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Impact statement

Tuberculosis (TB) is a serious public
hygiene problem. The diagnosis of TB
mainly depends on the etiological evi-
dence, and only 51% of TB cases can be
confirmed by bacteriology, which indicates
that it is still difficult to diagnose TB in time
based on the bacteriological detection
methods. Lipid substances are closely
related to the pathological processes of
TB. Therefore, we used the ultra-high-
performance liquid chromatography-
tandem mass spectrometry technology to
evaluate the changes of plasma lipid levels
in TB patients. The results showed abnor-
mal changes in the phospholipid and cho-
lesterol ester levels. We identified phos-
phatidylcholine (PC, 12:0/22:2), PC (16:0/
18:2), cholesteryl ester (20:3), and sphin-
gomyelin (d18:0/18:1) as potential bio-
markers in TB diagnosis. This research was
devoted to exploring potential lipid bio-
markers to assist in the clinical diagnosis of
TB and provided clues to understand the
pathogenesis of TB.

Abstract

Early diagnosis of active pulmonary tuberculosis (TB) is the key to controlling the disease.
Host lipids are nutrient sources for the metabolism of Mycobacterium tuberculosis. In this
research work, we used ultra-high-performance liquid chromatography-tandem mass
spectrometry to screen plasma lipids in TB patients, lung cancer patients, community-
acquired pneumonia patients, and normal healthy controls. Principal component analysis,
orthogonal partial least squares discriminant analysis, and K-means clustering algorithm
analysis were used to identify lipids with differential abundance. A total of 22 differential
lipids were filtered out among all subjects. The plasma phospholipid levels were decreased,
while the cholesterol ester levels were increased in patients with TB. We speculate that the
infection of M. tuberculosis may regulate the lipid metabolism of TB patients and may pro-
mote host-assisted bacterial degradation of phospholipids and accumulation of cholesterol
esters. This may be related to the formation of lung cavities with caseous necrosis. The
results of receiver operating characteristic curve analysis revealed four lipids such as phos-
phatidylcholine (PC, 12:0/22:2), PC (16:0/18:2), cholesteryl ester (20:3), and sphingomyelin
(d18:0/18:1) as potential biomarkers for early diagnosis of TB. The diagnostic model was
fitted by using logistic regression analysis and combining the above four lipids with a sen-
sitivity of 92.9%, a specificity of 82.4%, and the area under the curve (AUC) value of 0.934

(95% CI10.873 — 0.971). The machine learning method (10-fold cross-validation) demonstrated that the model had good accuracy
(0.908 AUC, 85.3% sensitivity, and 85.9% specificity). The lipids identified in this study may serve as novel biomarkers in TB
diagnosis. Our research may pave the foundation for understanding the pathogenesis of TB.
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Introduction

among all infectious diseases. TB is among the top 10
causes of disease-related deaths in the world. The

Tuberculosis (TB) is a significant public hygiene problem all
over the world. About 1/4 of the world’s population is
infected with Mycobacterium tuberculosis." The severity of
this disease lies in the fact that a single infectious agent of
M. tuberculosis can cause one of the highest mortality
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number of new TB cases in the world continues to increase
(10 million in 2018), and the TB-related mortality was also
not optimistic (1.24 million in 2018)." TB is an infectious
disease that usually attacks the lung tissue. The World
Health Organization report pointed out that the percentage
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of bacteriologically confirmed TB cases was only 51% of the
total TB population. So timely diagnosis of TB is still a
perplexing clinical entity, which is of great significance
for the prevention and treatment of TB.

The main pathological features of TB include the trans-
formation of foamy macrophages, the formation of granu-
lomas, and the formation of pulmonary cavities with
caseous necrosis.>> The cell wall of M. tuberculosis is
enriched in lipids such as lipoarabinomannan and trehalo-
sedimycolate that can stimulate CD4+ T cells to secrete
interferon-gamma (IFN-y)* and may invoke the host
immune response to form foam cells (macrophages). The
whole-genome microarray analysis of M. tuberculosis
revealed that lipopolysaccharides and lipid metabolism
genes were highly expressed in caseous TB granulomas.’
Moreover, several studies have disclosed the accumulation
of abundant cholesterol esters (CE) and triglycerides (TG)
in the lipid droplets of foam cells.*® When the intracellular
environmental nutrition is inadequate, M. tuberculosis can
secrete lipolytic enzymes to synthesize new lipids.”

It has been demonstrated that the lipid status of the host
is closely related to the pathogenesis of M. tuberculosis.
However, the lipid metabolism in the plasma of the host
infected with M. tuberculosis has not been fully elucidated.
Our previous work has revealed that miR-423-5p was
involved in the cholesterol metabolism,® and serum amy-
loid A may play a significant role in the lipid metabolism.”
We also found by utilizing the untargeted metabolomics
analysis on plasma from pulmonary TB patients that the
arachidonic acid lipid level was normalized after the com-
pletion of anti-TB treatment,'” but the types of lipids iden-
tified by the untargeted technology were limited.
Therefore, in the present study, we used the ultra-high-
performance liquid chromatography-tandem  mass
spectrometry (UPLC-MS/MS) technology to screen differ-
entially expressed plasma lipid metabolites in TB patients
and in patients with other lung diseases in order to evaluate
the performance of lipid metabolites as potential bio-
markers to assist in diagnosing TB in time. Our research
may add novel insights into the biological functions as well
as the pathogenesis of the disease.

Materials and methods

Study participants

The research cases were recruited from the Enze Medical
Center (China), Shaoxing Municipal Hospital (China),
Zhejiang Cancer Hospital (China), and Zhejiang People’s
Hospital (China) between March 2017 and August 2019.
The plasma samples anticoagulated with Ethylene
Diamine Tetraacetic Acid (EDTA) were obtained from 34
TB patients, 30 normal healthy controls (NC), 25 lung
cancer (LC) patients, and 30 community-acquired pneumo-
nia (CAP) patients (Table 1).

The diagnostic criteria for TB (WS 288 - 2017) issued by
the National Health Council of the People’s Republic of
China were our standard for the inclusion of TB patients
into the research cohort: (1) sputum acid fast bacilli staining
smear positive under the microscope or M. tuberculosis

culture positive with chest radiographic manifestations of
TB; (2) positive M. tuberculosis nucleic acid test with chest
radiographic manifestations of TB; (3) pathological changes
of TB in pulmonary tissue specimens; and (4) clinically
diagnosed cases of TB responding to anti-TB treatment.
And all patients in the TB group were not infected with
HIV.

The diagnostic criteria for CAP patients were based on
the guidelines for the diagnosis and treatment of adult CAP
in China. The diagnostic criteria include (1) infectious pul-
monary parenchymal inflammation acquired outside the
hospital, including pneumonia that developed during the
incubation period after exposure to a pathogen with a clear
latency period; and (2) clinical manifestations associated
with pneumonia but exclusive for TB, LC, non-infectious
interstitial lung disease, pulmonary edema, atelectasis, pul-
monary embolism, pulmonary eosinophil infiltration, and
pulmonary vasculitis. LC patient’s inclusion criteria were
as follows: All LC cases were diagnosed by histopathology
and immunohistochemistry. The subjects in the NC group
were healthy individuals.

UPLC-MS/MS lipidomics detection

Sample extraction. The plasma samples were removed
from -80°C refrigerator and thawed in a centrifuge tube.
After thawing, the plasma samples were swirled and mixed
for 10s and then centrifuged for 5min (centrifugation
velocity: 3000rpm, temperature: 4°C). Then, 50 uL of the
sample was added to the corresponding centrifuge tube,
and 1 mL of lipid extraction solution (including the internal
standard mixture) was added, followed by vortexing for
2min, sonication for 5min, and the addition of 500 puL
water. Afterwards, the sample was then vortexed again
for 1min and centrifuged for 10 min (centrifugation veloc-
ity: 12,000rpm, temperature: 4°C). After centrifugation,
500 uL of the supernatant was aspirated into a centrifuge
tube and concentrated. Then, the sample was reconstituted
with 100 pL of mobile phase B and injected into chromatog-
raphy and mass spectrometry systems for detection.

Conditions of chromatographic collection. UPLC was
used to separate metabolites in plasma samples and collect
chromatographic  information = (Shim-pack = UFLC
SHIMADZU CBM A system, https://www.shimadzu.
com/). Thermo C30 column (2.6 um, 2.1 mm x 100 mm)
was performed as the separation system. The mobile
phase A was 60% acetonitrile aqueous solution, and the
mobile phase B was 10% acetonitrile isopropanol solution
separately. In addition, both mobile phases contained 0.04%
acetic acid and 5 mmol/L ammonium formate. The elution
gradient was set in compliance with the following ratio and
time point: Omin, 20% B; 3min, 50% B; 9min, 75% B;
15.5min, 90% B. The column temperature was set at 45°C,
and 2 pL was injected at a flow rate of 350 uL/min.

Conditions of tandem mass spectrometry. MS/MS was
used to collect the information of ion chromatographic
peaks from UPLC (QTRAP®, https://sciex.com/).
Electrospray ionization temperature was set at 550°C. The
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Table 1. Baseline characteristics of the study population.
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P value

Characteristics TB (n=34)° LC (n=25)° CAP (n=30)° NC (n=30)° NCvs. TB® LCvs. TB® CAP vs. TB® All groups®
Age, years (mean) 41.6+14.8 49.7+11.2 442+155 43.4+121 0.558 0.039 0.443 0.132
Sex (female) 13 (38.2%) 13 (52.0%) 18 (60.0%) 13 (43.3%) 0.679 0.293 0.082 0.327
BMI (kgz/m) 21.1+29 23.2+2.8 22.5+3.6 21.9+2.4 0.444 0.065 0.341 0.347
TG (mmol/L) 0.99+0.34 1.25+064 1.23+1.23 0.96+0.34 0.730 0.094 0.988 0.295
CHOL (mmol/L) 4.32+0.83 4.57+0.93 3.87+0.76 457+0.68 0.324 0.947 0.037 0.006
HDL (mmol/L) 1.17+£037 1.23+0.31 1.07+0.26 1.30+0.21 0.064 0.164 0.428 0.022
LDL (mmol/L) 2.5+0.67 2.88+0.72 2.31+0.69 2.83+0.53 0.088 0.103 0.260 0.011
CT (caseous necrosis cavity) (+/-) 14/20 NA NA NA NA NA NA NA
Sputum bacteria (+/-) 28/6 NA NA NA NA NA NA NA
Bronchial tuberculosis (+/-/NA) 7/23/4 NA NA NA NA NA NA NA
Pleural effusion (+/-) 3/31 NA NA NA NA NA NA NA

TB: tuberculosis; LC: lung cancer; CAP: community-acquired pneumonia; NC: normal healthy controls; BMI: body mass index; TG: triglycerides; HDL: high-density
lipoprotein; LDL: low-density lipoprotein; CT: computed tomography; NA: not available.

2Kruskal-Wallis test.

PMann-Whitney U test (continuous variables), Chi-square test (categorical variables).
°Data are mean =+ SD for the continuous variables, number (%) for categorical variables.

mass spectrum voltage was 5500 V; the ion source gas I
(GSI), the gas II (GSII), and the curtain gas (CUR) were
set at 55, 60, and 25psi, respectively. The parameter of
collision-activated dissociation was set at medium. Each
ion pair was scanned according to the optimized decluster-
ing potential and collision energy . There was positive and
negative ion mode under the scans of Linear lon Trap (LIT)
and triple quadrupole (QQQ). The whole scanning process
was controlled by analyst 1.6.3 software (SCIEX).

Qualitative and quantitative analysis of lipidomics data

The metabolites in the samples were analyzed qualitatively
and quantitatively according to the internal metabolite
database. The signal intensity of the characteristic ions in
counts per second was obtained in the detector, and the
chromatographic peaks were integrated and corrected
using MultiQuant. The relative abundance of lipid metab-
olites in plasma was obtained by calculating the peak area
of each chromatogram in mass spectrometry data. The ana-
lytical processing of raw data was completed in the soft-
ware Analyst 1.6.3.

Statistical analysis

The baseline characteristics of the study population were
statistically analyzed by Chi-square test, Kruskal-Wallis H
test, and Mann-Whitney U test. P value <0.05 indicated
statistical significance. Firstly, the data quality of lipid
metabolites in terms of homogeneity and reproducibility
was evaluated by the principal component analysis
(PCA). And then, the orthogonal partial least squares dis-
criminant analysis (OPLS-DA) method was applied to
remove irrelevant variables. Meanwhile, the variable
importance in the projection (VIP) values were obtained
from each lipid variable to measure the contribution of
variables to the model. The quality of the OPLS-DA was
validated by the permutation test. The t-test was used to
obtain P values of each individual variables, followed by
the adjustment of false discovery rate (FDR) by multiple

hypothesis tests. The above results were acquired by R
3.5.3. The differentially expressed lipid metabolites were
determined by a combination of fold change (FC), FDR,
and VIP values. The area under the curve (AUC), sensitiv-
ity, and specificity of 22 differentially expressed lipids in
the TB group and the other groups were obtained by the
receiver operating characteristic (ROC) curve (SPSS 25.0).
The logistic regression analysis was performed to evaluate
the diagnostic value of the combined biomarkers model
(MedCalc 19.0.7). The 10-fold cross-validation method
was used to verify the accuracy of our diagnostic model
(MetaboAnalyst 4.0).

Bioinformatics analysis

Patients in the TB group were further divided into two
subgroups, the TB-N subgroup (patients with lung cavities)
and the TB-P subgroup (patients without lung cavities)
based on the chest computed tomography (CT) imaging
findings. The changes in lipids between the NC group
and TB subgroups were evaluated by utilizing K-means
clustering algorithm, and the K value was assigned to 6.
The multivariate polyline trend graph was drawn by
GraphPad prism 8.0.2. The analysis of metabolic pathways
was performed by the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (https://www.kegg.jp/). The enrich-
ment of differential expression lipids in different disease
groups was visualized. The Pearson correlation coefficients
of differentially expressed lipid metabolites (NC vs. TB)
and candidate potential biomarkers were analyzed using
software SPSS 25.0. The differentially expressed lipid
metabolites correlation network was visualized by
Cytoscape 3.7.2.

Results

Baseline characteristics of the study population

The clinical characteristics of the study population were
described in Table 1. The chest CT imaging findings in the
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study population revealed that 14 out of 34 patients in the
TB group had lung cavities with caseous necrosis, which
was the main reason to divide the TB group into two
subgroups.

Patients in the LC group were older than the patients in
the TB group (P =0.039), which was related to the epide-
miological characteristics of TB* and LC."" The total cho-
lesterol level in the CAP group was lower compared to the
TB group (P=0.037) and the other groups, indicating an
elevated consumption of cholesterol in acute pulmonary
infection (pneumonia). Although the results of biochemical
tests were within the normal range in CAP patients, they
were at the lower end of the standard range.

Results of lipidomics experiments

In this study, 119 plasma samples from the four groups
were screened by using UPLC-MS/MS, and the samples
were qualitatively and quantitatively categorized into 20
types, including 425 differential lipid metabolites (81 dif-
ferential lipids in negative and 324 in positive peaks). The
qualitative data showed that the positive and negative total
ionization = chromatography =~ had  good  results
(Supplementary Figures 1 and 2). The scatter diagram of
PCA illustrated the quality control process on experimental
data. The green scatter points representing mixed samples
were highly aggregated in the graph, indicating that the
detection process was stable (Supplementary Figure 3).
The data of plasma lipids in the four groups (TB, LC,
CAP, and NC groups) were analyzed by using the OPLS-
DA method. According to the characteristics of the model,
the data of any two groups could be well distinguished
(Figure 1(a), (c), and (e)), and the VIP value for each lipid
was calculated (Supplementary Tables 1 to 3). The higher
the VIP value, the more the contribution of the substance to
the model construction. The verification results of the 200
random permutations and combination verification model
data showed P <0.005, indicating that the OPLS-DA model
was not over-fitting and was reliable to screen lipid bio-
markers (Figure 1(b), (d), and (f)).

The differentially expressed lipid metabolites were
determined based on the following criteria: (1) FC >1.2 or
<083, (2) VIP >1.0, and (3) FDR value <0.05
(Supplementary Tables 1 to 3). Between the NC and the
TB groups, a total of 120 differentially expressed lipids
were identified (62 down-regulated and 58 up-regulated
lipids) (Supplementary Figure4(a)); between the LC and
the TB groups, a total of 60 differentially expressed lipids
were identified (37 down-regulated and 23 up-regulated
lipids) (Supplementary Figure4(b)); and between the CAP
and the TB groups, a total of 92 differentially expressed
lipids were identified (78 down-regulated and 14 up-
regulated lipids) (Supplementary Figure4(c)).

Analysis of lipids in pulmonary TB

Our data described the characteristics of plasma lipid
metabolism in patients with pulmonary TB. Compared
with the NC group, the TB group had different categories
and quantities of plasma lipids, which were shown in the
volcano chart (Figure 2(a)). The differentially expressed

lipids were mainly members of the phosphatidylcholine
(PC), CE, lysophosphatidylcholine, diglyceride (DG),
sphingomyelin (SM), and TG. The K-means clustering anal-
ysis further revealed 120 differentially expressed lipid
metabolites between the NC group and the TB group,
and there was a changing trend in the NC group, the TB-
N subgroup, and the TB-P subgroup. The minimum
distance between the clusters was 0.745. The clustering
algorithm was achieved by 6 iterative calculation steps,
and the K value was assigned to 6 (Figure 2(b) to (g)).
The pattern of Clusters 3, 4, and 6 showed a significant
upward or downward trend. The metabolites in each clus-
ter were listed in Table 2. Among the substances in Cluster
3 (Figure 2(c)), 17 differentially expressed lipid metabolites
were decreased in the TB-N subgroup in comparison with
the NC group, and the down-regulation was augmented in
the TB-P subgroup. These substances were mainly phos-
pholipids, including PC, lysophosphatidylethanolamine,
and SM. Cluster 4 (Figure 2(d)) showed a similar trend as
Cluster 3, but the downward trend was less steep. PC was
also the predominant component of Cluster 4 (Table 2). The
results of Cluster 3 and Cluster 4 suggested that the levels
of plasma phospholipids were down-regulated in TB
patients, which was more obvious in the patients with
lung cavities. Another characteristic cluster was Cluster 6
(Figure 2(e)), which exhibited the opposite trend to Cluster
3 and Cluster 4. The 23 substances in Cluster 6 were
increased in the TB-N subgroup in comparison with the
NC group, and the concentration of these metabolites was
even higher in the TB-P subgroup. Most of the substances
in Cluster 6 were CEs and glycerides. These three clusters
highlighted the potential mechanisms of plasma lipids in
the pathogenesis of TB.

Lipids differentiating TB from CAP and LC

A significant difference in plasma lipid profiles of the TB
group was observed by comparison with the CAP group.
As CAP and TB both are infectious diseases of the lungs,
the phospholipids were consistently down-regulated in
these two groups, but the downward trend was more sig-
nificant in the TB group. The trend of TG was similar
between the two groups. High-unsaturated (more than
six double bonds) TG showed a downward trend, while
low-unsaturated TG showed an upward trend. In addition,
CEs in the CAP group exhibited a more conspicuous down-
ward trend by comparison with the TB group. Besides, the
KEGG pathway analysis showed that the abnormalities of
lipid metabolism in the TB group were characterized by the
altered phospholipid metabolism and fatty acid metabo-
lism (Figure 3(a) and (b)), which may be related to M. tuber-
culosis reproduction and degradation of membrane
phospholipids. The lipid metabolic abnormalities of the
CAP group were characterized by the lipid metabolism sig-
naling pathway and fatty acid chain elongation and degra-
dation (Supplementary Figure 5(a)). The levels of plasma
TG were significantly up-regulated, while the levels of
plasma free fatty acid (FFA) were conspicuously decreased
in the LC group, unlike the patterns of these substances in
the TB and CAP groups. The differentially expressed lipids
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Figure 1. The multivariate statistical model of the TB, NC, LC, and CAP groups. Scatter plot of OPLS-DA model and validation model of permutation test: (a, b) NC vs.
TB: R?X=0.526, R?Y = 0.983, Q°=0.846, P<0.005. (c, d) LC vs. TB: R®X=0.371, R?Y =0.849, Q2 = 0.631, P<0.005. (e, f) CAP vs. TB: R?X=0.361, R?Y = 0.894,
Q°%=0.788, P<0.005. During 200 random permutations in each group, P<0.005 showed that no random matrix model had better interpretation rate of the Y matrix than
the former OPLS-DA model. The model could effectively distinguish the features of two groups. (A color version of this figure is available in the online journal.)
OPLS-DA: partial least squares discriminant analysis; NC: normal healthy controls; TB: tuberculosis; LC: lung cancer; CAP: community-acquired pneumonia.

mainly had functions of fatty acid elongation, fatty acid  characteristics of the TB group were abnormal metabolism
degradation, and thermogenesis (Supplementary Figure 5  of phospholipids and CEs, which were considered to be
(b)). We found that there existed differential characteristics  related to the destruction of foam cells membrane and the
of lipid metabolism in different pulmonary diseases. The = accumulation of lipids in caseous necrosis. PC, SM, and CE
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Figure 2. Volcano map and K-means clusters of differential lipids. (a) Volcano map of differential lipids classification of the TB group and the NC group. The abscissa is
an FC; the ordinate is the VIP obtained based on OPLS-DA model. Lipids with P value obtained by t-test and FDR <0.05 verified by multiple hypothesis test were
identified as significantly differential metabolites. Colored plots indicate upward trend and downward trend of substances, and gray plots indicate that they are not
statistically significant. The line chart shows the clusters of 120 differential lipids in the TB group and the NC group after K-means clustering. The ordinate is the
normalized lipid concentration. The abscissa is the NC group, the TB-N (patients without lung cavities) subgroup, and the TB-P (patients without lung cavities)
subgroup. (d, e) Clusters 3 and 4 had a downward trend in the NC group, and in TB-N and TB-P subgroups. (g) Cluster 6 had upward trend in the NC group, and in TB-N
and TB-P subgroups. (b, ¢, f) The trend of Clusters 1, 2, and 5 was non-significant. (A color version of this figure is available in the online journal.)

NC: normal healthy controls; TB: tuberculosis.
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Table 2. Plasma lipids identified as changing significantly over the progression of TB.

Lipids identified as changing during the progression of active pulmonary

Cluster Lipid class tuberculosis
Cluster 3 Phosphatidylcholine PC(16:0/18:2),PC(16:1/18:2), PC(16:0/22:6), PC(14:0/18:2), PC(12:0/22:2), PC(18:1/22:6),
PC(0-16:2/18:1), PC(O-18:3/20:3), PC(0-20:3/20:4), PE(P-18:2/20:4)
Acyl carnitine Linoleyl-carnitine
Lysophosphatidylethanolamine LPE(0:0/22:4), LPE(0:0/24:6)
Phosphatidylethanolamine PE(P-18:2/20:4)
Sphingomyelin SM(d18:0/18:1)
Triglyceride TG(18:2/18:3/20:3), TG(14:0/20:2/22:6)
Cluster 4 Free fatty acid FFA(22:6)
Phosphatidylcholine PC(18:1/18:2), PC(18:2/18:2), PC(18:0/18:2), PC(14:0/18:3), PC(14:0/20:4), PC(14:0/22:6),
PC(16:1/22:6), PC(18:2/22:6), PC(O-16:0/18:2), PC(0-20:2/22:1), PC(0-20:3/20:3)
Acyl carnitine Decenoyl-carnitine
Ceramide Cer(t18:0/24:0)
Diglyceride DG(18:2/18:2/0:0)
Phosphatidylethanolamine PE(P-18:2/20:1), PE(P-18:2/20:3)
Sphingomyelin SM(d18:2/16:1), SM(d18:2/20:1)
Triglyceride TG(18:2/18:2/18:2), TG(14:0/18:2/22:6)
Cluster 6 Phosphatidylcholine PC(16:0/20:3)

Cholesteryl ester
Ceramide

Diglyceride
Lysophosphatidylcholine
Phosphatidylethanolamine
Sphingomyelin
Triglyceride

CE(16:1), CE(22:5), CE(20:3)

Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/20:0)

DG(16:0/18:1/0:0), DG(18:0/18:1/0:0), DG(16:0/20:4/0:0)

LPC(0-14:0/0:0)

PE(18:1/18:0), PE(16:0/20:4)

SM(d18:1/18:0)

TG(18:0/18:1/18:1), TG(14:0/18:0/18:3), TG(14:0/18:0/20:4), TG(14:0/20:1/20:3), TG(14:0/

16:1/20:4), TG(14:0/18:1/20:4), TG(14:0/20:1/22:4), TG(14:0/20:4/22:2), TG(14:0/20:1/

20:4)

were the main components in these metabolic pathways,
which were also the focus of our study in the pathogenesis
of TB.

Screening and evaluation of lipid biomarkers in TB

Our study also provided potential clues for the early diag-
nosis of TB. The differential abundance and the clustering
analysis of lipid metabolites among the four groups were
visualized in the heatmap (Supplementary Figure 6(a) to
(c)). We identified 22 differentially expressed lipids that
could distinguish TB from the other groups (NC vs. TB,
LC vs. TB, and CAP vs. TB) (Figure 4(a), Supplementary
Figure 6(d)). The diagnostic efficacy of 22 differentially
expressed lipids was evaluated by the ROC curve between
the TB patients and the other controls, and the values of
AUC, FC, specificity, and sensitivity were obtained
(Table 3). Among 22 differentially expressed lipids, 4
lipids such as PC (12:0/22:2), PC (16:0/18:2), CE (20:3),
and SM (d18:0/18:1) were selected as potential diagnostic
biomarkers for TB (Figure 4(b)). Among them, the AUC
value of PC (12:0/22:2) was 0.878 with 76.5% specificity
and 91.1% sensitivity (Figure 4(c)); the AUC value of PC
(16:0/18:2) was 0.863 with 82.4% specificity and 82.4% sen-
sitivity (Figure 4(f)); the AUC value of CE (20:3) was 0.863
with 83.5% specificity and 79.4% sensitivity (Figure 4(e));
and the AUC value of SM (d18:0/18:1) was 0.822 with
90.6% specificity and 73.4% sensitivity (Figure 4(d)). In
order to evaluate the diagnostic capacity of the four poten-
tial markers in combination, we used the logistic regression
method to obtain an integrated diagnostic model with a
sensitivity of 92.3%, a specificity of 82.4%, and the AUC

value of 0934 (95% CI 0.873 - 0.971) (Figure 5(a)).
Furthermore, the 10-fold cross-validation method was
used to test the performance of the logistic regression
model. The results illustrated that the model could discrim-
inate TB from non-TB and NC with an AUC of 0.908 (85.3%
sensitivity, 85.9% specificity) (Figure 5(b)).

Differentially expressed lipids network analysis of TB

The Pearson correlation coefficients between the candidate
biomarkers and other differential lipid metabolites were
calculated. The related pairs were selected if the coefficients
were in the range of <-0.4 or >0.4, and a lipid network was
established (Figure 6). We found that PC and SM had a
positive synergistic regulatory relationship, while DGs
and CEs, and phospholipids and CEs had a negative syn-
ergistic regulatory relationship. And this phenomenon also
existed in sputum negative and positive TB patients.

Discussion

Recent studies on TB biomarkers, including mRNA,? non-
coding RNA,”™  protein,'® and metabonomics
biomarkers,'® explored detection of latent infection of M.
tuberculosis,"® early diagnosis of drug-sensitive or drug-
resistant TB,'>'” efficacy evaluation of anti-TB treat-
ment, %" and predicting the risk of recurrent TB after
being cured.’® Our study was carried out by UPLC-MS/
MS technology and used in-house metabolites database to
analyze lipid profiles of TB. Furthermore, the potential
lipid biomarkers of TB were identified based on the results
of extensive targeted-detection.
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Figure 3. KEGG substance classification and enrichment analysis of differential lipids in the NC and TB groups. (a) KEGG substance classification, the left ordinate is
the pathway where the lipid substance is located, the right ordinate is the classification of each metabolic pathway, and the abscissa represents the proportion of the
substance in the pathway. (b) Statistics of KEGG substance enrichment. The left coordinate represents the enriched pathway, and the abscissa represents the rich
factor. The results showed significant enrichment in phospholipid, linoleic acid, linolenic acid, and arachidonic acid metabolism (red underline). (A color version of this

figure is available in the online journal.)

NC: normal healthy controls; TB: tuberculosis; KEGG: Kyoto Encyclopedia of Genes and Genomes; GnRH: gonadotropin-releasing hormone; AMPK: 5’ adenosine
monophosphate-activated protein kinase; cAMP: cyclic adenosine monophosphate; AGE-RAGE: advanced glycation end products-receptor for advanced glycation

end products.

The results showed that plasma phospholipids concen-
tration decreased in patients with TB. Phospholipids are
abundant in the circulating blood and are involved in the
formation of the lipid bilayer structure of the cell mem-
brane,'” accounting for 70-80% of the pulmonary
surfactant components.”” PC and SM were significantly
down-regulated in patients with TB. The KEGG metabolic
pathway illustrated that the TB group was represented by
the degradation of phospholipids by phospholipases to
produce FFA (P <0.05). The plasma lipids may provide
a carbon source for metabolism and reproduction of M.
tuberculosis.** Phospholipases are closely related to phos-
pholipid degradation and can be divided into phospholi-
pases Al, A2, B1, B2, C, and D.? Studies have shown that
phospholipase is of great importance contributing to the
virulence of bacterial specials and has been identified and
detected in various bacteria.?®> For example, the infection
of Clostridium perfringens can give rise to gas gangrene,
and the destruction of skin and lung tissue can be invad-
ed by Pseudomonas aeruginosa.> Toxoplasma gondii has

been demonstrated to use phospholipase to enhance the
destruction and toxicity of host cells.** De Groote et al.*®
studied a large number of samples from TB patients and
found that NPS-PLA2 (secreted phospholipase A2) was
significantly expressed upward in serum of TB patients
and had a potent capacity to diagnose TB. The free cho-
lesterol in the host plasma can be catalyzed by the secret-
ed phospholipase A2 to produce cholesteryl
phosphatidylcholine side chain,®® which was consistent
with the trend of lipid changes in our study (Pearson
correlation =-0.64). M. tuberculosis infection may disrupt
the metabolic function of host phospholipids.®' In addi-
tion, M. tuberculosis can encode RV0888 SM hydrolase,
which can mediate the degradation of PC and glucose
uptake”?® and can prevent maturation of phagosomes
and inhibit autophagy,® indicating the role of M. tubercu-
losis in escaping phagocytic cells. SM hydrolase can also
mediate the transport of bacteria from macrophages to
caseous granuloma and can use host phospholipids to
degrade fatty acids into energy and carbon sources®
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Figure 4. Screening and evaluation of potential lipid biomarkers in TB. (a) Venn diagram showing the number of differential lipids in different groups NC vs. TB, CAP vs.
TB, and LC vs. TB (FC >1.2 or <0.83, VIP >1, and FDR <0.05). (b) The 22 differential lipids abundance were analyzed by ROC. The abscissa is the AUC value of each
lipid, and the ordinate is the specificity + sensitivity value. Four colored spots indicated that the AUC value is greater than 0.8, and the specificity + sensitivity value is
greater than 1.6. The violin diagram showing PC (12:0/22:2) (c), PC (16:0/18:2) (d), CE (20:3) (e), and SM (d18:0/18:1) (f) concentration. The abscissa is each component
group, and the ordinate is mass spectral concentration integration data. **FDR <0.01, **FDR <0.001. (A color version of this figure is available in the online journal.)
LC: lung cancer; TB: tuberculosis; CAP: community-acquired pneumonia; NC: normal healthy controls; AUC: area under the curve; PC: phosphatidylcholine; SM:
sphingomyelin; CE: cholesterol ester.

Table 3. The ROC reports between all controls compared with TB.

Compounds AUC P value® Fold change Type Sensitivity Specificity Sens. + Spec.?
PC(12:0/22:2) 0.878 2.4505E-14 0.709 Down 0.912 0.765 1.676
PC(16:0/18:2) 0.862 1.2614E-11 0.661 Down 0.824 0.824 1.647
CE(20:3) 0.863 3.1503E-12 1.734 Up 0.794 0.835 1.629
SM(d18:0/18:1) 0.822 1.8357E-8 0.508 Down 0.735 0.906 1.641
LPC(22:2/0:0) 0.856 8.4246E-13 2.231 Up 0.735 0.847 1.582
PC(14:0/20:3) 0.827 2.271E-8 0.615 Down 0.765 0.824 1.588
LPE(0:0/18:0) 0.821 3.5475E-11 2.225 Up 0.735 0.776 1.512
LPC(0-20:1/0:0) 0.821 2.274E-11 2.108 Up 0.706 0.812 1.518
PC(14:0/18:2) 0.818 8.9375E-8 0.546 Down 0.647 0.918 1.565
LPC(20:1/0:0) 0.815 1.6449E-8 2.136 Up 0.794 0.718 1.512
CE(18:0) 0.812 1.4412E-8 1.327 Down 0.765 0.776 1.541
PC(16:1/18:2) 0.802 3.398E-7 0.601 Down 0.676 0.871 1.547
LPC(20:3/0:0) 0.797 1.0393E-9 2.440 Up 0.765 0.765 1.529
LPC(18:0/0:0) 0.783 1.9721E-10 2.118 Up 0.588 0.918 1.506
LPC(18:1/0:0) 0.775 7.8219E-8 1.461 Up 0.706 0.776 1.482
CE(22:4) 0.766 4.7717E-7 1.469 Up 0.941 0.459 1.400
Cer(d18:1/18:0) 0.758 2.5363E-6 1.693 Up 0.765 0.718 1.482
SM(d18:2/20:1) 0.745 9.2294E-5 0.577 Down 0.647 0.765 1.412
LPC(20:2/0:0) 0.729 6.8844E-7 1.608 Up 0.706 0.682 1.388
SM(d18:1/18:0) 0.729 2.4628E-6 1.290 Up 0.706 0.706 1.412
TG(14:0/16:0/22:4) 0.724 2.3357E-4 0.610 Down 0.971 0.388 1.359
Linoleyl-carnitine 0.643 0.011602 0.752 Down 0.853 0.447 1.300

AUC: area under the curve; PC: phosphatidylcholine; CE: cholesterol ester; SM: sphingomyelin; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine;
TG: triglyceride.

2Sens.: Sensitivity; Spec.: Specificity.

PP values were calculated by t-test.
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Figure 5. ROC curve diagnostic model and 10-fold cross-validation for assessing lipid biomarkers of pulmonary TB. (a) The ordinate indicates sensitivity, and the
abscissa indicates specificity. CE (20:3), PC (12:0/22:2), PC (16:0/18:2), and SM (18:0/18:1) combined diagnostic model has a sensitivity of 92.9%, a specificity of
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1 as test data. The verification of 10-fold cross-validation revealed logistic regression model with an AUC of 0.908, 85.3% sensitivity and 85.9% specificity. (A color
version of this figure is available in the online journal.)

ROC: receiver operating characteristic; AUC: area under the curve; PC: phosphatidylcholine; SM: sphingomyelin; CE: cholesterol ester
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PC: phosphatidylcholine; PE: phosphatidylethanolamine; CE: cholesterol ester; SM: sphingomyelin; PA: phosphatidic acid; LPE: lysophosphatidylethanolamine;
HETE: hydroxyeicosatetraenoic acid; LPC: lysophosphatidylcholine; DG: diglyceride.
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to form a reproduction ecology niche, which is conducive
to the spread of bacteria.

The ROC curve showed that PC (12:0/22:2), PC (16:0/
18:2), and SM (d18:0/18:1) were capable of discriminating
TB from non-TB. The above three lipids were positively
correlated, showing a further downward trend in patients
with lung cavities, as indicated by the Cluster 3 results
(Figure 2(d)). The formation of lung cavities indicated
caseous necrosis that can be ruptured into the airway
after liquefaction and is more likely to cause the spread
of M. tuberculosis. Interestingly, the results of this
study were closely related to the degree of necrosis.
Besides, some studies have demonstrated that the
genome of M. tuberculosis has abundant genes encoding
phospholipases,®*° suggesting that drugs can be devel-
oped to interfere with the expression of phospholipase
gene to change the energy metabolism of M. tuberculosis™
in order to block the destruction of host cells. However, the
aforementioned enzymes are also of great abundance in the
cells of the human body, and further studies are needed to
find specific inhibitors for M. tuberculosis lipolytic
enzymes.”

In addition, we observed an up-regulated concentration
of CEs in the plasma of patients with TB. Studies have
shown that lipid droplets isolated from M. tuberculosis-
infected granulomas had abundant CEs accumulation.®"*?
And the formation of lipid droplets in immune cells can
play a key role in host-pathogen interactions. The lipid
droplets of the body’s cells can be attacked by a variety of
pathogenic microorganisms® and can form favorable
microecological niches to assist pathogens in avoiding
immune surveillance and strengthening escape.® It has
been shown that the accumulation of CEs can activate
toll-like receptor signaling, and proliferation and differen-
tiation of inflammatory cells, such as monocytes and neu-
trophils, leading to an enhanced inflammatory response.*
M. tuberculosis has specific enzymes and energy pathways
for cholesterol metabolism.*® In our previous study, we
found that serum amyloid A was up-regulated in patients
with TB,” which can promote the esterification of cholester-
ol.”” In addition, TFN-y is a delayed hypersensitivity pro-
tein, secreted by TH1 cells after being activated by M.
tuberculosis. It can regulate the expression of acyl-
coenzyme A and can mediate the reduction of CE efflux
in foam cells.”® Studies have shown that M. tuberculosis
can recruit CEs and promote the host to accelerate the syn-
thesis of CEs without degrading. This is consistent with our
findings. The level of CEs of plasma was increased in
patients with TB. Therefore, we speculated that the accu-
mulation of host CEs is conducive to M. tuberculosis surviv-
al and reproduction, accumulating antigens, increasing
immune attack, and facilitating M. tuberculosis spread
after cellular necrosis and disintegration. Pathological
examination of the tissues and imaging studies of TB
lesions in this study revealed that the clogging of the alveoli
by macrophages rich in CEs can provide an isolated envi-
ronment for the proliferation of M. tuberculosis and can
create conditions for tissue necrosis.> In clinical practice,
statins (that can decrease plasma cholesterol levels and
increase the resistance to M. tuberculosis infection) have
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been used to treat TB patients.”® Therefore, blocking CE
synthesis in M. tuberculosis may be the adjuvant therapeutic
target for anti-TB medications.

Considering that the lipidomics is a highly sensitive
omics methodology, we used the FDR value to filter differ-
ential biomarkers.*” In order to observe the changes in
lipids, we expanded the screening range of FC. In addition,
we divided TB patients into further subgroups based on the
presence of caseous necrosis (lung cavity) on the chest CT
scan or not. The small sample size is the limitation of our
research, and we did not evaluate the size of the inner walls
of the lung cavities. However, we used 10-fold cross-
validation to evaluate the performance of the diagnostic
model. Therefore, in the future study, we plan to increase
the number of samples to verify the value of our candidate
biomarkers and to evaluate the disease condition in more
detail.

In this study, we used the UPLC-MS/MS technology for
the first time to study the alterations in various types of
lipid metabolism in pulmonary TB with or without caseous
necrosis (lung cavity). We found that the interaction
between M. tuberculosis and host lipid metabolism can
cause characteristic changes in patients with TB. The phos-
pholipids and CEs metabolism may form niches that were
conducive to the propagation and energy metabolism of M.
tuberculosis. Interfering with the expression of phospholipid
hydrolase coding gene or blocking the synthesis of CEs
may be potential therapeutic perspectives for the treatment
of TB. We obtained four potential biomarkers such as PC
(12:0/22:2), PC (16:0/18:2), CE (20:3), and SM (d18:0/18:1)
that could distinguish between TB and the other lung dis-
eases. The logistic regression diagnostic model revealed a
sensitivity of 92.9%, a specificity of 82.4%, and the AUC
value of 0.934 (95% CI 0.873 - 0.971), and the results of
10-fold cross-validation demonstrated that the model
could distinguish TB patients from non-TB patients and
NC with good accuracy (0.908 AUC, 85.3% sensitivity,
and 85.9% specificity). Our study may pave the foundation
to understand the pathogenesis of TB.
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