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Abstract

Background:  Asthma is associated with inflammatory dysregulation, but the underlying metabolic
signatures are unclear. This study aimed to classify asthma inflammatory phenotypes based on cellular and
metabolic features.

Methods: To determine cellular and metabolic profiles, we assessed inflammatory cell markers using flow
cytometry, sphingolipid (SL) metabolites using LC-MS/MS, and serum cytokines using ELISA. Targeted
gene polymorphisms were determined to identify genetic predispositions related to the asthma

inflammatory phenotype.

Results: In total, 137 asthmatics and 20 healthy controls (HCs) were enrolled. Distinct cellular and
metabolic profiles were found between them; asthmatic patients showed increased expressions of
inflammatory cell markers and higher levels of SL metabolites compared to HCs (£<0.05 for all). Cellular
markers (CD66" neutrophils, platelet-adherent eosinophils) and SL metabolic markers (C16:0 and C24:0
ceramides) for uncontrolled asthma were also identified; higher levels were observed in uncontrolled
asthma compared to controlled asthma (P<0.05 for all). Asthmatics with higher levels of CD66" neutrophils
had lower FEV1(%), higher ACQ (but lower AQLO) scores, and higher sphingosine and C16:0 ceramide
levels compared to those with low levels of CD66* neutrophils. Asthmatics with higher levels of platelet-
adherent eosinophils had higher S1P levels compared to those with lower levels of platelet-adherent
eosinophils. Patients carrying TT genotype of ORMDL3 had more CD66* neutrophils; those with AG/ GG
genotypes of SGMS] exhibited higher platelet-adherent eosinophils.

Conclusion: Uncontrolled asthmatics possess distinct inflammatory phenotypes including increased CD66*
neutrophils and platelet-adherent eosinophils, with an imbalanced ceramide/S1P rheostat, potentially
involving ORMDL3 and SGMS1 gene polymorphisms. Ceramide/S1P synthesis could be targeted to control

airway inflammation.
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Introduction

Asthma is a common and chronic inflammatory disease with reversible airway obstruction and hyper-
responsiveness with a considerable financial burden !. Given the heterogeneity of asthma phenotypes with
distinct pathological and inflammatory mechanisms/endotypes, patients exhibit differences in severity,

disease control, and response to treatment 2.

Heterogeneous airway inflammation involving complex pathological mechanisms has been composed
in the severe type of asthma. T helper (Th) 2-dominant eosinophilic inflammation has been considered as
the main target in severe asthma 3, neutrophilic inflammation and/or mixed airway granulocytic
inflammation has also been noted in severe and poorly controlled asthma #3. Neutrophils contain cytotoxic
granules and release various cytokines, chemokines, and lipid mediators, that contribute to persistent
airway inflammation, even with high-dose glucocorticoid treatment °. Furthermore, aberrant neutrophil
processes such as autophagy and the neutrophil extracellular DNA trap could enhance the inflammatory
responses of human airway epithelial cells in severe asthma 7. Recent work reported that activated platelets
could induce the release of numerous inflammatory mediators ® recruit eosinophils, form platelet—
eosinophil complex, and finally exacerbate eosinophilic airway inflammation %!°. A multifactorial adaptive
immune response (Th1/Th2/Th17) also contributes to the heterogeneous inflammatory phenotype of
asthma, which allows asthmatics to be classified into Th2-predominant, Th2/Thl7-predominant, and
Th2/Th17-low groups with different inflammatory mechanisms '!.  In addition, an epithelial derived

cytokine-mediated innate immune response could exacerbate airway inflammation 2,

Persistent airway inflammation caused by immune dysfunction of various types of inflammatory cells
is suspected to be the main contributing factor to poor disease control, however, the underlying cellular and
molecular features have not yet been fully examined. Precise definition of pathophysiologic endotypes
across asthma phenotypes is necessary to better understand the heterogeneity and to facilitate targeted
therapies for the most effective therapy '3. Therefore, examination of inflammatory immune cells in blood

would be valuable in defining the inflammatory phenotypes of asthma.

In recent decades, the importance of sphingolipids (SLs) in the pathophysiology of asthma has been
highlighted. The orosomucoid-like 3 (ORMDL3) gene has been strongly linked to the genetic susceptibility
of childhood '* and adult-onset asthma in a number of ethnically diverse populations 3. Due to its
inhibitory action on serine palmitoyl transferase (SPT)!%, which is the rate-limiting enzyme in SL
biosynthesis, impaired SL synthesis has been shown to be associated with methacholine-induced airway
hyper-reactivity '7. Bioactive SLs are regulated by a set of enzymes through which de novo synthesis,
catabolism, and recycling of the lipids and their combined action allows complex SL metabolites, which is

further complicated by the action of additional eclongase, hydroxylase and desaturase 8. Several
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metabolomic studies on asthma have addressed SL metabolic changes according to asthma phenotype '°-22,
in which genetic variants were closely associated with metabolism '°. Thus, it is of great clinical relevance
to search for metabolic signatures discriminating a certain type of asthma and the underlying

immunological inflammation and clinical outcomes.

In this study, we hypothesized that immune dysfunction of various types of inflammatory cells could
contribute to persistent airway inflammation, leading to asthma exacerbation, and that metabolic changes
may be involved. To examine any immune dysfunction at the cellular level, we performed flow cytometry
analyses on peripheral blood inflammatory cells such as basophils, eosinophils, neutrophils, and platelets.
Metabolic changes at the molecular level was also determined by assessing SL metabolite levels. Finally,
we analyzed the cellular and metabolic profiles by integrating the clinical features, disease severity,

symptom control status, and genetic predisposing factors in asthmatics.

Materials and methods
Study subjects and collection of clinical data

This study enrolled 137 asthmatic patients and 20 healthy controls (HCs) from Ajou University
Hospital (Suwon, Korea). Written informed consent was obtained from each subject and the study was
approved by the Institutional Review Board of Ajou University Hospital (AJIRB-GEN-SMP-13-108,
AJIRB-BMR-SUR-15-498).

Comprehensive phenotypic characterization of asthmatic patients was performed as follows; complete
blood count with cell differential, spontaneous  sputum cell counts, skin prick test, serum total
IgE measurements, fractional exhaled nitric oxide (FeNO) measurements, and spirometry for measuring
forced expiratory volume in 1 second (FEV1) percent, forced vital capacity (FVC) percent, FEV1/FVC

ratio, and maximal mid-expiratory flow (MMEF) percent predicted values.

Atopy was defined as one or more positive reactions on the skin prick test 23. Serum total IgE levels
were measured using the ImmunoCAP system (ThermoFisher Scientific, Waltham, MA, USA). FeNO was
measured with a NIOX™ analyzer (Aerocrine AB, Solna, Sweden) in accordance with international
guidelines 4.

Asthma was diagnosed based on recurrent episodes of wheezing, dyspnea, cough, and evidence of
airway hyper-responsiveness to methacholine (a decrease in FEV1 percent of 20% on methacholine
challenge test [PC20]) 2°. All the study subjects had maintained the same dose of anti-asthmatic
medications including medium dose of inhaled corticosteroid-long-acting beta agonist (ICS-LABA) such as

budesonide-formoterol or fluticasone-salmeterol with/without leukotriene receptor antagonist (LTRA) such
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as montelukast or pranlukast according to the control status for more than 1 month prior to the enrolment
date; the patients who had used high dose of ICS-LABA and systemic oral corticosteroid (OCS) were
excluded. Asthma control status was defined according to the Global Initiative for Asthma (GINA)
guidelines?® using a composite measure comprising daytime symptoms, the restriction of daily activities,
night-time symptoms, and the need for reliever/rescue treatment; controlled, none of the all features, partly
controlled, one or two features present; uncontrolled, three or more features present in any week. In
addition, as objective measures, patients completed extensive questionnaires such as Asthma Control Test
(ACT) ?7, Asthma Control Questionnaire (ACQ) ?® and Asthma Quality of Life Questionnaire (AQLQ) to
measure their control status. Lower ACT and AQLQ scores indicate uncontrolled symptom scores, while
ACQ indicate well-controlled. Clinical and demographic characteristics of the study subjects are presented

in Table 1.

Flow cytometric analysis for immunophenotyping

Immunophenotyping was performed within 1 hour after blood sampling by identifying circulating
immune cells using cell type-specific selection markers and activation markers. The following antibody
panels were used for whole blood flow cytometry analysis (Table S1): a) CD63" activated basophils, b)
CD63* and P-selectin activated platelets, c) Siglec8* eosinophils and platelet-adherent eosinophils (CD61*
platelet on Siglec8" eosinophils), d) CD66* activated neutrophils. Whole blood was incubated with cell type
specific antibodies for 20 minutes at room temperature in the dark, lysed with RBC Lysis/Fixation solution
(Biolegend, San Diego, CA, USA) for 10 min, washed with 1x phosphate-buffered saline, and then
analyzed immediately by flow cytometry. All monoclonal antibodies were purchased from BD Biosciences
(San Jose, CA, USA) and Biolegend. Details of antibody panels that used for immunophenotyping are
shown in Table S1 and S2. Gating strategies for flow cytometry analysis are shown in Figure S1. Samples
were processed on a BD FACS Cato II and data were analyzed with FlowlJo software (Tree Star, Ashland,
OR, USA).

Measurement of serum SL metabolites using liquid chromatography-tandem mass spectrometry

(LC-MS/MS)

Sera were separated using a BD Vacutainer® SST tube according to the manufacturer’s instructions
and stored at —20°C until analysis. Human serum was well mixed and internal standard solutions (1 pM of
C17 sphingosine-1-phosphate [S1P] for S1P, 500 nM of C17 ceramide for other SLs) were added to the
samples before extraction. SLs were extracted using the Bligh and Dayer method %°. After lipid extraction,
organic solutions containing lipids were dried using a vacuum centrifuge and stored at —20°C until LC-

MS/MS analysis. Dried matter was reconstituted with methanol and injected into the LC-MS/MS system.

This article is protected by copyright. All rights reserved



All lipid standards including internal standards were purchased from Avanti-Polar Lipids (Alabaster, AL,
USA). Lipid levels were determined using an LC-MS/MS system equipped with a 1290 HPLC (Agilent,
Waldbronn, Germany) and QTRAP 5500 (AB Sciex, Toronto, Canada). Multiple reaction monitoring
(MRM) was performed in the positive ion mode and the extracted ion chromatogram corresponding to the
specific transition for each lipid was used for quantification. Data analysis was performed using Analyst

1.5.2 software.

Serum cytokine analysis

The levels of tissue inhibitor of metalloproteinase (TIMP1), matrix metallopeptidase 9 (MMP9),
myeloperoxidase (MPO), and transforming growth factor beta 1 (TGFB1) were measured from the sera of
asthmatic patients using enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s
instructions (R&D systems, Minneapolis, MN, USA). Serum samples were collected, frozen at —70°C and

thawed before use.

Transcriptome gene expression profiling
Transcriptome expression profiling was performed using whole blood samples from 18 randomly
selected asthmatic patients using the Affymetrix Human Gene ST 2.0 chip (Affymetrix, Santa Clara, CA,

USA). Details are shown in the supplementary methods section.

Single nucleotide polymorphism (SNP) genotyping

Four SNPs of the genes (ORMDL3, SPTLC2, SPTLC3, SGMS1, and CERS?2) encoding proteins that
are responsible for de novo ceramide synthesis or ceramide metabolism were genotyped. Genotyping was
determined by a primer extension method, which was performed with the SNaPshot ddNTP primer
extension kit from Applied Biosystems (Foster City, CA, USA). The sequences of the amplifying and
extension primers are shown in Table S3. Each SNP did not deviate from the Hardy-Weinberg equilibrium,

as tested by a chi-square goodness-of-fit test.
Statistical analysis

Independent #-test, Fisher’s exact test, one-way analysis of variance (ANOVA), post-hoc test, and
Pearson’s correlation test were applied. A P-value < 0.05 was regarded as significant. Statistical analyses
were performed using SPSS version 20.0 (IBM SPSS Statistics, IBM Corporation, Chicago, IL, USA).
GraphPad Prism 5.0 software (GraphPad Inc., San Diego, CA, USA) was used to produce graphs.
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Results
Immunological and metabolic changes in asthma

Overall, 137 asthmatic patients and 20 HCs were recruited for this study. The demographics of the
study subjects are presented in Table 1. There were no significant differences in female sex and age
between the asthma and HC groups. Asthmatic patients had a significantly higher atopy rate, serum total

IgE levels, peripheral eosinophil count, and FeNO levels than HCs (£<0.05 for all).

Among inflammatory cell markers, CD63" basophils, Siglec8* eosinophils, CD66" neutrophils,
activated platelets (P-selectin® platelets, CD63" platelets), and platelet-adherent eosinophils
(CD61"platelets/ Siglec8*eosinophils) were significantly higher in asthmatics than in HCs (P<0.05 for all,
Figure 1).

Targeted metabolomic analysis of SLs showed that levels of sphingosine and total ceramides were
increased significantly in asthmatics compared to HCs (P<0.001 and P=0.008, respectively), whereas there
were no significant differences in the levels of S1P or total sphingomyelins (Table 1). For individual SL
metabolites, the levels of ceramide (C16:0, C18:0, C18:1, C24:0, and C24:1 ceramides) were significantly
higher in asthmatics compared to HCs (P<0.05 for all), however, there were no significant differences in
sphingomyelins between groups (Table S1). C16:0 and C24:0 ceramides were the most abundant serum
ceramide species in this study cohort. Furthermore, separate classifications designed to examine ceramide
metabolism (5 ratios), desaturation (2 ratios), and elongation (4 ratios) were also analyzed. Significant
metabolic changes in ceramide, the sphingomyelin/ceramide ratio, was noted in asthmatics compared to
HCs (SM18:0/Cer18:0, SM24:0/Cer24:0, and SM24:1/Cer24:1, P<0.05 for all). However, there were no

significant changes in ceramide elongation and desaturation between the 2 study groups (Table S4).
Immunological and metabolic changes according to asthma control status

Patients were classified according to their symptom control status using the Global Initiative
for Asthma (GINA) guidelines: controlled, partly controlled, or uncontrolled asthma. When clinical
characteristics are compared according to their control status, significant differences were noted in lung
function parameters (FEV1%, FEV1/FVC, MMEF%) and ACT/ACQ/AQLQ scores. In addition, for
inflammatory cell markers, the percentage of CD66" neutrophils and platelet-adherent eosinophils was
significantly different according to asthma control status; the percentage of CD66' neutrophils was
significantly higher in patients with uncontrolled asthma, while the percentage of platelet-adherent
eosinophils was significantly higher in patients with partly controlled than in those with controlled asthma
(P<0.05 for all, Figure 2). Among SL metabolites, the levels of C16:0 and C24:0 ceramides were

significantly different according to asthma control status; C16:0 ceramide was significantly higher in
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patients with partly controlled asthma than in those with controlled asthma (P<0.05). However, there was

no difference in the sphingomyelin/ceramide ratio according to asthma control status (Table 2).

Association of CD66" neutrophils with lung function parameters and ceramide levels

When asthmatic patients were stratified according to the level of CD66" neutrophils or platelet-
adherent eosinophils, distinct clinical, metabolic, and serologic features were found (Table 3). Asthmatics
with higher levels of CD66" neutrophils (greater than 90% of HCs) were older, less atopic, had lower
baseline FEV1 % predicted and FEV1/FVC ratio, and higher sphingosine and C16:0 ceramide levels
compared to those with lower levels of CD66" neutrophils. For inflammatory cell markers, asthmatics with
higher levels of CD66" neutrophils had lower percentages of CD63* basophils and activated platelets
(CD63*CD61* and P-selectinCD61* platelets) than those with lower levels of CD66* neutrophils. Serum
levels of MMP9, TIMP1, MPO, and TGFB1 were significantly higher in asthmatics with higher levels of
CD66" neutrophils than those with low levels (P<0.05 for all). The SM16:0/Cer16:0 and SM24:0/Cer24:0
ratios were significantly different according to CD66* neutrophil levels (P<0.05 for all).

The percentage of CD66" neutrophils was significantly associated with lung function parameters
(baseline FEV1 % predicted, FVC % predicted, FEV1/FVC ratio, MMEF % predicted values) and asthma
symptom and quality of life scores (ACQ, and AQLQ), was also correlated with serum inflammatory
cytokine levels such as MMP9, TIMP1, MPO, and TGFB1 (Table S5). In addition, the percentage of CD66*
neutrophils were positively correlated with reactive oxygen species (ROS) production from peripheral
blood neutrophils both at baseline and after formyl methionyl-leucyl-phenylalanine (fMLP) stimulation. In
addition, significant correlations were noted between the percentage of CD66" neutrophils and the levels of
sphingosine and C16:0 ceramide as well as between the percentage of CD66" neutrophils and the

SM16:0/Cer16:0 and SM24:0/Cer24:0 ratios (P<0.05 for all).

Association of platelet-adherent eosinophils with S1P levels and asthma control symptom scores
Asthmatics with higher levels of platelet-adherent eosinophils (greater than 90% of HCs) had more

activated platelets (CD63"CD61" platelets) and higher S1P levels compared to those with lower levels of

platelet-adherent eosinophils. There were no significant differences in ceramide levels according to

platelet-adherent eosinophils (Table 3).

The percentage of platelet-adherent eosinophils was associated with asthma symptom and quality of
life scores (ACT, ACQ, and AQLQ) in positive correlations with the levels of TIMP1 and TGFB1 (Table

S5). It was also positively correlated with the serum levels of S1P and sphingosine.

Ceramide-mediated neutrophilic inflammation in patients with uncontrolled asthma

To assess the role of ceramide-mediated signaling in neutrophil-dominant asthma, the expression
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profiles of genes involved in the SL signaling pathway were examined using whole blood transcriptome
data (Supplementary Method). Patients with high levels of CD66" neutrophils exhibited increased
expression of genes (SIPRI, SIPR2, SIPR4) encoding SIP receptors and CERS5 encoding ceramide
synthase 5 (Figure S2). The expression of BID and JNK genes encoding the Bcl-2 family protein, BH3

interacting domain death agonist and c-Jun N-terminal kinase, respectively, was also increased.

Association between gene polymorphisms involved in SL metabolism and inflammatory phenotypes
in uncontrolled asthma

To examine dysfunction in inflammatory cells and metabolic changes according to genetic
predisposition, 4 SNPs involved in de novo SL synthesis and metabolism were genotyped (Table S3).
Among the target SNPs investigated, distinct inflammatory phenotypes were found according to ORMDL3
and SGMS1 gene polymorphisms (Table 4). Asthmatic patients carrying the TT genotype of ORMDL3
rs7216389 had higher percentages of CD66" neutrophils, higher levels of inflammatory cytokines (MMP9,
MPO, and TGFp1), higher sphingosine levels, and lower SM16:0/Cer16:0 ratio compared to those with CT
or CC genotypes (P<0.05 for all). Asthmatic patients carrying the AG or GG genotype of SGMSI
rs10740762 exhibited higher percentages of peripheral eosinophils and platelet-adherent eosinophils
compared to those with AA genotypes (P<0.05 for all).

Discussion

As asthma shows heterogeneous and complicated endotypes with different immunologic and
metabolic dysfunctions, carefully defining the endotype of asthma is necessary to understand the complex
pathophysiology and to achieve better clinical outcomes in the management of asthmatics 3. In the
present study, we examined cell surface activation markers of circulating inflammatory cells and SL
metabolic changes to define immunologic and metabolic dysfunction across different asthma phenotype.
Moreover, we used a combinatorial approach by correlating clinical data with disease severity, cellular and
molecular profiles, and genetic predisposing factors in asthmatics.

Regarding inflammatory cell markers, asthmatics exhibited increased CD63" basophils, Siglec8*
eosinophils, CD66" neutrophils, activated platelets (CD63*CD61* and P-selectin® CD61" platelets), and
platelet-adherent eosinophils (CD61* platelets/Siglec8" eosinophils) compared to HCs. These results
demonstrate that there are continuous immune activations in asthmatics, therefore careful examination on
inflammatory cell profiles would be valuable for monitoring control status.

Of interest, among these inflammatory cell markers, the percentage of activated neutrophils and
platelet-adherent eosinophils were increased significantly in uncontrolled asthma. However, there were no
significant differences in sputum eosinophil or neutrophil counts according to asthma control status.

Moreover, sputum cell counts did not correlate with measures of lung function and airway inflammation

This article is protected by copyright. All rights reserved



markers in asthmatics, which raise concern that these markers may not allow for the evaluation of activated
neutrophils or eosinophils in peripheral blood migrating to the lungs and exacerbating airway
inflammation. Because the expression of CD66 on neutrophils is required for promoting neutrophil
adhesion, phagocytosis, and activation of superoxide production in response to chemotactic stimuli 33!,
examination of CD66" neutrophils could identify the activation status of neutrophils, which is supported by
the strong correlation of this with lower FEV1(%) and higher FeNO levels in the present study. In addition,
the percentage of CD66" neutrophils was associated with asthma control symptom scores and the levels of
serum inflammatory cytokine such as MMP9, MPO, TIMP1, and TGFB1, which are correlated with asthma
severity 3233,

Neutrophilic asthma shows persistent airflow limitations and poor disease control in adult asthmatics
3435 despite treatment with high-dose glucocorticoids 6. A significantly higher percentage of CD66"
neutrophils in uncontrolled asthma suggests that activated neutrophils play a functional role in contributing
to severity and poor disease control status. Previously, we reported that the in vitro release of ROS from
activated neutrophils in asthmatics was associated with poor lung function and increased bronchial hyper-
reactivity to methacholine 3°. In the present study, the expression of CD66" on peripheral neutrophils was
correlated with ROS production from neutrophils, while peripheral and sputum neutrophil counts were not
associated with ROS production from neutrophils. Therefore, these findings suggest that activation markers
of neutrophils may efficiently represent the biological function of neutrophils migrating to the lungs and
exacerbating airway inflammation. Moreover, the percentage of CD66" neutrophils was positively
correlated with circulating ceramide levels, particularly C16:0 ceramide, which raises concern about the
role of ceramide in airway inflammation. The gene expression profiles of the SL signaling pathway using
whole blood transcriptome data from asthmatics indicated increased CERS5 expression, which encodes
ceramide synthase 5 and mostly synthesizes C16:0 ceramide 7, and ceramide mediated pro-apoptotic
signals via the activation of pro-apoptotic transcription factors BID and JNK in patients with higher levels
of CD66" neutrophils. These findings are predicted to ceramide accumulation and consequent ceramide
mediated pro-apoptotic signals in airways. This result is consistent with that of a previous report of ROS-
mediated acid sphingomyelinase (aSMase) activation and consequent ceramide accumulation and death
receptor clustering in ceramide-rich lipid rafts on neutrophils 3.

ROS secreted from activated neutrophils may contribute to the pathogenesis of asthma exacerbation
by transferring apoptotic signals to structural epithelial cells, thereby affecting the integrity and
inflammation of airway epithelial cells. In a preliminary study, we cultured A549 epithelial cells with cell
supernatant from activated peripheral blood neutrophils via fMLP stimulation and observed increased
expression of SMPDI, which encodes aSMase on A549 cells (data not shown). Since aSMase was
implicated as an additional site for ceramide formation 3°, increased SMPDI expression on epithelial cells

may contribute to ceramide accumulation and subsequent ceramide-mediated epithelial cell damage.
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However, this should be further examined to obtain consistent findings using an ex vivo functional study.

There is also a link between neutrophil elastase secreted by neutrophils and bronchial hyper-
reactivity 0. Neutrophil elastase can upregulate serine palmitoyltransferase long chain base subunit 2
(SPTLC2) via a posttranscriptional mechanism, leading to increased airway ceramide levels, particularly
very long-chain ceramides including C22:0, C24:0, and C24:1 ceramides, which ultimately contributes to
neutrophil-dominant airway inflammation #!. Taken together, these results suggest that activated
neutrophils may be prone to ceramide signal- favoring persistent inflammation and epithelial damage in
asthmatic airways.

Ceramides are generated through the de novo synthesis pathway or recycling, referred to as the
salvage pathway. Under normal conditions of de novo SL synthesis, ceramides are the central intermediate
of the SL metabolic pathway that converts ceramides into sphingomyelins via sphingomyelin synthase or
into sphingosine via ceramidases. However, in response to various stress stimuli including tumor necrosis
factor-a and oxidative stress, abnormal ceramide accumulation has frequently been reported in lung
diseases such as acute lung injury, cystic fibrosis, chronic obstructive pulmonary disease 42, and allergic
asthma 4. C16:0 and C24:0 ceramides were the most abundant ceramide species in the current study cohort,
which are the main ceramides found in human lung cells and mouse lung 4. Several studies have shown
that ceramides with different acyl-chain lengths may play roles in different cellular processes 4°; however,
cellular functions related to specific ceramide species seem to be more complicated. It is often unclear how
changes in ceramide composition depend on substrate availability and metabolizing enzymes with
posttranscriptional actions 6, which is further complicated by the fact that ceramides can be metabolized
into complex SLs or sphingosine.

In the present study, the percentage of CD61"platelets/Siglec8" eosinophils indicating platelet-
adherent eosinophils was significantly increased in partly controlled asthma. Furthermore, it was positively
correlated with serum levels of SIP and sphingosine along with associations with the serum levels of
TIMP1 and TGFp1. Patients with high levels of platelet-adherent eosinophils exhibited significantly higher
S1P levels than those with low levels of platelet-adherent eosinophils. This result is consistent with those of
previous reports that activated platelets, the major source of S1P in plasma, play an important role in the
development of asthma by releasing various inflammatory mediators, facilitating granulocyte recruitment
into airways in a manner correlated with the severity of airflow obstruction '%47. Local administration of
S1P causes inflammation via eosinophils, which is caused by increased expression of S1P receptors and the
chemokine receptor CCR3, which are crucial for the recruitment of eosinophils 48. Platelet activation has
been linked to not only the exacerbation of asthma but also the pathophysiology of aspirin-exacerbated
respiratory disease (AERD), a severe type of eosinophilic asthma with a hypersensitivity to non-steroidal
anti-inflammatory drugs #°. Patients with AERD have increased numbers of platelet-adherent eosinophils in

a manner correlated with urinary LTE4 levels %!, Furthermore, SIP and sphingosine have been reported
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as metabolic biomarkers for AERD 2!. This may be supported by the current finding demonstrating a
positive correlation between platelet-adherent eosinophils and circulating S1P levels in asthmatics.
However, it remains unclear whether the interaction between platelets and eosinophils could lead to the
over-production of S1P and severe eosinophilic inflammation. Besides of platelets and eosinophils, mast
cells can release S1P upon agonist stimulation. However, there was no any correlation between serum S1P
and CD63" activated basophils, even though increased CD63" activated basophils were noted in asthmatics
in this study. That might be from relatively low expression levels of CD63 on CD123"HLA-DR- basophils
in basal status, so further examination on CD63* activated basophils upon agonist stimulation is needed to
clarify the association between them.

Since the balance between individual SL species could be influenced by genetic variants of factors
involved in SL metabolism, it is important to assess genetic components and predisposing factors that
influence inflammatory phenotypes in asthmatics. Among 4 SNPs in the genes (ORMDL3, SPTLCS3,
SGMSI1, and CERS2), ORMDL3 1s716389 and SGMSI rs10740762 were associated with distinct
inflammatory phenotypes in asthmatics. Patients carrying the TT genotype in the ORMDL3 gene exhibited
many features of the neutrophilic inflammatory phenotype, whereas patients with AG or GG genotypes in
the SGMSI gene had features of the activated platelet-eosinophil inflammatory phenotype. ORMDL3
rs716389 has been functionally associated with ORMDL3 expression that could affect SPT enzyme activity
and SL metabolite levels '*. SGMSI rs10740762 has been reported to be associated with the
sphingomyelin/ceramide ratio 2. Considering its function as a regulator involved in ceramide and
sphingomyelin homeostasis, the functional contribution to circulating SL metabolite levels should be
further examined.

Taken together, neutrophil activation and platelet-adherent eosinophils closely linked with SL
metabolic changes, which could contribute to SL metabolite accumulation (SIP or ceramide) into airway,
persist ongoing airway inflammation through further recruitment of inflammatory cells (neutrophils and
eosinophils) into airways. Therefore, targeting the SL metabolic pathway could break a link of SL
metabolism with airway inflammation. Pharmacological inhibition of SL metabolism has exhibited a
promise as a novel therapeutic target for controlling chronic airway inflammation in asthmatics 3. FTY-
720, a structural analog of sphingosine, and myriocin, an SPT inhibitor, could attenuate airway hyper-
responsiveness and inflammation by antagonizing S1P signaling >3 and inhibiting ceramide synthesis *!-%.
Considering their pleotropic actions on various types of immune cells, careful examination on which
inflammatory phenotype could be efficiently controlled by these pharmacological candidates should be
beneficial.

The current study suggested that inflammatory phenotypes of uncontrolled asthma were correlated with
differential SL. metabolic signatures; however, the study had some limitations. First, the number of

asthmatic patients was relatively small to dissect asthmatics according to the asthma phenotype,
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particularly asthma control status. This is a real-world clinical trial to compare inflammatory profiles and
related serologic biomarkers in adult asthmatics who had maintained anti-asthmatic medications according
to their control status. Therefore, it is not possible to allocate the even number of patients into 3 study
groups. Secondly, although we excluded patients who had used high-dose ICS-LABA and systemic OCS
and all asthmatics had maintained the same dose of anti-asthmatic medications, including medium-dose
ICS-LABA with/without LTRA, according to the control status more than 1 month prior to enrolment, any
effect of current medications on SL metabolite levels could not completely excluded. However,
examination on metabolic changes along with inflammatory cell profiles in asthmatics would be valuable in
a real-world practice setting. Thirdly, body fluids from local tissues are more valuable in representing
inflammatory status in asthmatics. However, it is very difficult to recruit adult asthmatic patients who can
voluntarily participate in studies including nasal or bronchoalveolar lavage. Therefore, we could not
measure cytokine levels in nasal nor bronchoalveolar lavage fluids. Lastly, we did not show direct evidence
of the association between SL metabolic changes and certain types of inflammation using in vitro/ex vivo
functional studies. Further studies are necessary to define distinct inflammatory mechanisms according to
different SL species in asthmatics.

In conclusion, this study demonstrated differential immunologic and metabolic features according to
asthma control status. Imbalance of the ceramide-S1P rheostat may contribute to asthma exacerbation and
poor disease control by worsening airway inflammation, which may facilitate development of targeted

therapeutic strategies for SL metabolism.
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Table 1. Characteristics of the study subjects

HC* Asthma P-value”
(N=20) (N=137) HC vs. Asthma
Demographics
Sex (female), no. (%) 13 /20 (65%) 89 /137 (64.96%) 1.000
Age (year) 44.55+£10.45 50.19 + 14.8 0.102
Atopy (presence, %) 0/20 (0.00%) 79 /134 (58.96%) <0.001
Total serum IgE (KU/L) 2742 +34.3 346.34 +440.07 <0.001
Inflammatory subtype
WBC (x10%puL) 5.79 £1.56 6.8+1.99 0.030
Peripheral eosinophil count (/UL) 155 +105.01 312.77 £ 243.61 <0.001
Peripheral eosinophil (%) 2.63+1.68 5.02+4.17 <0.001
Peripheral neutrophil (%) 53.49 +10.38 5428 +12.42 0.786
FeNO (ppb) 224+11.56 34.35+31.89 0.002
Sputum eosinophils (%) ND 19.74+30.17 NA
Sputum neutrophils (%) ND 65.96 + 34 NA
Pulmonary function
Baseline FEV1 (% pred.) 106.75 £ 11.75 90.48 +17.74 <0.001
Baseline FVC (% pred.) 103.46 £9.78 90.86 + 14.96 <0.001
Baseline FEV1/FVC 87.12+3.75 83.04 £ 8.66 <0.001
Baseline MMEF (% pred.) 102.27 +27.1 71.83 £28.26 <0.001
Inflammatory cell markers T
CD63" Basophils 0.2+0.15 9.37+19.55 <0.001
Siglec8* Eosinophils 5.19+3.05 9.47+10.32 0.028
CD66" Neutrophils 40 +24.82 49.78 £29.35 0.014
CD63" Platelets 592+2.11 10.66 +9.39 <0.001
P-selectin™ Platelets 17.37+5.98 25.66 £ 16.72 <0.001
CD61* Platelets/Siglec8" Eosinophils 1543 +£7.35 23.37+11.22 0.003
SL metabolic markers (ng/ml) 7
S1P
914.25 + 467.42 1001.21 + 603.71 0.463
Sphingosine 1.38 £ 0.47 2.34+1.12 <0.001
Ceramides (total) 3290.87 + 816.28 3870.58 + 1000.61 0.008

Sphingomyelins (total) 156497.6 £26123.72 165060.89 + 29243.45 0.218

T HC, healthy control; N, number; WBC, whole blood cells; ND, not done; NA, not applicable; SL, sphingolipid; S1P, sphingosine-1-phosphate; Cer, ceramide; SM,

sphingomyelin.
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The continuous data are presented as the means + SD. The dichotomous data are presented as numbers (%).

* For continuous variables, independent t-tests were used to test for differences when variances were normal distribution, otherwise nonparametric

Mann—Whitney U test.

markers on peripheral blood cells. T Metabolites were from human serum samples.

For categorical variables, Fisher’s exact test were used. Bold values indicate significant P value. " Inflammatory cell

Table 2. Immunological and metabolic changes according to asthma control

status
Controlled Partly Uncontrolle P-
Post-hoc test
<) controlled(P) d(U) value *
significant pairs
(N=70) (N=51) (N=16)
(P<0.05)
Demographics
43/170
37/51(72.5%) 9/16(56.2%)  0.332
Sex (female), no. (%) (61.4%)
Age (year) 4686+ 148  5222+1429  58.13+12.88  0.010 (G, U)
44/170
29/50(58.0%) 9/14(42.9%)  0.376
Atopy (presence, %) (62.9%)
397.04 + 381.47 +
265.22 £287.97 0.266
Total serum IgE (KU/L) 524.85 415.52
Inflammatory cell markers
CD63* Basophils 9.08 +£19.46 9.98 +£20.02 8.15+£19.32 0.952
Siglec8* Eosinophils 8.2+5.94 11.5+15.28 9.58 +8.58 0.266
. 45.46 +
CD66* Neutrophils 735 49.61 £29.24 71.53 +£31.66 0.009 C,0)
109 10.39 + 8.3 9.36+9.1 0.800
39+8. 36+9. .
CD63* Platelets 10.13
2083 25.67+£13.91 19.83 +13.18 0.363
.67 £13. 83+ 13. .
P-selectin* Platelets 18.75
CD61* Platelets/Siglec8*
21.12+6.72 26.09 £ 11.65 26.35+21.83 0.043 C,P)
Eosinophils
SL metabolic markers (ng/ml) T
SL concentration 923.1+ 1017.96 =
S1P 1003.26 + 760.48 0.853
(ng/ml) 634.92 472.66
Sphingosine 2.27£0.92 2.26+1.21 2.87 +1.49 0.127
Ceramide (ng/ml)
Cerl4:0 14.73 £ 3.86 14.58 + 3.89 13.85+2.2 0.696
2774+ 309.01 +
Cer16:0 302.63 +49.23 0.012 C,P)
53.45 48.05
142.73 £ 137.83 £
Cer18:0 143.8 £41.95 0.895
46.57 37.42
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Cer18:1 23.78£7.53 23.65+£6.65 21.31+4.26 0.424
111.18+ 100.43 =

Cer20:0 111.26 +£35.88 0.607
45.33 27.54
2310.26 + 2714.28 +
Cer24:0 2569.04 + 614.07 0.042
700.6 860.77
807.64 + 928.82 +
Cer24:1 856.47 +258.88 0.282
278.06 389.4
Ceramide metabolism (ratio)
238.57 241.13
SM16:0/Cer16:0 247.81 +69.37 0.754
64.4 50.33
127.39+ 138.04 £
SM18:0/Cer18:0 131.21 £34.38 0.493
32.15 34.35
446.34 + 473.66
SM18:1/Cer18:1 471.9£109.83 0.393
110.87 91.65
SM24:0/Cer24:0 9.72+£2.55 9.61 £2.81 9.54+3.38 0.960
SM24:1/Cer24:1 59.59+17.8 58.6 +18.99 61.9+20.5 0.829

+ SL, sphingolipid; S1P, sphingosine-1-phosphate; Cer, ceramide; SM, sphingomyelin. The continuous data are presented as the means + SD.
Asthma control status is defined according to the Global Initiative for Asthma (GINA) guidelines.

* The data among 3 groups were analyzed by ANOVA test with post- hoc Dunnett T3 test.

Bold values indicate significant P value. Bold characters indicates significant pair within the group comparison.

¥ Inflammatory cell markers on peripheral blood cells. T Metabolites were from human serum samples.

Table 3. Characteristics of asthmatics according to the level of inflammatory cell markers (CD66*

neutrophils and platelet-adherent eosinophils).

CD61* Platelets/Siglec8*
CD66"Neutrophil

Eosinophils
P-
Low High ¥ P-value* Low High1
value
(N=91) (N=34) (N=81) (N=44)
Demographics
Sex (female), no. (%) 62/91(68.1%)  21/34 (61.8%) 0.528 52/81(642%)  31/44(70.5%)  0.554
Age (year) 48.36 % 14.96 54.82+13.32 0.029 49.07 + 14.07 49.96+15.05  0.862
14/34
0.027 0.851
Atopy (presence, %) 58 /91 (63.74%) (41.18%) 46/81(56.8%)  26/44 (59.1%)
Total serum IgE (KU/L) 330.64+451.67 32479+413.94  0.948 27494 +36543 316.11+523.13 0867
Inflammatory subtype
Peripheral eosinophil (%) 452+3 5.99+6.38 0.205 4.7+437 441+£327 0.976
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Pulmonary function

Symptom control

Peripheral neutrophil (%)
FeNO (ppb)
Sputum eosinophils (%)

Sputum neutrophils (%)

Baseline FEV1 (% predicted)
Baseline FVC (% predicted)
Baseline FEV1/FVC

Baseline MMEF (% predicted)

PC20 (mg/ml, methacholine)

ACT score
ACQ score

AQLQ score

Inflammatory cell markers

Serum biomarkers

SL metabolic pathway

SL concentration

(ng/ml)

Ceramide (ng/ml)

CD63* Basophils
Siglec8* Eosinophils
CD66* Neutrophils
CD63* Platelets

P-selectin® Platelets
CD61* Platelets/Siglec8*
Eosinophils

MMP9
TIMP1
TGFp1

MPO

S1P

Sphingosine

Cer16:0

Cer24:0

Ceramide metabolism (ratio)

SM16:0/Cer16:0

SM24:0/Cer24:0

54.1£11.99

30.49 £+ 32.66

23.79 +31.49

66.16 +31.12

93.68 + 13.33

93.41 +11.63

84.45+£7.79

75.38 £23.95

6.8 +8.04

20.8+3.73

497 +4.44

171.59 +34.47

10.11 £20.4

7.52+5.14

33.38+£13.7

11.74 £9.11

26.2+15.82

21.9+10.0

273.56 +105.19

134.46 +43.02

37.78 £22.17

402.87 £223.21

1007.28 =
604.78
1.98+0.9

283.28 +£52.91

2368.85 +
671.98

251.76 +70.01

9.83+2.54

5533+ 14.5

40.65 +£26.03

19.74 £30.17

65.96 + 34

83.72 £23.74

85.57£19.99

80.27 £ 10.04

64.56 +33.46

5.83+£8.44

19.85+3.99

7.27+6.13

156.56 +45.11

1.12 +£3.66

12.99 +£16.94
93.98 +3.93

4.77 £5.65

19.4 +15.35

23.5+14.0

330.84 = 123.01

153.15+52.14

51.67+17.17

599.94 +282.77

944.68 £ 592.35

2.98 +1.37

303.02 +£45.19

2603.94 + 769.1

212.38 £40.1

8.49 +2.63

0.633

0.106

0.599

0.98

0.026

0.070

0.033

0.091

0.616

0.217

0.024

0.049

<0.001

0.083

<0.001

<0.001

0.081

0.694

0.010

0.040

<0.001

0.001

0.472

<0.001

0.025

0.087

<0.001

0.011

54.25+12.99

30.77 +£26.28

23.83 +31.63

66.79 £31.33

94.27 £ 16.95

94.25 +13.69

83.64 £ 8.36

78.44 +30.55

6.19+8.19

20.67 +£3.33

5.46+4.55

168.48 +34.3

6.91+17.81

9.73£10.28

48.83 £28.8

9.37+9.17

24.09+17.71

17.22+£5.42

279.51 +114.12

135.26 + 44.75

38.35+22.16

434.89 +250.51

920.62 +521.92

2.11+1.02

288.82 +53.49
2362.76
720.33

238.49+ 643

9.86 +2.87

54.42 +£10.98

33.89 +35.63

20.26 +30.11

64.74 +£33.12

90.74 + 18.59

90.19 + 16.63

84.24 +£7.99

72.57+25.22

7.42+£7.96

20.32+4.6

5.82+£5.84

165.7 + 44.56

10.47+£19.5

7.04 +8.34

47.56 £29.38

11.38 +£8.22

2544 +11.31

33.17+12.35

303.39 + 106.03

146.72 + 47.65

46.63 +£20.32

476.34 £253.13

114428 +
723.36

247+1.29

286.49 +48.17

2560.7 + 646.14

248.82 + 63.87

9.48 +2.39

0.697

0.693

0.617

0.725

0.397

0.195

0.761

0.367

0.181

0.768

0.803

0.719

0.285

0.013

0.776

0.049

0.101

<0.00

0.304

0.158

0.059

0.366

0.047

0.132

0.743

0.062

0.304

0.644

I Definition of high-CD66*Neutrophil (or CD61* platelets/Siglec8* eosinophils) asthma is greater than 90% of HC.
T ACT, Asthma Control Test; ACQ, Asthma Control Questionnaire; AQLQ, Asthma Quality of Life Questionnaire; SL, sphingolipid; Cer, ceramide;

SM, sphingomyelin; MMP9, matrix metallopeptidase 9; TIMP1, tissue inhibitor of metalloproteinase; MPO, myeloperoxidase; TGFB1,

transforming growth factor beta 1.

* Independent t-test and Fisher’s exact test were used to assess differences between groups. Bold values indicate significant P value.
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Table 4. Characteristics of asthmatics according to the gene polymorphism (ORMDL3 rs7216389 and SGMS1 rs10740762).

ORMDLS3, rs7216389 (T>C)

SGMSI1, rs10740762 (A>G)

TT CT+CC P-value” AA AG + GG P-value
(N=68) (N=61) (N=64) (N=64)
Demographics
Sex (female), no. (%) 47768 (69.1%)  39/61 (63.9%) 0.578 44/ 64 (68.8%) 41/ 64 (64.1%) 0.708
Age (year) 5145+ 14.53 4851+ 15 0310 5052+ 1447 4991 +15.04 0971
Atopy (presence, %) 31/68 (45.6%)  42/59 (71.2%) 0.003 35/62(56.5%)  37/64(57.8%) 1.000
295.59 + 0.244 299.05 +£299.08 0.656
Total serum gk (KUL) 145,45 349.28 + 357.46 336.37 + 495.11
Inflammatory subtype, no. (%)
Peripheral eosinophil (%) 5.1+4.57 4.96 +3.79 0.817 4.1+2.83 6.03 +5.08 0.021
Peripheral neutrophil (%) 5586+ 1051 5355+ 11.89 0.487 5658+ 10 550+ 11.76 0.064
FeNO (ppb) 33.9+32.66 34.54 +31.84 0.950 32.13+31.56 35.80 + 32.97 0.357
Sputum eosinophils (%) 22.67+31.22 27.62 + 33.88 0.416 21.24+32.23 29.02 +32.58 0.294
Sputum neutrophils (%) 65.98 + 32.63 62+33.72 0.611 68.15 +33.36 50.8+32.61 0.279
Pulmonary function
Baseline FEV1 (% predicted) 89.29 +20 95.75 % 15.06 0063 473,715 89.93+18.09 0.050
Baseline FVC (% predicted) 90.57 £16.59 90.95 + 13.04 0.947 90.57+15.2 90.57 + 14.71 0.840
Baseline FEV1/FVC 83.65+8.76 82.74+8.71 0.481 85.19+£7.52 81.23+£9.49 0.008
Baseline MMEF (% predicted) 74.93 £29.75 69.79 +25.84 0.317 75.8+26.51 68.94 +29.38 0.108
PC20 (mg/ml, methacholine) 6.17+7.53 6.66 + 8.52 0.820 6.07 +7.67 6.36 + 7.96 0.708
Symptom control
ACT score 20.35+4.23 2059 +3.26 0.725 20.67+3.88 2031372 0.398
ACQ score 59+5.13 5724504 0.760 5.11+4.76 6.44+5.5 0.144
AQLQ score 165.44 + 38.87 168.02 + 38.9 0.673 168.55 +38.17 165.23 + 39.68 0.600
Inflammatory cell markers
CD63* Basophils 9.4 +20.26 941+ 19.07 0.998 9.03 £ 17.68 9.94+21.66 0.803
Siglec8* Eosinophils 9.95+12.88 8.97 + 633 0.583 7.67+5.47 1129+ 13.6 0.195
CD66* Neutrophils 54723113 435442585 0.048 4741 +27.78 51174305 0.507
CD63*CD61+Platelets 9.92+8.21 1121 +10.59 0.524 10.24 +7.44 10.95+ 11.04 0.645
Poselectin‘CD61* Platelets 26.61 % 18.71 238+ 13.72 0578 2648 +16.25 24.41 +17.08 0303
CD61* Platelets/Siglec8* 20.12 £ 10.06 21.69 £ 12.71 0.467 23.58+£13.42 0.010
Eosinophils 18.51 +8.88
Serum biomarkers
MMP9 328.95+98.42 275.82 + 100.14 0.002 305.71 £ 101.25  301.12 + 104.87 0.921
TIMP1 142.08 +32.77 137.11 + 60.99 0.087 141.67 £45.88 137.86 + 50.91 0.572
TGFp1 4778+19.02 398642245 0.049 4446+21.52  43.45+20.76 0.702
MPO 526.3+263.25 43432 +229.65 0.048 484.06 £ 268.78  480.41 + 237.09 0.853

SL metabolic pathway

This article is protected by copyright. All rights reserved



SL concentration

(ng/m)
S1P 1057.98 + 0.232 1026.9 + 655.53 0.886
946.91 + 569.39 987.41 + 562.94
638.15
Sphingosine 2.57+1.22 2.08 +0.95 0.042 225+1.18 2.43+1.07 0.268
Ceramide (ng/ml)
Cerl16:0 295.42 £56.58 283.22 + 48.28 0.224 286.82 +52.39 292.49 + 54.22 0.569
2431.74 + 248524 = 0.702 2486.49 + 244436 + 0.883
Cer24:0
719.1 700.87 755.11 655.52

Ceramide metabolism (ratio)

SM16/Cer16 23497+69.14 95143 + 5848 0.035 249.12+ 72 23677 £56.64 0463

SM24/Cer24 9.78 £2.68 95+2.82 0.549 10.02 +£2.99 926+ 2.45 0.207

TACT, Asthma Control Test; ACQ, Asthma Control Questionnaire; AQLQ, Asthma Quality of Life Questionnaire; SL, sphingolipid; Cer, ceramide;
SM, sphingomyelin; MMP9, matrix metallopeptidase 9; TIMP1, tissue inhibitor of metalloproteinase; MPO, myeloperoxidase; TGFB1,

transforming growth factor beta 1.

FIGURE LEGENDS
Figure 1. Inflammatory cell markers of study subjects (125 asthmatics and 20 HCs). Whole blood flow
cytometry analysis was performed for immunophenotyping. * means P-value < 0.05; ** means P-value <

0.01; *** means P-value < 0.001.

Figure 2. The percentage of CD66" neutrophils and CD61*platelets/Siglec8" eosinophils according to
asthma control status (69 controlled, 42 partly controlled, and 14 uncontrolled asthmatics). * means P-value

<0.05; ** means P-value <0.01.
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Supplementary methods
Flow cytometry analysisfor immunophenotyping

Flow cytometry for immunophenotyping was performed within 1 hour of blood sampling using the
following antibody panels as shown in Table S1 and S2. All monoclonal antibodies were purchased
from BD Biosciences (San Jose, CA, USA) and Biolegend (San Diego, CA, USA). The whole blood
was incubated with fluorochrome-conjugated monoclonal antibodies of cell type-specific selection
and activation markers for 20 minutes at room temperature in the dark. Next, red blood cells (RBCs)
were lysed with the RBC Lysis/Fixation solution (Biolegend, San Diego, CA, USA) for 10 minutes
and washed once with 1x phosphate-buffered saline (PBS). The cells were analyzed immediately by
flow cytometry with the BD FACSCanto Il (BD Bioscience) and data were analyzed with FlowJo
software (Tree Star, Ashland, OR, USA). Cell viability was achieved above 99.8% in the procedure
when we checked that by using the fixable viability dye eFlour™ 780 purchased from eBioscience
(Carlsbad, CA, USA). We also used individual isotype controls to exclude nonspecific binding. At
least 10000 events were used in a gate to define the sample as positive except for basophils (1000

events).

Transcriptome gene expression profiling and data analysis

To examine target gene expression profile in SL metabolism, we stored whole blood stored
in RNA stabilization solution (RNAlater) from 30 randomly selected patients with asthma in this
study cohort. Total RNA was extracted from whole blood cells using RiboPure™-Blood extraction kit
(Applied Biosystems/Ambion, Austin, TX, USA) according to the manufacturer's instructions. RNA
quality and quantity were assessed using ND-1000 Spectrophotometer (NanoDrop, Thermo Scientific,
Wilmington, DE, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Among them, 18 samples succeeded to meet the chip quality control (QC) criteria assessed by RNA
Integrity Number (RIN) = 8.0 and 260/280 ratio > 1.8.

For transcriptome profiling of 18 asthmatics, the Affymetrix Human Gene ST 2.0 chip was used
(Affymetrix, Santa Clara, CA, USA). The Affymetrix Whole Transcript Expression array process was
executed according to the manufacturer's protocol (GeneChip Whole Transcript PLUS reagent Kit).
cDNA synthesis and hybridisation were performed according to the manufacturer’s recommendations.
The data were summarized and normalized with robust multi-average (RMA) method implemented in
Affymetrix® Power Tools. We exported the result with gene level RMA analysis and performed the
differentially expressed gene analysis. Statistical significance of the expression data was determined
using independent t-test and fold change in which the null hypothesis was that no difference exists

among groups. All data anaysis was conducted using R 3.3.2 (www.r-project.org).




Visualization of gene expression levels on sphingolipid signaling pathway was performed using

KEGG mapper (https://www.genome.jp/kegg/tool/map_pathway2.html).

SNP genotyping and data analysis

Four SNPs of the genes such as ORMDL3, SPTLC3, SGMSL, CERS2 involved in ceramide
synthesis and metabolism were selected by previously reported functional SNPs ™,

SNP genotyping was performed using the SNaPshot ddNTP primer extension kit from Applied
Biosystems (Foster city, CA, USA). Sequences of amplifying and extension primers are shown in
Table S3. A significant departure of genotype frequency from the Hardy-Weinberg equilibrium (HWE)
at each SNP was tested by a chi-square goodness-of-fit test. All SNPs were not deviated from the
Hardy-Weinberg equilibrium.

Measurement of ROSin peripheral blood neutrophilsunder fMLP stimulation

In vitro neutrophil stimulation assay was performed according to the previous report °.
Peripheral blood neutrophils were isolated, stimulated with 1 pM fMLP for 1 hour, and then
analyzed ROS production as previously described.



SUPPLEMENTARY TABLES

Table S1. Antibody panels for immunophenotyping of whole blood samples.

Pandl Fluorochromes and Target cells Reference
markers S
Gating , Activation

(SSCIFSC) Selection marker marker

FITC-CD123"/APC- PE-CD63* Activated basophils 6
a Leukocytes HLADR
b Platelets PerCP-CD61* FITC-P-selectin® Activated platelets 7
b Platelets PerCP-CD61* PE-CD63" Activated platelets 8
c Granulocytes APC-Siglec8* Eosinophils o
Granulocytes APC-Siglec8* PerCP-CD61" Platelet-acherent 10
eosinophils

d Granulocytes FITC- CD16" PE-CD66" Activated neutrophils 1

APC, Allophycocyamine; FITC, Fluorescein isothiocyanate; PE, Phycoerythrin; PerCP, Peridinin Chlorophyll
Protein Complex

Table S2. Antibodies and staining reagents.

M arker I sotype Fluor ochrome conjugate Company Catalog #

P-selectin Mouse 1gG2a FITC Biolegend 304904
CD63 Mouse 1gG1, K PE BD 556020
CD16 Mouse IgG1, K FITC Biolegend 302006
CD61 Mouse IgG1, K PerCP Biolegend 336410
Siglec8 Mouse 1gG1, K APC Biolegend 347106
CD66 Mouse 19gG2a, k PE BD 555779
CD123 Mouse 19gG2a, k FITC BD 558663
HLADR Mouse 19gG2a, k APC BD 559866

APC, Allophycocyamine; FITC, Fluorescein isothiocyanate; PE, Phycoerythrin;

Complex

PerCP, Peridinin Chlorophyll Protein



Table S3. Sequences of amplifying and extension primer s of 4 single nucleotide polymor phismsinvolved in SL

metabolism.
Gene rs LOC&II A”ele Prlmer wquence -l;m( REfer
name  number on (M/m) q C)  ences
Forward
i CAGTTCTGTCGCTGTTGTT
ORMDL3 r3723638 intron TIC 0'127 g?r%e;se TCTGTCACATTTCCACCAG 60 1
Genotyping ~ AGGCAACCCTGGAAAGTCA
Primer CAAACA
Forward CTTCTGGGTAAAAGAGAAA
Primer GTT
SPTLC3 r56057890 5UTR TIC 0'26 Er?r’ne;se TGCCTGAAGTCCTTCAATA 60 2
Genotyping ~ GAGAAAGTTAAATTGGGAT
Primer CTAGA
Forward
Drimer TGTTAGCTCTGGCAGGTGAA
CERS2  rs267738  exon AIC Ofg Er?r’ne;se CCAAATTCCATGGCCTCA 60 3
Genotyping ~ GGCTCTCTGGCCRCCAGGTR
Primer G
Forward TTTATGTCTCCTATCCACCT
Primer TC
SGMSL rﬂ%72407 intron AIG 0'59 g?r%e;se GTGGCTGGTTATTGGAAGT 60 4
Genotyping ~ GATTTGGGATGCTCAACCA
Primer ATACCC

ORMDL3, ORMDL Sphingolipid Biosynthesis Regulator 3; SPTLC3, Serine palmitoyltransferase, long chain base
subunit 3; CERS2, Ceramide synthase 2; SGMSL, Sphingomyelin Synthase 1.
* M, mgjor alele; m, minor allele** g, Minor allele frequency in the study subjects. Tm, melting temperature.



Table $4. Levels of individual ceramide and sphingomyelin speciesin study subjects.

HC! Asthma P-value
No. (N=20) (N=137) HC vs. Asthma
Ceramide (ng/ml)
Cer14:0 12.9+2.92 14.57 + 3.69 0.055
. 0.041
Cer16:0 264.72 + 39.98 290.12 + 52.77
: 112.06 + 40.8 14251 + 43.68
. 0.012
Cerls:l 193+5.96 2343+ 6.9
Cer20:0 99.15 + 45,89 109.89 + 40.25 0.2r7
. 0.046
Cer24:0 2117.82 + 575.25 2450.47 + 704.8
. 0.011
Cer24:1 664.94 + 230.19 839,58 + 287.68
Sphingomyelin (ng/ml)
SM (d18:0/16:0) 64421.97 + 16310.84 69215.29 + 18891.13 0.284
SM(d18:0/18:0) 16036.65 + 3882.54 17495.34 + 3598.15 0.097
SM(d18:0118:1) 922059 + 2338.73 10395.6 + 2757.92 0.073
SM (d18:0/24:0) 20994.62 + 4690.32 22270.89 + 4531.8 0.509
SM(d18:0/24:1) 43823.77 + 8447.88 45683.78 + 8332.04 0.355
Ceramide metabolism (ratio)
SM16:0/Cer16:0 244.95 + 55.01 242.13 + 64.39 0.853
SM18:0/Cer18:0 151.83 + 39.44 130.03+ 33.14 0.008
SM18:1/Cer18:1 492.11 + 98.87 458.65 + 108.38 0.196
SM 24:0/Cer 24:0 11.36 + 2.86 9.66+2.73 0.011
SM24:1/Cer24:1 72.45 + 24.44 59.52 + 18.44 0.006
Ceramide elongation (ratio)
Cer16:0/Cer 24:0 0.13+0.03 0.12+0.03 0.382
Cer18:0/Cer 24:0 0.05 +0.02 0.06 + 0.02 0.182
Cer18:1/Cer24:1 0.03+0.01 0.03+0.01 0.704
Ceramide desaturation (ratio)
Cer18:0/Ceri18:1 5.79 + 0.93 6.14+1.1 0.178
Cer24:0/Cer24:1 334409 3.07+0.86 0.187

T HC, healthy control; N, number; SL, sphingolipid; Cer, ceramide; SM, sphingomyelin.

The continuous data are presented as the means + SD. The dichotomous data are presented as numbers (%).

* The data between asthma and HC were analyzed with independent t-test and Fisher’s exact test. Bold values indicate

significant P value.



Table S5. Corréations of inflammatory cell markers (CD66 Neturophils and CD61" Platelets/Siglec8 Eosinophils)
with clinical featuresand biomarkersin asthmatics

CD66" Neutrophils CD61" Platelets/Siglec8*Eosinophils
Clinical features (N=137)
Total serum IgE (KU/L) .000 .042
Sputum eosinophils (%) -.052 -.201
Sputum neutrophils (%) .004 .072
FeNO (ppb) 238" 131
PC20 (mg/ml, methacholine) -.048 135
Baseline FEV1 (% predicted) -.266" -.030
Baseline FVC (% predicted) -.218" -.124
Basdline FEVI/FVC -.265" 132
Baseline MM EF (% predicted) -235" .001
ACT score -.139 -276"
ACQ score 215 .200°
AQLQ score -.202° -.236"
Sphingolipid metabolites (N=137)
S1P -.045 282"
Sphingosine .395” 220"
Cer16:0 188" -.007
Cer24:0 150 .103
SM16:0/Cer16:0 -.261%* -053
SM24:0/Cer24:0 -.183* -0l
Serum cytokines (N=137)
MMP9 200%* 112
TIMP1 167+ 219%*
TGFp1 251%* .198*
MPO 344+ .079

ROS production from neutrophils (N=50)
Control 404> * -.334*

fMLP stimulation .356* -.541**

TROS, reactive oxygen species; fMLP, formyl methionyl-leucyl-phenylalanine; SL, sphingolipid; Cer, ceramide; SM, sphingomyelin; MM P9, matrix
metallopeptidase 9; TIMPL, tissue inhibitor of metalloproteinase; MPO, myeloperoxidase; TGFB1, transforming growth factor beta 1.
Data are presented as correlation coefficient P¥a%,  * P<0,05, ** P<0.001



Supplementary Figure

Figure S1. Whole blood flow cytometry for immunophenotyping. Flow cytometric plots of (A)
CD123"/HLADR' basophils, (B) activated platelets, CD63" or P-selectin® on CD61" platelets, (C)
Siglec8” eosinophils and CD61" platelets on Siglec8™ eosinophils (platel et-adherent eosinophils), and
(D) CD66" neutrophils.

Figure S2. Expression profiles of the genes encoding enzymes in the sphingolipid signaling pathway in
patients with higher levels of CD66" neutrophils. Boxes in red represent strongly up-regulated genes
encoding that enzyme. Boxes in orange represent up-regulated genes encoding the enzymes. Boxes in blue
represent down-regulated genes. TNF-0, tumor necrosis factor-a; S1P1, sphingosine-1-phosphate
receptor 1, CerS; ceramide synthase, SPT, serine palmitoyl transferase, BID, BH3 interacting domain

death agonist; JNK, ¢c-Jun N-terminal kinase; NF-kB, Nuclear Factor-kappaB.
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