0E-05 (+) 9.8E-01 (+)
C8G HPA073328 6.1E-10 1.0E+00 (+) 1.8E-06 (+) 3.3E-07 (+) 26E-04 (+) 1.2E-04 (+) 9.9E-01 (+)
RASD2 HPA005839 6.3E-10 1.0E+00 () 1.0E-06 (+) 1.7E-06 (+) 5.8E-05 (+) 1.0E-04 (+) 9.8E-01 ()
ARFGAP1 HPA047382 7.7E-10 1.0E+00 (-) 3.6E-06 (+) 7.8E-07 (+) 9.5E-05 (+) 5.0E-05 (+) 1.0E+00 (-)
CPA3 HPA006664 8.9E-10 1.0E+00 (-) 2.8E-06 (+) 1.3E-06 (+) 84E-05 (+) b55E-05 (+) 1.0E+00 (+)
TBX21 HPA046626 9.9E-10 1.0E+00 (+) 5.9E-06 (+) 1.4E-07 (+) 7.3E-04 (+) 1.2E-04 (+) 9.8E-01 (+)
MS4A15 HPA054563 9.9E-10 1.0E+00 (+) 1.1E-05 (+) 9.8E-08 (+) 1.4E-03 (+) 7.4E-05 (+) 9.8E-01 (+)
ARFGAP1 HPA056273 1.1E-09 1.0E+00 (+) 9.7E-07 (+) 1.7E-06 (+) 1.2E-04 (+) 3.1E-04 (+) 9.8E-01 (-)
TGFB3 HPA063582 1.1E-09 1.0E+00 (-) 3.4E-06 (+) 6.3E-07 (+) 26E-04 (+) 9.5E-05 (+) 9.8E-01 (+)
HPGDS MAB6487 1.3E-09 1.0E+00 (+) 1.1E-05 (+) 3.1E-07 (+) 3.6E-04 (+) 52E-05 (+) 9.8E-01 (+)
TRIM33 HPA004345 1.9E-09 1.0E+00 (+) 1.3E-06 (+) 1.9E-06 (+) 1.9E-04 (+) 3.3E-04 (+) 9.8E-01 (+)
PPAP2A HPA047815 2.0E-09 1.0E+00 (+) 1.0E-06 (+) 1.4E-06 (+) 3.7E-04 (+) 6.2E-04 (+) 9.8E-01 (+)
IL10 HPA027476 2.2E-09 1.0E+00 (-) 1.1E-06 (+) 3.8E-06 (+) 1.5E-04 (+) 3.4E-04 (+) 9.8E-01 (-)
C4A/C4B HPA046356 2.8E-09 1.0E+00 (-) 2.0E-03 (+) 6.4E-07 (+) 19E-04 (+) 25E-06 (+) 9.8E-01 (+)
CERS2 HPA027262 4.6E-09 1.0E+00 (+) 1.3E-05 (+) 1.6E-06 (+) 2.3E-04 (+) 9.5E-05 (+) 9.8E-01 (+)
SPRR3 HPA044467 6.3E-09 1.0E+00 (+) 2.0E-06 (+) 8.6E-06 (+) 1.5E-04 (+) 4.2E-04 (+) 9.8E-01 (-)
CHI3L1 AF2599 9.2E-09 1.0E+00 (+) 7.1E-06 (+) 7.8E-07 (+) 22E-03 (+) 1.0E-03 (+) 9.8E-01 ()
APOE HPA065539 9.2E-09 1.0E+00 (-) 3.2E-06 (+) 1.4E-03 (+) 25E-06 (+) 15E-04 (+) 9.8E-01 (-)
FGA HPA051370 1.3E-08 1.0E+00 (+) 1.7E-05 (+) 3.8E-06 (+) 2.7E-04 (+) 1.0E-04 (+) 9.8E-01 (+)
IL4 HPA007714 2.0E-08 1.0E+00 (+) 2.7E-06 (+) 1.5E-05 (+) 2.3E-04 (+) 1.1E-03 (+) 9.8E-01 (+)
APOA4 HPA001352 2.5E-08 1.0E+00 () 2.1E-04 (+) 6.5E-05 (+) 2.2E-05 (+) 14E-05 (+) 1.0E+00 (-)
FGL2 HPA019229 3.5E-08 1.0E+00 (-) 2.8E-05 (+) 3.2E-05 (+) 9.5E-05 (+) 1.0E-04 (+) 9.8E-01 (+)
TAS2R14 HPA042371 3.7E-08 1.0E+00 (+) 1.7E-06 (+) 1.5E-05 (+) 1.8E-03 (+) 5.8E-03 (+) 9.8E-01 (-)
SMPD2 HPA018125 1.1E-07 1.0E+00 (+) 7.7E-07 (+) 2.1E-03 (+) 22E-05 (+) 9.5E-03 (+) 9.8E-01 ()
SPP1 HPA005562 1.2E-07 1.0E+00 (+) 8.5E-06 (+) 5.4E-05 (+) 3.3E-04 (+) 14E-03 (+) 9.8E-01 (+)
ISG15 HPA004627 1.2E-07 1.0E+00 (-) 1.6E-05 (+) 6.2E-05 (+) 1.9E-04 (+) 6.6E-04 (+) 9.8E-01 (-)
VCAM1 HPA001618 2.1E-07 1.0E+00 (+) 6.2E-06 (+) 1.1E-04 (+) 28E-04 (+) 3.7E-03 (+) 9.8E-01 (+)
SGMS2 HPA015076 2.1E-07 1.0E+00 (+) 4.0E-06 (+) 9.3E-05 (+) 6.8E-04 (+) 4.7E-03 (+) 9.8E-01 (+)
IL17A HPA052258 2.3E-07 1.0E+00 () 2.5E-04 (+) 1.4E-05 (+) 8.8E-04 (+) 15E-04 (+) 9.8E-01 (+)
TRAF3IP2 HPA036352 2.6E-07 1.0E+00 (+) 7.1E-06 (+) 7.4E-05 (+) 7.6E-04 (+) 4.6E-03 (+) 9.8E-01 (+)
SPRR3 HPA024330 2.6E-07 1.0E+00 (+) 1.7E-05 (+) 7.5E-05 (+) 4.0E-04 (+) 1.6E-03 (+) 9.8E-01 (-)
IL2RA HPA054622 3.7E-07 1.0E+00 (-) 1.1E-05 (+) 9.0E-05 (+) 6.8E-04 (+) 4.9E-03 (+) 9.8E-01 (-)

IL17RB HPA002837 6.5E-07 1.0E+00 (+) 8.1E-05 (+) 1.8E-05 (+) 3.9E-03 (+) 21E-03 (+) 9.8E-01 (+)



P value'

SAn SAn SAn SAs/ex SAs/ex MMA
vs. vs. vs. Vs, vs. vs.

Gene? Antibody P value* SAs/ex MMA HC MMA HC HC
SFTPA1/SFTPA2 HPA045752 6.6E-07 1.0E+00 (-) 5.1E-06 (+) 6.4E-04 (+) 3.6E-04 (+) 6.5E-03 (+) 9.8E-01 ()
APOH HPA003732 7.4E-07 8.7E-01 () 25E-04 (+) 45E-02 (+) 25E-06 (+) 29E-04 (+) 9.8E-01 ()
ATP5A1 HPA040622 1.2E-06 1.0E+00 (+) 3.3E-05 (+) 7.8E-05 (+) 24E-03 (+) 54E-03 (+) 9.8E-01 (+)
MGP HPA013949 1.4E-06 9.6E-01 () 2.2E-04 (+) 1.3E-02 (+) 14E-05 (+) 6.0E-04 (+) 9.8E-01 ()
LEP HPA030721 1.5E-06 1.0E+00 (+) 2.1E-05 (+) 1.6E-04 (+) 24E-03 (+) 8.0E-03 (+) 9.8E-01 (-)
UGCG HPA050554 1.5E-06 1.0E+00 (-) 6.8E-04 (+) 9.7E-06 (+) 9.8E-03 (+) 9.8E-04 (+) 9.8E-01 (+)
TBX21 HPA028935 1.5E-06 1.0E+00 (+) 1.2E-05 (+) 3.4E-04 (+) 14E-03 (+) 1.2E-02 (+) 9.8E-01 (+)
MMP1 HPA031456 2.6E-06 1.0E+00 (+) 1.5E-03 (+) 2.5E-05 (+) 6.2E-03 (+) 3.4E-04 (+) 9.8E-01 (+)
TGFB1 HPA047516 3.9E-06 1.0E+00 (-) 3.9E-03 (+) 6.4E-04 (+) 24E-04 (+) 95E-05 (+) 9.8E-01 (+)
INS HPA004932 4.1E-06 1.0E+00 () 9.6E-05 (+) 1.3E-03 (+) 3.0E-04 (+) 2.1E-03 (+) 9.8E-01 (+)
LEP HPA057322 4.3E-06 1.0E+00 (+) 1.9E-03 (+) 8.6E-06 (+) 4.3E-02 (+) 19E-03 (+) 9.8E-01 (+)
TNNI3 HPAO046428 4.5E-06 8.7E-01 (+) 21E-02 () 39E-03 () 19E-04 () 3.7E-05 () 9.8E-01 (9
F7 HPA004826 4.7E-06 1.0E+00 (+) 2.0E-05 (+) 2.7E-03 (+) 4.5E-04 (+) 1.2E-02 (+) 9.8E-01 (-)
SPHK1 HPA022829 5.7E-06 1.0E+00 (+) 6.6E-05 (+) 3.4E-04 (+) 28E-03 (+) 1.1E-02 (+) 9.8E-01 ()
ILI0ORA HPA065647 6.8E-06 1.0E+00 (-) 2.2E-05 (+) 7.9E-03 (+) 1.7E-04 (+) 14E-02 (+) 9.8E-01 (-)
MDC1 HPA006795 6.9E-06 1.0E+00 (+) 1.9E-05 (+) 8.5E-04 (+) 4.0E-03 (+) 4.4E-02 (+) 9.8E-01 ()
SLC22A2 HPA008549 1.7E-05 1.0E+00 (-) 3.6E-04 (+) 5.5E-03 (+) 3.1E-04 (+) 2.8E-03 (+) 9.8E-01 (-)
SPARCL1 HPA067587 1.9E-05 1.0E+00 (+) 1.8E-05 (+) 55E-03 (+) 1.8E-03 (+) 8.1E-02 (+) 9.8E-01 (-)
SERPINA1 HPA001291 2.5E-05 1.0E+00 (-) 5.0E-03 (+) 1.6E-03 (+) 6.3E-04 (+) 27E-04 (+) 9.9E-01 ()
SERPINAL HPA000927 3.2E-05 1.0E+00 (-) 5.1E-03 (+) 2.6E-03 (+) 54E-04 (+) 4.4E-04 (+) 1.0E+00 (+)
SMPD3 HPA069383 3.2E-05 1.0E+00 () 7.3E-04 (+) 6.0E-03 (+) 3.1E-04 (+) 23E-03 (+) 9.8E-01 (+)
IL6 HPA044648 3.5E-05 1.0E+00 (-) 5.2E-04 (+) 1.3E-02 (+) 1.2E-04 (+) 4.6E-03 (+) 9.8E-01 (+)
SELP HPA005990 6.5E-05 1.0E+00 (+) 3.7E-04 (+) 2.4E-03 (+) 3.1E-03 (+) 1.3E-02 (+) 9.8E-01 (-)
C1QB HPA052116 1.9E-04 1.0E+00 (+) 3.3E-03 (+) 5.0E-04 (+) 29E-02 (+) 1.1E-02 (+) 9.8E-01 (+)
HSP90B1 HPA008424 2.0E-04 1.0E+00 () 7.7E-03 (+) 1.5E-02 (+) 8.0E-04 (+) 1.3E-03 (+) 9.8E-01 (-)
B4GALT5 HPA067597 2.0E-04 1.0E+00 (+) 5.9E-02 () 6.7E-03 (-) 3.1E-03 () 19E-04 () 9.8E-01 ()
Clorf195 HPA045811 2.4E-04 1.0E+00 (+) 2.7E-02 (+) 1.0E-04 (+) 14E-01 (+) 509E-03 (+) 9.8E-01 (+)
CHIT1 HPA010115 2.7E-04 8.7E-01 () 1.5E-01 (+) 15E-02 (+) 4.8E-03 (+) 1.2E-04 (+) 9.8E-01 (-)
GAP43 HPA013603 3.5E-04 1.0E+00 (+) 3.7E-04 (+) 7.4E-03 (+) 14E-02 (+) 12E-01 (+) 9.8E-01 (-)
TNFRSF11A HPA027728 3.5E-04 1.0E+00 (+) 1.9E-03 (+) 4.9E-03 (+) 4.7E-03 (+) 1.7E-02 (+) 9.8E-01 (+)
L4 HPA070010 3.6E-04 1.0E+00 (+) 5.3E-04 (+) 4.9E-03 (+) 16E-02 (+) 9.3E-02 (+) 9.8E-01 (-)
SELE HPA006225 4.3E-04 1.0E+00 (-) 2.5E-04 (+) 29E-02 (+) 3.3E-03 (+) 1.1E-01 (+) 9.8E-01 (-)
SMPD3 HPA044442 4.3E-04 1.0E+00 (+) 1.7E-03 (+) 6.5E-03 (+) 6.2E-03 (+) 1.7E-02 (+) 9.8E-01 (+)
HMGCR HPA008338 5.8E-04 1.0E+00 () 1.9E-03 (+) 7.7E-03 (+) 7.8E-03 (+) 2.0E-02 (+) 9.8E-01 ()
HPGDS HPA024035 6.2E-04 1.0E+00 () 4.1E-02 (+) 1.6E-04 (+) 2.1E-01 (+) 14E-02 (+) 9.8E-01 (+)
CD40 HPA031566 7.4E-04 1.0E+00 (+) 8.0E-04 (+) 55E-03 (+) 3.7E-02 (+) 14E-01 (+) 9.8E-01 (+)
GATA3 HPA029731 7.7E-04 1.0E+00 (+) 1.1E-03 (+) 1.2E-02 (+) 9.4E-03 (+) 6.2E-02 (+) 9.8E-01 (-)
SERPINAL HPA001292 7.7E-04 1.0E+00 (-) 3.5E-02 (+) 6.7E-03 (+) 7.5E-03 (+) 1.3E-03 (+) 9.8E-01 (+)
HSP90B1 HPA003901 1.2E-03 1.0E+00 (-) 2.4E-02 (+) 3.8E-02 (+) 1.6E-03 (+) 3.9E-03 (+) 9.8E-01 (-)
TLR2 HPA051188 1.2E-03 1.0E+00 (+) 3.7E-04 (+) 3.8E-02 (+) 27E-02 (+) 3.4E-01 (+) 9.8E-01 (-)
S100A12 HPA002881 1.5E-03 1.0E+00 (+) 2.8E-01 () 5.0E-04 (-) 28E-01 () 15E-03 () 9.8E-01 ()
KCNB2 HPA061960 1.7E-03 1.0E+00 () 2.9E-03 (+) 7.4E-03 (+) 3.2E-02 (+) 7.2E-02 (+) 9.8E-01 ()
MRPL43 HPA065191 1.7E-03 1.0E+00 (-) 8.0E-04 (+) 8.8E-02 (+) 3.6E-03 (+) 1.3E-01 (+) 9.8E-01 (-)
CCR6 HPA014510 1.7E-03 1.0E+00 (-) 1.7E-03 (+) 2.6E-02 (+) 9.8E-03 (+) 7.5E-02 (+) 9.8E-01 (-)
CERS6 HPA063527 2.9E-03 1.0E+00 (+) 1.3E-03 (+) 3.6E-02 (+) 28E-02 (+) 25E-01 (+) 9.8E-01 (-)
SOD2 HPA001814 3.0E-03 1.0E+00 () 1.1E-02 (+) 5.7E-02 (+) 4.2E-03 (+) 1.8E-02 (+) 9.8E-01 (-)
SGPL1 HPA021125 4.1E-03 1.0E+00 (+) 2.2E-02 (+) 3.7E-03 (+) 1.2E-01 (+) 3.3E-02 (+) 9.8E-01 (+)
CHIT1 HPA010575 6.1E-03 1.0E+00 () 1.7E-01 (+) 3.4E-02 (+) 1.7E-02 (+) 3.1E-03 (+) 9.8E-01 (+)
CERS1 HPA045724 6.1E-03 1.0E+00 (-) 5.1E-02 () 1.9-03 (-) 43E-01 () 83E-02 () 9.8E-01 ()
CERS4 HPA049826 6.2E-03 1.0E+00 (+) 2.9E-03 (+) 4.2E-02 (+) 3.6E-02 (+) 1.7E-01 (+) 9.8E-01 (+)
CD55 HPA002190 6.3E-03 1.0E+00 (-) 4.4E-02 (+) 2.8E-02 (+) 15E-02 (+) 1.0E-02 (+) 9.8E-01 (-)
CCL5 HPA010552 7.6E-03 1.0E+00 (+) 3.6E-01 (+) 6.4E-04 (+) 9.4E-01 (+) 1.1E-01 (+) 9.8E-01 (+)
APOC3 HPA056395 7.9E-03 1.0E+00 (+) 1.4E-02 () 6.0E-02 (-) 8.1E-03 () 4.5E-02 () 9.8E-01 ()
MAP2K3/MAP2K6 HPA067854 9.1E-03 1.0E+00 (-) 3.0E-02 (+) 6.0E-02 (+) 8.3E-03 (+) 22E-02 (+) 9.8E-01 (-)
NPSR1 HPA007048 9.3E-03 1.0E+00 (-) 2.4E-03 (+) 2.1E-01 (+) 7.8E-03 (+) 28E-01 (+) 9.8E-01 ()
SLC22A2 HPA008567 1.1E-02 1.0E+00 (+) 2.9E-03 (+) 7.3E-02 (+) 8.0E-02 (+) 4.6E-01 (+) 9.8E-01 (-)
CERS5 HPA006780 1.2E-02 1.0E+00 () 6.5E-02 (+) 3.1E-02 (+) 209E-02 (+) 15E-02 (+) 9.8E-01 (+)
L33 HPA022899 1.2E-02 1.0E+00 (+) 1.2E-02 (-) 5.2E-02 (-) 20E-02 () 9.3E-02 () 9.8E-01 (+)
GSTP1 HPA019779 1.6E-02 1.0E+00 () 4.7E-02 (+) 3.8E-02 (+) 3.2E-02 (+) 25E-02 (+) 9.8E-01 (+)
IL17A HPA045886 1.6E-02 1.0E+00 () 2.9E-03 (+) 2.7E-01 (+) 20E-02 (+) 3.6E-01 (+) 9.8E-01 ()
NCOA2 HPA069172 1.6E-02 1.0E+00 (-) 6.7E-02 (+) 6.8E-03 (+) 1.7E-01 (+) 4.9E-02 (+) 9.8E-01 (+)
SMPD1 HPA001823 1.8E-02 1.0E+00 (-) 1.4E-02 () 2.7E-02 (-) 25E-01 () 4.0E-01 () 9.8E-01 (+)
CX3CL1 HPA040361 1.9E-02 1.0E+00 (-) 8.4E-03 (+) 24E-01 (+) 8.1E-03 (+) 24E-01 (+) 9.8E-01 ()
OLR1 HPA050798 2.0E-02 8.7E-01 (+) 8.7E-02 (+) 6.7E-02 (+) 4.8E-01 () 7.4E-01 (+) 9.8E-01 (+)



P value'

SAn SAn SAn SAs/ex SAs/ex MMA
vs. vs. vs. Vs, vs. vs.

Gene? Antibody P value* SAs/ex MMA HC MMA HC HC

KRT1 HPA019797 2.1E-02 1.0E+00 (+) 2.2E-01 (+) 1.1E-02 (+) 20E-01 (+) 1.1E-02 (+) 9.8E-01 (+)
FETUB HPA035132 2.3E-02 1.0E+00 (+) 2.3E-01 (+) 4.5E-03 (+) 8.7E-01 (+) 19E-01 (+) 9.8E-01 (+)
NOS2 HPA038086 2.4E-02 1.0E+00 () 1.1E-02 () 6.4E-02 (-) 7.6E-02 () 22E-01 () 9.8E-01 (+)
TAS2R38 HPA054366 2.6E-02 1.0E+00 (+) 6.8E-02 (+) 1.3E-02 (+) 20E-01 (+) 75E-02 (+) 9.8E-01 (+)
1L26 HPA055164 2.7E-02 1.0E+00 (-) 3.9E-02 () 1.5E-02 (-) 4.4E-01 () 29E-01 () 9.8E-01 ()
SMPD3 HPA065535 2.8E-02 1.0E+00 () 1.1E-02 (+) 1.0E-01 (+) 5.9E-02 (+) 3.3E-01 (+) 9.8E-01 ()
KIT HPA004471 3.2E-02 1.0E+00 () 8.3E-02 () 1.0E-02 (-) 3.1E-01 () 1.1E-01 () 9.8E-01 ()
APOA1 HPA046715 3.2E-02 1.0E+00 (+) 3.8E-01 (+) 4.5E-03 (+) 83E-01 (+) 8.1E-02 (+) 9.8E-01 (+)
NAPSA HPA047744 3.2E-02 1.0E+00 (-) 2.0E-02 () 3.9E-02 (-) 18E-01 () 3.2E-01 () 9.8E-01 (+)
SPHK2 HPA049062 3.3E-02 1.0E+00 (+) 26E-01 () 5.7E-02 () 58E-02 (-) 1.4E-02 () 9.8E-01 (9
MMP7 HPAO051358 3.4E-02 8.7E-01 (+) 4.7E-01 () 6.6E-01 () 9.8E-03 () 28E-02 () 9.8E-01 (+)
AGER HPA064436 3.6E-02 1.0E+00 () 3.0E-02 (+) 7.5E-01 (-) 7.2E-03 (+) 6.8E-01 (+) 9.8E-01 ()
IL13 HPA042421 3.9E-02 1.0E+00 () 2.4E-02 (+) 1.0E-01 (+) 3.7E-02 (+) 15E-01 (+) 9.8E-01 (+)
TRAF3IP2 HPA049742 4.0E-02 1.0E+00 (+) 2.8E-02 (+) 4.8E-02 (+) 14E-01 (+) 21E-01 (+) 9.8E-01 (+)
SGMS1 HPA045191 4.4E-02 1.0E+00 () 1.1E-02 (+) 4.6E-01 (+) 17E-02 (+) 4.2E-01 (+) 9.8E-01 (-)
CERS4 HPA070214 4.4E-02 1.0E+00 (+) 1.2E-02 (+) 1.9E-01 (+) 5.9E-02 (+) 4.2E-01 (+) 9.8E-01 ()
MPO HPA061464 4.7E-02 1.0E+00 (+) 1.6E-02 (+) 2.5E-01 (+) 4.4E-01 (+) 8.2E-01 (+) 9.8E-01 (+)

Definition of abbreviations: HC = healthy non-smoking controls; MMA = non-smokers with mild-to-
moderate asthma; SAn = non-smokers with severe asthma; SAs/ex = smokers or ex-smokers with
severe asthma.

*Kruskal-Wallis test, adjusted
"Wilcoxon rank-sum test, adjusted
i Corresponding protein name can be found at https://www.uniprot.org/



Table S5. Group comparisons in the BIOAIR cohort. Proteins (n=23) and the corresponding
antibodies (n=25) identified to show significantly different plasma levels in multiple group comparisons
in the BIOAIR cohort (adjusted Kruskal-Wallis test*). Pairwise group comparisons (adjusted Wilcoxon
rank-sum testT) as well as directionality, indicated with (+) or (-), meaning higher or lower in the first
group mentioned, are also reported. Table sorted by the adjusted Kruskal-Wallis P values in
increasing order.

; . ] P value'
Gene Antibody P value SAnvs. MMA __ COPDvs. MMA SAn vs. COPD
C9 HPA070709  2.0E-05 2.7E-02 (4) 3.5E-06 (+) 82E-02 ()
SERPINA3 HPA000893  1.8E-03 6.0E-03 (+) 5.4E-03 (+) 9.8E-01 ()
c9 HPA029577  1.0E-02 9.9E-02 (+) 2.9E-03 (+) 6.5E-01 ()
CCL23 HPA063758  1.6E-02 2.8E-02 (+) 1.5E-02 (+) 74E-01 ()
CHI3L1 AF2599 2.5E-02 3.3E-01 (+) 4.7E-03 (+) 6.5E-01 ()
CHIT1 HPA010115 2.5E-02 9.9E-01 (+) 3.0E-02 (+) 7.8E-02 ()
GSTP1 HPA019779  2.6E-02 1.9E-02 (+) 7.8E-02 (+) 9.7E-01 (+)
SFTPAL/SFTPA2 HPA049368 2.6E-02 1.9E-02 (+) 5.7E-02 (+) 9.7E-01 ()
IFNG HPA063125 2.6E-02 2.2E-02 (+) 6.5E-02 (+) 9.9E-01 ()
IL6 HPA044648  2.6E-02 22E-02 (+) 6.5E-02 (+) 9.7E-01 (+)
APOE HPA068768  2.6E-02 22E-02 (+) 4.8E-02 (+) 9.9E-01 (+)
TNFRSF11A HPA027728  2.6E-02 22E-02 (+) 5.6E-02 (+) 8.4E-01 ()
SFTPB HPA034820 2.6E-02 1.7E-01 (+) 1.9E-02 (+) 6.8E-01 ()
IGF2 HPA007556  2.6E-02 1.8E-01 (+) 1.5E-02 (+) 71E-01 ()
GZMB HPA003418  2.6E-02 8.3E-01 (+) 2.2E-02 (+) 20E-01 ()
CHIT1 HPA010575 2.6E-02 9.3E-01 () 4.3E-02 (+) 8.2E-02 ()
CFI HPA024061 3.3E-02 3.6E-02 (+) 4.8E-02 (+) 1.0E+00 (+)
MMP1 HPA031456  3.3E-02 2.9E-01 (+) 2.2E-02 (+) 6.8E-01 ()
APOA1 HPA046715  3.7E-02 2.8E-02 (+) 6.5E-02 (+) 9.9E-01 ()
SMPD3 HPA069383  4.0E-02 1.9E-02 (+) 2.0E-01 (+) 9.9E-01 (+)
TGFB1 HPA047516 4.0E-02 2.8E-02 (+) 7.9E-02 (+) 9.2E-01 (+)
TSLP HPA022816  4.0E-02 1.2E-01 (+) 3.8E-02 (+) 7.4E-01 ()
SCGB1A1 HPA031828  4.0E-02 9.8E-01 () 3.4E-02 (+) 20E-01 ()
S100A12 HPA003620 4.0E-02 6.5E-02 (+) 5.0E-02 (+) 1.0E+00 (+)
MGP HPA013949  4.0E-02 9.9E-02 (+) 4.3E-02 (+) 7.9E-01 ()

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; MMA = non-smokers with
mild-to-moderate asthma; SAn = non-smokers with severe asthma.

*Kruskal-Wallis test, adjusted
fWilcoxon rank-sum test, adjusted
* Corresponding protein name can be found at https://www.uniprot.org/



Table S6. Proteins associated with OCS use in non-smoking severe asthmatics in the U-BIOPRED
cohort. Proteins (n=20) and the corresponding antibodies (n=21) identified to show significantly
different plasma levels in SAn subjects that did take OCS vs. those that did not take OCS and where
urinary OCS markers were also not detected (adjusted Wilcoxon rank-sum test*).

Gene' Antibody P value* Significant in BIOAIR
SERPINA3 HPAO000893 2.2E-03 yes (MMA, SAn)

GBA HPAO006667 2.6E-03 -

APOE HPA065539 2.7E-03 yes (MMA, SAn)
APOA1 HPA046715 2.7E-03 yes (MMA, SAn)
APOE HPA068768 7.0E-03 yes (MMA, SAn, COPD)
AGER HPA069474 1.4E-02 yes (MMA, SAn)
MOCOS HPA039412 1.6E-02 yes (MMA, SAn)
SPARCL1 HPA067587 1.7E-02 yes (MMA, SAn, COPD)
CRISP3 HPA043282 1.7E-02 yes (MMA)

OLR1 HPA050798 1.9E-02 No

RGS18 HPA028081 2.0E-02 No

SPTLC3 HPA062197 2.9E-02 yes (SAn)

IL25 HPA053829 2.9E-02 yes (MMA, SAn)
KITLG HPA061862 3.0E-02 yes (MMA, SAn)
CHI3L1 MAB25991 3.1E-02 yes (MMA)

CCR6 HPA066394 3.1E-02 yes (MMA, SAn)
TAS2R3 HPA061025 3.1E-02 yes (MMA, SAn)
RTKN2 HPA071940 3.6E-02 yes (MMA)

IL3 HPA030770 3.6E-02 yes (MMA, SAn)
MMP1 HPA008130 4.3E-02 yes (MMA)

ccL11 HPA011652 4.8E-02 yes (MMA, SAn)

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; MMA = non-smokers with
mild-to-moderate asthma; SAn = non-smokers with severe asthma.

*Wilcoxon rank-sum test, adjusted

TCorresponding protein name can be found at https://www.uniprot.org/



Table S7. Group comparisons in the U-BIOPRED cohort. The majority of antibodies were still
significantly different in pairwise comparisons when the analysis was limited to include only subjects
that did not take OCS and where urinary OCS metabolites were not detected.

SAn vs. MMA SAnvs.HC SAs/ex vs. MMA SAs/ex vs. HC

Number of significant antibodies in 123 120 116 104
the whole dataset (all subjects)

Number of overlapping significant 102 84 96 84
antibodies when excluding OCS

users

% overlap 83 70 83 81

Definition of abbreviations: HC = healthy non-smoking controls; MMA = non-smokers with mild-to-
moderate asthma; SAn = non-smokers with severe asthma; SAs/ex = smokers or ex-smokers with

severe asthma.



Table S8. Identification of optimal number of clusters in consensus clustering of the U-BIOPRED
cohort. To find the optimal number of clusters, cluster models with two and up to ten clusters were
evaluated based on cluster stability using two different methods, “Proportion of ambiguous clustering”
and “Deviation from ideal stability”. Marked in grey are the two lowest values within the respective
methods, indicating that a model of six or ten clusters has the best stability.

Number of clusters  Proportion of ambiguous clustering” Deviation from ideal stability”

2 0.190 0.0741
3 0.355 0.0971
4 0.258 0.0707
5 0.249 0.0573
6 0.176 0.0406
7 0.199 0.0506
8 0.217 0.0582
9 0.196 0.0562
10 0.150 0.0394
* from [16]

' from [17]



Table S9. Clinical characteristics of the six protein-driven clusters of asthmatics in the U-BIOPRED cohort. The order of clusters is presented in the order
observed for most proteins when clusters were sorted by median protein levels in decreasing order.

Cluster 1 6 4 3 2 5 P value
(n =63) (n=42) (n =105) (n =101) (n=77) (n = 46)
MMA per cluster 3 (5%) 3 (7%) 11 (10%) 26 (26%) 16 (21%) 17 (37%)
SA per cluster 60 (95%) 39 (93%) 94 (90%) 75 (74%) 61 (79%) 29 (63%)
SAn 42 (67%) 32 (76%) 67 (64%) 56 (55%) 47 (61%) 19 (41%)
SAs/ex 18 (29%) 7 (17%) 27 (26%) 19 (19%) 14 (18%) 10 (22%)
Age (years) 55 (47.5-61.5) 51.5 (43.2-58.0) 57.0 (46.0-63.0) 53.0 (40.0-62.0) 48.0 (37.0-58.0) 45.0 (26.0-54.8)  <0.001*
Females 37 (59%) 29 (69%) 65 (62%) 61 (60%) 41 (53%) 27 (59%) n.s.t
BMI (kg/m?) 32 (26.3-37) 28.6 (25.1-33.3) 28.9 (24-33.3) 27.2 (24.5-30.2) 25.8 (23.6-29.8) 24.8 (20.9-28.7)  <0.001*
BMI 225 53 (84%) 32 (76%) 73 (70%) 71 (70%) 46 (60%) 21 (46%) <0.001%
BMI =30 38 (60%) 17 (40%) 42 (40%) 26 (26%) 19 (25%) 11 (24%) <0.001t
Age of onset or first 20 (5.5-33.5) 28 (12-42) 34 (12.5-45.2) 25 (10-44) 18.5 (6-35.2) 15 (4-26) <0.01*
diagnosis (years)
OCS urinary metabolites 23 (37%) 7 (17%) 29 (28%) 25 (25%) 17 (22%) 15 (33%) n.s.t
detected
OCS prescribed (all 33 (52%) 15 (36%) 53 (50%) 36 (36%) 31 (40%) 15 (33%) n.s.t
categories)
OCS prescribed (at least 23 (37%) 10 (24%) 43 (41%) 27 (27%) 25 (32%) 12 (26%) n.s.t
daily)
FEV, (% predicted) 67.6 (51.5-79.2) 63.6 (51.9-75.3) 68.7 (52.7-85.3) 79.3 (60.6-92.8) 74.5 (49.6-89.4) 79.4 (56.2-90.5)  <0.05*
FeNO (ppb) 22 (14.5-34.5) 26 (14-54.8) 29.8 (16-54.2) 24.2 (17.6-39) 27.5 (19-57) 245 (14.6-40.8) n.s.*
Serum periostin (ng/mL) 46.5(38.9-54.8) 51.1(41.2-58) 51.4 (40.1 - 61) 50.5 (43 - 60.4) 48.1 (39.6 - 55.5) 47.2(40.8-52.3) n.s.*
Serum total IgE (IU/mL) 106 (33.5 - 313) 92 (39 - 259.7) 136 (71.5-361.5) 145(61.3-415.5) 102 (41.3-318.1) 125(52-233.9) n.s.*
Atopy (positive skin prick 36 (57%) 21 (50%) 61 (58%) 60 (59%) 43 (56%) 32 (70%) n.s.t
test)
RASP Type 2 composite n.s.t
scoret
Low 11 (17%) 7 (17%) 15 (14%) 16 (16%) 14 (18%) 16 (35%)
Intermediate 30 (48%) 12 (29%) 40 (38%) 43 (43%) 33 (43%) 19 (41%)
High 13 (21%) 13 (31%) 29 (28%) 30 (30%) 19 (25%) 7 (15%)
Exacerbation number in 3(1.5-4) 2 (1-2.8) 2 (0-3) 1(0-3) 1(0-3) 1.5 (0-4) <0.05*
past year
Blood eosinophils 200 (100-400) 205 (108-425) 300 (110-500) 200 (100-450) 220 (100-395) 200 (100-300) n.s.*
(cells/pL)
Blood neutrophils 5905 (4275-8050) 5485 (4095-7340) 4700 (3575-6350) 4300 (3200-5150) 3900 (3000-5630) 3790 (3100- <0.001*
(cells/pL) 5100)



Cluster 1 6 4 3 2 5 P value
(n = 63) (n =42) (n =105) (n =101) (n=77) (n = 46)

Blood hsCRP (mg/L) 6.2 (2.8-10.2) 2.7 (1.2-5.2) 2.5(1.1-4.9) 1.1 (0.7-2.6) 1.1 (0.62-3.1) 0.7 (0.3-1.9) <0.001*

Sputum eosinophils (%) 1.4 (0.2-6.9) 6.2 (0.8-22.2) 4.4 (1.2-17.4) 1.6 (0.8 -5.6) 29(0.2-8.2) 1.1(0.1-5.0) n.s.*

Sputum neutrophils (%) 59 (36.2 - 88.6) 51 (37.2 - 63.9) 55.6 (37.5-71.7) 49.4(25.9-71) 55.1(36.4-78.6) 48.9(26.8-63.5) n.s.*

Urinary 324 (204 — 407) 267 (161 — 312) 298 (234 — 416) 240 (163 — 354) 244 (169 — 328) 209 (151 -308) <0.001*

tetranor-PGDM

ACQ-7 2.6 (1.7-3.4) 2.3(1.9-3.0) 2.1(1.6- 3.0) 1.6 (0.7 - 2.4) 21(1.1-3.3) 2.0(0.9-3.1) <0.001*

ACQ-7 21.5 (not well 51 (81%) 33 (79%) 79 (75%) 52 (51%) 48 (62%) 27 (59%) <0.01t

controlled)

AQLQ 4.1 (3.5-5.0) 4.7 (3.8 -5.3) 4.8 (3.7-5.5) 5.3 (4.3-6.2) 4.6 (3.7-5.7) 4.4 (3.6-6.2) <0.001*

Definition of abbreviations: ACQ-7 = asthma control questionnaire-average of 7; AQLQ = asthma quality of life questionnaire-average; BMI = body mass index; FeNO =
fraction of exhaled nitric oxide; FEV; = forced expiratory volume in 1 s; FVC = forced vital capacity; hsCRP = high-sensitivity C-reactive protein; MMA = non-smoker with

mild-to-moderate asthma; SA = severe asthma; SAn = non-smokers with severe asthma; SAs/ex = smokers or ex-smokers with severe asthma.
Data presented as n (%) or median (interquartile range).

* Kruskal-Wallis test, unadjusted
t Chi-squared test, unadjusted
¥ defined in [19]



Table S10. High urinary LTE, levels were associated with increased levels in 7 proteins in the U-BIOPRED cohort.

Protein Gene Antibody LTE4 high LTE, low P value*
Complement component 8 gamma chain C8G HPA046269 3637 (3110-4075) 3085 (2732-3631) 0.019
Fibroleukin FGL2 HPA026682 14502 (12800-16233) 13207 (11631-14615) 0.034
Interferon regulatory factor 8 IRF8 HPA002531 4322 (3311-6041) 3352 (2379-4970) 0.038
Psoriasis susceptibility 1 candidate gene 2 protein  PSORS1C2 HPA051817 11281 (9778-13060) 9667 (8351-11366) 0.019
Alfa-1-antitrypsin (AAT) SERPINAL HPA000927 11036 (10616-11550) 10729 (10451-11064) 0.034
Alpha-1-antichymotrypsin (ACT) SERPINA3 HPA000893 14278 (13689-14958) 13755 (13041-14467) 0.019
Lung surfactant protein D (SPD) SFTPD HPA044582 34920 (32968-36656) 33327 (31470-35722) 0.044

Data presented as median (interquartile range).

*Wilcoxon rank-sum test, adjusted



SUPPLEMENTARY FIGURES
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Figure S1. Venn diagram illustrating the number of plasma proteins that were significantly different
(adjusted P <0.05) in pairwise group comparisons of (A) SAn vs. MMA, SAn vs. HC, SAs/ex vs. MMA,
and SAs/ex vs. HC in U BIOPRED, or (B) in comparisons of SAn vs. MMA and MMA vs. COPD in
BIOAIR (B). Note that no proteins showed differential levels between SAn vs. COPD. COPD = chronic
obstructive pulmonary disease; HC = healthy non-smoking controls; MMA = non-smokers with mild-to-
moderate asthma; SAn = non-smokers with severe asthma; SAs/ex = smokers or ex-smokers with

severe asthma.
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Figure 82. Consensus clusterlng in U-BIOPRED. Clustering was applied to U-BIOPRED subjects
with asthma (n=434) using the input of protein profiles from 139 antibodies (identified to show a
significant difference between asthma severity groups or healthy controls). (A-B) Consensus matrices
for models with optimal number of clusters. Six clusters (K=6; A) and ten clusters (K=10; B) visualized
in heatmaps. Values are between 0 (shown in white; meaning two samples are never clustered
together across the 1000 iterations) and 1 (shown in dark blue; meaning two samples are always
clustered together across the 1000 iterations). (C) Consensus CDF plot for cluster models of two
(K=2) and up to ten (K=10) clusters. (D) Delta area plot with the relative change in the area under the
CDF curve when comparing models with “K” clusters and “K_,” clusters. For K=2, the total area under
the curve is shown. (E) Cluster-consensus plot where, for a given cluster model K, the mean of all
pairwise consensus values is higher if subjects are more often clustered together.
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Figure S4. Supporting antibody profiles. Examples of proteins in the U-BIOPRED dataset where
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