Metabolomics analysis identifies discrete metabotypes of asthma severity
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Methods

Serum samples were collected between May 2010 and August 2012. Ten mL of
whole venous blood were collected (by T.H. or a dedicated research nurse) using a
21-guage BD Vacutainer® Safety-Lok™ blood collection set (BD, Plymouth, UK) into
10 mL BD Vacutainer® serum tubes. Serum was allowed to clot at room temperature
for 30 minutes. Samples were then centrifuged at 1650 x g for 10 minutes at 4 °C.
One mL of supernatant was transferred to a 1.5 mL microcentrifuge tube and stored

at -80 °C. All samples were stored within 2 hours of collection.

Metabolomics Platform

Serum samples were thawed on ice; 50 pL of serum were transferred to each of two
1.5 mL microcentrifuge tubes. Proteins were precipitated for reversed-phase (RP) or
hydrophilic interaction chromatography (HILIC), respectively, by adding 150 uL of
cold methanol (Rathburn, Walkerburn, UK) or 200 pL of cold acetonitrile (Rathburn),
as previously described [1]. Samples were vortexed and incubated at -20 °C for 1
hour. Protein was removed by centrifugation for 12 minutes at 18,000 x g and 4 °C.
Supernatants were transferred to new microcentrifuge tubes and stored at -80 °C
until day of analysis. Quality control (QC) samples were prepared by pooling 20 pL

aliquots from each sample extract.

Full scan data, in both positive and negative electrospray ionization modes, were
acquired for metabolomics samples using an Ultimate 3000 UHPLC system coupled
to a Thermo Q-Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific, San
Jose, USA). For RP metabolomics, sample supernatants were diluted 1:1 with Milli-Q

water (Millipore); 20 pL of diluted sample were injected onto an Accucore aQ RP C18
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(150 x 2.1 mm, 2.7 um particle size) column (Thermo Fisher Scientific). For HILIC
metabolomics, 12.5 puL of sample supernatant were injected onto a Sequant ZIC-
HILIC (150 x 4.6 mm, 5 um particle size) column with a Sequant ZIC-HILIC (20 x 2.1
mm) guard column (Merck, Darmstadt, Germany). Chromatographic methods were
previously described [1]; full scan MS data were acquired by operating a mass
resolving power of 70,000 full width half maximum (FWHM) for RP and 140,000
FWHM for HILIC. To avoid bias due to instrument drift, the injection sequence was
randomized by class. To assess analytical precision, 18 pooled QC samples were

injected throughout the sequence.

Sphingolipid Targeted Analysis

Sphingolipids were determined in serum using a previously described method with
some modifications [2]. Two independent aliquots of 25 and 50 puL were used for the
determination of sphingomyelins (SM), ceramides (Cer), hexosylceramides (HexCer),
lactosylceramides (LacCer) and dihydroceramides (DhCer) or sphingoid bases

respectively.

Sphingomyelins, ceramides, hexosylceramides, lactosylceramides and
dihydroceramides

25 pL of serum were added to 75 pL of water and spiked with 10 pL of an internal
standard mixture containing the internal standards (Ciz.o-sphingomyelin, Ci7.-
ceramide, di7.1-Cz41-ceramide, Cg.o-Glucosylceramide, C;i7.o-lactosylceramide and
Ce.0-dihydroceramide. Samples were vortexed and, after 10 minutes of equilibration,
extracted using a modified Bligh and Dyer procedure by sequentially adding 570 pL

of CHCIs/Methanol (1:2, v/v), 190 yuL of CHCI; and 190 uL of water. After each
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solvent addition, samples were vortexed for 30 seconds. Next, samples were
centrifuged at 10000 g for 15 minutes and the lower layer was transferred a new vial.
After that, samples were re-extracted using 300 "I of CHCI ;. Extracts were then
combined and evaporated to dryness in a SPEEDVAC® concentrator (Genevac,
Ipswich, UK). Extracts were reconstituted in 150 "L of methanaol, filtered using 0.1 "m
membrane spin filters (Merck Millipore, Billerica, MA) and centrifuged for 3.5 minutes
at 5000 g. Extracts were then transferred into autosampler vials and 7.5 "L were
analysed using an ultra high-performance liquid chromatography coupled to
electrospray ionization tandem mass spectrometry method (UPLC-MS/MS) on an
Acquity UPLC separation module coupled to a Xevo TQ mass spectrometer (Waters,

Milford, MS).

Sphingoid bases

50 "L of serum were spiked with 5 "L of internal standard mix containing odd chain
sphingoid bases analogues (Ci7.0-sphingosine, Ci7.1-sphingosine-1-phosphate, C17.0-
dihydrosphingosine, Ci7.1-dihydrosphingosine-1-phosphate) and then 250 "L of
methanol and 125 "L of dichloromethane (CH ,Cl,) were added. Samples were
vortexed and then centrifuged for 15 minutes at 10000 g. The supernatant was then
removed from the insoluble pellet and transferred to another tube. The solvent
fraction was evaporated to dryness by a SPEEDVAC® concentrator. Samples were
vortexed and then centrifuged for 15 minutes at 10,000 g. The supernatant was then
removed from the insoluble pellet and transferred to another tube. The solvent
fraction was evaporated to dryness by a SPEEDVAC® concentrator. Extracts were
reconstituted in 120 "L of 0.5% formic acid in water:MeOH (25:75), filtered using 0.1

"m membrane spin filters (Merck Millipore, Billerica, MA) and centrifuged for 3.5 min
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at 5000 g. Extracts were then transferred into LC-MS vials and 7.5 yL were injected
and analyzed via UPLC-MS/MS as previously published. Chromatographic and mass

spectrometry details have been published elsewhere [2].

Eicosanoid and Related Analogues (Oxylipins) Targeted Analysis

Lipids were extracted by solid phase extraction (SPE) automatically on an Extrahera
system (Biotage, Uppsala, Sweden) using SPE cartridges (3cc/60 mg HLB Oasis
from Waters, Milford, MA and 3cc/60 mg Evolute Express ABN from Biotage,
Uppsala, Sweden). SPE columns were conditioned with 2.5 mL of methanol, the N,
positive pressure was set to 1.3 bar for 90s and equilibrated with 2.5 mL water (N>
positive pressure: 1.5 bar for 90s). Afterwards samples were loaded onto the SPE
cartridge (N» positive pressure: 1.5 bar for 180s followed by 3 bar for 30s) and
washed with 2 mL of water/methanol (80:20, v/v) (N positive pressure: 1.5 bar for
120s). Then the cartridges were dried by using a N, positive pressure gradient (1.2
bar for 120s followed by 5 bar for 750s). Lipids were eluted with 2.5 mL of methanol
(N2 positive pressure: 1 bar for 250s followed by 5 bar for 150s). Eluates were
evaporated in a gentle stream of N, gas until dryness onto an automated TurboVap

LV evaporation system (Biotage, Uppsala, Sweden).

Extracts were reconstituted in 70 "L of methanol/water (86:14, v/v) and filtered by
centrifugation using 0.1 "m membrane spin filters (Merck Millipore Cooperation,
Billerica, MA). Samples were then transferred to autosampler vials before injection

onto the LC-MS system. LC-MS methods were previously described [3].
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Fatty Acid Methyl Ester Targeted Analysis

Sample preparation

For the determination of fatty acid methyl esters (FAMES), samples were thawed on
ice. Ninety "L of cold methanol with internal standards (IS) (Linoleic acid-d11,
Arachidonic acid-d8, Eicosapentanoic acid-d5, and Docosahexaenoic acid-d5 from
Cayman Chemical) were added to 30 "L of sample and vortexed. After centrifugation
(20,000 g, 5 min, 4°C), 40 "L of supernatant was transferred into a glass tube and
evaporated to dryness in a SpeedVac centrifuge. Derivatization was achieved by
adding 2 mL of 12% w/w BCls-methanol heating at 60°C for 20 minutes. After cooling
to room temperature, 1 mL of milli-Q water and 1 mL of hexane were added. Two
hundred "L of the hexane top layer was transferred into a glass injection vial,

evaporated and dissolved in 30 "L hexane with IS (Methylnonadecanoate).

Gas chromatography coupled to mass spectrometry

The method for targeted FAMEs was adapted from the procedure described by Ecker
et al. [4]. FAMEs were separated by a medium polar Agilent J&W DB-23 column (30
m # 0.25 mm ID with a 0.15 "m film thickness) using an Agilent 7820A gas
chromatograph equipped with a 7693 autosampler, a split/splitless capillary inlet and
an Agilent 5977E MSD. The system was controlled by the MassHunter workstation
software. The injection volume was 1 "L in splitless mode. The gas chromatograph
temperature was ramped as follows: initial oven temperature 50 °C, increased 25
°C/min to 175 °C, with 4 °C/min to 230 °C and hold for 5 min. The transfer line was
kept at 280 °C. Helium was used as the carrier gas with constant flow at 0.8 mL/min.
Data acquisition was performed in scan mode (mass range m/z 50-500) to

characterize and identify FAMEs. Quantification was achieved using selected ion
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monitoring (SIM) mode and was based on an eight-point calibration curve prepared
by serial dilutions in hexane of a FAME mixture (FAME Mix C4-C24, from Supelco)

with derivatized IS.

Data Cleaning

Metabolites were removed if a signal was detected for less than 80% of samples (>
20% missing values) [5]. The percent of missing values was compared across all
clinical groups prior to removal to ensure that a metabolite was not erroneously
removed due to being absent completely in one or more groups. Metabolites with an
RSDqc > 25% were deemed not suitably reproducible and removed from further
analysis; this value was chosen based on literature reports [6] and our choice of
chromatography (C18 and HILIC). To ensure biological variability was greater than
analytical precision [7], metabolites with an RSDsampie:RSDgc ratio of > 1.5 were also

removed.

Statistical Analysis

For each metabolite that was significant at p = 0.05, pairwise comparisons were
performed using Tukey’s honest significant difference (hsd) criterion. The resulting
values are reported in Tables E3-E6. A post-hoc power calculation was performed.
Based upon the median relative standard deviation (RSD) of 0.64, which includes
both the technical variance of the metabolomics method and the biological intra-
group variance, a 0.55 difference of means could be detected at the 80% power
level, and a 0.70 difference of means could be detected at the 95% power level. This
corresponds to an effect size of 0.90 at the 80% power level, and an effect size of 1.1

at the 95% power level. The effect size remained constant across the IQR of the
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RSD for the biological+technical variance of all detected putative metabolites in our
metabolomics platform (IQR RSD; 0.43-0.97). This means that for the 25% best
performing metabolites, a 0.28 difference of means could be detected at the 80%
power level, and a 0.35 difference of means could be detected at the 95% power

level.
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Results

Table E1. Clinical Criteria for Classifying Asthma Severity*

Mild asthma

Symptoms < once a day

Nocturnal symptoms < twice a month
* FEV; or PEF $80% predicted
Treatment:

 Salbutamol as needed only

Presence of asthma confirmed by methacholine challenge testing.

Moderate asthma

Symptoms < once a day

Nocturnal symptoms <once a week

Asthma control score >1.5

Treatment:

 Salbutamol as needed only

* Low-dose inhaled steroids (<800 mcg beclometasone dipropionate
equivalent)

* +/- Long acting beta-2-agonist

Presence of asthma confirmed by methacholine challenge testing.

Severe asthma

Symptoms daily

Nocturnal symptoms >once a week

Daily use of inhaled short-acting [32-agonist

* FEV; or PEF <80% of predicted or patient’s best

Treatment:

* High-dose inhaled steroids ( $800 mcg beclometasone dipropionate
equivalent)

* Long acting beta-2-agonist

* +/- frequent or continuous oral corticosteroids

*These criteria were agreed before the study began and used by T.S.C.H. to
assign each participant with asthma to one of 3 categories of disease
severity after full clinical and physiologic assessment during
screening/enrolment. Where patients did not map on to a single category
they were considered on an individual basis to achieve the best possible fit.
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Table E2. Biological classes of metabolites identified using the metabolomics

platform.

Biological Class

Metabolites

Amino acids and biogenic amines

Arginine, Asymmetric dimethylarginine,
Citrulline, Glutamate, Glutamine, Histidine,
Indole-3-acetate, Kynurenine, Lysine,
Methionine, Methylcysteine, Methylhistidine,
Methylthioadenosine, Ornithine, Phenylalanine,
Pipecolate, Piperine, Taurine

Excretion

Bilirubin

Fatty acids

Arachidonic acid, Decanedioic acid,
Docosahexaenoic acid, Dodecanedioic acid,
Linoleic acid, %Linolenic acid, Oleic acid,
Stearidonic acid

Lipid mediators

Arachidonoyl Platelet activating factor(C16:0),
12-HETE, dehydro-Sphingosine-1-
phosphate(d18:0), dehydro-Sphingosine(d18:0),
Hexosylceramide(C16:0),
Lactosylceramide(C16:0), Linoleates, Linoleoyl
ethanolamide, Lyso-Platelet activating
factor(C16:0), Lysophosphatidylcholine(C16:0),
Lysophosphatidylcholine(C18:0), N-
Palmitoyltaurine, Octanoylcarnitine, Oleoyl
ethanolamine, Platelet activating factor(C4:0),
Propionylcarnitine, Sphingosine-1-
phosphate(d18:1), Sphingosine(d18:1)

Purine/pyrimidine metabolism

Caffeine, Guanosine, Hypoxanthine,
Methylxanthine, Paraxanthine, Theobromine,
Urate, Uridine, Xanthine

Steroids/Bile acids

Cortisol, Cortisone, Dehydroepiandrosterone-
Sulfate, Glycocholate, 22-hydroxycholesterol,
Taurodeoxycholate

Tables E3 — E6 are provided separately in Excel files.

Table E3. Full metabolomics data set.

Table E4. Targeted sphingolipid data.

Table E5. Targeted fatty acid data.

Table E6. Targeted eicosanoid data.

Page 10 of 14




PCA Score Plot

6} o

4o %
o

@) ®© 0O

2t g APCo 3,

9%)
1
O

<q

= Y
g NS
v_2 | _
o\ 00%%0]7
8 © O
o o
4| v O i
@
© Control
-6 < Mid -
Vv Moderate
O Severe
-8 i 1 1 1 1 v ]
-20 -15 -10 -5 0

PC1 (Var = 22%)

Figure E1. Principal Component Analysis (PCA) showing 2 sample outliers. The
two samples on the far left of the plot were considered outliers because their PC1
score was more than 3 standard deviations away from the mean of the rest of the
samples. Outliers were removed prior to statistical analyses. Further examination of
the data showed that the outlier samples were found to have >10% missing data in
the metabolomics data set. These samples were not outliers in the targeted
analyses, suggesting that the behaviour of these samples in the metabolomics data

set was due to analytical error (e.g., injection failure).
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Figure E2. Cross validation of Principal Component — Canonical Variate
Analysis (PC-CVA). Using k-fold cross validation, 8 PCs were chosen as the optimal

number of components.
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Figure E3. Box plot showing concentrations of leukotriene E4 (LTE,4). Healthy Controls,
N=22; Mild, N=12; Moderate, N=20; Severe, N=24 (Outliers identified in Figure E2 in the
metabolomics screen were not outliers in the targeted assays). The line in the middle of each
box equals the median value, the tops and bottoms of each box are the first and third
guartile, respectively. The whiskers span from 1.5 times IQR above the third quartile to 1.5
times the IQR below the first quartile. Samples outside this range (crosses) are considered
outliers. The Kruskal-Wallis p-value is shown; **, p<0.01 after Tukey-Kramer multiple

comparison testing was applied
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