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Abstract

Asthma is a common chronic childhood disease with many different phenotypes that need to be
identified. We analyzed a broad range of plasma proteins in children with well-characterized asthma
phenotypes to identify potential markers of childhood asthma. Using an affinity proteomics approach,
plasma levels of 362 proteins covered by antibodies from the Human Protein Atlas were investigated
in a total of 154 children with persistent or intermittent asthma and controls. After screening,
chemokine ligand 5 (CCL5) hematopoietic prostaglandin D synthase (HPGDS) and neuropeptide S
receptor 1 (NPSR1), were selected for further investigation. Significantly lower levels of both CCL5
and HPGDS were found in children with persistent asthma, while NPSR1 was found at higher levels
in children with mild intermittent asthma compared to healthy controls. In addition, the protein levels
were investigated in another respiratory disease, sarcoidosis, showing significantly higher NPSR1
levels in sera from sarcoidosis patients compared to healthy controls. Immunohistochemical staining
of healthy tissues revealed high cytoplasmic expression of HPGDS in mast cells, present in stroma of
both airway epithelia, lung as well as in other organs. High expression of NPSR1 was observed in
neuroendocrine tissues, while no expression was observed in airway epithelia or lung. In conclusion,
we have utilized a broad-scaled affinity proteomics approach to identify three proteins with altered
plasma levels in asthmatic children, representing one of the first evaluations of HPGDS and NPSR1
protein levels in plasma.
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Abbreviations:

CCL5: chemokine (C-C motif) ligand 5
EBC: exhaled breath condensate
FeNO: exhaled nitric oxide

HPA: Human Protein Atlas
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NPSR1: neuropeptide S receptor 1

PGD,. prostaglandin D,

Asthma affects approximately 300 million people worldwide and is characterized by bronchial
hyperresponsiveness and reversible expiratory airflow limitation. Genome-wide association studies
have revealed many candidate risk genes involved in different functions and pathways. Childhood
asthma is a common chronic disease often characterized by eosinophilic activity and allergic
inflammation (1, 2). The disease may lead to airway remodeling even in young children (1). Several
phenotypes of asthma have been described, based upon the time of presentation of first wheeze, the
presence of allergic sensitization, eosinophilic or non-eosinophilic inflammation, response to
treatment, asthma severity and allergic comorbidities (1). Markers of T2 inflammation include
allergen-specific IgE, high levels of exhaled nitric oxide (FeNO), sputum eosinophilia and increased
airway periostin levels (3). However, as these markers might not be as discriminatory in early-onset
asthma (3), new biomarkers are needed to allow early identification of childhood asthma and proper
treatment (2).

The aim of this study was to analyze plasma profiles of a broad range of selected proteins in well-
characterized children with persistent or intermittent asthma, as well as matched healthy controls, in
order to identify potential novel protein biomarkers of childhood asthma. This was performed by an
affinity proteomics approach using antibody suspension bead arrays developed within the Human
Protein Atlas (HPA) (4, 5). A set of 91 protein targets covered by 131 HPA antibodies was selected
among genes and proteins with postulated associations to asthma and inflammation. These were
supplemented with a set of 380 HPA antibodies covering 271 proteins assembled without any disease
bias. In total 511 antibodies (362 proteins) were used to analyse a cohort of 70 children with a
paediatric allergist’s diagnosis of persistent asthma (including daily administration of inhalant
corticosteroids) together with 20 healthy controls from the Swedish Search study (6) (Table 1, for
details see Supporting information).

After an initial analysis of plasma protein levels, the three proteins displaying the strongest
association with asthma were further investigated; chemokine (C-C motif) ligand 5 (CCLS5,
HPA010552), hematopietic prostaglandin D synthase (HPGDS, HPA024035) and neuropeptide S
receptor 1 (NPSR1, HPA007489). To verify the findings, 36 children with mild intermittent asthma
(diagnosed asthma according to GA,LEN criteria at 16 years of age with no inhaled corticosteroid
treatment during the last year prior to sampling) and 48 age-matched healthy controls were included
from the BAMSE birth cohort (Table 1) (7, 8). Furthermore, the number of HPA antibodies used for
analysis in the two independent cohorts was expanded to at least two per target protein. For further
technical validation, CCL5 levels in selected samples were analyzed using an external antibody
(AF278, R&D Systems, Minneapolis, MN) by suspension bead array as well as by ELISA (DRNOOB,
R&D Systems). Both assays correlated to previous results (rho=0.70 and rho= 0.92, respectively, see
Fig S1 in Supporting information).
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We found significantly lower levels of both CCL5 and HPGDS in children with persistent asthma
compared to healthy controls (p=0.004 and p=0.002 respectively, Fig 1A), while differences were not
as pronounced in children with mild intermittent asthma. Interestingly, plasma levels of these two
proteins were positively correlated in both sample materials (rho=0.72 and rho=0.53, p<0.001, Fig S2
in Supporting information). In addition, NPSR1 was found at higher levels in asthmatic children
compared to healthy controls with the largest difference in children with mild intermittent asthma
compared to matched healthy controls (p=0.03, Fig 1A). CCL5 is a chemotactic cytokine for T cells,
eosinophils and basophils that has been shown to induce eosinophilic airway inflammation and airway
hyperresponsiveness as well as to contribute to airway recruitment of fibrocytes in severe asthma (9).
Increased levels of CCL5 have been reported in broncho-alveolar lavage (BAL) (10) and exhaled
breath condensate (EBC) (11) from adult asthmatic patients and in BAL of inhaled corticosteroid
treated asthmatic children (12). In contrast to our results, increased levels of CCL5 in serum from
adult asthmatics compared to controls have also been described (13). However, the lower CCL5 levels
we noted in the children with persistent asthma could be explained by the use of inhaled
corticosteroids, which has been shown to reduce CCL5 production (14). Furthermore, asthma
exacerbations following glucocorticoid withdrawal have been linked to increased CCL5 mRNA
expression in the airway epithelium (15). We also found a non-significant trend for decreased CCL5
levels in the mild intermittent asthma group. This could indicate a systemic reduction of the cytokine
levels, which possibly results from the established airway-specific increases observed in EBC, BAL,
and lung tissue of asthmatics (10-12).

The prostaglandin pathway, where HPGDS enables the conversion of prostaglandin H, to
prostaglandin D, (PGD,), is known to be upregulated in severe asthmatics (16). Increased levels of
PGD, have been shown in BAL from patients with severe asthma compared to healthy controls (16).
In addition, increased HPGDS mRNA levels have been found in airway epithelium of severe
asthmatics and the levels correlated with tryptase mMRNA in lung epithelial cells, suggesting that mast
cells could be the source of HPGDS in asthmatic patients (16). HPGDS can also be expressed by
macrophages, dendritic cells and Th2 lymphocytes (16). Consequently, the lower levels of HPGDS in
plasma that we observed among patients with persistent asthma could be due to HPGDS expressing
cells homing to lung tissue. Furthermore, the lower levels of HPGDS protein in plasma may also
reflect a lower expression of this protein in persistent asthma. Antibody-based protein profiling using
immunohistochemistry was performed for in situ localization of HPGDS and NPSR1 expression in 44
different organs, including airway epithelia of nasopharynx and bronchus, as well as lung parenchyma
from non-asthmatic subjects (Fig 1B). High cytoplasmic expression of HPGDS was observed in mast
cells present in stroma of both airway epithelia, lung and other organs, while no or only low
expression was observed in other normal cell types. It has been shown that the expression of HPGDS
mRNA in synovial fluid dendritic cells is inversely correlated with C-reactive protein levels in
patients with inflammatory arthritis (17), suggesting that HPGDS expression decreases when
inflammation is present. Interestingly, all the patients with persistent asthma in this study are treated
with inhaled corticosteroids to dampen the inflammation in the lung. Taken together, this indicates
that the reduction of CCL5 and HPGDS in plasma of asthmatic children could reflect altered
expression patterns due to corticosteroid use and/or disease-specific recruitment of cells to the lung.

In contrast to CCL5 and HPGDS, the NPSRL1 levels were increased in plasma from both children with
persistent and children with intermittent asthma compared to healthy controls, even though the
differences did not reach significance in the group of persistent asthmatics. In concordance with our
data, NPSR1 expression was also found to be higher in peripheral blood eosinophils from patients
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with persistent asthma compared to patients with mild asthma and healthy controls, suggesting that
the NPSR1 signalling pathway is of importance to asthma, in particular in more severe disease (18).
The results are also in line with our previous report on the association of the NPSR1 locus with
childhood asthma (19). Immunohistochemical analysis revealed that NPSR1 is highly expressed in
neuroendocrine tissues, such as adrenal medullar cells, parathyroid gland, and neuroendocrine cells of
the gastrointestinal tract (Fig 1B). However, in contrast to earlier observations by Vendelin et al (20),
no NPSR1 expression was observed in airway epithelium or lung. This may reflect that the antibody
we used for staining recognizes the A-isoform of NPSR1, which has lower expression in bronchus
compared to the B-isoform (20).

To assess whether the obtained results should be seen as general markers of inflammation in the
respiratory system, sera from 40 newly diagnosed and untreated sarcoidosis patients with active
disease as well as 30 controls were included in the study (See Table S1 in Supporting Information).
Significantly higher protein levels of NPSR1 were observed in sarcoidosis patients compared to
controls (p=0.05, Fig S3 in Supporting Information). No significant differences were observed for
CCL5 or HPGDS, but the trend for CCL5 was similar to the results observed among the asthma
patients and controls. A role for CCL5 has been implicated in many inflammatory conditions,
including sarcoidosis (21), so a broader link to inflammatory airway disease is not unexpected. The
NPSR1 gene locus has also been associated to inflammatory diseases other than asthma, such as
inflammatory bowel disease and rheumatoid arthritis (22, 23). In this light, our results thus further
indicate that NPSR1 expression is relevant to inflammatory conditions of the airways, which in turn
can be detected as altered levels in peripheral blood. However, whether these protein levels are
causative or indicative of airway inflammation remains to be deduced.

The strength of the study is the large screening effort compared to other proteomic methods, both in
number of proteins as well as samples included. By using an affinity proteomics approach, plasma
levels of 362 proteins in a total of 154 asthmatic children and controls were investigated. With respect
to limitations, individual antibody affinities, low abundant plasma proteins as well as short temporal
effects on protein levels may influence the results towards increasing false negatives. Nonetheless,
these shortcomings do not influence the results concerning altered plasma levels of these three
proteins in asthmatic children but rather open up for future screening efforts.

In conclusion, we have utilized a broad-scaled affinity proteomics approach to identify three proteins
(CCL5, HPGDS and NPSR1) with altered plasma levels in asthmatic children compared to healthy
controls, representing the first evaluation of HPGDS and NPSR1 in plasma. The role of these proteins
in the inflammatory process, and as easily accessible markers of disease development in paediatric
asthma, needs to be further investigated.
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Table 1. Sample characteristics of studied subjects in two independent cohorts: Search and
BAMSE.

Search BAMSE

Persistent asthma Control Intermittent asthma Control
No. Subjects 70 20 36 48
Age [yr] 14 (6-18) 8 (4-16) 16 (15-17) 16 (16-18)
Gender [M/F] 40/30 17/3 13/23 28/20
ICS dose [ug] 400 (100-3200) 0 0 0
FEV. [% predicted] 88 (37-117) NA 83 (51-114) 90 (72-115)
FEV./FVC ratio 0.83 (0.47-0.98) NA 0.86 (0.65-0.97)  0.87 (0.71-0.97)
FEno [ppb] 18 (4-118) NA 15 (5-57) 13 (6-79)
Total IgE 300 (6.3-2400) NA NA NA
Blood neutrophils [x10/1] 2.7 (0.7-6.8) 3.0 (1.8-5.5) 3.5(1.1-7.3) 3.6 (1.2-5.9)
Blood eosinophils [x10%I] 0.3(0-2.1) 0.2 (0-1.3) 0.1 (0.09-0.5) 0.1 (0.09-0.5)

All values presented as median (range). M, male; F, female; ICS, inhaled corticosteroids; FEV4,
forced expiratory volume during 1 second; FVC, forced vital capacity; FEyo, fraction of nitric oxide

in exhaled air.
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Figure 1. A Protein levels of CCL5, HPGDS and NPSR1 in plasma show significant differences
among children with both persistent and intermittent asthma compared to healthy controls (FDR-
adjusted P-values are displayed in the plots). MFI, median fluorescent intensity expressed in arbitrary
units (AU). B Immunohistochemical staining in selected healthy tissues displaying high cytoplasmic
expression of HPGDS in mast cells present in stroma of both airway epithelia, lung and other organs
while no or low expression was observed in other normal cell types. NPSR1 was highly expressed in
neuroendocrine tissues, such as adrenal medullar cells, parathyroid gland, and neuroendocrine cells of
the gastrointestinal tract. No expression was observed in airway epithelia or lung.
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METHODS

Samples

Plasma samples from children with persistent asthma, further classified as either problematic
severe or controlled persistent asthma, were selected from the Swedish Search study
described elsewhere (1). Matching controls were recruited from children admitted for elective
surgical procedures unrelated to asthma at Astrid Lindgren’s Hospital, Stockholm, Sweden.
Plasma samples from 16-year-old children with incident asthma and matching healthy
controls were selected from the Swedish birth cohort BAMSE (2) using the criteria of
diagnosed asthma at 16 according to GA,LEN criteria but with no inhaled corticosteroid
treatment during the last year prior to sampling. Matched controls were selected from non-

asthmatic and non-atopic 16-year-olds.

Sera from 40 sarcoidosis patients diagnosed according to the WASOG criteria (3) were
included along with 30 control sera from non-smoking heathy subjects reporting no

respiratory infections within 6 weeks prior to sampling.

Suspension bead array

Selected antibodies available through the Human Protein Atlas (HPA), anti-CCL5 (AF278,
R&D Systems) as well as anti-human IgG (Jackson ImmunoResearch, 309-005-082), anti-
albumin (Dako, A0001), rabbit 1gG from non-immunized rabbits (Bethyl) and protein-free
buffer as technical controls were immobilized onto color-coded magnetic beads (Magplex.
Luminex corp) as previously described (4). In brief, antibodies were diluted to 1.6 pg/ml in

MES (2[N-Morpholino]-ethanesulponic acid) and covalently linked to NHS/EDC activated
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carboxylated beads, each antibody to a unique bead I1D. After removal of unbound antibodies

and blocking of the bead surface al identities were combined into an array in suspension.

Suspension bead array assays were performed as previously reported (4). In short, plasma or
serum samples were distributed in 96-well microtiter plates, diluted 1:10 in Phosphate
buffered saline (PBS) and labelled with a ten fold molar excess biotin over total protein
amount. Prior to analysis, labelled samples were further diluted 1:50 in assay buffer (0.5%
(w/v) polyvinylalcohol, 0.8% (w/v) polyvinylpyrrolidone and 0.1% (w/v) casein (all
SigmaAldrich) in 1xPBS supplemented with 10% (v/v) rabbit I1gG) and heat treated in a
thermocycler (Techne TC-PLUS) at 56°C for 30 min followed by cooling to 20°C for 15 min.
Over night incubation of 45 pl sample and 5 pl bead array was performed at RT on a plate
rotator. The beads were washed in 3x100 ul PBST (0.05% Tween-20) to remove unbound
proteins, using a wash station (BioTek EL406). Bound proteins were then cross-linked to the
antibodies through 10 min incubation with 0.4% paraformaldehyde in PBS. The wash cycle
was repeated followed by incubation for 20 min with a streptavidin conjugated fluorophore
(R-phycoerythrin, Invitrogen, SA10044 diluted 1:600 in PBST) as detection reagent. After a
final wash cycle, 100 ul PBST was added to the beads and the relative abundance of proteins
measured in an LX200 or FlexMap3D instrument (Luminex Corp.). At least 32 beads per
identity were required for statistical reliability and the median fluorescence intensity (MFI)

per identity was used for data processing.

I mmunohistochemistry
Paraffin blocks corresponding to 44 different tissue types were used for production of tissue
microarrays (TMAS) as previously described(5), and each tissue type was represented by 1

mm cores from three individuals. Four-micrometer sections of the TMA blocks were
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deparaffinised in Neo-Clear® (Merck Millipore, Darmstadt, Germany), hydrated in graded
alcohols and blocked for endogenous peroxidase in 0.3% hydrogen peroxide. Antigen
retrieval was performed by immersing and boiling the dlides in Citrate buffer®, pH6 (Lab
Vision, Freemont, CA) for 4 min at 125°C followed by cooling of the dlides to 90°C.
Automated immunohistochemistry was performed using an Autostainer 480 instrument®
(Lab Vision) as previously reported (5). Primary antibodies anti-HPGDS (HPA 024035, Atlas
Antibodies) and anti-NPSR1 (HPA007489, Atlas Antibodies), and the secondary reagent
(UltraVision LP HRP polymer®, Lab Vision) were applied for 30 min each at RT and the
dides were developed for 10 min using Diaminobenzidine (Lab Vision) as chromogen.
Incubations were followed by rinse in Wash buffer® (Lab Vision) for 5 min and slides were
counterstained in Mayers hematoxylin (Histolab) and cover dlipped using Pertex® (Histolab)
as mounting medium. Incubation with PBS instead of primary antibody served as negative
control. The dilution of the primary antibody was optimized by testing the antibody on a
selection of normal tissues and comparison with previously published literature, gene
characterization data and RNA expression data. The AperioScanScope XT Slide Scanner
(Aperio Technologies, Vista, CA) system was used to capture digital whole slide high-

resolution images.

Statistical analysis

Statistical analysis and visualization was performed in R (6) and Prism 6 (GraphPad software,
La Jolla, CA). For data generated by suspension bead array assay, MFI based on >32 events
per bead ID were used and after remova of sample-free wells, outlying samples were
identified by robust principal component analysis (7) and removed from further anaysis.
Suspension bead array data were then normalized using Probabilistic Quotient Normalization

(8) while ELISA results were analysed as raw data. Group comparisons were performed using
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Wilcoxon rank sum or Kruska-Wallis tests where P values less than 0.05 following false
discovery rate corrections (9) were regarded as significant. Correlation coefficients were

calculated using Spearman correl ation.
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136 Table S1. Sample characteristics of sarcoidosis patients and controls

Sarcoidosis  Control

No. Subjects 40 30
Age|yr] 44 (26-67) 24 (20-35)
Gender [M/F] (24/16) (9/21)

Smoking [N/E/C] (19/13/8) 30/0/0
137  Age presented as median (range). M, male; F, female; N, never; E, ever; C, current.

138
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Figure S1. Comparison of the suspension bread array results for the CCL5-binding antibody

HPAQ010552 to A an external antibody (AF278, R&D Systems) using suspension bead array

assay and B compared to ELISA data (DRNOOB, R&D Systems) showing high correlations

(Spearman’s rho 0.70 and 0.92)
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145  Figure S2. Plasma levels of CCL5 and HPGDS were found to correlate among all samples
146 from both the Search cohort (persistent asthma and healthy controls) as well as the BAMSE

147  cohort (incident asthma and healthy controls).
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Figure S3. Plasma levels of NPSR1 but not CCL5 or HPGDS were significantly different in

149

40 sarcoidosis patients compared to 30 controls, although a similar trend was observed for

150

CCL5 as compared to asthma.
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