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ABSTRACT ARTICLE HISTORY
Pleural effusion is a common respiratory disease worldwide; however, rapid and accurate diagnoses of Received 31 July 2019
tuberculosis pleural effusion (TPE) and malignancy pleural effusion (MPE) remain challenging. Although Revised 9 April 2020
extracellular vesicles (EVs) have been confirmed as promising sources of disease biomarkers, little is Accepted 18 June 2020
known about the metabolite compositions of its subpopulations and their roles in the diagnosis of KEYWORDS

pleural effusion. Here, we performed metabolomics and lipidomics analysis to investigate the metabo- Extracellular vesicles;

lite characteristics of two EV subpopulations derived from pleural effusion by differential ultracentrifu- metabolic profiling; pleural
gation, namely large EVs (IEVs, pelleted at 20,000 X g) and small EVs (sEVs, pelleted at 110,000 x g), and effusion; biomarkers;
assessed their metabolite differences between tuberculosis and malignancy. A total of 579 metabolites, diagnosis

including amino acids, acylcarnitines, organic acids, steroids, amides and various lipid species, were
detected. The results showed that the metabolic profiles of [EVs and sEVs overlapped with and difference
from each other but significantly differed from those of pleural effusion. Additionally, different type of
vesicles and pleural effusion showed unique metabolic enrichments. Furthermore, IEVs displayed more
significant and larger metabolic alterations between the tuberculosis and malignancy groups, and their
differential metabolites were more closely related to clinical parameters than those of sEV. Finally,
a panel of four biomarker candidates, including phenylalanine, leucine, phosphatidylcholine 35:0, and
sphingomyelin 44:3, in pleural IEVs was defined based on the comprehensive discovery and validation
workflow. This panel showed high performance for distinguishing TPE and MPE, particularly in patients
with delayed or missed diagnosis, such as the area under the receiver-operating characteristic curve
(AUQ) >0.95 in both sets. We conducted comprehensive metabolic profiling analysis of EVs, and further
explored the metabolic reprogramming of tuberculosis and malignancy at the level of metabolites in
IEVs and sEVs, providing insight into the mechanism of pleural effusion, and identifying novel biomar-
kers for diagnosing TPE and MPE.

Introduction diagnoses at an early time point are crucial for implement-
ing effective treatments and improving outcomes [3,5].
However, current clinical identification methods exhibit
various limitations. Bacteriological or/and histopathologi-
cal methods are the “gold standard” for diagnosing TPE
and MPE [2,6]. However, the Mycobacterium tuberculosis
culture test is not only time-consuming but also lack
sensitivity [7,8]. Pleural biopsy is invasive, high-
risk and not suitable for all patients. These methods often
result in delayed or missed diagnosis, particularly in
patients with a low load of M. tuberculosis or tumour

Pleural effusion is a common respiratory disease world-
wide, with malignant pleural effusion (MPE) caused by
lung cancer and tuberculous pleural effusion (TPE) caused
by mycobacterium tuberculosis infection as the most clin-
ical commons [1,2]. Approximately 10 million incident
cases and 1.3 million deaths were caused by tuberculosis
in 2017, with nearly 9% of cases occurring in China [3].
The mortality rate of lung cancer ranks first among differ-
ent types of cancers worldwide [4], and approximately 40%
of patients develop pleural effusion [1]. Rapid and accurate
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cells in pleural fluid, or whom pleural tissue is difficult to
obtain [3,6]; the positive rate of the M. tuberculosis test in
case of TPE is less than 40% [2,9]. Therefore, highly
sensitive non-invasive or less invasive diagnostic methods
for TPE and MPE are urgently required.

Extracellular vesicles (EVs), a lipid bilayer structure
released by most cells, are a promising source of biomar-
kers [10-12]. EVs have important roles in regulating
cellular communication, growth, migration, angiogenesis
and immune modulation [13,14]. Numerous studies have
revealed that EVs in bodily fluids, such as the blood,
urine, and cerebrospinal fluid can be used as promising
biomarkers to avoid repeated biopsies, particularly for
cancer diagnosis [15,16]. Samples of pleural effusion
have been widely used for screening to identify biomar-
kers of tuberculosis and lung cancer, given its anatomical
proximity to the lung and key part role in the immune
microenvironment in the chest [17,18]. EVs in the pleural
fluid may play an important role in lung damage because
they can directly originate from pathologic lung tissue or
cells [19,20]. Furthermore, the biochemical and biophy-
sical properties of EVs from malignant effusions are
similar to those of EVs from tumour cells [21,22]. Our
previous clinical study also revealed that autologous
tumour cell-derived EVs in the pleural effusion can be
successfully utilized in the targeted chemotherapy of lung
cancer [23]. Therefore, EVs in the pleural effusion may
provide insights into the diagnosis of TPE and MPE.

Small EVs (sEVs) and large EVs (IEVs) are com-
monly studied subpopulations of EVs [24,25]. sEVs,
such as exosomes (~100 nm diameter), are demon-
strated to carry bioactive molecules from parental
cells, and modulate the metabolism of recipient cells
[13,26]. IEVs, including microvesicles, ectosomes and/
or large oncosomes (~100-1,000 nm and/or >1,000 nm
diameter), have been found contain specific proteins,
lipids and RNA, which are associated with disease
progression, and used as potential biomarkers for dis-
ease diagnosis and monitoring [24,25,27]. While the
molecular content of sEVs and 1EVs remains poor
understood, particularly for the EVs from pleural effu-
sion. Many previous studies focused on analysing RNA
[28,29], or the protein profiles [30,31] of EVs. Few
studies have investigated small molecule metabolites,
although metabolites alterations occur downstream of
genetic and proteomic regulation, and thus are more
likely to reveal the dynamic changes of biological states
[32,33]. Therefore, a detailed understanding of the
metabolite composition of EV subgroups is necessary
to further develop diagnostics and therapeutics. In our
study, differential centrifugation, a widely used separa-
tion technique for EVs of different size and intensity
[24,25,34], was used to obtain the IEVs (sediment at

20,000 x g spin) and sEVs (sediment at 110,000 x g
spin). Liquid chromatography-tandem mass spectro-
metry (LC-MS/MS)-based metabolomics and lipido-
mics analysis were utilized to assess the metabolite
characteristics of SEVs and IEVs from pleural effusion,
and further explore the metabolic reprogramming of
tuberculosis and malignancy from the level of EVs
metabolites, to provide new insights into the mechan-
ism and diagnosis of pleural effusion.

Materials and methods
Subjects and study design

All participants were recruited from Union Hospital of
Huazhong University of Science and Technology, and
Wuhan Lung hospital (Wuhan, China). The study was
approved by the ethics committee of these hospitals and
registered in ClinicalTrials.gov database (NCT03997669),
and written informed consent was obtained from each
enrolled subject. A total of 80 pleural effusion specimens,
including 20 in the discovery set and 60 in the validation
set, were collected from 40 patients with pulmonary
tuberculosis and 40 patients with lung cancer. All patients
with TPE were diagnosed based on the M. tuberculosis
detection in the specimens of sputum or pleural fluid,
and/or pleural biopsy histopathologic test. All patients
with MPE were confirmed by histopathology analysis of
the pleural biopsy, or/and cytologic examination of the
pleural effusion. About 50-100 ml pleural fluid was col-
lected from each participant prior to treatment by thor-
acentesis as previously described [35]. Briefly, the
puncture site is generally located in the sixth or seventh
intercostal space between the mid and posterior axillary
line by the aid of ultrasound to reduce damage. The age
and sex of subjects in the two groups were matched as
much as possible, and the detailed clinical information of
all subjects is listed in Table 1.

Isolation of EVs from pleural effusion

EVs were isolated by a modified differential ultracentri-
fugation method based on previously described methods
[29,36]. Briefly, 30 mL of pleural fluid was centrifuged at
500 x g (4°C) for 15 min to remove pleural cell debris,
and the supernatant was centrifuged at 2,000 x g (4°C)
for 15 min to further remove cells and its debris. Next,
the supernatant (~30 mL) were centrifuged at
20,000 x g (4°C) for 60 min to pellet the IEVs. Then,
the 1EVs-depleted supernatant was filtered through
a 0.22 pm disposable membrane (Millipore, US), and
sEVs were further recovered from this supernatant by a
ultracentrifugation at 110,000 x g (4°C) for 90 min using



Table 1. Clinical Characteristics of study subjects in the discovery and validation set.

JOURNAL OF EXTRACELLULAR VESICLES . 3

Discovery set

Validation set

TPE (n = 10) MPE (n = 10) TPE (n = 30) MPE (n = 30)
sex(female/male) 4F/6M 4 F/6 M 8F/22 M 9F21T M
age(year) 47.5 £ 16.5 558+ 7.0 489 + 20 60.4 + 9.2%
White blood cell (10° cells/L) 63+ 18 6.1+ 1.1 57 +1.1 64+ 14
Neutrophil(10° cells/L) 42415 43+ 1.1 42+ 1.1 48 +13
Lymphocyte (10° cells/L) 1.1+04 1.2+ 05 1.1+£0.8 1.1+ 0.6
glucose(mmol/L) 47 £ 0.7 46 +15 - -
ESR(mm/h) 62.6 + 31.1 19.4 + 14.4** 54.7 £ 31.0 37.2 + 26.9%
CRP(mg/L) 87.6 + 65.6 27.7 + 50.7* 49.1 + 30.6 32.7 + 24.3*
pCEA(ug/L) 19+16 215.0 £ 157.1%** 74 £178 91.0 £ 160.2%**
pADA(U/L) 37.2 + 23.1 8.9 + 3.1** 40.6 + 15.8 16.0 £ 16.1%**
pLDH(U/L) 1018.3 = 14711 375.3 £ 160.9 544 + 462.2 481 + 497.9

ESR, erythrocyte sedimentation rate; CRP, C-reaction protein; pCEA, pleural effusion carcinoembryonic antigen; pADA, pleural effusion adenoeine deaminue;

pLDH, pleural effusion lactic dehydrogenase, data were presented with mean+SD.

Optima XPN-100 Ultracentrifuge with rotor 70 Ti,
adjusted k-factor 201.6, and Optiseal polyallomer tube
(Beckman Coulter) (Figure 1A). To obtain pure EVs,
both pellets were carefully washed with 30 mL fresh
phosphate-buffered saline (PBS), and then centrifuged
at 20,000 x g (4°C) for 60 min or at 110,000 x g (4°C)
for 90 min. These wash steps were repeated two times to
clean IEVs and sEVs. Finally, the pellets were resus-
pended in 250 pL of fresh PBS. The isolated sEVs and
IEVs were stored at —80°C until further analysis.

Electron microscopy of EVs

Aliquots (3 pL) of IEVs or sEVs were immediately
dropped onto the carbon film copper grid and incu-
bated for 5 min on ice for transmission electron micro-
scopy (TEM) analysis. The grids were washed and
excess liquid was dried with filter paper. The grids
were negatively stained with 10 pL of 2% phospho-
tungstic acid (Servicebio, Woburn, MA, USA), and
washed with distilled water and air-dried in the dark.
Finally, the grids were examined with an HT 7700
transmission electron microscope (Hitachi, Tokyo,
Japan) at an acceleration voltage of 80 kV.

Nanoparticle tracking analysis of EVs

The particle size and density distribution of IEVs or sEV's
were analysed with a nanoparticle tracking analysis
(NTA) instrument (Nanosight NS300, NanoSight Ltd.,
Minton Park, UK), which is equipped with a laser light
source and a high-sensitivity video camera. Detections
were controlled as follows: camera level of 14, tempera-
ture of 25.0°C, viscosity 0.91 cP, frames per second 25,
measurement time 60 s and detection threshold 6. The
samples were diluted in PBS to concentrations appropri-
ate for the measurement, and the data were analysed
with NanoSight NTA version 3.2 software.

Western blotting analysis of EVs

The pellets of sEVs and 1EVs were lysed with RIPA
buffer (Pierce, Rockford, IL, USA) on ice for 40 min.
Insoluble material was pelleted by centrifugation for
15 min at 11,000 x g at 4°C. Supernatants were trans-
ferred to a new tube, and the protein concentrations
were quantified with a BCA Protein Assay kit
(Beyotime, Shanghai, China) according to the manu-
facture’s protocols. Next, 20 pg of protein was loaded
into gels for separation by 10% sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (Bio-Rad,
Hercules, CA, USA) after which the proteins were
transferred onto a polyvinylidene fluoride membrane
(Millipore, Bedford, MA, USA). After blocking with 5%
skimmed milk powder, primary antibodies were added,
and the membrane was incubated at 4°C overnight.
Primary antibodies used were CD9 (C4, Santa Cruz
Biotechnology, Dallas, TX, USA; 1:500), CD81 (Bl11,
Santa Cruz; 1:1000), CD63 (H5C6, BD Biosciences,
Franklin Lakes, NJ, USA; 1:1000), Tsgl0l (4Al0,
Abcam, Cambridge, UK; 1:2000), GM130 (4Al0,
Abcam, Cambridge, UK; 1:500) and Calnexin
(Roteintech Group, INC; 1:1000). After washing with
PBS, the membrane was further incubated with the
secondary antibody for 1 h at room temperature.
Proteins were visualized using an ECL chemilumines-
cence staining assay kit (Bio-Rad) and the density of
each protein band was quantified.

Sample preparation and metabolite extraction

To extract EV metabolites as much as possible with-
out increasing the amount of sample, a high-
efficiency liquid-liquid extraction method was
employed for our current study [37]. Before the
metabolite extraction, five freeze-thaw cycles (freez-
ing in liquid nitrogen for 3 min, and then thawing
on ice for 3 min) were performed to accelerate the
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Figure 1. Validation of EV sample quality.
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(A) The workflow of the isolation of IEVs, and sEVs. (B) Electron microscopy (EM) shows typical round morphology of sEVs (left) and IEVs (right) from
pleural effusion. (C)-(E) The size distribution of sEVs and IEVs from TPE and MPE group (n = 3) by NTA analysis, which indicated that most of sEVs
were smaller than the IEVs in diameter, data presented with mean+SD., and the size distribution of sEVs and IEVs between TPE and MPE groups
were similar (p > 0.05, data presented in table s1) (F) Presence of CD81, CD63, CD9 (EV markers), and TSG101, and non-VE marker of Calnexin and
GM130, analysed by western blotting. An equal protein amount of 20 ug was loaded for all samples.

release of metabolites from IEVs or sEVs. Next,
300 uL of methanol was added to 100 pL 1EVs or
sEVs or pleural effusion for metabolite extraction.
Sequentially 1 mL methyl tert-butyl ether was
added and for the sample was incubated with shak-
ing for 1 h at room temperature to improve meta-
bolite extraction from the vesicles. Next, 250 pL of

water was added, vortexed for 1

min, and

equilibrated at room temperature for 15 minutes,
and then centrifuged at 12,000 x g (4°C) for
15 min. Then, 400 pL “mixture” (200 uL upper plus
200 pL lower fractions) were transferred to fresh
tube for the metabolomics analysis. Another 400 uL
upper fraction was separately transferred for hydro-
phobic metabolites (lipids) analysis. Finally, these
fractions were lyophilized under vacuum.



LC-MS/MS-based metabolic profiling analysis

To obtain high-sensitivity and -coverage of the EVs in
metabolic profiling analysis, previously reported pseu-
dotargeted metabolomics and lipidomics methods were
used to acquire the LC-MS/MS spectra [38-40].
Acquisition was performed with a Nexera LC-30AD
UHPLC system (Shimadzu, Kyoto, Japan) coupled to
a Q-Trap 5500 mass spectrometer system (AB SCIEX,
Framingham, MA, USA). For metabolomics analysis in
discovery and validation sets, the lyophilized metabo-
lite extractions were reconstituted with 50 pL
acetonitrile/H,O (1:4, v/v), and 5 pL was injected into
the LC-MS system for detection. In positive and nega-
tive acquisition modes, the separations were performed
using the ACQUITY BEH C8 columns (100 x 2.1 mm,
1.7 um, Waters, Milford, MA, USA), and the column
temperature was maintained at 50°C. The mobile
phases A and B contained 0.1% (v/v) formic acid in
aqueous solution and acetonitrile solution, respectively,
and the flow rate was set to 0.35 mL/min. Details
related to gradient elution and mass spectrometer para-
meters were shown in the Supplementary information.

In lipid analysis of discovery set and validation set,
the lyophilized lipid extractions were reconstituted
with 100 uL. ACN/IPA/H,O (65:30:5, v/v/v/) contain-
ing 5 mM ammonium acetate, and 5 pL was injected
into the LC-MS system for lipid detection. Separation
was performed using ACQUITY BEH C8 columns
(100 x 2.1 mm, 1.7 pm, Waters) with at a column
temperature of 55°C. Both mobile phase C and
D contained 10 mM ammonium acetate in a solution
of acetonitrile/H,O (3:2, v/v) and acetonitrile/isopro-
panol (1:9, v/v), respectively. The gradient was started
at a flow rate of 0.26 mL/min. Details related to gra-
dient elution and mass spectrometer parameters were
shown in the Supplementary information.

Data processing and statistical analysis

Peak alignment of the acquired raw data was per-
formed using the software tool Analyst V1.6 software
(AB SCIEX, Framingham, MA, USA). After removing
missing values by the rule of 80% and background ions
[41], the signal drifts of the remaining matched peak
ions were calibrated by total intensity signal calibra-
tion. Metabolites and lipids were identified as described
in our previous studies [32,38].

Multivariable analysis was conducted using SIMCA-P
software (version 11.0; Umetrics). Principal component
analysis (PCA) was applied to detect global metabolic
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alterations among different samples [42]. Univariate ana-
lysis of clinical and metabolic profiling data was per-
formed by Multi Experiment Viewer software (MeV,
version 4.7.4). The Wilcoxon Mann-Whitney test with
benjamini-Hochberg-based false discovery rate (FDR)
correction was utilized to evaluate the statistical signifi-
cance, with p < 0.05 and FDR < 0.05 defined as statisti-
cally significant. Pearson correlation analysis among the
clinical parameters and differential metabolites was
implemented with SPSS software (version 18.0.0), and
its network was displayed by Cytoscape software (version
3.7.1). The heat maps of differential metabolite alterations
were generated by the software of MeV software version
4.7.4. Metabolite enriched pathway analysis was imple-
mented with the online software of Metaboanalyst
(https://www.metaboanalyst.ca/MetaboAnalyst/).

Results
Clinical characteristics of subjects

In our study, a total of 80 pleural fluid samples, includ-
ing 20 in the discovery and 60 in the validation set,
were recruited to identify the metabolic biomarker
candidates for the diagnosis of TPE and MPE. The
clinical characteristics of these patients were summar-
ized in Table 1. The numbers of white blood cell,
neutrophils, lymphocytes and pleural lactate dehydro-
genase (pLDH) levels did not significantly differ
between the two groups (p-values > 0.05) in the dis-
covery and validation sets. Compared to patients with
MPE, increased level of erythrocyte sedimentation rate
(ESR), C-reactive protein (CRP), and pleural adeno-
sine deaminase (pADA), and deceased level of pleural
effusion carcinoembryonic antigen (pCEA) were
found in patients with TPE. In our study, all patients
with MPE were founded to have lung carcinomas
according to cytology assessment in the discovery
and validation set, respectively. For patients with
TPE, pleural biopsy pathology of eight cases showed
positive results, and only two cases showed positive
tuberculosis culture in the sputum in the discovery set,
and these results were verified by patients from the
validation set. All samples were collected before treat-
ment with anti-cancer, anti-tuberculosis or other anti-
inflammatory medications.

Isolation and Validation of EVs

The EV subgroups of IEVs and sEVs were isolated
from 30 mL of pleural effusion by differential
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ultracentrifugation. During centrifugations, the pellets
of sEVs and IEVs were carefully removed and washed
to guarantee that any extra-vesicular metabolites dis-
solved in the pleural effusion were eliminated from the
pellets. TEM, NTA and western blotting were used to
validate the quality of the isolated sEVs and IEVs from
pleural effusion (Figure 1). TEM showed that the size
and morphology of lEVs were more heterogeneous
than those of sEVs (Figure 1B), and the size of most
IEVs (>150 nm) was larger than that of sEVs (50--
150 nm), which is consistent with reported studies [25].
Additionally, the size distribution analysed by NTA
showed that 90.8% and 92.1% SEVs were between 50
and 200 nm in diameter from the TPE and MPE group,
respectively. While more than 90% 1EVs showed a wide
range of 100-400 nm in diameter, and their size dis-
tribution between MPE and TPE did not show
a significant difference (Figure 1C-E, Table S1). IEVs
were larger than sEVs with an average diameter of
136.1 nm versus 224.2 nm in the TPE, and 136.4 nm
versus 252.3 nm in the MEP. The membrane proteins
CD9, CD63 (common EV markers), and TSG101 were
detected in both EV subgroups by western blotting.
Most markers showed higher levels in sEVs than in
IEVs, which were consistent with previous reported
studies [24,25,34]. Furthermore, CD9 and TSG101
were highly enriched in EVs from patients with MPE
compared to from patients with TPE, and no enrich-
ment of non-EV markers of Calnexin, and GM130 in
EVs samples in our study (Figure 1F, Figure S1A),
which were further verified by the validation samples
(Figure S1B). Related results have been submitted to
the  knowledge base of EV-TRACK (ID:
EV200000) [43].

Differential metabolic profiles of EVs and pleural
effusion

To confirm that the metabolites within EVs were ana-
lysed rather than those dissolved in pleural effusion,
the original matched pleural effusion samples were also
analysed by LC-MS/MS. Because of the small size of
EVs and limited volumes of clinical samples, high
sensitivity is crucial for metabolome detection of EVs.
Therefore, LC-MS/MS-based pseudotargeted metabo-
lomics and lipidomics methods were employed to
give high-sensitivity and wide-coverage of metabolites
detections. A total of 579 metabolites were detected by
metabolomics (118) and lipidomics (461) analyses.
These detected metabolites were mainly amino acids
and derivatives, acylcarnitines, organic acids, amides,

steroids, and lipids species of glycerolipids, phospho-
glycerolipids and sphingolipids.

PCA was performed to give a snapshot of the meta-
bolite characteristics of IEVs and sEVs samples. In the
scores plot of PCA based on the data of 579 metabolites
(Figure 2A), the samples of EVs were clustered well
away from the pleural effusion samples, indicating that
the metabolic composition of sEVs and 1EVs were
remarkable different from those of pleural effusion.
Consistent with this, the levels of most metabolites
were significantly different in 1EVs (409) and sEVs
(393) compared to in pleural effusion according to
the univariate analysis (Figure 2B). Additionally, nearly
50% of these differential metabolites were phosphogly-
cerolipids, and approximately 14% were sphingolipids
in both sEVs and lIEVs. The proportions of phospho-
glycerolipids, glycerolipids and fatty acids among dif-
ferential metabolites in sEVs were higher than those in
IEVs (Figure 2C, D). In contrast, more sphingolipids,
amino acids and derivatives, organic acids, steroids,
amides and others differed in IEVs compared to sEVs
(Figure 2C, D). Compared to the metabolite alterations
between EVs and pleural effusion, the differences
between IEVs and sEVs were small, and 147 metabo-
lites, including phosphoglycerolipids (38.8%), amino
acids (15.6%), sphingolipids (13.6%), glycerolipids
(10.2%) and fatty acids (8.2%) showed large differences
between these groups, which were consistent with the
results of PCA analysis (Figure 2A, B, E). These results
demonstrate that the metabolic profiles of 1EVs and
sEVs overlapped and showed some differences, but
were remarkably differential from those of pleural
effusion.

Enrichment of amino acids, acylcarnitines and
lipids in IEVs and sEVs compared to in pleural
effusion

To evaluate the metabolic characteristics of 1EVs
and sEVs, enriched metabolites in EVs were further
investigated according to the EV-type and pleural
effusion-type. Compared to the pleural effusion
samples, more metabolites were enriched in MPE-
EVs than in TPE-EVs, such as 135 in MPE-IEVs
versus 110 in TPE-IEVs. Additionally, 69 metabo-
lites were commonly increased in these 4 groups
(Figure 3A). As shown in Figure 3B-C, most com-
monly enriched metabolites were mainly sphingoli-
pids of ceramides (Cer), and sphingomyelins (SM),
glycerophospholipids of phosphatidylcholine (PC),
and phosphatidylethanolamines (PE), glycerolipids
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Figure 2. Characterization of metabolic profiles from samples of IEVs, sEVs, and pleural effusions (PFs).

(A) Score plots of PCA based on the detected 579 metabolites in the three groups. (B) Venn diagram showing the number of differential
metabolites between these three groups. These comparisons were based on the data analysed from100 L PFs, and the IEVs and sEVs subsequently
isolated from 30 mL PFs. (C) (D) (E) Composition of the differential metabolites, based on the number of differential metabolites found in the
comparisons of IEVs versus PFs, sEVs versus PFs, and IEVs versus sEVs, respectively.

of diacylglycerols (DG), fatty acids (FA), fatty
amides and acylcarnitines (ACs). These results sup-
port the basic understanding that glycerophospho-
lipids are among the main components in
biological membranes, as well as in EVs, and
more of sphingolipids are used in the biogenesis
of EVs [44]. Although most metabolites were com-
monly enriched in EVs samples, IEVs and sEVs
also displayed unique metabolite characteristics;
for example, 27 and 12 metabolites were only
increased in 1EVs and sEVs, respectively (Figure
3A). More Cers with long carbon acyl chains, PEs,
DGs and ACs were elevated in the IEVs, whereas
more FAs and amino acids were increased in the
sEVs. Additionally, enrichment in IEVs and sEVs
depends on the pleural effusion-type, such as 12
metabolites including PEs, DGs, hexa-Cer, malic
acid, and palmitic acid were only raised in MPE-
IEVs. In contrast, more triacylglycerols (TGs) were
uniquely elevated in MPE-sEVs, while citrulline,
arginine, lysine, asparagine, and linolenic acid
were only enriched in TPE-sEVs (Table S2). In
general, more sphingolipids and glycerophospholi-
pids were enriched in 1EVs, whereas more amino
acids, fatty acids, and glycolipids were enriched in
sEVs. Furthermore, EVs from TPE and MPE dis-
played unique metabolic enrichment signatures,
which may be used to track the unique biogenesis

and function of these two EVs subgroups in TPE
and MPE.

Differential metabolites between TPE and MPE vary
in seEVs and IEVs

To understand the roles of EVs in the development of
pleural effusion, the metabolic profiles between TPE and
MPE were compared in the sEVs and 1EVs samples,
respectively. The results revealed that more metabolites
were altered in 1EVs than in sEVs (77 versus 53) (Figure
4A). Twenty-one of these differential metabolites over-
lapped in these two EV subgroups, such as kynurenine,
arginine, AC C12:0, and lipids species of PCs, phospha-
tidylinositols (PIs), and SMs (Figure 4B-C). However,
various metabolites were uniquely changed in IEVs and
sEVs (Figure 4A-C). In the IEVs samples, more amino
acids (AAs) and ACs were decreased in MPE, such as
phenylalanine, tryptophan, leucine, valine, ornithine,
betaine, and AC C10:0; in contrast, threonate, glutaric
acid, and several PCs were elevated in the MPE 1EVs
samples (Figure 4C). In sEVs samples, more PIs were
reduced in MPE, while stearic acid and more lysopho-
sphatidylethanolamines (LPEs) were increased, and lipids
were the main altered metabolites (Figure 4C). To further
understand these changes in EVs metabolites, metabolite
set enrichment analysis was performed to capture the



8 (&) P.LUOETAL

(A)

(B) PFs

TPE-sEVs

MPE-sEVs

malic acid *
acylcarnitine C11:2%
fatty amide C22:2
acetyl-tyrosine
hypoxanthine
acylcarnitine C13:3
glycerol 3-phosphate
asparagine #
lysine #
glutamine  #
arginine #
citrulline #
aspartic acid
glycine
o-Phosphotyrosine
acylcarnitine C7
acylcarnitine C11-OH
glutaric acid
acylcarnitine C12:3
palmitic amide
fatty amide C20:1
fatty amide C22:1
oleamide
methyl linoleate
taurine
acylcarnitine C14:4
acylcarnitine C16:1-OH
acylcarnitine C18-OH
acylcarnitine C20:2-OH
palmitylethanolamide
dihydrocholesterol

R e
bt eadtan

[N

ORI T OB BEREEREELLI0000RE RO
=a

0
o BT

S LI
T SO K LS Un

<o
b

2

8 6 4 2 0o 2 4 6
Log?2 (fold change)

Figure 3. Enrichment of metabolites in IEVs and sEVs compared to pleural effusions (PFs).

(A) Venn diagram showing the number of enriched metabolites in TPE-IEVs, MPE-IEVs, TPE-sEVs and MPE-sEVs. (B) Heat map of enriched lipids in
IEVs or sEVs compared to in PFs, the shades of the colour represents lipid levels (black, is the mean level; yellow, and blue indicates higher level,
and lower level, respectively). (C) Histogram of enriched metabolites of amino acids, acyl-carnitines; data were presented by mean+SEM, y-axis
shows the metabolites, while x-axis shows the value of log2 (fold-change), and fold-change is the metabolite average level in IEVs or sEVs divided
by its average level in pleural effusion. Because we only displayed enriched metabolites in the IEVs or sEVs samples, all values on the x-axis were
positive, and the left (red) columns and right (blue) columns show enrichment in IEVs or sEVs, respectively. #: only enriched in the TPE-SEVs; *: only
enriched in the MPE-IEVs. Cer: ceramide, PE: phosphatidylethanolamines, DG: diacylglycerol, FA: fatty acid, PC: phosphatidylcholine, SM: sphingo-

myelin, PS: phosphatidylserine, CE: cholesterol ester.

biological meaning of these differential metabolites.
These metabolic disturbances were mainly related to
glycine and serine metabolism, spermidine and spermine
biosynthesis, as well as betaine metabolism (Figure 4D).
Our results demonstrate that the metabolic charac-
teristics of TPE and MPE can be represented by the
metabolite levels in IEVs and sEVs. Additionally, most
differential metabolites found in IEVs and sEVs were
distinct, indicating their unique roles in the develop-
ment of pleural effusion. Furthermore, these results
show that metabolic alterations in EVs between TPE
and MPE were more significant and larger in IEVs than
those in sEVs, which may be useful for identifying
novel biomarkers for distinguishing TPE and MPE.

Associations of differential metabolites with
clinical parameters

To improve the understanding of the physiology of these
metabolite changes in EVs between MPE and TPE, the
relationships between these differential metabolites and
biological clinical parameters were investigated by correla-
tion analysis. As shown in Figure 5, in both sEVs and IEVs,
most differential metabolites were closely associated with
pCEA and pADA. For example, the levels of most PCs,
SMs, and ACs in both IEVs and sEVs displayed
a significant positive relationship with the level of pCEA.
Additionally, the overlapped differential metabolites
mainly displayed inverse relationships between pCEA
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Figure 4. Differential metabolites in comparison of TPE and MPE from samples of IEVs and sEVs.

(A) Venn diagram of differential metabolites between TPE and MPE from samples of IEVs and sEVs, respectively. (B), (C) Heat maps of these
differential metabolites in the samples of IEVs and sEVs, respectively. Depletion is depicted in blue and enrichment in yellow. #: the commonly
altered metabolites in IEVs and sEVs. (D) Metabolite enriched pathway analysis based on differential metabolites (except lipids) found in IEVs
samples. *: p-value of this pathway is less than 0.05. AA: amino acids, AC: acylcarnitine, PC: phosphatidylcholine, Pl: phosphatidylinositol, SM:
sphingomyelin, and LPE: lysophosphatidylethanolamine.
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Figure 5. Network of interactions between clinical parameters and differential metabolites identified in sEVs (A) and in IEVs (B)
subgroups.

Correlation analysis was based on the levels of differential metabolites and clinical parameters. Only correlations with absolute values of correlation
coefficients greater than 0.5 and p < 0.05 were left. Each hexagon and dot is a clinical parameter and differential metabolite, respectively. Dot
colours indicate the species of the differential metabolites between TPE and MPE (yellow dots: TG and DG; red dots: PC, LPC, PI, PG, PE and LPE;
green dots: SM, Cer, and HexCer; light blue dots: acylcarnitines; blue dots: amino acids and related metabolites). The line colours of red and green
display positive and negative relationships, respectively.

and pADA. Further, the levels of pCEA and pADA show  Furthermore, except for pCEA and pADA, the differential
remarkable correlations with the levels of various amino  metabolites in IEVs showed more complex associations
acids in IEVs, which showed weak relationships in sEVs.  with the ESR and CRP than those in sEVs.
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Defining metabolic biomarkers candidates in IEVs
for distinguishing lung cancer and tuberculosis
pleural effusion

According to results of differential metabolite analysis
and correlation analysis, metabolic alterations between
TPE and MPE in IEVs were more significant and larger
than those in sEVs (Figure 4B-C), and their differential
metabolites in IEV displayed closer relationships with
clinical parameters than those in sEVs (Figure 5).
Therefore, IEVs were further selected as potential
metabolic biomarkers cargo for the distinguishing of

pulmonary tuberculosis and lung cancer pleural
effusion.

In the discovery phase, multivariate and univariate
analyses were used to select the biomarker candidates.
First, the PLS-DA analysis (Figure 6A) revealed
obvious separations among TPE and MPE samples
without over-fitting (Figure S3). Variable important
in the projection (VIP) are used to evaluate the con-
tribution of variables on the classification, and the VIP
values of 67 metabolites were greater than 1.0 on two
principal components, which were identified as impor-
tant variables to contribute the classifications (Figure
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Figure 6. Identification of metabolic biomarkers candidates for distinguishing TPE and MPE in IEVs.

(A) PLS-DA score plot based on TPE and MPE groups in the discovery set. (B) Venn diagram displays metabolites with VIP values larger than 1 on
two principal components (VIP1 and VIP2), and differential metabolites (with p < 0.05, FDR<0.05 and FC>2) when TPE compared with MPE. (C)
Relative concentrations of defined biomarkers candidates of leucine, phenylalanine, PC 35:0 and SM 44:3 in the discovery set and validation set. The
bottom and top of the box indicate the 25th and 75th percentile, respectively; the line within the box indicates the median. The whiskers below
and above the box indicate the 10th and 90thpercentiles, respectively. (D) (E) The area under the receiver-operating characteristic curve of the
biomarker panel, based on the combination of biomarkers candidates of leucine, phenylalanine, PC 35:0 and SM 44:3, in the discovery set and

validation set, respectively.



6B). Subsequently, a univariate analysis was used to
evaluate the difference of these 67 metabolites between
the TPE group and MPE group. Finally, 14 of these
metabolites exhibited p < 0.05, FDR < 0.05 and fold
change (FC) > 2 in this comparisons (Figure 6B).

An independent test set of 60 subjects, including 30
patients with TPE and 30 patients with MPE, was used
to assess the reliability of 14 biomarker candidates and
define the useful biomarkers. Ultimately, nine metabo-
lites still kept the significant differences between TPE
and MPE. Subsequently, the diagnostic performance of
these nine candidates was evaluated by the ROC ana-
lysis. The area under the curve (AUC) values of 4
candidates, including phenylalanine, leucine, PC 35:0,
and SM 44:3, were larger than 0.8 in both discovery set
and validation set. Furthermore, the combination of
these four metabolites provided a more effective dis-
crimination than any single biomarker candidates, for
example, the AUC, sensitivity, and specificity of the
panel were 0.98, 0.90, 1.00 in the discovery set, and
0.97, 0.97, 0.93 in the validation set, respectively, and
the positive and negative likelihood ratio of this panel
were 14.43 and 0.03 in the validation set (Figure 6D-E,
Table S3). Therefore, an ideal biomarker panel based
on the combination of phenylalanine, leucine, PC 35:0,
and SM 44:3 (Figure 6D, E) was defined to distinguish
the patients with TPE and MPE.

Discussion

TPE and MPE are the two most common types of pleural
effusions, and their treatments and prognosis are very
different [1,2]. However, the current clinical diagnosis
of TPE and MPE remains challenging, particularly for
patients with a low load of M. tuberculosis or tumour cells
in the pleural effusions, or in those who are unsuitable for
or unwilling to undergo pleural biopsy [6]. Therefore,
new biomarkers for the rapid and accurate diagnosis of
TPE and MPE are urgently needed.

Metabolomics analysis of EV's is a new research field
with the potential to reveal novel biomarkers for dis-
ease diagnosis in a highly sensitive manner [45]. EVs,
which carry important cargos for cellular communica-
tion and transmission, have been confirmed as
a promising source of biomarkers for disease diagnosis
and monitoring [15,46]. In patients with pleural effu-
sions, the biochemical composition of EVs in the
pleural fluid can sensitively characterize biological
states because of anatomical advantages of pleural
fluid and direct secretion of EVs from pathologic
lung tissue or cells [17,18]. For example, some studies
showed that the RNA and protein characteristics of
EVs in MPE may aid the development of novel
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diagnostic tools for lung cancer [19,22]. Previous stu-
dies mainly focused on genes and proteins in EVs
[28,47], while few studies have examined small mole-
cule metabolites. However, small molecule metabolites
downstream of genes and proteins are closely asso-
ciated with phenotype and can sensitively reflect slight
changes in biological states, which may not be reflected
by the genes and proteins [48-50]. Therefore, meta-
bolic profiling analysis, as the systematic study of endo-
genous small molecule metabolites, has been widely
applied in disease biomarker discovery [32,33]. In the
present study, metabolomics and pleural EVs were
evaluated to determine the metabolite properties of
two EVs subgroups, providing insight into the diverse
functions of sEVs and 1EVs in pleural effusions pro-
gression. This approach may reveal highly sensitive
potential biomarkers for diagnosing TPE and MPE.
Our data showed that the metabolic profiles of IEVs
and sEVs were significantly different from that of
pleural effusion (Figure 2), providing the possibility
to explore new pathways of TPE and MPE. As showed
in Figure 7, the differential metabolites between EV
and pleural effusion were mainly related to the path-
ways of glycerophosphlipid, fatty acid and sphingolipid
metabolism, glycine, serine and threonine metabolism,
and arginine and proline metabolism. Previous studies
revealed that the lipid content of EVs and parental cells
were different, such as the enriched level of DG, Cer,
SM, PC, PE and FA in EVs [31,51,52]. In line with
these, we found phosphoglycerolipid, sphingolipids
and glycerolipids were the major identified differential
lipid species in the IEVs and sEVs when compared with
pleural effusion (Figure 2C-D). Additionally, Cer, PE,
DG, FA, PC and SM were the major enriched lipids in
the EVs compared to pleural effusion (Figure 3B).
Skotland et al. reported that there were selected enrich-
ments of lipid species into exosomes, such as mono-
unsaturated fatty acyl groups [53]. Consistent with this,
we found that most monounsaturated fatty acyl groups
of Cer, PC, PE and SM were enriched in both sEVs and
IEVs (Figure 3B). Lipids have been reported to play key
roles in the formation, secretion, and biological func-
tions of EVs. Phosphoglycerolipid of PC, PE and PS are
key components of the lipid bilayer of EVs [54].
Llorente et al. found PS 18:0/18:1 was the main species
of urinary exosomes, and its hand-shaking with the
very long-chain sphingolipids between the membrane
leaflets plays an important role in the membrane biol-
ogy of vesicles [52,55]. In our study, we found PS 36:1
was the major lipid species of PS in pleural EVs, and
there was a significant enriched level of PS 36:1 in both
sEVs and 1EVs (Figure 3B). Sphingolipids, including
Cers, are critical not only in the production and release
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Figure 7. Metabolic pathways of differential metabolites between EVs and pleural fluid.
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of EVs [56], but also in the regulation of cell survival,
and inflammation [57]. DGs are important lipid mes-
sengers in the intercellular communication [58].
Arachidonic acid (FA 20:4) can modulate the inflam-
mation by its metabolites of leukotriene B4, thrombox-
ane A2, or prostaglandin E2 [59]. Increased
arachidonic acid has been found in lung adenocarci-
noma tissue and may influence the cancer progression
[60]. Enrichment of these metabolites in EVs may
affect cellular function of targeted cells, as well as
reflect metabolism state of parent cells.

Previous studies revealed that the biochemistry and
function of the two EV subgroups are distinct
[29,31,61]. Consistent with this, we found that different
type of vesicles, as well as of pleural effusion showed
unique metabolic enrichments. Hypoxanthine and
G-3-P were elevated in the 1EVs, whereas more amino
acids were increased in the sEVs. Hypoxanthine is
a purine derivative and the intermediate of adenosine
metabolism and nucleic acids formation. G-3-P is an
intermediate in the glycolysis. The elevated hypox-
anthine and G-3-P may indicate the accelerated glyco-
lysis and nucleic acids formation in the IEVs. Aspartate
plays an important role in protein synthesis and is
a precursor for cellular signalling compounds. Unique
metabolic enrichment signatures of IEVs and sEVs may
be useful for tracking the unique biogenesis and func-
tion of these two EVs subgroups. Additionally, more
TGs and saturated fatty acids (FA 18:0) were accumu-
lated in the MPE EVs, while arginine, citrulline and

glutamine were increased in the TPE EVs. EVs have
been identified as important metabolite cargos for the
cancer cell metabolism [46,62]. TGs are main energy
storage, interestingly elevated levels of TGs have been
found in the tumour tissues of lung cancer [63]. Fatty
acids can be utilized to supply energy by B-oxidation,
which can be mediated by acyl-CoA aynthetase long-
chain 3 and accelerate the lung tumorigenesis [64].
Accumulated TGs and fatty acids in MPE EVs may
reflect the energy state of tumour cell in MPE.
Arginine metabolism is a critical regulator of immune
responses and may be involved in the survival of T cells
and the suppression of inflammation [65]. Rised argi-
nine may be related to the cellular immune responses
in patients with TPE. Together, alterations in the meta-
bolite composition of EVs can reflect the state of par-
ental cells, as well as affect the cellular function of
target cells.

We further investigated the EVs metabolite charac-
teristics according to the pleural effusion type. In the
comparison of TPE and MPE, the levels of most differ-
ential metabolites were lower in MPE samples than in
TPE samples. First, most amino acids, such as pheny-
lalanine, tryptophan, tyrosine, leucine, and valine were
decreased in MPE EVs. Because a higher demand for
building blocks of proteins has commonly been found
in cancer cells, their increased consumption may lead
to reduced levels of amino acids, such as increased
uptake of branch chain amino acids in tumours and
may accelerate the production of intermediates in



tricarboxylic acid cycle and P-oxidation [66].
Consistent with this, the decreased levels of amino
acids in MPE EVs may be related to tumour cell pro-
liferation. Furthermore, some amino acids may be
important in tumour progression. For example, trypto-
phan catabolism plays an important role in suppressing
antitumor immunization by affecting the proliferation
of T-cells [67]. The depleted tryptophan in our study
indicates enhanced immunosuppression in patients
with MPE.

Second, long- and medium-chain acylcarnitines,
which transport fatty acids from the cytoplasm to the
mitochondria for B-oxidation, play an important role
in the fatty acid oxidation pathway [68]. These mole-
cules were lower in MPE EVs, suggesting that more
fatty acids were shut into the mitochondria for (-
oxidation to supply energy for cancer cell growth.
The Warburg effect is a crucial hallmark of various
tumours in which higher levels of glucose are con-
sumed by cancer cells compared to normal cells,
which increases lipolysis and fatty acids provide energy
via fatty acid oxidation [69]. Consistent with this, we
found FA18:0, one of main fatty acids, was increased in
the MPE EVs, which may be ready for the p-oxidation.

Third, lipids are sensitive biomarkers for pathophy-
siological alterations [52,70]. In our study, three major
lipids species of phosphoglycerolipids, sphingolipids
and glycerolipids were significantly changed between
TPE and MPE. The levels of PC, PI and SM were lower
in MPE EVs compared to in TPE EVs. In contrast, the
levels of several Cer, LPE and PC were increased in
MPE EVs. Many studies revealed that these lipids are
not only basic elements of cells but also play a key role
in the immune response, cellular signalling and prolif-
eration [12,54]. For example, Cers have been reported
to be related to tumour cell metastasis and immune
evasion in lung cancer cells [71]. Consistent with these,
we found that the levels of most PCs, PIs and SMs have
close association with levels of clinical parameters of
CRP, ESR and CEA (Figure 5). Levels of CRP and ESR
are increased in response to inflaimmation of body.
CEA is a tumour marker for several carcinomas, invol-
ving cell adhesion, signal transduction and innate
immunity [72]. Their close relationships indicated
that these metabolites were sensitive to characterize
the phenotype of MPE and TPE.

We found that IEVs displayed more significant and
lager metabolic alterations between TPE and MPE, and
their differential metabolites were more closely related
to clinical parameters compared to sEVs. Therefore,
IEVs can be used to identify potential metabolic bio-
markers for distinguishing lung cancer and pulmonary
tuberculosis pleural effusion. A metabolite panel
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including four different metabolites for distinguishing
TPE and MPE in IEVs showed high diagnostic perfor-
mance, particularly for patients with TPE and low
levels of ADA, such as its AUC larger than 0.95 in
both discovery and validation sets. ADA is
a presumptive diagnostic marker for TPE; however,
its diagnostic accuracy is dependent on the TPE pre-
valence of the researched populations [73]. In our
study, the levels of pADA in three patients with TPE
were less than 20 U/L in both sets, and 8 patients with
MPE were higher than 20 U/L in the validation set, and
the AUC of pADA for diagnosing TPE and MPE was
0.86 (Table S3), which may result in a missed diagnosis
of TPE or MPE in the clinic. However, these patients
can be distinguished by the metabolite panel, which
showed good complementarity for clinical parameters,
and their combination with clinical parameters may be
effective for diagnosing TPE and MPE.

This metabolomics analysis of IEVs and sEVs study
provides a practical strategy for screening biomarkers of
pleural effusion. The results should be further validated
for a large number of patients. However, there were
some limitations to this study. For the analytical
method, the metabolite coverage was limited because
of the trade-off between throughput and sensitivity.
Although we used LC-MS-based metabolomics and lipi-
domics methods to achieve relatively wide metabolite
coverage measurement, some metabolites were still
missed in these measurements, particularly those with
low contents or those difficult to detect by LC-MS.
However, more sensitive methods typically require
greater sample volumes and complex sample treatment,
which may be not suitable for further clinical applica-
tions. Therefore, for further clinic application, we will
develop more rapid and convenient methods for EVs
isolation and metabolome detection to improve the
throughput of our study.

In summary, we characterized the metabolite signa-
tures of sEVs and IEVs from pleural effusion.
Additionally, the metabolite profiles obtained from
the 1EVs and sEVs showed overlaps and differences
with each other and with the source materials, indicat-
ing the potential of EV-derived metabolomics and bio-
marker discovery. Furthermore, we also explored the
metabolic reprogramming of tuberculosis and malig-
nancy at the level of IEVs and sEVs rather than the
level of conventional pleural fluid, providing new
insight into the mechanism of pleural -effusion.
Finally, we evaluated the potential of EV metabolites
for diagnosing TPE and MPE. In the diagnosis of TPE
and MPE, using a combination of 1EVs metabolite
panel and clinical parameter may be effective, particu-
larly for patients with the delayed or missed diagnosis.
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