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Magnus Ericsson7, John-Olof Thörngren7, Anna James1,3, Maria Mikus1,3, Ana R. Sousa8, John H. Riley8, Stewart Bates8, Per S. Bakke9,
Ioannis Pandis10, Massimo Caruso11,12, Pascal Chanez13, Stephen J. Fowler14, Thomas Geiser15, Peter Howarth16, Ildikó Horváth17,
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Abstract

Rationale:New approaches are needed to guide personalized treatment of
asthma.

Objectives: To test if urinary eicosanoid metabolites can direct asthma
phenotyping.

Methods:Urinarymetabolites of prostaglandins (PGs), cysteinyl leukotrienes
(CysLTs), and isoprostanes were quantified in the U-BIOPRED (Unbiased
Biomarkers for thePredictionofRespiratoryDiseasesOutcomes) study including
86 adults with mild-to-moderate asthma (MMA), 411 with severe asthma (SA),
and 100 healthy control participants. Validationwas performed internally in 302
participants with SA followed up after 12–18 months and externally in 95
adolescents with asthma.

Measurement andMainResults:Metabolite concentrations inhealthy
control participantswere unrelated to age, bodymass index, and sex, except for
the PGE2 pathway. Eicosanoid concentrations were generally greater in
participants with MMA relative to healthy control participants, with further

elevations in participants with SA. However, PGE2 metabolite concentrations
were either the same or lower inmale nonsmokers with asthma than in healthy
control participants. Metabolite concentrations were unchanged in those with
asthmawhoadhered tooral corticosteroid treatment asdocumentedbyurinary
prednisolone detection, whereas those with SA treated with omalizumab had
lower concentrations of LTE4 and the PGD2metabolite 2,3-dinor-11b-PGF2a.
High concentrations of LTE4 andPGD2metaboliteswere associatedwith lower
lung function and increased amounts of exhaled nitric oxide and eosinophil
markers in blood, sputum, and urine in U-BIOPRED participants and in
adolescents with asthma. These type 2 (T2) asthma associations were
reproduced in the follow-up visit of the U-BIOPRED study and were found to
be as sensitive to detect T2 inflammation as the established biomarkers.

Conclusions:Monitoring of urinary eicosanoids can identify T2 asthma
and introduces a new noninvasive approach for molecular phenotyping of
adult and adolescent asthma.

Clinical trial registered with www.clinicaltrials.gov (NCT 01976767).
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Many of the new biologic treatments of
asthma target type 2 (T2) asthma, in which
mast cells, eosinophils, and the cytokines
IL-4, IL-5, and IL-13 mediate central
components of the inflammatory reactions
(1). However, stratification of patients
for treatment is at present limited to
measures of blood or sputum eosinophils,
fractional exhaled nitric oxide (FENO), or
protein markers in blood such as total IgE
or periostin that do not provide
consistent information (2). There is
accordingly an unmet need to identify
new predictive biomarkers to improve
stratification of patients by pathobiologic
mechanisms and to aid selection of
treatments.

Herein we report data from the
pan-European U-BIOPRED (Unbiased
Biomarkers for the Prediction of Respiratory
Disease Outcomes) study on potential
urinary lipid biomarkers of asthma (3).
Leukotrienes (LTs), prostaglandins (PGs),
and related arachidonic acid derivatives,
collectively termed eicosanoids, are
fundamental signaling molecules in human
biology (4) that have been implicated in the
pathophysiology of asthma. Specifically, the
biologically active eicosanoids may exert
pro- and antiinflammatory actions, and
many cause bronchoconstriction (Figure 1).
Whereas prostaglandins and thromboxane
A2 (TXA2) are biosynthesized in enzymatic
reactions initially catalyzed by either of two
cyclooxygenases (COX-1 or COX-2), the

LTs are generated via a pathway initiated
by the 5-LOX (5-lipoxygenase) enzyme.
Cysteinyl LTs (CysLT; LTC4, LTD4, and
LTE4) are potent bronchoconstrictive (5)
and proinflammatory mediators (6);
CysLT1 receptor antagonists and the
5-LOX inhibitor zileuton are used for the
treatment of asthma (7, 8). PGD2 is the
major COX product in mast cells with
bronchoconstrictive and proinflammatory
actions (9, 10) and is investigated as a
potential new target for asthma therapy.
The isoprostanes are primarily generated
nonenzymatically under conditions of
oxidative stress (11), and reported biologic
effects in the airways suggest that they may
contribute to the pathophysiology of
asthma (12).

The eicosanoids are short-lived in the
tissues in which they are biosynthesized
and are rapidly removed from circulation
for excretion by the kidney. The amounts
excreted into the voided urine therefore
represent an integration of the systemic
load since the previous emptying of the
urinary bladder. The measurement of
metabolites in the urine that reflect
activation of the different biosynthetic
pathways is a reliable method to
assess in vivo production of primary
eicosanoids (13–15). In contrast, their
concentrations in blood are low and
fluctuating, and interpretations can be
complicated by artifactual formation
during sampling.

In the current study, we present the
largest evaluation to date of multiple
urinary eicosanoid metabolites present in
healthy adults and adults with asthma. We
show that profiling of lipid mediators in the
urine provides a valuable noninvasive
approach for molecular phenotyping of
asthma and, in particular, provide data
from two patient cohorts demonstrating
that urinary LTE4 and metabolites of PGD2

correlate with eosinophilic T2 inflammation.
Some of the results from these studies have
been previously reported in the form of
abstracts (16, 17).

Methods

Cohort Descriptions
The U-BIOPRED study (clinicaltrials.gov
identifier NCT 01976767) was approved
by the ethics committees at each of
the 16 clinical sites and included adult
participants aged 18–79 years with either
controlled mild-to-moderate asthma
(MMA; n = 86), or severe asthma (SA;
n = 411), classified according to the
international guidelines for SA (18). The
participants with SA were stratified by
smoking status into smokers (n = 109),
including current or past smokers (.5
pack-years), and nonsmokers. Clinical
study data for the baseline cross-sectional
examination have been published
previously (3), but essential outcomes
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including medication use are described in
Table 1. The level of treatment with
inhaled corticosteroids (ICS) was one
inclusion criterion (<500 mg fluticasone
equivalents/d in MMA and >1,000 mg
fluticasone equivalents/d in SA). A total of
41% of those with SA were prescribed oral
corticosteroids (OCS), and 13% were

treated with omalizumab. No participants
were treated with 5-LOX inhibitors or
prescribed nonsteroidal antiinflammatory
drugs for regular use. A control group of
healthy participants (n=100) was included.
The findings in the baseline study were
internally validated in 302 participants with
SA followed up in a longitudinal visit after
12–18 months. External validation was
conducted in 95 adolescent participants aged
10–16 years with SA or controlled persistent
asthma from the Swedish Search cohort.
Subject characteristics including use of ICS
as budesonide equivalents are summarized
in Table 2 (19). The Swedish Search study
was approved by the regional board of ethics
at Karolinska Institutet (no. 2006/1324-
31/1). Written informed consent was
obtained from all participants or their
guardians. In all studies, spot samples of
urine were collected and stored at 2808C
without additives until analysis.

Quantification of Eicosanoid
Metabolites
For the mass-spectrometry analysis, urine
samples were randomly distributed into
batches of 24 samples, each of which
included one quality-control reference
sample. Eicosanoid metabolites (Figure 1)
and creatinine were quantified as
previously published (20). Among the 13
metabolites representing key pathways
(Figure 1), 2,3-dinor-6-keto-PGF1a and
TXB2 displayed unacceptable technical
variability (.40% coefficient of variation
across batches) and were excluded from
the final analysis. Missing values
(i.e., lower than the limit of quantification)
occurred in ,0.6% and 3.2% of the
baseline and longitudinal samples,
respectively. In adolescent urine samples,
the PGD2 and CysLT metabolites were
quantified using enzyme immunoassays
from Cayman Chemical, as previously
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Figure 1. Schematic overview of arachidonic acid–derived lipid mediators (eicosanoids) following
both enzymatic and nonenzymatic metabolism. Blue text indicates the known or proposed
biologic effect of the indicated pathway. Gray boxes highlight eicosanoids quantified in urine
from participants in the U-BIOPRED (Unbiased Biomarkers for the Prediction of Respiratory
Diseases Outcomes) study by UPLC-MS/MS. 5-LOX=5-lipoxygenase; COX=cyclooxygenase;
cPLA2=cytosolic phospholipase A2; FLAP= five lipoxygenase-activating protein; iPF2a=
isoprostane-F2a; LT = leukotriene; LTC4S=LTC4-synthase; PG=prostaglandin; PGDS=PGD-
synthase; PGES=PGE-synthases; PGFS=PGF-synthase; PGIS=PGI-synthase; tetranorPGDM=
tetranor PGD2 metabolite; tetranorPGEM= tetranor PGE2 metabolite; TX= thromboxane;
TXAS=TXA-synthase; UPLC–MS/MS=ultraperformance liquid chromatography–tandem mass
spectrometry.

At a Glance Commentary

Scientific Knowledge on the
Subject: Eicosanoids may exert pro-
and antiinflammatory actions
contributing to the pathobiology of
asthma. However, their relative
abundance in individuals with asthma
and association with type 2 (T2)
asthma are unclear. In addition,
the influence of oral corticosteroid
(OCS) treatment on eicosanoid
concentrations is debated.

What This Study Adds to the Field:
Urinary concentrations of
11 eicosanoid metabolites were
quantified in 597 individuals
participating in the U-BIOPRED
study. From normal values established
in 100 healthy participants, we
observed a progressive increase in
most metabolites in relation to asthma
severity. We demonstrate that
eicosanoid concentrations were
independent of OCS treatment,
whereas participants on anti-IgE
therapy had lower concentrations of
leukotriene E4 (LTE4) and
prostaglandin D2 (PGD2) metabolites.
Moreover, a strong relationship
between LTE4 and PGD2 metabolites
with markers of T2 inflammation was
validated internally and externally
using adolescents with severe or
controlled persistent asthma. An
exploratory benchmarking analysis
suggested that the strength of the
association of urinary LTE4 and T2
asthma was in the same range as for
blood eosinophils and fractional
exhaled nitric oxide. We propose that
urinary LTE4 and PGD2 metabolites
should be explored as new
noninvasive biomarkers to guide
molecular phenotyping of asthma and
the selection of biologics targeting T2
inflammation.
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described (9). Eosinophil-derived
neurotoxin (EDN) was measured
according to the manufacturer’s
instruction using a kit from Medical and
Biological Laboratories Co.

Data Analysis
Associations between U-BIOPRED
baseline or longitudinal eicosanoid
concentrations and clinical or
hematological markers of asthma were
evaluated using an extreme-value
approach, in which participants with
asthma were stratified by high (75th
percentile) or low (25th percentile)
urinary concentrations of LTE4, combined
PGD2 metabolites (c-PGD2), and a
combined isoprostane variable. The
composite variables were created by log2
transformation, followed by scaling each
analyte to unit variance (i.e., z score)
before summation at the subject level. The
same associations were evaluated for
CysLTs and PGD2 metabolites in the
Swedish Search study. Eicosanoid variables
followed a nonnormal distribution.

Outcome variables were collected from the
U-BIOPRED tranSMART database.
Because of the exploratory nature of this
study, unadjusted P values were used and
P values, 0.05 were considered significant
using the Kruskal-Wallis, Mann-Whitney
U, or chi-square test. Extreme-value
analysis was performed using R (version
3.4.4; CRAN Network) and statistical
evaluation was performed in GraphPad
Prism (version 8; GraphPad). Multivariate
correlation analysis between variables
used to calculate the Refractory Asthma
Stratification Program (RASP) T2 severity
score (blood eosinophils, FENO, and serum
periostin) (21), and the three urinary
metabolites of interest (LTE4, tetranor
PGD2 metabolite [tetranorPGDM], and
2,3-dinor-11b-PGF2a) was performed
using partial least-squares regression in
SIMCA-P (Sartorius, Umetrics). The
correlation between the two data
blocks (inner relation) was calculated as
the Pearson r between the resulting
latent variables, as previously described
(22), with P, 0.05 considered significant.

Results

Urinary Excretion of Eicosanoid
Metabolites in Healthy Participants
The highest urinary concentrations were
those of the main metabolite of PGE2,
tetranor PGE2 metabolite (tetranorPGEM)
(Figure 2 and Table 3), which was the only
metabolite to display meaningful sex
differences, with median values among men
being approximately twice those of women
(1,510 ng/mmol creatinine for men vs. 701
ng/mmol creatinine for women; P, 0.01;
Figure 2 and Table 3).

Isoprostanes constituted the second
most abundant group of metabolites (Figure 2
and Table 3). The median concentrations of
8,12-iso-isoprostane-F2a-VI (8,12-iso-iPF2a-
VI) were highest, followed by 2,3-dinor-8-iso-
PGF2a, whereas the commonly measured
8-iso-PGF2a was the least abundant,
accounting for only z4% of total isoprostane
concentrations. There was a small sex difference
for the median concentrations of 2,3-dinor-8-
iso-PGF2a (151 ng/mmol creatinine for men vs.
214 ng/mmol creatinine for women; P,0.05).

Table 1. U-BIOPRED Study Characteristics of 597 Participants Used for Urinary Eicosanoid Metabolite Profiling

Healthy Nonsmoking
Participants

Mild-to-Moderate
Nonsmoking

Asthma
Severe Nonsmoking

Asthma

Smokers and
Ex-Smokers with
Severe Asthma

P Value
Median (IQR) or

% n
Median (IQR) or

% n
Median (IQR) or

% n
Median (IQR) or

% n

Participants, n 100 — 86 — 302 — 109 — —
Age, yr 35 (27–49) 100 43 (28–53) 86 53 (43–62) 302 55 (48–61) 109 ,0.0001
Sex, % F 39% — 50% — 66% — 51% — ,0.0001
BMI, kg/m2 24.6 (22.8–27.5) 100 24.8 (23.1–28.8) 86 27.8 (24.6–33.7) 302 28.9 (25.2–32.6) 109 ,0.0001
FEV1%* 102 (94–110) 100 92 (76–100) 85 67 (51–85) 299 66 (53–78) 109 ,0.0001
Exacerbations, n NA — 0.0 (0–1.0) 86 2.0 (1.0–3.0) 301 2.0 (1.0–4.0) 109 ,0.0001
Smoking history,
pack-years)

1 (024) 20 4 (1–5) 13 2 (1–4) 43 17 (10226) 109 ,0.0001

ACQ-5 NA — 0.8 (0.3–1.4) 83 2.2 (1.4–3.0) 291 2.2 (1.4–3.0) 106 ,0.0001
AQLQ NA — 6.2 (5.4–6.5) 82 4.6 (3.6–5.4) 299 4.4 (3.5–5.3) 105 ,0.0001
Daily to weekly OCS use NA — NA — 41% 124 40% 44 —
OCS, mg eq. NA — NA — 12 (8–20) 145 16 (10–25) 58 0.1374
Omalizumab users NA — NA — 13% 40 13% 14 —
Comb. atopy, % positive 40% 40 90% 77 74% 224 62% 68 ,0.0001
FENO, ppb 19 (13–29) 95 25 (18–52) 85 27 (16–48) 281 23 (12–43) 103 0.0005
Periostin, ng/ml 50 (44–57) 88 49 (41–55) 71 50 (42–60) 250 44 (36–59) 85 0.0339
Sputum eosinophils, % 0.3 (0.2–0.9) 18 1.3 (0.7–3.9) 35 4.1 (1.3–26.5) 109 4.5 (1.1–13.8) 49 ,0.0001
Blood eosinophil, counts/ml 100 (90–200) 100 200 (100–300) 86 200 (100–400) 294 220 (110–405) 105 ,0.0001
Serum IL-13, pg/ml 0.4 (0.3–0.6) 87 0.6 (0.4–0.9) 70 0.6 (0.3–1.1) 245 0.5 (0.3–1.1) 82 0.0004
Serum total IgE, IU/ml 23 (9–63) 97 89 (50–244) 83 119 (45–347) 295 124 (59–343) 106 ,0.0001
hsCRP, mg/L 0.8 (0.3–1.6) 97 0.8 (0.4–2.1) 85 2.1 (0.9–4.9) 295 2.3 (1.1–4.8) 109 ,0.0001

Definition of abbreviations: ACQ-5=Asthma Control Questionnaire mean of 1–5; AQLQ=Asthma Quality Of Life Questionnaire total mean; BMI =body
mass index; Comb. = combined; FENO= fractional exhaled nitric oxide; hsCRP=high-sensitivity C-reactive protein; IQR= interquartile range; mg eq. = dose
equivalents normalized to milligrams of prednisolone; NA=not applicable; OCS=oral corticosteroids; ppb=parts per billion; U-BIOPRED=Unbiased
Biomarkers for the Prediction of Respiratory Diseases Outcomes.
Significance was evaluated using a Kruskal-Wallis nonparametric test or a chi-square test for categorical variables.
*Prebronchodilator FEV1%.
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The two major metabolites of PGD2,
tetranorPGDM and 2,3-dinor-11b-PGF2a,
were found in a similar range as the two
8-iso-isoprostanes (Figure 2 and Table 3).
The panel did not include downstream
metabolites of PGF2a, but the parent
compound was consistently detected at
concentrations z10-fold higher than
those of primary PGE2 (Figure 2 and
Table 3). Concentrations of the sequential
metabolites of TXA2, 11-dehydro-TXB2
and 2,3-dinor-TXB2, were similar in
abundance to PGE2 but were less abundant
than PGF2a (Figure 2 and Table 3). The
least abundant analyte was the terminal
metabolite of the CysLTs, LTE4 (median
concentration, 3.1 ng/mmol creatinine)
(Figure 2 and Table 3).

None of the eicosanoid metabolites in
healthy participants showed biologically
meaningful correlations with age or body
mass index (BMI; data not shown). In
addition, except for the metabolites
mentioned above, there were no
concentration differences in relation to sex.

Comparison of Concentrations
between the Study Groups
For five of the six pathways quantified
(PGD2, PGF2a, TXA2, isoprostanes, and

CysLTs), there was a general pattern
of progressively higher concentrations
from healthy to SA; group median
concentrations in those with MMA were

higher compared with those of healthy
participants, and further elevations
were evident in participants with SA
in comparison with those with MMA

Table 2. Clinical Characteristics of 95 Adolescent Participants in the Swedish Search Study Stratified by Asthma Severity

Controlled Persistent Asthma Severe Asthma P Value

Number 38 57 —
Age, yr 14.2 (11.5–16.2) 13.5 (10.6–15.6) 0.370
Sex, % F 39 42 0.798
FEV1%* 90 (82–100) 82 (70–94) 0.009
Asthma Control Test 23 (22–24) 18 (15–19) ,0.0001
Methacholine, DRS 3 (0.4–30) 18 (2–61) 0.006
Atopic, % 84 83 0.910
Respiratory allergy, % 76 77 0.870
Food allergy, % 53 37 0.140
Exacerbations in previous 12 mo 0 (0–1) 5 (3–10) ,0.0001
ICS, mg budesonide equivalents 320 (190–400) 800 (800–800) ,0.0001
Antileukotriene users (montelukast), n 0 46 —
Serum total IgE, IU/ml 290 (81–765) 283 (118–853) 0.609
FENO, ppb 17 (10–26) 22 (10–40) 0.166
Blood eosinophils, counts/ml 200 (100–325) 300 (200–585) 0.008
Serum periostin, ng/ml 90 (76–119) 84 (56–106) 0.190
EDN, ng/mmol creatinine 116 (73–145) 114 (88–173) 0.357
CysLTs, ng/mmol creatinine 100 (77–133) 112 (81–162) 0.188
PGD2 metabolites, ng/mmol creatinine 65 (44–82) 67 (49–93) 0.359

Definition of abbreviations: CysLT= cysteinyl leukotriene; DRS=methacholine slope of dose–response; EDN=eosinophil-derived neurotoxin;
FENO= fractional exhaled nitric oxide; ICS= inhaled corticosteroids; PGD2=prostaglandin D2; ppb=parts per billion.
All values are given as median (interquartile range) unless otherwise specified. Group comparisons were performed by using Mann-Whitney U test or
chi-square test for categorical variables. “Atopic” refers to being sensitized to at least one food or respiratory allergen. “Respiratory allergy” refers to being
sensitized (.0.35 kuA/L) to one or more of the following allergen sources: cat, dog, horse, timothy, birch, mugwort, Dermatophagoides pteronyssinus,
and Cladisporium. “Food allergy” refers to being sensitized (.0.35 kuA/L) to one or more of the following allergen sources: milk, egg, wheat, peanut, soya,
and cod. Concentrations of CysLTs and PGD2 metabolites were measured by enzyme immunoassay.
*Prebronchodilator FEV1%.
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Figure 2. Median (interquartile range) urinary concentration of individual eicosanoids in the U-BIOPRED
(Unbiased Biomarkers for the Prediction of Respiratory Diseases Outcomes) adult baseline healthy
participant (healthy control) group (n=100). TetranorPGEM concentrations are stratified by sex. CysLT=
cysteinyl LT; iPF2a= isoprostane-F2a; LT= leukotriene; PG=prostaglandin; tetranorPGDM=tetranor PGD2

metabolite; tetranorPGEM= tetranor PGE2 metabolite; TX= thromboxane.
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(Figure 3 and Table 3). The observed
concentrations occasionally reached
statistical significance among healthy
participants, participants with MMA, and
the two groups with SA, primarily among
healthy participants and either or both of
the groups with SA.

The concentrations of LTE4 were
significantly higher in all asthma groups
relative to healthy participants, with the
strongest difference for LTE4 (median fold
change [MFC]> 2.0; P, 0.0001) in either
SA group (Figure 3D and Table 3). The
PGD2 metabolites (tetranorPGDM and
2,3-dinor-11b-PGF2a) were also elevated
in relation to asthma severity (healthy
participants vs. either SA group,
MFC> 1.4; P, 0.001; healthy participants
vs. either SA group, MFC> 1.3; P, 0.001,
respectively) (Figures 3A and 3B and
Table 3).

Two isoprostanes t(8-iso-PGF2a and
2,3-dinor-8-iso-PGF2a) were significantly
elevated in the group with SA, with
8-iso-PGF2a in addition showing a
linear increase with asthma severity. The
increase in 8-iso-PGF2a was to a great
extent driven by the women, a trend also
shown for its metabolite 2,3-dinor-8-iso-
PGF2a (see Table E1 in the online
supplement). The median level of the most
abundant isoprostane, 8,12-iso-iPF2a-VI,

was, however, the same in all four
study groups (Figures 3G–3I and
Table 3).

In distinct contrast to the other
metabolites, primary PGE2 was lower
in those with MMA than in healthy
participants, but reached higher
concentrations in SA compared with
healthy participants (Figure 3J).
Moreover, in men, the main metabolite
tetranorPGEM was also lower in those
with MMA than in healthy participants,
and its concentrations in either of the
groups with SA were no different from
those of healthy participants (Figure 3K
and Table 3). The same numerical trends
were observed for tetranorPGEM in
women, although only smokers with
asthma were statistically different
from healthy participants. Among
both women and men, smokers with
SA had higher concentrations of
tetranorPGEM than the corresponding
nonsmokers.

Influence of OCS Treatment
The use of prescribed OCS was similar in
smokers and nonsmokers with SA (40%
and 41%, respectively; Table 1), with the
vast majority receiving daily treatment
(122 of 124 nonsmokers and 43 of 44
smokers). However, for 9 of the 11

measured metabolites, there were no
differences in the concentrations in
urine between those with asthma who
reported receiving OCS and those
stating no use (Table 4). The exceptions
were 2,3-dinor-TXB2 and 8,12-iso-
iPF2a-VI, both of which exhibited
slightly lower concentrations (12–13%)
among the participants prescribed
OCS.

The virtual absence of steroid influence
on urinary eicosanoid metabolite
concentrations was strengthened when
the prescription information was combined
with data on the actual detection of
prednisolone metabolites in urine
(Table 4). Stratifying participants
according to this stricter classification
again demonstrated no differences
between groups for the majority of
measured metabolites in the SA
participants. The observed lower
concentrations of the same two
metabolites (2,3-dinor-TXB2 [13% lower]
and 8,12-iso-iPF2a-VI [20% lower]) were
replicated in this smaller, but objectively
verified, group of OCS users (Figure 4A).
Consistent with the overall findings,
there were no signs of dose-related
effects of steroid treatment on urinary
concentrations of CysLTs or PGD2

metabolites when adult (U-BIOPRED) and

Table 3. Median (IQR) Urinary Eicosanoid Metabolite Concentrations (ng/mmol Creatinine) in U-BIOPRED Healthy Participants and
Participants with Asthma Sorted in Order of Descending Concentration

Healthy
Nonsmoking

Participants (HC)
(n=100)

[Median (IQR)]

MMA (n= 86) SAn (n=302) SAs/ex (n=109)

Median (IQR)

HC vs.
MMA

P Value Median (IQR)

MMA vs.
SAn P
Value Median (IQR)

SAn vs.
SAs/ex
P Value

TetranorPGEM (male) 1,510 (989–2,588) 925 (677–1,576) ,0.001 1,196 (835–1,922) 0.043 1,665 (1,084–2,303) 0.025
TetranorPGEM (female) 701 (482–1,152) 656 (433–899) 0.498 698 (533–1,166) 0.230 1,021 (582–1,489) 0.013
8,12-iso-iPF2a-VI 392 (293–508) 384 (281–506) 0.570 387 (265–549) 0.669 367 (273–508) 0.484
TetranorPGDM 188 (139–250) 204 (138–285) 0.486 268 (190–368) ,0.001 297 (204–410) 0.083
2,3-dinor-8-iso-PGF2a 171 (124–239) 163 (113–221) 0.390 191 (135–291) 0.009 208 (150–314) 0.153
PGF2a 97 (75–142) 105 (79–142) 0.460 116 (86–158) 0.039 117 (86–153) 0.647
2,3-dinor-11b-PGF2a 46 (31–62) 47 (31–68) 0.833 58 (39–80) 0.001 62 (46–83) 0.077
2,3-dinor-TXB2 42 (30–61) 42 (27–60) 0.908 45 (30–67) 0.567 58 (36–83) 0.006
8-iso-PGF2a 23 (18–29) 24 (18–33) 0.897 27 (20–39) 0.014 30 (25–43) ,0.001
PGE2 10.0 (5.8–20.0) 10.0 (6.0–15.0) 0.205 15.0 (8.3–23.0) ,0.001 14.0 (8.9–24.0) 0.779
11-dehydro-TXB2 6.8 (3.4–11.0) 6.8 (4.6–9.3) 0.741 8.3 (4.8–13.0) 0.020 9.1 (6.4–14.0) 0.092
LTE4 3.1 (1.9–4.9) 4.5 (3.1-7-0) ,0.001 6.3 (3.9–11.0) ,0.001 7.3 (4.3–12.0) 0.304

Definition of abbreviations: HC=healthy control participants; iPF2a= isoprostane-F2a; IQR= interquartile range; LTE4= leukotriene E4; MMA=participants
with mild-to-moderate asthma; PG=prostaglandin; SAn=nonsmokers with severe asthma; SAs/ex= smokers or ex-smokers with severe asthma;
tetranorPGDM= tetranor PGD2 metabolite; tetranorPGEM= tetranor PGE2 metabolite; TXB2= thromboxane B2; U-BIOPRED=Unbiased Biomarkers for
the Prediction of Respiratory Diseases Outcomes.
Significance was determined by using a nonparametric Mann-Whitney U test.
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adolescent (Swedish Search, see below)
participants were subdivided into three
urine-prednisolone-concentration
groups or by three budesonide-dose
groups, respectively (Figures 4B
and 4C).

Relation between Eicosanoid
Metabolites and Omalizumab
Treatment
In view of the report that omalizumab
treatment may decrease the concentrations
of urinary LTE4 and metabolites of PGD2

(23), we performed a subgroup analysis of
52 individuals with SA on omalizumab
treatment in the year before the study. The
serum IgE concentrations were matched
using a (1:2) case-control design with
no difference in standard asthma
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medication usage, including OCS and ICS,
antileukotriene, or long-acting b2-agonist
(Table E2). The omalizumab group had
lower concentrations of the early PGD2

metabolite 2,3-dinor-11b-PGF2a (P, 0.05),
LTE4 (P, 0.01), and 11-dehydro-TXB2
(P, 0.01), with a tendency of fewer high
values in this group (Figure 5 and Table E3).
There were no other group differences with
respect to common T2 markers, including
blood eosinophils, serum periostin, and
FENO (Table E2).

Extreme-Value Analysis in
U-BIOPRED
The majority of the monitored eicosanoid
pathways evidenced progressive increases
with asthma severity but also showed
considerable overlap between the study
groups (Figure 3). We therefore further
stratified the individuals with asthma
according to high (75th) and low (25th)
percentile distribution for each eicosanoid

pathway to identify associations between
urinary metabolite concentrations and clinical
outcomes as well as other biomarkers.

The most prominent associations in
this extreme group comparison were found
between high urinary LTE4 and low lung
function as well as typical T2 inflammation
markers such as FENO, blood and sputum
eosinophils, and serum periostin and IL-13
(Figure 6). In addition, high urinary LTE4
showed a significant association with high
serum IgE, as well as with T2-associated
CCL-18 (Table E4). A number of other
serum markers were higher in the high-
LTE4 group, including CCL-26 (eotaxin-3),
CCL-17 (TARC), MMP-3, IL-1a, and
TNFa (Table E4).

The pattern of high c-PGD2 was
similar to the T2 profile and the low
lung function associated with high LTE4
(Figure 6), although values for FENO and
serum periostin did not reach significance.
Higher urinary c-PGD2 was also associated

with poorer Asthma Control Questionnaire
mean of 1–5 (ACQ-5) and Asthma Quality
of Life Questionnaire total mean (AQLQ)
scores and higher hsCRP (high-sensitivity
C-reactive protein) but greater reversibility.
The group with high urinary PGD2

metabolite concentrations displayed greater
concentrations of several cytokines, including
CCL-18 (Table E4). The participants in the
groups with high LTE4 or high composite
PGD2 received OCS more frequently,
together with more frequent detection of
urinary OCS. However, the high-LTE4 and
c-PGD2 groups were composed of more
participants with SA (Table E5).

The high-isoprostane group (combined
isoprostanes) included more women (81%
vs. 40% in the low-isoprostane group) and
had higher BMI; higher hsCRP; more
frequent exacerbations; and poorer results
from the ACQ-5, AQLQ, and hospital
anxiety and depression scale but had lower
FENO (Tables E4 and E5). High values for

Table 4. Evaluation of the Effect of OCS on U-BIOPRED Urinary Eicosanoid Metabolite Concentrations in Participants with Severe
Asthma

Pathway and Metabolite OCS Usage according to Medical History*

Combined Criteria: Reported Daily OCS
(Yes or No) and Detection of Urinary Prednisolone or

Its Metabolites† (Yes or No)‡

No (n=198) Yes (n= 168) P Value No/No (n=167) Yes/Yes (n= 90) P Value

PGD2
TetranorPGDM 283 (195–387) 268 (203–368) 0.927 285 (195–386) 272 (216–399) 0.528
2,3-dinor-11b-PGF2a 60.8 (39.3–78.4) 56.5 (39.5–80.4) 0.778 60.5 (42.8–78.5) 56.6 (37.3–80.9) 0.641

PGE2
TetranorPGEM, Mx 1,177 (809–2,068) 1,291 (901–1,952) 0.878 1,416 (912–2,113) 1,355 (900–1,970) 0.813
TetranorPGEM, Fx 778 (552–1,230) 761 (499–1,343) 0.761 790 (555–1,246) 743 (501–1,313) 0.689
PGE2 13.3 (7.8–24.8) 15.8 (9.2–23.9) 0.343 14.2 (8.9–25.5) 15.0 (8.3–24.1) 0.654

PGF2a
PGF2a 116 (80–155) 118 (88–164) 0.250 116 (82–156) 114 (83–168) 0.771

TXA2
11-dehydro-TXB2 8.9 (4.9–13.2) 8.3 (4.7–12.4) 0.557 8.5 (4.9–12.5) 8.7 (5.5–12.6) 0.723
2,3-dinor-TXB2 50.0 (33.6–76.3) 44.7 (30.5–61.0) 0.017 51.8 (34.0–77.1) 45.1 (30.5–58.1) 0.044

Isoprostanes
8-iso-PGF2a 26.7 (19.5–36.2) 28.9 (21.7–40.8) 0.063 26.8 (20.0–37.0) 28.8 (21.5–39.0) 0.349
2,3-dinor-8-iso-PGF2a 202 (136–295) 183 (134–290) 0.314 204 (137–295) 170 (121–271) 0.058
8,12-iso-iPF2a-VI 407 (282–550) 350 (248–498) 0.038 419 (295–550) 335 (244–517) 0.036

Cysteinyl LTs
LTE4 6.9 (4.1–10.2) 6.3 (3.9–12.2) 0.719 6.7 (4.3–9.9) 6.5 (4.1–12.4) 0.572

Definition of abbreviations: iPF2a= isoprostane-F2a; LTE4 = leukotriene E4; OCS=oral corticosteroids; PG=prostaglandin; tetranorPGDM= tetranor PGD2

metabolite; tetranorPGEM= tetranor PGE2 metabolite; TX= thromboxane; U-BIOPRED=Unbiased Biomarkers for the Prediction of Respiratory Diseases
Outcomes.
Statistical comparison was performed using two different criteria.*‡ Data are presented as median (interquartile range). The nonparametric Mann-Whitney
U test was used.
*Participant stratification by reported use of OCS (yes vs. no). Participants reporting daily to weekly OCS are classified as “yes,” whereas participants
reporting no or previous OCS use are classified as “no.”
†Positive detection was defined by the presence of prednisolone or prednisone, methylprednisolone, 16a-OH-prednisolone, 20b-dihydroprednisolone, or
desacetyl deflazacort in urine.
‡Participant stratification by reported daily OCS usage plus detection of prednisolone† in urine (yes/yes vs. no/no).
xFor tetranorPGEM, the number of participants was as follows for participant stratification by reported use of OCS: male, no=73 and yes=69; female,
no=125 and yes=99; and as follows for participant stratification by reported daily OCS usage plus detection of prednisolone in urine: male, no/no=64
and yes/yes= 41; female, no/no=103 and yes/yes= 49.
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tetranorPGEM in women were related to
low lung function but were not related to the
sets of typical T2 markers (Table E4). In
men, the variability of this metabolite was
greater, and there were only a few
associations with serum proteins (Table E4).

Internal Validation of U-BIOPRED
Findings at 12- to 18-Month Follow-up
Longitudinal samples from 302 (73.5%) of
those with SA were employed as an internal
validation to test the observed relationship
at baseline between urinary LTE4 and
metabolites of PGD2 and the T2 markers.
The main clinical outcomes did not change
at the longitudinal time point, including the
incidence of OCS treatment (Table 5).

The primary findings were confirmed,
demonstrating the temporal stability of the
eicosanoid T2 signature (Figure 6). For
LTE4, .95% of the participants had values
within 1 SD between the two time-points,
whereas for the PGD2 metabolites, this
measure was only slightly lower (87.4%)
(Table E6). Moreover, repeating the
extreme-value analysis confirmed that
high urinary LTE4 and c-PGD2 were
significantly associated with blood and
sputum eosinophils and serum IL-13 at the
longitudinal visit (Figure 6). A nominal
decrease in FEV1% was observed for
both participants with high LTE4 and
participants with high c-PGD2, whereas
FENO and serum periostin were strongly

elevated in the group with high LTE4 but
were not strongly elevated in the group
with high c-PGD2.

External Validation of U-BIOPRED
Findings in the Adolescent Swedish
Search Cohort
In this external validation cohort of
57 school-aged participants with SA
and 38 participants with controlled
persistent asthma, there were significant
differences in clinical outcomes at the group
level (Table 2). However, the median
concentrations of urinary CysLTs and
PGD2 metabolites as well as the eosinophil
marker EDN did not differ between the two
study groups (Table 2). In contrast,
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performing the same extreme group
comparison as in U-BIOPRED uncovered
clinically meaningful differences between
participants allocated to the high and low
quartiles for urinary concentrations of
CysLTs and PGD2 metabolites (Figure 7
and Table E7). The high-level groups
displayed the same associations with
lower FEV1% and elevated T2 markers
(e.g., blood eosinophils, serum IgE, and
urinary EDN—a surrogate marker for
eosinophil activation) (24) as those shown
in the U-BIOPRED study. In addition, the
high-LTE4 and high-PGD2-metabolite
groups had increased methacholine
responsiveness (Table E7). There was a
numerical, albeit small, increase in FENO,
whereas serum periostin concentrations
were not different (Figure 6). There was
no treatment bias between the groups
(Table E7).

Comparison of Urinary LTE4 and
PGD2 Metabolites with Established T2
Markers
To determine the performance of urinary
eicosanoids as markers for T2 asthma, LTE4
and PGD2 metabolites were benchmarked
against established markers. First, we
constructed a heat map in which each cell
represented the percentage overlap between
two compared biomarkers (Figure 8).
Cutoffs for blood eosinophils, FENO,
periostin, and serum IgE were selected from
previous work in U-BIOPRED and other
consortia (21), and the data in the group of
healthy participants were used to define

high LTE4 and c-PGD2 (see Figure 8).
Generally, T2 cutoffs identified similar
percentages of individuals with high LTE4,
blood eosinophils and FENO, whereas the
percentages were slightly lower for periostin
and IgE (Figure 8A). Urinary c-PGD2

showed slightly less overlap with the
other selected markers but showed high
interrelation with LTE4. The same
relationships were observed for the
group with SA at the 12- to 18-month
longitudinal visit (Figure 8B).

Next, multivariate correlation analysis
was preformed between the latent variable
representing the concentrations of the
markers used to calculate the RASP T2 score
(blood eosinophils, FENO, and periostin)
(21) and the latent variable representing the
concentrations of three urinary metabolites
(LTE4, tetranorPGDM, and 2,3-dinor-
11b-PGF2a). The RASP score combines
blood eosinophils, FENO, and serum
periostin values into one digit (2 = high;
1 = intermediate; 0 = low). Complete data
sets were obtained for 364 of those with
asthma at the baseline visit (Table E5)
and for 202 of the participants with SA
who attended the follow-up visit. The
correlation for participants with a high
RASP score was significant across all U-
BIOPRED asthma groups, both at baseline
(Figure 9A; n= 112; r= 0.45; P, 0.00001)
and at the longitudinal follow-up
(Figure 9B; n= 52; r= 0.48; P= 0.0003). In
contrast, the correlation for participants
with an intermediate (Figure 9C; n= 200;
r= 0.20) or low (Figure 9D; n= 75; r= 0.22)

RASP score displayed essentially no
relevant correlation with the urinary
eicosanoids, as evidenced by the flat slopes
(y= 0.04x). Taken together, the findings
demonstrate a strong relationship between
established T2 markers and urinary LTE4
and demonstrate a fair relation to the PGD2

metabolites.

Discussion

This report presents the largest data set to
date on urinary lipid-mediator metabolites
in participants with asthma. The results
were obtained with an analytical platform
specifically designed for the U-BIOPRED
study (20). The selected 11 urinary
eicosanoid metabolites monitored six major
pathways (Figure 1) in samples from 597
individuals, of whom 100 were healthy
participants providing an estimation of
reference values. It was discovered that high
urinary concentrations of LTE4 and the
main PGD2 metabolites were associated
with asthma severity and markers of T2
airway inflammation. The finding was
internally validated in a follow-up study of
302 of the adults with SA 12–18 months
after the original study and was externally
validated in an adolescent population with
asthma. Moreover, in both cohorts, we
show that the urinary concentrations of
eicosanoid metabolites were unrelated
to the degree of treatment with inhaled
or oral glucocorticosteroids, substantiating
findings in previous smaller studies
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Figure 5. Participants with SA from the adult U-BIOPRED (Unbiased Biomarkers for the Prediction of Respiratory Diseases Outcomes) study with a history
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ORIGINAL ARTICLE

46 American Journal of Respiratory and Critical Care Medicine Volume 203 Number 1 | January 1 2021

 



suggesting that steroids do not affect
eicosanoid biosynthesis in vivo.

Our previous studies have shown that
measurements of urinary eicosanoids in
association with bronchial challenges can
elucidate mediator mechanisms (13, 14, 25).
There are three main explanations for
why the excretion of urinary eicosanoid
metabolites reflects inflammatory processes
in the airways. First, eicosanoids are a
dynamic class of mediators with rapid
turnover from the biosynthesis of the
biologically active substances in immune-
competent and structural cells of the
airway tissue to the excretion of inactive
metabolites in the urine. Second, the airway
mucosa is highly perfused with a large total

surface area. Inflammatory reactions in the
lower respiratory tract that stimulate the
biosynthesis of a particular eicosanoid will
therefore be rapidly mirrored in the blood
and almost immediately reflected by the
appearance of these metabolites in the
urine. In contrast, local inflammatory
reactions in mucosal tissues with less
surface area, such as the nasal airways, do
not lead to distinguishable changes in
urinary eicosanoid concentrations (26).
Third, the source of eicosanoid metabolites
in urine may be interpreted with
considerable confidence by considering the
physiological context. For example, in
individuals with ischemic heart disease,
increased urinary excretion of metabolites

of TXA2 reflects ongoing platelet activation
(27). Likewise, in systemic mastocytosis
(28), the concentrations of the urinary
PGD2 metabolites and the major histamine
metabolite are increased because of
an extrapulmonary supply. In the
context of asthma, multiple studies
with repeated urine sampling during
bronchoprovocations with allergen,
exercise, or aspirin (in individuals with
aspirin-intolerant asthma) have consistently
documented increased concentrations of
LTE4 and PGD2 metabolites in the urine
in correlation with the induced airflow
obstruction (9, 14, 25).

Initially, normal values for the
urinary eicosanoids were established in the
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Figure 6. Selection of U-BIOPRED (Unbiased Biomarkers for the Prediction of Respiratory Diseases Outcomes) adult participants with mild-to-moderate
asthma, nonsmokers with severe asthma, and smokers/ex-smokers with severe asthma at baseline using the 25th and 75th concentration percentile
of urinary LTE4 and calculated composite (log2-transformed and z-scored) variables for PGD2 metabolites (c-PGD2). A complete list of significant
associations is provided in Table E6. At the 12- to 18-month follow-up visit (longitudinal), 302 participants with severe asthma were used for internal
validation of the type 2 associations. Data are presented as the median and interquartile range and were evaluated by using the Mann-Whitney U test.
c-PGD2= combined PGD2 metabolites; FENO= fractional exhaled nitric oxide; LTE4= leukotriene E4; PGD2=prostaglandin D2; ppb=parts per billion.
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100 healthy participants (Figure 2). The
observed concentrations ranged from a
few ng/mmol creatinine for LTE4 to
thousands of ng/mmol creatinine for the
most abundant metabolite tetranorPGEM
(Figure 2 and Table 3). Although
concentrations of the isoprostane 2,3-
dinor-8-iso-PGF2a and 2,3-dinor-TXB2
were somewhat higher in women, the only
pronounced sex difference was for
tetranorPGEM, for which men had about
twice the concentrations of women. The
higher concentration of tetranorPGEM in
men confirms previous findings in smaller
studies (25, 29) and likely reflects a high
level of biosynthesis in male accessory
genital glands.

Next, eicosanoid concentrations were
evaluated in the groups with asthma. A
progressive increase was observed in most
eicosanoid metabolites from healthy
participants to participants with asthma,
and in relation to asthma severity. This
trend was particularly significant for LTE4
and the two PGD2 metabolites but was also
significant for metabolites of TXA2

originating from platelets, in keeping
with suggestions of enhanced platelet
activation in asthma (30). Whereas the
biosynthesis of PGD2 in humans occurs
predominantly in mast cells, CysLTs are
generated by activated mast cells and
eosinophils, as well as in transcellular
interactions (31).

The one exception to the general trend
for higher concentrations of urinary
eicosanoid metabolites in asthma was
tetranorPGEM, which evidenced
significantly lower median concentrations in
men with MMA and a similar, albeit
nonsignificant, decrease in women. The
concentrations of tetranorPGEM were often
numerically lower in nonsmokers with
asthma (both mild and severe) than in
healthy participants. Because PGE2 has
antiasthmatic effects, including stabilization
of mast cells and inhibition of type 2
innate lymphoid cells (32–34), it could
be speculated that decreased production
of PGE2 in the airways might be one
of several deficiencies associated with
asthma.

One confounding factor in biomarker
studies is that treatment with corticosteroids
may modulate observed concentrations.
This large study, however, documents that
the majority of urinary eicosanoid
metabolites were unaffected by steroid use,
whether by following stratification of
patients by historical prescription of OCS or
by objectively quantifying metabolites of
urinary prednisone. The latter approach
has, to the best of our knowledge, not been
used previously in studies of eicosanoid
metabolites in urine. The slightly lower
(10–20%) values of 2,3-dinor-TXB2 and
8,12-iso-iPF2a-VI in OCS users warrant
replication in an interventional trial but

appear to be relatively unimportant. The
same responses were observed in the
adolescent participants, in whom no
significant change in urinary PGD2

metabolites or CysLT was observed in
relation to the dose of ICS. Our findings
therefore confirm and extend previous
data from smaller studies indicating that
the biosynthesis of PGs and CysLTs are
not affected by corticosteroids (35–39).
These observations in turn provide the
rationale for add-on treatments with
antileukotrienes and other drugs that
target specific eicosanoids.

Anti-IgE treatment is another
therapeutic modality targeting T2
inflammation. In U-BIOPRED, 52 of those
with SA had been prescribed omalizumab.
We therefore performed a case-control
substudy, which found that the
concentrations of LTE4 and metabolites of
PGD2 and TXA2 were lower in the
omalizumab group compared with matched
control patients. These associations agree
with a previously published open-label
study (23) with findings recently confirmed
in a controlled trial (40). Interestingly, in
the controlled study, the effect on basal
excretion of LTE4 and tetranorPGDM was
of the same order of magnitude as the
difference we here report between the
omalizumab group and the matched
control participants in U-BIOPRED. For
example, we found 30% lower values for

Table 5. Clinical and Biochemical Characteristics of 302 Adult Participants with Severe Asthma at Baseline and at the 12- to
18-Month Longitudinal Visit in the U-BIOPRED Study

Baseline Longitudinal P Value

Sex, % F 60% 60% —
FEV1%* 65 (19–82) 64 (16–82) 0.100
FENO, ppb 26 (15–46) 23 (15–41) 0.251
Blood eosinophils, counts/ml 200 (100–400) 200 (100–400) 0.592
Sputum eosinophils, % 2.8 (0.4–13) 2.0 (0.4–11) 0.442
Serum IL-13, pg/ml 0.58 (0.30–1.14) 0.65 (0.32–1.23) 0.576
Serum periostin, ng/ml 49 (40–60) 51 (42–63) 0.196
ACQ-5 2.2 (1.4–3.0) 2.0 (1.0–3.2) 0.449
AQLQ 4.5 (3.5–5.5) 4.4 (3.5–5.4) 0.515
OCS detected, % yes† 28 32 0.368
Urine prednisolone, ng/ml 1,391 (498–2,842) 1,250 (664–2,724) 0.931
Urine LTE4, ng/mmol creatinine 6.4 (3.9–11.3) 6.2 (3.6–10.4) 0.211
Urine tetranorPGDM, ng/mmol creatinine 279 (198–382) 261 (174–384) 0.131

Definition of abbreviations: ACQ-5=Asthma Control Questionnaire mean of 1–5; AQLQ=Asthma Quality of Life Questionnaire total mean; FENO= fractional
exhaled nitric oxide; LTE4 = leukotriene E4; OCS=oral corticosteroids; ppb=parts per billion; tetranorPGDM= tetranor prostaglandin D2 metabolite;
U-BIOPRED=Unbiased Biomarkers for the Prediction of Respiratory Diseases Outcomes.
All values are given as the median (interquartile range). Group comparisons were performed by Mann-Whitney U test.
*Prebronchodilator FEV1%.
†Positive detection was defined by the presence of prednisolone or prednisone, methylprednisolone, 16a-OH-prednisolone, 20b-dihydroprednisolone, or
desacetyl deflazacort in urine.
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LTE4, and they reported a 21% reduction
after 3 months of treatment.

Although concentrations of most
urinary eicosanoids were broadly related
to the presence of disease and its severity,
significant overlap was observed across the
groups (Figure 3). To more clearly
identify associations between high
concentrations of urinary eicosanoids and
other asthma biomarkers, as well as

clinical outcomes, an extreme group
analysis of the data was performed. The
consistent finding was that high
concentrations (i.e., upper quartile) of
LTE4 in particular, but also of composite
PGD2 metabolites, strongly associated
with T2 biomarkers, including blood and
sputum eosinophils, serum periostin and
IL-13, and high FENO. The participants
with the highest concentrations of urinary

LTE4 and c-PGD2 metabolites also had
worse lung function (FEV1 = 64% and
67% predicted vs. 76% and 77% in the
patients in the lowest quartiles for these
two metabolites; Figure 6). The lower
lung function associated with elevated
concentrations of the two eicosanoids
presumably relates to the fact that both
compounds are potent mediators of
airway obstruction.
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The strength of the discovered T2
association was first validated internally at
the longitudinal visit, lending evidence to
the existence of a stable biochemical and
physiological T2 association. The long-term
stability of profiles and concentrations of
urinary eicosanoid metabolites in
individuals has not been studied extensively.
The results of the longitudinal follow-up 12
to 18 months after the baseline visit,
however, demonstrated preserved
excretion of high concentrations of urinary
LTE4 and tetranorPGDM in those with SA.
This observation is in line with some
treatment trials with 5-LOX inhibitors,
suggesting that the fluctuations of urinary
LTE4 in the placebo arms are modest (8,
41, 42). There are recent data for 8-iso-
PGF2a and tetranorPGEM that document
excellent stability over 5 months (43), and
the recent controlled trial of omalizumab
in individuals with aspirin-exacerbated
respiratory disease showed no variability
during the placebo period (40).

As atopy and T2 inflammation
generally are more common in pediatric
asthma, the T2 associations from U-
BIOPRED were then externally validated in
urine samples from an independent cohort
of school-aged children with severe or
controlled persistent asthma. All included
T2 markers were significantly associated
with urinary LTE4 and PGD2 metabolites in
the adolescent cohort, except for FENO and
periostin (Figure 7). Although nominal
FENO amounts were higher, they did not
reach significance, and serum periostin
concentrations are not a useful T2 marker
in children because of bone growth (44).
The eosinophil-activation marker urinary
EDN was used in the extreme-value
analysis because sputum eosinophils were
not available from the adolescent cohort,
and the data suggest that this protein would
be a useful component of a urinary T2
phenotyping panel.

The utility of urinary LTE4 and PGD2

metabolites to identify the T2 endotype was

compared with the more traditional
markers in an exploratory post hoc analysis
(Figures 8 and 9). For this benchmarking
screen, we used cutoffs for the current
markers that are commonly applied in
other studies, including U-BIOPRED (21).
The cutoff values for LTE4 and c-PGD2

were defined by the baseline excretion
concentrations in the group of healthy
participants in U-BIOPRED. Generally, a
majority of participants above each T2
biomarker cutoff presented elevated blood
eosinophils and urinary LTE4 to a similar
degree, and these amounts were closely
followed by FENO, serum periostin, and
serum IgE, with fewer participants having
high c-PGD2 (Figure 8). Moreover, a
multivariate analysis approach to
benchmarking the urinary eicosanoids
provided similar findings (Figure 9). In this
case, the three RASP markers (blood
eosinophils, FENO, and periostin) were
combined into a single latent variable
and compared with a combined latent
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variable for the urinary eicosanoids (LTE4,
tetranorPGDM, and 2,3-dinor-11b-PGF2a).
Participants with asthma with a high RASP
score, indicating a high-T2 phenotype,
correlated strongly with the urinary
eicosanoid concentrations at both baseline
and at the longitudinal follow-up. In
contrast, participants with an intermediate
or low RASP score displayed no relevant
correlation.

The findings collectively further
support the exploration of urinary LTE4 and
PGD2 metabolites as noninvasive
biomarkers of T2 inflammation. The use of
eicosanoids as biomarkers should also be
considered within the context that they are
potent, biologically active mediators of
inflammation and indicators of the

activation of particular immune cells,
especially eosinophils and mast cells. It is
therefore warranted to test the use of
urinary eicosanoids for stratification of
patients for treatment with biologics that
target T2 inflammation (e.g., anti–IL-5s,
anti-IL4Ra, and antialarmins).

In contrast to the T2 asthma
associations for PGD2 and the CysLTs, high
isoprostane concentrations were associated
with a different phenotypic pattern. This
group was enriched in women with high
BMI, lower FENO, poor quality of life
(AQLQ), more frequent exacerbations,
elevated hsCRP, and less asthma control.
This observation suggests a role for
isoprostanes as markers of a non-T2
phenotype, presumably the phenotype of

asthma dominated by women with a high
BMI. The isoprostane 8-iso-PGF2a is in
particular considered to be a gold-standard
marker of oxidative stress (45), which is at
least partially due to the availability of an
immunoassay. However, in the current
study, the mass spectrometry–based
quantification of 8-iso-PGF2a accounted for
,5% of the total observed isoprostane
metabolites in the urine. Interestingly, 8-
iso-PGF2a exhibited a significant increase
with asthma severity (Figure 3G), whereas
the more abundant metabolites, 2,3-dinor-8-
iso-PGF2a and 8,12-iso-iPF2a-VI, had weaker
responses. Future studies are needed to clarify
the biologic indications of these species,
including a screen of all 64 potential
isoprostanes and their metabolites in urine
(12), to determine the most appropriate
analyte to serve as a marker of oxidative stress.

One limitation of the study was that
concentrations of PGI2 metabolites were
lost because of technical problems, and the
PGF2a pathway was only assessed by the
parent compound. The latter shortcoming
has been mitigated in our updated version
of the platform that includes downstream
metabolites of PGF2a (15). Although the
stability of the key eicosanoid metabolites
was demonstrated at 12–18 months of
follow-up, there is a need for further studies
of the long-term fluctuations of eicosanoid
metabolites in urine in both health and
disease. There is also emerging evidence
suggesting that defective biosynthesis of
specialized proresolving mediators (46)
may be part of the SA pathobiology (47).
However, to date, only cellular metabolism
studies have been performed (48, 49), and
the in vivo metabolism of these mediators
remains to be determined before indicative
markers may be followed in the urine.

We conclude that this study supports
the premise that asthma phenotyping may
be aided by measurements of indicative
metabolites of lipid mediators in the urine.
The discovery of strong associations among
urinary LTE4, PGD2 metabolites, and
markers of T2 inflammation warrant
application in future treatment trials with
biologics and strengthen evidence of the
key role of mast cells and eosinophils in
asthma. Urinary eicosanoid signatures
could be particularly useful to guide
selection for treatment in children with SA,
in whom sputum induction and blood
sampling can be challenging. The panel of
urinary biomarkers could potentially be
enhanced by standardized inclusion of
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Figure 9. Multivariate correlation analysis between the latent variable consisting of the markers
employed to calculate the Refractory Asthma Stratification Program (RASP) type 2 severity score
(B-eos, FENO, and serum periostin) (21) and the latent variable representing concentrations of the
three urinary eicosanoid metabolites: LTE4, tetranorPGDM, and 2,3-dinor-11b-PGF2a. The
correlation for participants with a high RASP score with urinary eicosanoid concentrations was
significant across all U-BIOPRED (Unbiased Biomarkers for the Prediction of Respiratory Diseases
Outcomes) asthma groups at both (A) baseline (n=112) and (B) the longitudinal follow-up (n=52). In
contrast, the correlation for baseline participants with a (C) intermediate (n=200) or (D) low (n=75)
RASP score displayed no relevant correlation with the urinary eicosanoid concentrations, as
evidenced by the flat slopes (y=0.04x). PGD2-metabolites include tetranorPGDM and 2,3-dinor-11b-
PGF2a. B-eos=blood eosinophils; FENO= fractional exhaled nitric oxide; LTE4 = leukotriene E4;
MMA=participants with mild-to-moderate asthma; PGD2=prostaglandin D2; SAn=nonsmokers with
severe asthma; SAs/ex= smokers or ex-smokers with severe asthma; t = scores vector for x-block,
calculated from the variables defined in brackets; tetranorPGDM= tetranor PGD2 metabolite;
u = scores vector for y-block, calculated from the variables defined in brackets.
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noneicosanoid markers such as, for
example, histamine metabolites (50) and
EDN (24). Because of its noninvasive
nature, the measurement of urinary
eicosanoids would be particularly useful
at the point of primary care at which the
vast majority of asthma patients are
managed. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Rao A, et al. Prostaglandin E2 suppresses human group 2 innate
lymphoid cell function. J Allergy Clin Immunol 2018;141:1761–
1773, e6.

35. Manso G, Baker AJ, Taylor IK, Fuller RW. In vivo and in vitro effects
of glucocorticosteroids on arachidonic acid metabolism and
monocyte function in nonasthmatic humans. Eur Respir J 1992;5:
712–716.

36. Gyllfors P, Dahlén S-E, Kumlin M, Larsson K, Dahlén B. Bronchial
responsiveness to leukotriene D4 is resistant to inhaled fluticasone
propionate. J Allergy Clin Immunol 2006;118:78–83.

37. Sebaldt RJ, Sheller JR, Oates JA, Roberts LJ II, FitzGerald GA.
Inhibition of eicosanoid biosynthesis by glucocorticoids in humans.
Proc Natl Acad Sci U S A 1990;87:6974–6978.

38. Dworski R, Fitzgerald GA, Oates JA, Sheller JR. Effect of oral
prednisone on airway inflammatory mediators in atopic asthma.
Am J Respir Crit Care Med 1994;149:953–959.

39. Vachier I, Kumlin M, Dahlén SE, Bousquet J, Godard P, Chanez P.
High levels of urinary leukotriene E4 excretion in steroid
treated patients with severe asthma. Respir Med 2003;97:
1225–1229.

40. Hayashi H, Fukutomi Y, Mitsui C, Kajiwara K, Watai K, Kamide Y, et al.
Omalizumab for aspirin hypersensitivity and leukotriene overproduction
in aspirin-exacerbated respiratory disease: a randomized controlled trial.
Am J Respir Crit Care Med 2020;201:1488–1498.

41. Uematsu T, Kanamaru M, Kosuge K, Hara K, Uchiyama N, Takenaga N,
et al. Pharmacokinetic and pharmacodynamic analysis of a novel
leukotriene biosynthesis inhibitor, MK-0591, in healthy volunteers.
Br J Clin Pharmacol 1995;40:59–66.

42. Dahlén B, Nizankowska E, Szczeklik A, Zetterström O, Bochenek G,
Kumlin M, et al. Benefits from adding the 5-lipoxygenase inhibitor
zileuton to conventional therapy in aspirin-intolerant asthmatics. Am
J Respir Crit Care Med 1998;157:1187–1194.

43. Carmella SG, Heskin AK, Tang MK, Jensen J, Luo X, Le CT, et al.
Longitudinal stability in cigarette smokers of urinary eicosanoid
biomarkers of oxidative damage and inflammation. PLoS One 2019;
14:e0215853.

44. Inoue Y, Izuhara K, Ohta S, Ono J, Shimojo N. No increase in the serum
periostin level is detected in elementary school-age children with
allergic diseases. Allergol Int 2015;64:289–290.

45. van ’t Erve TJ, Kadiiska MB, London SJ, Mason RP. Classifying
oxidative stress by F2-isoprostane levels across human diseases: a
meta-analysis. Redox Biol 2017;12:582–599.

46. Serhan CN, Levy BD. Resolvins in inflammation: emergence of the
pro-resolving superfamily of mediators. J Clin Invest 2018;128:
2657–2669.

47. Duvall MG, Bruggemann TR, Levy BD. Bronchoprotective
mechanisms for specialized pro-resolving mediators in the
resolution of lung inflammation. Mol Aspects Med 2017;58:
44–56.

48. Gijón MA, Almstrand A-C, Johnson CA, Murphy RC, Zarini S.
Identification of metabolites of maresin 1 in human neutrophils
[abstract]. FASEB J 2017;31:lb230.
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