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Abstract

Background: Chronic obstructive pulmonary disease (COPD) exacerbations are heterogenous and profoundly
impact the disease trajectory. Bioactive lipid lysophosphatidic acid (LPA) has been implicated in airway inflammation
but the significance of LPA in COPD exacerbation is not known. The aim of the study was to investigate the utility of
serum LPA species (LPA16:0, 18:0, 18:1, 18:2, 20:4) as biomarkers of COPD exacerbation.

Patients and methods: LPA species were measured in the baseline placebo sera of a COPD randomized controlled
trial. Tertile levels of each LPA were used to assign patients into biomarker high, medium, and low subgroups. Exacer-
bation rate and risk were compared among the LPA subgroups.

Results: The levels of LPA species were intercorrelated (rho 0.29-0.91). Patients with low and medium levels of LPA
(LPA16:0, 20:4) had significantly higher exacerbation rate compared to the respective LPA-high patients [estimated
rate per patient per year (95% CI)]: LPA16:0-low=1.2 (0.8-1.9) (p=0.019), LPA16:0-medium = 1.3 (0.8-2.0) (p=0.013),
LPA16:0-high=10.5 (0.2-0.9); LPA20:4-low =14 (0.9-2.1) (p =0.0033), LPA20:4-medium = 1.2 (0.8-1.8) (p =0.0089),
LPA20:4-high =0.4 (0.2-0.8). These patients also had earlier time to first exacerbation (hazard ratio (95% Cl): LPA16:0-
low =26 (1.1-6.0) (p =0.028), LPA16:0-medium =2.7 (1.2-6.3) (p =0.020); LPA20.4-low =2.8 (1.2-6.6) (p=0.017),
LPA20:4-medium =2.7 (1.2-6.4) (p=0.021). Accordingly, these patients had a significant increased exacerbation risk
compared to the respective LPA-high subgroups [odd ratio (95% CI)]: LPA16:0-low=3.1 (1.1-8.8) (p =0.030), LPA16:0-
medium =3.0 (1.1-8.3) (p=0.031); LPA20:4-low =3.8 (1.3-10.9) (p =0.012), LPA20:4-medium = 3.3 (1.2-9.5) (p=0.025).
For the other LPA species (LPA18:0, 18:1, 18:2), the results were mixed; patients with low and medium levels of LPA18:0
and 18:2 had increased exacerbation rate, but only LPA18:0-low patients had significant increase in exacerbation risk
and earlier time to first exacerbation compared to the LPA18:0-high subgroup.

Conclusions: The study provided evidence of association between systemic LPA levels and exacerbation in COPD.
Patients with low and medium levels of specific LPA species (LPA16:0, 20:4) had increased exacerbation rate, risk, and
earlier time to first exacerbation. These non-invasive biomarkers may aid in identifying high risk patients with dysregu-
lated LPA pathway to inform risk management and drug development.
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Background

COPD is a chronic inflammatory disease in which airflow
obstruction can result from emphysema and/or chronic
bronchitis. Emphysema involves irreversible destruction
of the alveoli, where greater emphysema is associated
with increased exacerbation risk [1]. Chronic bronchi-
tis involves airway wall thickening and mucus obstruc-
tion [2] which contribute to exacerbation risk and poorer
outcomes [3, 4]. The frequency and severity of exacerba-
tion have been shown to be associated with worse rate of
lung function decline and health-related quality of life,
where fewer than half of the patients survive for a further
5-years after a severe exacerbation [5].

COPD exacerbations are heterogenous events as the
interactions between exacerbation triggers and host
inflammatory responses are complex [6]. Accordingly,
studies failed to identify consistent blood biomark-
ers associated with COPD exacerbation [7]. Conflict-
ing results on the association of blood eosinophils with
exacerbation risk, with either a positive [8—10] or no
association [11, 12], highlight the heterogeneity of the
patient population. High levels of fibrinogen are linked
to increased risk of exacerbation and death in COPD
[13-15], due to its association with emphysema [14], and
its ability to identify patients with systemic inflamma-
tion together with other inflammatory biomarkers such
as C-reactive protein and IL-6 [16]. These findings also
underscore the significance of systemic perturbations
that can occur in COPD patients.

Autotaxin-lysophosphatidic acid (ATX-LPA) pathway
has been implicated in lung cancer and lung fibrosis [17,
18], but its role in COPD has not been established. ATX
is a secreted glycoprotein and functions primarily as
lysophospholipase D to remove the choline moiety from
lysophosphatidylcholine (LPC), and generates majority
of the bioactive lipid LPA detected in blood and inflamed
tissues [19, 20]. LPA signals through G protein-coupled
LPA receptors (LPAR,_4) expressed on many tissues and
immune cells [21], to regulate in cell proliferation [22],
fibrosis [23], and lymphocyte homing [18, 19]. LPA spe-
cies vary in length and fatty acid saturation. The major
forms of LPA increased in allergic inflammation are the
18:1, 20:4, 22:5 and 22:6 species [24]; in COPD, serum
LPA 16:0 and 18:2 levels were positively correlated with
FEV,%predicted in male COPD patients only [25], but
the association of systemic LPA species with COPD exac-
erbation has not been reported.

As COPD clinical trials require large cohorts of
patients to capture sufficient exacerbation events to
observe the treatment benefits, biomarkers that iden-
tify high risk patients could help to enrich exacerbators
and enable smaller or shorter duration clinical trials to
accelerate drug development. In this study, we focused
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on the major LPA species (LPA16:0, 18:0, 18:1, 18:2, and
20:4) and assessed the relationship between systemic LPA
levels with exacerbation frequency, risk and severity in
COPD patients, with the aim of identifying non-invasive
biomarkers that could inform clinical trial enrichment
and patient risk management. Since different LPA species
have been reported in asthma and COPD, information
about the levels of individual LPA species may be more
informative than the total LPA levels. Global lipidomic
profiling was also performed to investigate the potential
association of lipid changes with LPA and exacerbation.

Patients and methods

Patient cohort

Baseline serum samples from the placebo arm
(n=136) of a global COPD randomized controlled trial
(NCT02546700) were used for LPA and lipid measure-
ments. The study included GOLD stage II to IV patients,
with a history of at least one exacerbation in the past
12 months and a smoking history of at least 10 pack-
years. Patients with a current diagnosis of asthma were
excluded. Clinical measures were collected at baseline
and every 4 to 12 weeks thereafter during a 24-week pla-
cebo-controlled period. Chronic bronchitis was defined
using St. George’s Respiratory Questionnaire COPD
(SGRQ-C) cough and phlegm questions: patients were
categorized as having chronic bronchitis (CB-SGRQ)
if the cough was “most days a week” or “several days a
week” and phlegm was “most days a week” or “several
days a week” An exacerbation was defined in the study
protocol as new or increased COPD symptoms (e.g.
dyspnea, sputum volume, and sputum purulence) for at
least 2 consecutive days that led to treatment with sys-
temic corticosteroids and/or antibiotics, or hospitaliza-
tion. Exacerbation duration corresponded to the number
of days patients were on systemic corticosteroids and/
or antibiotics. Complete blood cell counts were meas-
ured by routine clinical laboratory tests. Serum IgE levels
were measured on ImmunoCap® (Viracor Eurofins, MO).
Plasma was collected in sodium citrate tubes for fibrino-
gen measurement using the Clauss method (Siemen BCS,
Covance, NJ).

Mass spectrometry LPA assays

LPA species were extracted using acidified butanol sol-
vent as previously described [26]. Briefly, 10 pl of serum
from each sample was pooled together as quality control
samples. 500 pl disodium phosphate buffer (30 mM cit-
ric acid and 40 mM disodium phosphate, pH 4.0) and
2 ml butanol were added to 20 pl serum to extract lipids.
The extracted samples were reconstituted in metha-
nol and analyzed by liquid chromatography-mass spec-
trometry (LC-MS/MS). LC coupling to a QTRAP mass
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spectrometer was employed under negative ionization
mode. HPLC separation of LPA was optimized on a C18
column to separate LPA from other lipids. Turbo-ion-
spray source of mass spectrometer was set at 300 °C, N2
nebulization at 16 psi, N, heater gas at 10 psi, curtain gas
at 35 psi, collision-activated dissociation gas pressure
was held at medium, turbo ion-spray voltage at —4500 V,
declustering potential at —70 V, entrance potential at
—10 V, collision energy at —28 V and collision cell exit
potential at —10 V. Sample analysis was performed in
multiple reactions monitoring mode. LPA species were
monitored using the transitions [M—H]™ to 153.0. LPA
species were shown to be stable within the experimen-
tal time frame, including storage at -80 °C freezer over a
month and at 15 °C auto sampler over 55 h.

Lipidomic profiling

Lipidomic measurement was carried out using a modified
method derived from a previous study [27]. Patients with
sufficient remaining serum volume (n=134) were used
for lipidomic profiling. Briefly, lipids were purified using
dichloromethane, methanol and water two phases extrac-
tion. After direct infusion, lipid species were analyzed on
a SelexION enabled 6500 QTRAP mass spectrometry
(Sciex, Redwood City, CA) in multiple reaction monitor-
ing mode. Lipid species were identified and quantified on
the basis of characteristic mass spectrometry transitions.

Statistical analysis

Statistical analyses were performed using R (version
3.5.3). LPA and lipid concentrations were log2 trans-
formed when appropriate. The relationship between LPA
levels, baseline demographics and other biomarkers were
assessed using univariate linear regression or Spearman’s
rank order method. Sex-specific tertile levels of each LPA
were used to assign patients into biomarker high (high-
est tertile), medium, and low (lowest tertile) subgroups.
Comparisons among the subgroups were assessed using
ANOVA with Tukey HSD test, Student t-test or Kruskal—
Wallis, for continuous measures; and Fisher’s Exact test
for categorical measures. Logistic regression and Quasi-
Poisson model were used to estimate exacerbation risk
and rate, respectively. Cox proportional hazards regres-
sion was used to compare the time to first exacerbation.
Covariates in exacerbation models included sex and strat-
ification factors pre-specified in the study protocol: exac-
erbation history, smoking status (former versus current
based on questionnaire), geographical region (American
Continent versus rest of the world), COPD medications
(double therapy: inhaler corticosteroids (ICS) and one
bronchodilator versus triple therapy: ICS and two bron-
chodilators). P-value <0.05 was considered as statisti-
cally significant. Lipid species detectable in at least 90%
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of patients were included in the analyses. Lipid concen-
trations were compared among LPA subgroups, using
Kruskal-Wallis test followed by Benjamini—Hochberg
correction (FDR) for multiple comparisons. FDR<0.05
was considered as statistically significant.

Results

Baseline characteristics

Baseline characteristics of the patients were shown in
Table 1. A higher proportion of men had more severe dis-
ease with 24% of men classified as GOLD stage 4 com-
pared to 7% of women (p=0.011). LPA concentrations,
except for LPA20:4, were significantly lower in men
compared to women (Additional file 1: Figure S1). LPA
concentrations were not significantly different by smok-
ing status or COPD medications (Additional file 1: Figure
S1). There was no significant association between LPA
levels with age, body mass index (BMI), FEV; (absolute or
%predicted), or FVC (not shown).

The levels of LPAs (16:0, 18:0, 18:1 and 18:2) were
highly correlated with each other (rho 0.80-0.91), but
exhibited modest correlation with LPA20:4 (rho 0.29—
0.54) (Fig. 1). LPA levels had no significant correlation

Table 1 Patient baseline characteristics

Male Female  pvalue

N=82 N=54
Age (years) 65.2(6.8) 636(8.1) 024
Race
White, % 77(94) 50(93)
Black or African American, % 34) 24 0.84
Others, % 2(2) 2(4)
Body mass index 272(49) 272(55) 098
Former smokers, % 50 (61) 26 (48) 0.16
Post-bronchodilator FEV,
Absolute (L) 14(0.5) 12(04) 0.0036
% predicted 438(15.5) 51.3(13.6) 0.0043
Post-bronchodilator FEV,/FVC ratio 045(0.1)  052(0.1)  0.00024
SGRQ-C score 579(173) 57.1(183) 0.80
GOLD, %
Stage Il 31(38) 32(59)
Stage Il 31(38) 18 (33) 0011
Stage IV 20 (24) 4(7)
Patients with bronchodilator revers- 14(17) 6(11) 046
ibility, %
Patients with chronic bronchitis, % 67 (82) 41 (76) 0.52
Patients with severe exacerbation in 26 (32) 11 (20) 017
previous 12 months, %
Median blood eosinophil count (cells 180 (130) 175(183) 0.89
per pL)
Median fibrinogen (g/L) 38(14) 3.5(09) 0.037

Data are n (%), mean (SD), or median (IQR). FEV,, forced expiratory volume in 1's;
FVC, forced vital capacity; SGRQ-C, St. George’s Respiratory Questionnaire COPD
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Fig. 1 Baseline correlation of LPA species with biomarkers. Spearman’s rho values shown
with blood eosinophils, platelets, plasma fibrinogen or  (0.2-0.9); LPA18:0-low=12 (0.8-2.0) (p=0.025),

serum IgE.

Since LPA levels were significantly different between
male and female patients, sex-specific tertile levels of
each LPA were used to categorize patients into biomarker
high, medium, and low subgroups. The tertile cutoff con-
centrations were shown in the respective LPA patient
characteristic tables (Table 2, Additional file 1: Tables
S1-S4). There were no significant differences in baseline
characteristic among the LPA subgroups (Table 2, Addi-
tional file 1: Tables S1-S4) except for LPA16:0, where
LPA16:0-low patients were younger compared to the
LPA16:0-medium and -high subgroups (p =0.00052), and
LPA16:0-medium subgroup had lower BMI compared to
the LPA16:0-high subgroups (p =0.0069) (Table 2).

LPA and exacerbation

Except for LPA18:1, exacerbation rate was significantly
higher in patients with low and medium LPAs (LPA16:0,
18:0, 18:2 or 20:4) as compared to the respective LPA-
high patients: (estimated rate per patient per year (95%
CI)) LPA16:0-low=1.2 (0.8-1.9) (»p=0.019), LPA16:0-
medium=1.3 (0.8-2.0) (»p=0.013), LPA16:0-high=0.5

LPA18:0-medium=1.2 (0.8-1.9) (p=0.040), LPA18:0-
high=0.5 (0.3-1.0); LPA18:2-low=12 (0.7-1.8)
(»p=0.049), LPA18:2-medium=1.3 (0.8-2.0) (p=0.024),
LPA18:2-high=0.5 (0.3-1.0); LPA20:4-low=1.4 (0.9-
2.1) (p=0.0033), LPA20:4-medium=12 (0.8-1.8)
(»=0.0089), and LPA20:4-high =0.4 (0.2-0.8) (Fig. 2).

Time to first exacerbation was significantly earlier
in patients with low LPA16:0, LPA18:0, or LPA20:4;
or medium LPA16:0 or LPA20:4, as compared to the
respective LPA-high subgroups: (hazard ratio (95%
CI)) LPA16:0-low=2.6 (1.1-6.0) (p=0.028), LPA16:0-
medium=2.7 (1.2-6.3) (p=0.020); LPA18.0-low=2.5
(1.1-54) (p=0.027); LPA20.4-low=2.8 (1.2-6.6)
(p=0.017), and LPA20:4-medium=27 (1.2-6.4)
(p=0.021) (Fig. 3).

Patients with low LPA16:0, LPA18:0, or LPA20:4; or
medium LPA16:0 or LPA20:4, had significantly higher
odds of having an exacerbation within the 24-week
follow-up period (odd ratio (95% CI)): LPA16:0-

low=3.1 (1.1-8.8) (p=0.03); LPA16:0-medium=3.0
(1.1-8.3) (p=0.031); LPAI18:0-low=3.3 (1.2-9.1)
(p=0.019); LPA20:4-low=3.8 (1.3-10.9) (p=0.012)
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Table 2 Patient baseline characteristics by LPA16:0 subgroups

LPA16:0 Low Medium High p value
N=45 N=46 N=45

LPA16:0 tertile concentration (UM)

Male <0.12 0.12t0<0.20 >0.20

Female <0.18 0.18t0<0.30 >0.30

Age (years) 613 (7.6) 67 (6.6)* 65.3 (6.6)* 0.00052

Body mass index 276(53) 253 (4.7) 285 (5)F 0.0069

Former smokers, % 24 (53) 29 (63) 23(51) 047

Post-bronchodilator FEV,

Absolute (L) 1.3(0.5) 1.3(0.5) 13(04) 0.56

% predicted 46.1 (17.2) 464 (15.8) 47.5(12.6) 0.90

Post-bronchodilator FEV,/FVC ratio 0.5(0.1) 0.5(0.1) 05(0.1) 0.83

SGRQ-C score 58.8(17) 55.7(16.1) 58.2(20) 0.68

GOLD, %

Stage ll 20 (44.4) 20 (43.5) 22 (48.9)

Stage lll 13 (28.9) 18 (39.1) 18 (40.0) 0.40

Stage IV 12 (26.7) 8(174) 501.1)

Patients with chronic bronchitis, % 39 (86.7) 34 (73.9) 34 (75.6) 0.17

Patients with severe exacerbation in previous 13(28.9) 12(26.1) 12 (26.7) 0.97

12 months, %

Median blood eosinophil count (cells/uL) 185 (105) 160 (97.5) 200 (265) 0.15

Median fibrinogen (g/L) 35(1.1) 3.6(1.5) 35(1) 0.26

Data are n (%), mean (SD), or median (IQR).

*Tukey test p <0.05 compared to LPA-low

*Tukey test p <0.05 compared to LPA-medium. FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; SGRQ-C, St. George’s Respiratory Questionnaire COPD
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Fig. 2 Rate of exacerbation over 24 weeks by baseline LPA profile.
Adjusted exacerbation rates are estimates from a Quasi-Poisson
regression model adjusted for the following covariates in addition to
log(patient-years) as an offset: number of exacerbations within the
last 12 months, smoking status, geographical region, baseline COPD
medications, and sex. L =lowest-; M= medium-; H=highest-tertile
of the respective LPA levels. P-values compared H to L or M subgroup.
*p<0.05; **p<0.01. N, number of patients

LPA20:4-medium=3.3 (1.2-9.5) (p=0.025), as com-
pared to the respective LPA-high patients (Fig. 4). As
blood eosinophils above 300 cells/uL [8], fibrinogen

above 3.5 g/L [13], and the presence of chronic bronchi-
tis have been reported to be associated with exacerba-
tion, they were included as benchmarks. Since very few
patients had eosinophils at or above 300 cells/uL (n=27),
200 cells/pL was used as the cutoff to subgroup patients.
There was no significant increase in exacerbation risk
in patients with high blood eosinophils (>200 cells/
pL) (n=53), high fibrinogen (> 3.5 g/L) (n=>55) or with
chronic bronchitis (n=107), compared to patients with
low blood eosinophils (<200 cells/uL), low fibrinogen
(<3.5 g/L), or without chronic bronchitis, respectively
(Fig. 4).

A lower proportion of exacerbations in LPA20:4-high
patients were treated with systemic corticosteroids
(76.5%), as compared to 90.6% and 100% in the LPA20:4-
medium and -high patients, respectively (p=0.0087)
(Table 3). There was no significant difference in the
proportion of hospitalized or antibiotic-treated exacer-
bations among the LPA subgroups (Table 3). Exacerba-
tion duration was not significantly different among the
LPA subgroups (Additional file 1: Figure S2). Samples
were not collected during exacerbation to examine the
changes in LPA levels surrounding an exacerbation, but
time since last exacerbation before the patients enrolled
into the study was recorded. Baseline LPA levels were not
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Fig. 3 Time to first exacerbation by baseline LPA profile. Baseline LPA profile was fitted to a Cox proportional hazards regression model adjusted for
the following covariates: number of exacerbations within the last 12 months, smoking status, geographical region, baseline COPD medications, and
sex. L=lowest-; M =medium-; H=highest-tertile of the respective LPA levels. P-values compared L or M to H subgroup. *p <0.05; ns, not significant

associated with time since last exacerbation in univariate =~ LPA and lipidomics
or multivariate regression adjusting for the aforemen- To investigate the potential metabolic shifts under-
tioned covariates (Additional file 1: Figure S3). lying increased exacerbation rate and risk in LPA
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Fig. 4 Risk of exacerbation by baseline LPA profile. Baseline LPA profile was fitted to a multivariate logistic regression model adjusted for the
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sex. An odd ratio above 1 denotes higher odds of exacerbation (a) in patients with the lowest tertile LPA compared to highest tertile LPA (L vs H);
blood eosinophils > 200 cells/ul compared to < 200 cells/uL; fibrinogen > 3.5 g/l compared to < 3.5 g/L; or with chronic bronchitis compared to no
chronic bronchitis; (b) in patients with the medium tertile LPA compared to highest tertile LPA (M vs H). CB_SGRQ, chronic bronchitis—St. George’s

1 2 3 4 5 6 7 8 9
Risk of exacerbation

subgroups, lipidomics were compared between LPA
low versus high patients since there were consist-
ent differences in exacerbation metrics between these
two extreme subgroups. LPE and LPC, the precursors
of LPA, were lower in LPA-low compared to the high
subgroups (p<0.05, FDR<0.05) (Additional file 1: Fig-
ure S4). A total of 507 lipid species were detectable in
at least 90% of the patients; comparison of these lipid
species between LPA-low and high subgroups showed

only modest changes, where a number of lipid species
showed differential expression before adjusting for
multiplicity (p<0.05), but none of these lipid species
were consistently decreased or increased across all LPA
species (Additional file 1: Figure S4).
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Table 3 Exacerbation severity and treatment by baseline biomarker profile

Number of Hospitalized p-value Exacerbation treated p-value Exacerbation treated with p-value
exacerbation exacerbation with antibiotics systemic corticosteroids
N (%) N (%) N (%)
LPA16:0
Low 32 6(18.38 28 (87.5) 29(90.6)
Medium 31 4(12.9) 042 23 (74.2) 0.058 29 (93.5) 0.89
High 19 1(5.3) 11(57.9) 17 (89.5)
LPA18:0
Low 31 (129 24.(774) 28(90.3) 1.0
Medium 30 (16.7) 0.85 24 (80.0) 0.58 28(93.3)
High 21 9.5) 14 (66.7) 19 (90.5)
LPA18:1
Low 25 2(8.0) 22 (88.0) 22 (88.0)
Medium 34 7 (20.6) 0.36 26 (76.5) 0.10 33(97.1) 0.32
High 23 2(87) 14 (60.9) 20 (87.0)
LPA18:2
Low 29 (138 21(724) 27 (93.1)
Medium 30 (133 1.0 26 (86.7) 0.18 27 (90.0) 1.0
High 23 (13.0 15 (65.2) 21(91.3)
LPA20:4
Low 32 (15.6 25 (78.1) 29 (90.6)
Medium 33 (121 092 24(72.7) 0.944 33 (100) 0.0087*
High 17 2(11.8) 13 (76.5) 13 (76.5)

Fisher's Exact test p-values shown

Discussion

Effective identification of high-risk patients prone to
exacerbation is critical for the management of the dis-
ease as well as the acceleration of drug development. In
this study, we identified serum LPA species as prognos-
tic biomarkers of exacerbation. Patients with low and
medium levels of LPA (LPA16:0, 20:4) had significantly
higher rate and risk of exacerbation; and earlier time
to first exacerbation, compared to the respective LPA-
high patients. A higher proportion of exacerbations in
LPA20:4-low and -medium patients were treated with
systemic corticosteroids compared to the LPA20:4-high
patients. We observed similar trends for the other LPA
species (LPA18:0, 18:1, 18:2), where patients with low
and medium levels of LPA18:0 and 18:2 had higher exac-
erbation rate; but only LPA18:0-low patients had a signif-
icant increase in exacerbation risk and earlier time to first
exacerbation compared to the LPA18:0-high subgroup.
LPA levels were not significantly associated with other
baseline clinical variables in this study.

Previously we reported that the majority of the LPA
species, except LPA20:4, are higher in a small cohort of
COPD patients compared to healthy controls [26]. It is
unclear if COPD patients with low levels of LPA16 and
LPA18 species in this study have significantly higher
levels of these LPAs relative to healthy individuals, as

samples from age- and sex-matched healthy subjects
were not tested together with the COPD samples in the
current study. However, it is plausible that low levels of
LPAs in COPD subjects might be linked to infection or
unresolved inflammation. Decrease in systemic levels of
lipids including LPA have been reported in COPD and
patients with lung infection. Plasma LPC, precursor of
LPA, was significantly lower in patients with COPD and
the reduction was more pronounced in patients with
pneumonia compared to healthy control [28], in line
with the observation that LPC in cell lines were markedly
decreased post S. aureus-infection [28]. Similar results
were replicated in independent studies, where blood
LPC or LPA levels were significantly reduced in patients
with H7N9 infection [29] and sepsis [30]; importantly,
decreased LPC/PC ratio predicted sepsis-related mortal-
ity [30]. Unsurprisingly, systemic LPC was decreased in
a murine model of peritoneal sepsis caused by A. bau-
mannii, and the LPC depletion coincided with inflam-
matory cytokine release [31]. These results underscore
the importance of the LPC-LPA axis in infection, where
lower levels of these lipids were observed following infec-
tion and associated with the worse outcomes and inflam-
matory cytokines. LPA modulates immune responses by
directly impacting various functional aspects of neutro-
phils, monocytes, macrophages, dendritic cells, as well
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as T cells [32]. Neutrophils from pneumonia patients
had increased chemotaxis to LPA due to the increased
expression of LPA receptor 1 [33]. LPA promotes mono-
cyte migration [34] and mediates the differentiation of
monocytes to macrophages [35], where reactive oxy-
gen species are released from macrophages to eliminate
pathogens [36]. Additionally, monocyte recruitment via
LPA signaling has been shown to be crucial for the reso-
lution of tissue inflammation [37]. Extrapolating these
observations to this study, our data suggests that the
increase in exacerbation and earlier time to first exacer-
bation in COPD patients with lower levels of LPA in this
study could be related to microbial colonization, reduced
neutrophil chemotaxis and monocyte differentiation
into macrophages to effectively eliminate pathogens, or
impairment in resolving tissue inflammation, all of which
could lead to prolonged inflammation. Interestingly, we
observed that a higher proportion of exacerbations in
patients with lower levels of LPA20:4 were treated with
systemic corticosteroids. Unfortunately, samples were
not collected during exacerbation in the study to charac-
terize the exacerbation triggers.

In vitro, ATX binds to exosomes to generate LPA16:0,
18:0, and 18:1, which were carried in the vesicles; LPA18:2
and 20:4 were also generated but to a lesser degree [38].
It is thought that ATX-LPA bound to exosomes were
retained within the vesicles till they reached the target
cells to mediate signaling [38]. Exosomes are stable in
systemic circulation due to the lipid bilayer and it has
been reported that specific exosome levels are elevated
during COPD exacerbation [39] and associated with
systemic inflammation [40]. It is possible that patients
with low levels of detectable or “free” LPA, had the LPA
sequestered in exosomes to be transported to the site of
injury in the lung to exert biological functions locally, and
the increased exacerbation observed in patients with low
levels of LPA could be a consequence of the underlying
lung injury.

LPA mediates its downstream effects through receptor
activation. LPA receptors are expressed at different levels
on different cell types [21]. The intensity of receptor acti-
vation by the LPA species coupled with the type of LPA
receptors activated are likely to dictate the net outcome.
In line with this, literature has reported both the pro-
tective as well as pathogenic roles of LPA in the airway.
LPA receptors are required to maintain epithelial bar-
rier function, control allergic lung inflammation [41, 42],
and support alveolarization [43]. Related to lung pathol-
ogy, activation of lung LPA receptors leads to fibrosis [23,
44], epithelial cell apoptosis [45], and promotes inflam-
matory cytokine production and neutrophilic infiltra-
tion [46]. LPA can also bind to non-G-protein-coupled
receptors such as RAGE and PPARy to mediate vascular
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inflammation and platelet activation [47]. It is unclear if
the differences in the prognostic properties among the
LPA species observed in this study were due to the differ-
ential binding affinity of the LPA species to the different
receptor subtypes. Further work is needed to investigate
the molecular signaling pathways elicited by the indi-
vidual LPA species, to understand why LPA16:0 and 20:4
were prognostic across the various metrics of exacerba-
tion, but not the other LPA species.

The exacerbation status of the patients varies from year
to year and there are very few patients who consistently
have exacerbations every year [48]. Our data suggests that
LPA-high patients might belong to a varying category as
these patients had low on-study exacerbation rate despite
the fact that all of them had at least one exacerbation in
the prior year. In contrast, patients with lower LPA levels,
especially LPA16:0 and 20:4, had significant odds of hav-
ing an exacerbation. It is unclear if the underlying patho-
biology of these high-risk patients is different from those
without yearly exacerbation, our data suggested that LPA
could have an important role in driving exacerbation in
patients who had exacerbations in consecutive years.
Although exacerbation metrics were different between
LPA-low and high subgroups, lipidomic profiling did not
show consistent changes in lipid classes or lipid species
between the subgroups, suggesting that the LPA species
could be the more sensitive markers to identify these
high-risk patients. Moreover, LPA is not correlated with
known inflammation biomarker fibrinogen, indicating
that these LPA levels do not reflect systemic inflamma-
tion but uniquely dysregulated LPA pathway.

Since fibrinogen is a non-specific marker of systemic
inflammation, it was not significantly associated with
exacerbation risk in this study; a finding in line with a
previous report of two large COPD cohorts [7]. Our data
did not show a positive association between LPA and
FEV,%predicted as reported by Naz et al. [25], potentially
due to the differences in detection assays or other patient-
specific factors as the number of patients included here
was larger. The study has several limitations. First, this
was a post-hoc analysis of a clinical trial and sampling
was incomplete. Nevertheless, the demographics and
exacerbation events captured were representative of the
overall placebo population. Second, the differences in
exacerbation outcomes were based on the sex-specific
tertile level of the LPA used to subgroup patients. Addi-
tional work is needed to assess the optimal cutoff. Finally,
although there is mounting evidence to implicate the LPA
pathway in the pathogenesis of inflammatory lung dis-
eases, the relationship between systemic LPA levels and
the lung compartment has not been examined as lung
sampling was not collected in this study. Neither were
samples collected during exacerbation to characterize
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exacerbation etiology. Measurements of autotaxin and
other proteins involved in LPA metabolism were also
unavailable to elucidate potential mechanisms.

Conclusion

We developed a mass spectrometry method to quantify
the main serum LPA species in COPD patients from a
well characterized clinical study. LPA levels were not
associated with baseline clinical metrics or demograph-
ics except for sex. These LPA biomarkers were prognos-
tic as patients with lower levels of specific LPA species
had increased rate and risk of exacerbation and earlier
time to first exacerbation compared to the LPA-high
patients, potentially due to a multitude of effects of LPA
on immune regulation which could impair pathogen
clearance or the resolution of inflammation. These LPA
biomarkers could potentially be used to identify high-risk
patients who have exacerbations in consecutive years.
Further work is needed to understand the mechanistic
connection between LPA and COPD exacerbation.

Abbreviations

ATX: Autotaxin; CB-SGRQ: Chronic bronchitis derived from St George's Respira-
tory Questionnaire-COPD; COPD: Chronic obstructive pulmonary disease; CE:
Cholesteryl esters; CER: Ceramides; DAG: Diacylglycerols; DCER: Dihydrocera-
mides; GOLD: Global Initiative for Chronic Obstructive Lung Disease; HCER:
Hexosylceramides; LC-MS/MS: Liquid chromatography-mass spectrometry/
mass spectrometry; LCER: Lactosylceramides; LPA: Lysophosphatidic acid;
LPC: Lysophosphatidylcholines; LPE: Lysophosphatidylethanolamines; PC:
Phosphatidylcholines; PE: Phosphatidylethanolamines; SGRQ-C: St George's
Respiratory Questionnaire—COPD; SM: Sphingomyelins; TAG: Triacylglycerols.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512890-021-01670-9.

Additional file 1. Table S1. Patient baseline characteristics by LPA18:0
subgroups. Table S2. Patient baseline characteristics by LPA18:1 sub-
groups. Table S3. Patient baseline characteristics by LPA18:2 subgroups.
Table S4. Patient baseline characteristics by LPA20:4 subgroups. Table S5.
List of investigator and Institutional Review Board / Ethics Committee
approval. Figure S1. Baseline serum LPA levels by (A) sex, (B) smoking
status, and (C) COPD medications; double = ICS with one bronchodilator;
triple = ICS with two bronchodilators. Median and interquartile range
shown as boxplot. M, male; F, female. **p < 0.005; *** p < 0.001; ns, not
significant, Student t-test on log, transformed LPA. Figure S2. Differences
in exacerbation duration among LPA subgroups. Median and interquartile
range shown as boxplot. L = lowest-; M = medium-; H = highest-tertile of
the respective LPA levels; N, number of exacerbation events. Kruskal-Wallis
p-values shown. Figure S3. Baseline serum LPA levels and time since last
exacerbation before study entry. P-values showed the association of LPA
with time since last exacerbation before patients were enrolled into the
study in a multivariate regression adjusted for the following covariates:
number of exacerbations within the last 12 months, smoking status, geo-
graphical region, baseline COPD medications, and sex. P = ns, not signifi-
cant; uM, microMolar. Figure S4. Differential lipid expression by baseline
biomarker profile. (A) Profiling of 12 classes of lipids in LPA low versus high
patients. The x axis denotes the average log, (analyte abundance in low/
analyte abundance in high); values less than 0 indicate a decrease, and

Page 10 of 12

values greater than 0 an increase, in low versus high patients. Green bars
denote unadjusted p-value < 0.05; orange bars denote false discovery rate
< 0.05. CE, cholesteryl esters; CER, ceramides; DAG, diacylglycerols; DCER,
dihydroceramides; HCER, hexosylceramides; LCER, lactosylceramides; LPC,
lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; PC, phos-
phatidylcholines; PE, phosphatidylethanolamines; SM, sphingomyelins;
TAG, triacylglycerols. (B) Volcano plots showing lipid species in LPA low
versus high patients. The x axis denotes log2(analyte abundance in low/
analyte abundance in high), and the y axis indicates the -log10(unadjusted
p-value). Colored circles denote unadjusted p-value<0.05; red circles
denote lipid species with higher abundance in LPA-low compared to
LPA-high (fold change > 0.5); blue circles denote lipid species with lower
abundance in LPA-low compared to LPA-high (fold change > 0.5).

Acknowledgements
The authors acknowledge the contribution of the clinical trial site principal
investigators.

Authors’ contributions

QL, AC, DFC, JO, MN, WS, CMR, MG and GWT contributed to the study design.
QL, WW and WS contributed to lipid data acquisition and interpretation. AB,
XY, EV and GWT contributed to data analysis. All authors contributed to data
interpretation, and to the writing of this manuscript and have reviewed and
approved the final draft for submission. All authors read and approved the
final manuscript.

Funding

This study was funded by Genentech, Inc. Employees of Genentech, Inc. par-
ticipated in the design of the study, the collection, analysis, and interpretation
of the data, and the writing of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study was conducted in accordance with the Declaration of Helsinki and
the International Conference on Harmonisation Guidance for Good Clinical
Practice. Independent Institutional Review Board or Ethics Committee (IRB/
EC) approval was obtained at all participating centers and the information can
be found in Additional file 1: Table S5. Written informed consent was obtained
from all patients before inclusion in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Microchemistry, Proteomics and Lipidomics, Genentech, Inc,,
South San Francisco, CA, USA. 2Department of Biomarker Discovery OMNI,
Genentech, Inc, South San Francisco, CA, USA. >Department of Biostatistics,
Genentech, Inc,, South San Francisco, CA, USA. “Product Development Immu-
nology, Infectious Disease and Ophthalmology, Genentech, Inc, South San
Francisco, CA, USA. >°OMNI Biomarker Development, Genentech Inc,, South
San Francisco, CA, USA.

Received: 18 February 2021 Accepted: 16 September 2021
Published online: 23 September 2021

References
1. Han MK, Kazerooni EA, Lynch DA, Liu LX, Murray S, Curtis JL, Criner GJ,
Kim V, Bowler RP, Hanania NA, et al. Chronic obstructive pulmonary


https://doi.org/10.1186/s12890-021-01670-9
https://doi.org/10.1186/s12890-021-01670-9

Li et al. BMC Pulm Med

20.

21.

(2021) 21:301

disease exacerbations in the COPDGene study: associated radiologic
phenotypes. Radiology. 2011;261(1):274-82.

KimV, Davey A, Comellas AP, Han MK, Washko G, Martinez CH, Lynch D,
Lee JH, Silverman EK, Crapo JD, et al. Clinical and computed tomographic
predictors of chronic bronchitis in COPD: a cross sectional analysis of the
COPDGene study. Respir Res. 2014;15:52.

KimV, Zhao H, Boriek AM, Anzueto A, Soler X, Bhatt SP, Rennard SI, Wise
R, Comellas A, Ramsdell JW et al: Persistent and newly developed chronic
bronchitis are associated with worse outcomes in chronic obstructive
pulmonary disease. Ann Am Thorac Soc. 2016.

Kim'V, Criner GJ. Chronic bronchitis and chronic obstructive pulmonary
disease. Am J Respir Crit Care Med. 2013;187(3):228-37.

Suissa S, Dell’Aniello S, Ernst P. Long-term natural history of chronic
obstructive pulmonary disease: severe exacerbations and mortality.
Thorax. 2012;67(11):957-63.

Ghebre MA, Pang PH, Diver S, Desai D, Bafadhel M, Haldar K, Kebadze

T, Cohen S, Newbold P, Rapley L, et al. Biological exacerbation clusters
demonstrate asthma and chronic obstructive pulmonary disease overlap
with distinct mediator and microbiome profiles. J Allergy Clin Immunol.
2018;141(6):2027-2036.2012.

Keene JD, Jacobson S, Kechris K, Kinney GL, Foreman MG, Doerschuk
CM, Make BJ, Curtis JL, Rennard SI, Barr RG, et al. Biomarkers predictive of
exacerbations in the SPIROMICS and COPDGene cohorts. Am J Respir Crit
Care Med. 2017;195(4):473-81.

Yun JH, Lamb A, Chase R, Singh D, Parker MM, Saferali A, Vestbo J, Tal-
Singer R, Castaldi PJ, Silverman EK; et al. Blood eosinophil count thresh-
olds and exacerbations in patients with chronic obstructive pulmonary
disease. J Allergy Clin Immunol. 2018;141(6):2037-2047.e2010.
Vedel-Krogh S, Nielsen SF, Lange P, Vestbo J, Nordestgaard BG. Blood
eosinophils and exacerbations in chronic obstructive pulmonary disease.
The copenhagen general population study. Am J Respiratory Crit Care Med.
2016, 193(9):965-974.

Bafadhel M, Peterson S, De Blas MA, Calverley PM, Rennard SI, Richter K,
Fageras M. Predictors of exacerbation risk and response to budesonide in
patients with chronic obstructive pulmonary disease: a post-hoc analysis
of three randomised trials. Lancet Respir Med. 2018.

. Casanova C, Celli BR, de-Torres JP, Martinez-Gonzalez C, Cosio BG, Pinto-

Plata V, de Lucas-Ramos P, Divo M, Fuster A, Peces-Barba G et al: Preva-
lence of persistent blood eosinophilia: relation to outcomes in patients
with COPD. Eur Respir J. 2017, 50(5).

Ho J, He W, Chan MTV, Tse G. Eosinophilia and clinical outcome of chronic
obstructive pulmonary disease: a meta-analysis. 2017, 7(1):13451.
Mannino DM, Tal-Singer R, Lomas DA, Vestbo J, Graham Barr R, Tetzlaff K,
Lowings M, Rennard SI, Snyder J, Goldman M, et al. Plasma fibrinogen as
a biomarker for mortality and hospitalized exacerbations in people with
COPD. Chron Obstruct Pulmonary Dis. 2015;2(1):23-34.

Manon-Jensen T, Langholm LL, Ronnow SR, Karsdal MA, Tal-Singer R,
Vestbo J, Leeming DJ, Miller BE, Sand JM. End-product of fibrinogen is
elevated in emphysematous chronic obstructive pulmonary disease
and is predictive of mortality in the ECLIPSE cohort. Respir Med. 2019,
160:105814.

Dickens JA, Miller BE, Edwards LD, Silverman EK, Lomas DA, Tal-Singer R.
COPD association and repeatability of blood biomarkers in the ECLIPSE
cohort. Respir Res. 2011;12:146.

Agusti A, Edwards LD, Rennard S|, MacNee W, Tal-Singer R, Miller BE,
Vestbo J, Lomas DA, Calverley PM, Wouters E et al. Persistent systemic
inflammation is associated with poor clinical outcomes in COPD: a novel
phenotype. PloS one 2012, 7(5):e37483.

Shea BS, Tager AM. Role of the lysophospholipid mediators lysophospha-
tidic acid and sphingosine 1-phosphate in lung fibrosis. Proc Am Thorac
Soc. 2012;9(3):102-10.

Magkrioti C. Autotaxin and lysophosphatidic acid signalling in lung
pathophysiology. World J Respirology. 2013;3(3):77.

Knowlden S, Georas SN. The autotaxin-LPA axis emerges as a novel
regulator of lymphocyte homing and inflammation. J Immunol.
2014;192(3):851-7.

Valdes-Rives SA, Gonzalez-Arenas A. Autotaxin-lysophosphatidic acid:
from inflammation to cancer development. 2017, 2017:9173090.

Choi JW, Herr DR, Noguchi K, Yung YC, Lee CW, Mutoh T, Lin ME, Teo ST,
Park KE, Mosley AN, et al. LPA receptors: subtypes and biological actions.
Annu Rev Pharmacol Toxicol. 2010;50:157-86.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 12

Kalari S, Zhao'Y, Spannhake EW, Berdyshev EV, Natarajan V. Role of
acylglycerol kinase in LPA-induced IL-8 secretion and transactivation of
epidermal growth factor-receptor in human bronchial epithelial cells. Am
JPhysiol Lung Cell Mol Physiol. 2009;296(3):.328-336.

Tager AM, LaCamera P, Shea BS, Campanella GS, Selman M, Zhao Z,
Polosukhin V, Wain J, Karimi-Shah BA, Kim ND, et al. The lysophosphatidic
acid receptor LPAT links pulmonary fibrosis to lung injury by mediating
fibroblast recruitment and vascular leak. Nat Med. 2008;14(1):45-54.

Chu X, Wei X, Lu S, He P. Autotaxin-LPA receptor axis in the pathogenesis
of lung diseases. Int J Clin Exp Med. 2015;8(10):17117-22.

Naz S, Kolmert J, Yang M, Reinke SN, Kamleh MA, Snowden S, Heyder T,
Levanen B, Erle DJ, Skold CM et al. Metabolomics analysis identifies sex-
associated metabotypes of oxidative stress and the autotaxin-lysoPA axis
in COPD. Eur Respir J. 2017, 49(6).

Li Q Wong WR, Chakrabarti A, Birnberg A, Yang X, Verschueren E,
Neighbors M, Rosenberger C, Grimbaldeston M, Tew GW et al. Serum
lysophosphatidic acid measurement by liquid chromatography-mass
spectrometry in COPD Patients. JAm Soc Mass Spectrom. 2021.
Contrepois K, Mahmoudi S, Ubhi BK, Papsdorf K, Hornburg D, Brunet

A, Snyder M. Cross-platform comparison of untargeted and targeted
lipidomics approaches on aging mouse plasma. Sci Rep. 2018;8(1):17747.
Arshad H, Alfonso JCL, Franke R, Michaelis K, Araujo L, Habib A, Zboro-
myrska'Y, Licke E, Strungaru E, Akmatov MK, et al. Decreased plasma
phospholipid concentrations and increased acid sphingomyelinase activ-
ity are accurate biomarkers for community-acquired pneumonia. J Transl
Med. 2019;17(1):365.

SunX, Song L, Feng S, Li L, Yu H, Wang Q, Wang X, Hou Z, Li X, LiY, et al.
Fatty acid metabolism is associated with disease severity after H7N9
infection. EBioMedicine. 2018;33:218-29.

Drobnik W, Liebisch G, Audebert FX, Frohlich D, Gluck T, Vogel P, Rothe

G, Schmitz G. Plasma ceramide and lysophosphatidylcholine inversely
correlate with mortality in sepsis patients. J Lipid Res. 2003;44(4):754-61.
Smani Y, Dominguez-Herrera J, Ibanez-Martinez J, Pachon J. Therapeutic
efficacy of lysophosphatidylcholine in severe infections caused by Acine-
tobacter baumannii. Antimicrob Agents Chemother. 2015;59(7):3920-4.
Cui MZ. Lysophosphatidic acid effects on atherosclerosis and thrombosis.
Clin Lipidol. 2011;6(4):413-26.

Rahaman M, Costello RW, Belmonte KE, Gendy SS, Walsh MT. Neutrophil
sphingosine 1-phosphate and lysophosphatidic acid receptors in pneu-
monia. Am J Respir Cell Mol Biol. 2006;34(2):233-41.

. Takeda, Matoba K, Kawanami D, Nagai Y, Akamine T, Ishizawa S, Kanaz-

awa Y, Yokota T, Utsunomiya K. ROCK2 regulates monocyte migration and
cell to cell adhesion in vascular endothelial cells. Int J Mol Sci. 2019, 20(6).
Ray R, Rai V. Lysophosphatidic acid converts monocytes into mac-
rophages in both mice and humans. Blood. 2017;129(9):1177-83.

Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen

species in inflammation and tissue injury. Antioxid Redox Signal.
2014,20(7):1126-67.

McArthur S, Gobbetti T, Kusters DH, Reutelingsperger CP, Flower RJ, Per-
retti M. Definition of a novel pathway centered on lysophosphatidic acid
to recruit monocytes during the resolution phase of tissue inflammation.
JImmunol. 2015;195(3):1139-51.

Jethwa SA, Leah EJ, Zhang Q, Bright NA, Oxley D, Bootman MD, Rudge
SA, Wakelam MJ. Exosomes bind to autotaxin and act as a physiological
delivery mechanism to stimulate LPA receptor signalling in cells. J Cell Sci.
2016;129(20):3948-57.

Takahashi T, Kobayashi S, Fujino N, Suzuki T, Ota C, He M, Yamada M,
Suzuki S, Yanai M, Kurosawa S, et al. Increased circulating endothelial
microparticles in COPD patients: a potential biomarker for COPD exacer-
bation susceptibility. Thorax. 2012;67(12):1067-74.

Tan DBA, Armitage J, Teo TH, Ong NE, Shin H, Moodley YP. Elevated levels
of circulating exosome in COPD patients are associated with systemic
inflammation. Respir Med. 2017;132:261-4.

He D, SuY, Usatyuk PV, Spannhake EW, Kogut P, Solway J, Natarajan V,
Zhao Y. Lysophosphatidic acid enhances pulmonary epithelial barrier
integrity and protects endotoxin-induced epithelial barrier disruption
and lung injury. J Biol Chem. 2009,284(36):24123-32.

Park GY, Lee YG, Berdyshev E, Nyenhuis S, Du J, Fu P, Gorshkova IA, Li Y,
Chung S, Karpurapu M, et al. Autotaxin production of lysophosphatidic
acid mediates allergic asthmatic inflammation. Am J Respir Crit Care Med.
2013;188(8):928-40.



Li et al. BMC Pulm Med (2021) 21:301

43.

44,

45.

46.

Funke M, Knudsen L, Lagares D, Ebener S, Probst CK, Fontaine BA, Franklin
A, Kellner M, Kuhnel M, Matthieu S, et al. Lysophosphatidic acid signaling
through the lysophosphatidic acid-1 receptor is required for alveolariza-
tion. Am J Respir Cell Mol Biol. 2016;55(1):105-16.

Gan L, Xue JX, Li X, Liu DS, Ge Y, Ni PY, Deng L, Lu Y, Jiang W. Blockade

of lysophosphatidic acid receptors LPAR1/3 ameliorates lung fibrosis
induced by irradiation. Biochem Biophys Res Commun. 2011;409(1):7-13.
Funke M, Zhao Z, Xu'Y, Chun J, Tager AM. The lysophosphatidic acid
receptor LPAT promotes epithelial cell apoptosis after lung injury. Am J
Respir Cell Mol Biol. 2012;46(3):355-64.

Cummings R, ZhaoY, Jacoby D, Spannhake EW, Ohba M, Garcia JG,
Watkins T, He D, Saatian B, Natarajan V. Protein kinase Cdelta mediates
lysophosphatidic acid-induced NF-kappaB activation and inter-

leukin-8 secretion in human bronchial epithelial cells. J Biol Chem.
2004;279(39):41085-94.

Page 12 of 12

47. Knowlden S, Georas SN. The autotaxin-LPA axis emerges as a novel
regulator of lymphocyte homing and inflammation. J Immunol.
2014,192(3):851-7.

48. Han MK, Quibrera PM, Carretta EE, Barr RG, Bleecker ER, Bowler RP, Cooper
CB, Comellas A, Couper DJ, Curtis JL, et al. Frequency of exacerbations in
patients with chronic obstructive pulmonary disease: an analysis of the
SPIROMICS cohort. Lancet Respir Med. 2017;5(8):619-26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Lysophosphatidic acid species are associated with exacerbation in chronic obstructive pulmonary disease
	Abstract 
	Background: 
	Patients and methods: 
	Results: 
	Conclusions: 

	Background
	Patients and methods
	Patient cohort
	Mass spectrometry LPA assays
	Lipidomic profiling
	Statistical analysis

	Results
	Baseline characteristics
	LPA and exacerbation
	LPA and lipidomics

	Discussion
	Conclusion
	Acknowledgements
	References


