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1  | INTRODUC TION

Multidrug-resistant tuberculosis (MDR-TB) is a subtype of tuber-
culosis (TB) that is resistant to at least isoniazid and rifampicin. It 
requires long-term (18-24 months) treatment, in which second-line 
drugs are less effective and can cause adverse reactions.1 Although 

worldwide the diagnosis and treatment of TB have been improved in 
recent years, leading to a decreasing trend in the overall incidence of 
tuberculosis, MDR-TB is still a major global concern. China is a high 
MDR-TB burden country. There are various causes of MDR-TB infec-
tion, for example infection with resistant strains of Mycobacterium 
tuberculosis (MTB) and unfavourable duration of treatment with 
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Abstract
Multidrug-resistant tuberculosis (MDR-TB), defined as tuberculosis (TB) resist-
ant to at least isoniazid and rifampicin, is a major concern of TB control worldwide. 
However, the diagnosis of MDR-TB remains a huge challenge to its prevention and 
control. To identify new diagnostic methods for MDR-TB, a mass spectrometry strat-
egy of data-independent acquisition and parallel reaction monitoring was used to 
detect and validate differential serum proteins. The bioinformatic analysis showed 
that the functions of differential serum proteins between the MDR-TB group and the 
drug-sensitive tuberculosis group were significantly correlated to the complement 
coagulation cascade, surface adhesion and extracellular matrix receptor interaction, 
suggesting a disorder of coagulation in TB. Here, we identified three potential can-
didate biomarkers such as sCD14, PGLYRP2 and FGA, and established a diagnostic 
model using these three candidate biomarkers with a sensitivity of 81.2%, a specific-
ity of 90% and the area under the curve value of 0.934 in receiver operation charac-
teristics curve to diagnose MDR-TB. Our study has paved the way for a novel method 
to diagnose MDR-TB and may contribute to elucidate the mechanisms underlying 
MDR-TB.
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insufficient medication intake. According to a survey carried out in 
China for MDR-TB, 43.8% of the patients who were retreated for 
MDR-TB did not complete the primary treatment,2 due to the lack 
of strict implementation of directly observed treatment strategy 
(DOTS), adverse reactions and high treatment cost.

A multi-centre study has found that the mortality rate of 
drug-sensitive tuberculosis (DS-TB) was about 6%, while the mor-
tality rate of MDR-TB was about 57.1%, suggesting the risk of death 
was greatly increased in MDR-TB.3 Early initiation of TB treatment 
can reduce mortality by 20%-35%.4

However, the detection of TB is still a challenge. According to the 
World Health Organization report, in 2017, approximately 56% of 
TB cases were diagnosed by positive pathogen detection worldwide, 
and this rate was about 32% in China, due to one of the reasons that 
a single pathogen test was not applicable to diagnose all TB.5 For 
smear-negative detection, most (68%) Chinese smear-negative TB 
patients were given diagnostic treatment (the treatment is effective) 
without drug resistance test or bacteriological confirmation, lead-
ing to a increased risk of excessive side-effects, drug resistance and 
decreased drug efficacy. Furthermore, only approximately 1.6% of 
Chinese TB patients reported were rifampin-resistant, leaving more 
than 80% of cases undetected.6,7

There are two main diagnostic methods for MDR-TB. One is 
based on culture phenotypes, such as Drug Susceptibility Testing 
(DST), which is the principal standard for the diagnosis of MDR-TB. 
However, the samples have to be cultured for a long period of time 
(12 weeks).5 Another is based on molecular methods, such as XPERT 
MTB/RIF, which can rapidly detect the resistance to rifampicin. 
But the detection rate of XPERT MTB/RIF is low (72.5%-76.9%) 
in smear-negative/culture-positive samples,8 and its additional 
problem is false positivity which may lead to an over-treatment.9 
Overall, these diagnostic methods are suitable for sputum-positive 
patients, but not for sputum-negative patients because of poor sen-
sitivity. They are not applicable either to people with rare sputum.4 
Therefore, there is an urgent need to develop new, sensitive and ef-
ficient diagnostic methods for MDR-TB.

The emergence of proteomics provides a new approach for the 
diagnosis of clinical diseases. Proteome is diverse and is the material 

basis of the complex phenotype of the organism. Its dynamic changes 
and structural function alterations can directly clarify the mecha-
nisms underlying the pathological conditions of the disease. Thus, 
proteome is the core of life science research in the post-genome 
era and has aroused great concern. Previously, the weak cation ex-
change (WCX) magnetic beads combined with protein chip-based 
surface-enhanced laser desorption/ionization time-of-flight mass 
spectrometry (SELDI-TOF MS) technique have been used to obtain 
differential protein peaks in the laboratory, which had difficulties to 
identify peptides, and was unsuitable for detection of high molec-
ular weight proteins (>100 kD).10 With advances in the proteomics 
technology, data-dependent acquisition (DDA) and data-indepen-
dent acquisition (DIA) strategies have emerged to identify differen-
tial peptides in a broader range than SELDI-TOF MS. DDA tends to 
select the peptide with the strongest fragment signal. The precursor 
(MS1) signal is usually less selective than the fragment ion (MS2) sig-
nal, resulting in problems of randomness and reproducibility.11

Data-independent acquisition collects data from a single sample, 
allowing fragmentation and analysis of all peptides in a given m/z 
window and enabling complete recording and highly reproducible 
quantification of all MS2 scans,12 so it is more suitable for extensive 
screening, qualitative and quantitative analysis of large batches of 
samples.

Previously, immunoassay-based techniques have been applied to 
validate candidate protein biomarkers after DDA screening,13 which 
are non-specific and low-throughput. The development of targeted 
mass spectrometry technology enables high-throughput and sensi-
tive protein quantification. For example, parallel reaction monitor-
ing (PRM), the proteomics of monitoring all products of the target 
peptide, can simultaneously filter out all other peptides and proteins 
in the sample, to enhance the specificity and sensitivity of the quan-
tification and achieve validation of one or several specific proteins.

Our study is the first to use the technology of DIA combined 
with PRM to detect differential candidate proteins in the sera of 
patients with MDR-TB for identification of potential biomarkers. By 
analysing the combination of obtained candidate biomarkers, the 
present study may contribute to establish biological basis for a new 
approach to the laboratory diagnosis of MDR-TB.

HC MDR-TB DS-TB
p 
value

Training set

Age 33.40 ± 10.59 39.26 ± 15.52 36.55 ± 14.95 .421

Sex (Male) 20 (10) 20 (12) 20 (14) .435

Validation set

Age 36.85 ± 9.18 41.55 ± 12.07 35.55 ± 13.57 .245

Sex (Male) 20 (12) 20 (14) 20 (16) .386

Total

Age 35.12 ± 9.94 40.43 ± 3.72 36.05 ± 14.11 .146

Sex (Male) 40 (22) 40 (26) 40 (30) .172

Note: Gender was analysed by chi-square test, and age was analysed by one-way ANOVA.

TA B L E  1   Age and gender 
characteristics of included cases
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2  | MATERIAL S AND METHODS

2.1 | Study design and inclusion criteria

In this study, 80 TB cases (40 MDR-TB cases and 40 DS-TB cases) 
were enrolled between May 2013 and September 2018 from the 
Shaoxing Municipal Hospital (China) and the First Hospital of Jiaxing 
(China). In addition, 40 healthy individuals (HC) were collected from 
the Zhejiang Hospital (China). Age and gender characteristics of the 
enrolled participants are shown in Table 1. The distributions of age 
and gender between different groups showed no statistical differ-
ence. The research programme was conducted in compliance with 
the ethical guidelines of the Helsinki Declaration and was approved 
by the Ethics Committee of Zhejiang University (China). The in-
formed consent was signed by all enrolled participants.

The diagnosis of TB is based on the diagnostic criteria issued by 
the Ministry of Health of China.14 TB patients met one of the follow-
ing criteria: (a) positive bacteriological examination (two positive spu-
tum smears on microscopy for acid-fast bacilli, or one positive sputum 
smear for acid-fast bacilli with chest imaging revealing evidence of 
typical TB lesions, or one positive sputum smear for acid-fast bacilli 
and one positive sputum culture identified as the MTB complex); (b) 
two negative sputum smears for acid-fast bacilli, positive mycobacte-
rial culture confirmed as the MTB complex and typical tuberculosis 
lesions on chest X-ray examination; (c) positive molecular biology ex-
amination and typical TB lesions on chest X-ray examination; (d) histo-
pathological changes of TB on the lung lesions tissue samples; and (e) 
diagnosis as tracheal, bronchial TB or tuberculous pleurisy.

For TB patients, sputum examination (smear or culture), drug 
sensitivity test and strain identification of the MTB complex were 
performed. The definite diagnosis of MDR-TB was made when the 
enrolled patient had at least two times positive sputum smears, and 
the patient was resistant to at least two important drugs such as 
isoniazid and rifampicin, and was proven as MDR-TB by a bacterio-
logical examination, together with the evidence from the patients’ 
complete medical history, physical examination and chest X-ray fea-
tures. The patients enrolled in the DS-TB group were confirmed to 
be sensitive to the drugs by DST. The exclusion criteria included the 
presence of diabetes, extra-pulmonary TB, sarcoidosis, hepatitis B, 
allergic diseases or use of immunosuppressant or immunomodulator 
drugs within 6 months. The control group comprised healthy indi-
viduals with similar distribution of age and gender as the TB cases.

Serum sampling was performed following the Human Proteome 
Organization (HUPO) recommendations.15 Fasting blood samples 
were collected, centrifuged at 840 g for 10 min at 4°C and stored 
at −80°C.

2.2 | Liquid phase separation and mass 
spectrometry

Data-independent acquisition was used to screen candidate pro-
teins in the training set, and PRM was used in the validation set. D
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The work flow of mass spectrum is shown in Figure S1. The param-
eters of liquid phase separation and mass spectrometry are listed in 
Table 2. And the proteomic data were uploaded to the databases of 
ProteomeXchange Consortium. The samples were pre-treated (File 
S1) and chromatographed using a nanolitre flow HPLC system, Easy 
nLC-1200. Samples after nanoscale HPLC separation were analysed 
by Q-Exactive HF mass spectrometer (Thermo Scientific). High-
abundance proteins were removed to retain low-abundance proteins 
by Multiple Affinity Removal Column (Hu-14) (Agilent Technologies).

For DIA analysis, 2 μg of peptide was taken from each sample, 
and the iRT standard peptide was spiked according to the vol-
ume ratio of the sample: iRT of 3:1. The DDA method was used 
to build libraries, and the DIA mode was conducted for quali-
tative and quantitative analysis to obtain differential proteins. 
MaxQuant 1.5.3.17 software was used for database search, and 
the library was constructed by Spectronaut pulsar X 12.0.20491.4 
software. The iRT peptide sequence was added into the database 
(>Biognosys|iRTKit|Sequence_fusionLGGNEQVTRYILAGVENSK-
GTFIIDPGGVIRGTFIIDPAAVIRGAGSSEPVTGLDAKTPVISGG-
PYEYRVEATFGVDESNAKTPVITGAPYEYRDGLDAASYYAPVR-
ADVTPADFSEWSKLFLQFGAQGSPFLK). And database was 
downloaded from Uniprot (human_156639_20170105. fasta, 
human_159691_20170829. fasta, Mycobacterium tuberculo-
sis_136378_ 20190617. fasta). DIA data were compared by second-
ary mass spectrometry. The protein identified had to pass the set 
cut-off of false discovery rate (FDR) < 1%.

Parallel reaction monitoring was applied to validate the identi-
fied differential proteins. After pre-treatment, 2 μg of peptides was 
taken from each sample, and 20  fmol of standard peptide (PRTC: 
ELGQSGVDTYLQTK) was incorporated for detection. Peptide 
scores of the identification >40 were required to ensure reliable re-
sults (File S2). According to the results of qualitative analysis, the 
identified target peptides were screened, the trusted peptides were 
retained, and the trusted peptides suitable for PRM analysis were 
introduced into the mass spectrometry software Xcalibur for PRM 
method setting. After three times of PRM tests, the data of the PRM 
original file were analysed by Skyline 3.7.0 software, and the target 
proteins and the target peptides were quantified.

2.3 | Bioinformatic analysis

Blast2GO was applied to perform Gene Ontology (GO) annotation 
for the target protein set, which could be summarized as a sequen-
tial process: sequence alignment (Blast) and GO Entry Extraction 
(Mapping, GO Annotation, and InterProScan Supplemental Notes 
[Annotation Augmentation]). The Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway annotation was performed for the 
target protein set by KAAS (KEGG Automatic Annotation Server) 
software. In order to analyse the target protein clusters, the quan-
titative information was firstly normalized (normalized to (−1, 1) 
interval). Then, the two-dimensional abundance of samples and 
proteins (distance algorithm: Euclidean, Connection linkage) was 

constructed by Complexheatmap R package (R Version 3.4) and 
a hierarchical clustering heatmap was generated. The applica-
tion software SIMCA-P 14.1 (Umetrics, Umea, Sweden) was used 
for pattern recognition. After the data were pre-processed by 
Paretoscaling, PCA multidimensional statistical analysis was per-
formed. The correlation and interaction network was drawn by 
Cytoscape 3.6.1 software.

2.4 | Statistical analysis

The Fisher's exact test was conducted to compare the distribution 
of GO categories or KEGG pathways between the target protein set 
and the overall protein set, and to perform enrichment analysis on 
the GO categories or KEGG pathways of the target protein set. The 
composition ratio was analysed by the chi-square test, and the pa-
rameter data were subjected to a t test or analysis of variance. The 
scatter diagrams were generated by Graphpad Prism 5 software, 
and the ROC curve analysis was conducted in Medcalc software. 
Significant correlation analysis was defined as r  >  0.4 or r < −0.4 
using a two-tailed p value (P < .01) by spearman analysis.

3  | RESULTS

3.1 | Differential protein candidates of DIA

The differential proteins in the MDR-TB group were screened and 
quantified by DIA (Figure  1E). The quality control of the data is 
shown in Figure 1A-D. The FDR method was applied to conduct mul-
tiple testing correction. Q Value 0.01 was set as the threshold which 
was equivalent to FDR 0.01. A total of 1000 proteins were identified, 
and 813 proteins were present in more than 50% of the samples. The 
differential clusters were generated with proteins presenting a fold 
change of more than 1.2 or less than 0.7 and a P < .05 (Figure 2). A 
total of 157 differential proteins (143 up-regulated and 14 down-
regulated) were identified between the HC group and the MDR-TB 
group, and a total of 33 differential proteins (28 up-regulated and 5 
down-regulated) were identified between the MDR-TB group and 
the DS-TB group. In the comparison between the DS-TB group and 
the HC group, 170 differential proteins (135 up-regulated and 35 
down-regulated) were discovered.

The GO and KEGG functional enrichment analyses were per-
formed on the differential proteins (Figure 3). The KEGG analysis 
showed that the differential proteins in the MDR-TB group were 
mainly related to the complement coagulation cascade, compared 
with the HC group. The biological process of GO suggested the dif-
ferential proteins in the MDR-TB group played an important role in 
the transduction pathway of immune response-regulating signal-
ling and response-activating signal transduction. The binding of 
cofactor and the cellular region was the most significant molecular 
function and cellular component enriched in the MDR-TB group. 
In addition, the KEGG analysis suggested that the differential 
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proteins between the MDR-TB group and the DS-TB group were 
involved in surface adhesion and ECM receptor interaction. The 
GO analysis indicated that these proteins were enriched in hyper-
oxia and enzyme activities and located mainly on the membrane, in 
the extracellular regions and cellular regions. Compared with the 
HC group, differential proteins in the DS-TB group were signifi-
cantly associated with the complement coagulation cascade, the 
binding of cofactors and immune responses, such as interleukin 
(IL)-1 production and regulation, and Toll-like receptor (TLR) sig-
nalling pathways.

3.2 | Parallel reaction monitoring

According to the results from the protein qualitative analysis, the 
identified target peptides were screened to retain the trusted 
peptides. After the targeted monitoring of differential proteins in 
mixed samples, mass spectrometry experiments showed that 18 
target proteins could be accurately identified. Compared with the 
DS-TB group, the abundances of peptidoglycan recognition pro-
tein 2 (PGLYRP2, Swissprot: Q96PD5), fibrinogen alpha chain (FGA, 
Swissprot: P02671) and monocyte differentiation antigen CD14 
(sCD14, Swissprot: B2R888) were significantly up- (P  <  .001), up- 
(P < .001) and down-regulated (P < .01), respectively, in the MDR-TB 
group (Figure 4A-C).

3.3 | ROC analysis

To assess the sensitivity and specificity of these three proteins in 
the diagnosis of MDR-TB, we performed the multivariate logis-
tic regression analysis and the ROC curve analysis. The sensitiv-
ity of PGLYRP2 was 80%, the specificity was 80%, and the area 
under the curve (AUC) value was 0.827 to distinguish between the 
MDR-TB group and the DS-TB group. The sensitivity and specific-
ity of FGA for the detection of MDR-TB were 90% and 65%, re-
spectively, with AUC value of 0.765. Similarly, the sensitivity and 
specificity of sCD14 were 85% and 50%, with AUC value of 0.655. 
The three proteins were combined to establish a diagnostic model 
with a sensitivity and specificity of 81.2% and 90%, respectively, 
with AUC value of 0.934, which was higher than the single protein 
model (Figure 4D). To distinguish between the MDR-TB group and 
the HC group, PGLYRP2, FGA and sCD14 obtained sensitivities and 
specificities of 60% and 75%, 75% and 95%, and 80% and 90%, re-
spectively. The combination of these three proteins was established 

a diagnostic model with a sensitivity of 94.7%, a specificity of 80%, 
and the AUC value of 0.913, which was much higher than the mod-
els established by single proteins, such as PGLYRP2 (0.627), FGA 
(0.838) and sCD14 (0.875) (Figure 4E).

3.4 | Network of interaction and correlation

We also detected differential proteins secreted by the MTB com-
plex in the sera of TB patients (Figure 5A-E). A network of above 
candidate biomarker proteins and differential MTB proteins was 
established (Figure 5F). Lipopolysaccharide-binding protein (LBP), 
sCD14, ubiquitin C-like protein (UBC), ubiquitin thioesterase pro-
tein (OTUB1), transferrin receptor (TFRC), beta-2-microglobulin 
(B2M), cystatin (CST3) and FGA were up-regulated in the MDR-TB 
group and the DS-TB group, compared with the HC group. However, 
transferrin (TF) and albumin (ALB) were down-regulated in both TB 
groups. Correlation of differential MTB proteins and host proteins 
(LBP, sCD14, OTUB1, TF, FGA and ALB) reflected that the MTB me-
tabolism of MTB complex could change the immune and inflamma-
tory effects of the host. Candidate proteins and MDR-TB-specific 
proteins suggested immunity- and inflammation-related protein 
changes in the progression of TB.

4  | DISCUSSION

In this study, we used a new mass spectrometry strategy to identify 
potential biomarkers for MDR-TB diagnosis. Compared with the HC 
group, the sCD14 abundance was significantly up-regulated in the 
DS-TB group and the MDR-TB group, but the sCD14 abundance in 
the MDR-TB group was lower than that in the DS-TB group. Studies 
have reported that the sCD14 may serve as a potential biomarker for 
TB,16 but there is no study available regarding the role of sCD14 in 
the progression of TB. The sCD14 protein is an indicator of mono-
cyte activation.17 In the initial stage of TB infection, monocytes 
rapidly migrate to the site of infection and differentiate into mac-
rophages, thereby causing host defence responses; thus, the sCD14 
abundance was increased in TB. Decreased sCD14 abundance in 
the MDR-TB group may indicate a decrease in monocyte activation, 
compared with the DS-TB group. The increased level of sCD14 can 
also be observed in other infections or lung diseases, but is usually 
lower than that of TB.18,19

PGLYRP2 is an N-acetylmuramyl-l-alanine amidase that 
hydrolyses bacterial peptidoglycan. It plays a scavenger role 

F I G U R E  1   Quality control and quantitative heat map of DIA. A, Average data points per peak: the average data points per peak were 7.2, 
which met the requirements of quantitative analysis. B, Column peak capacity statistics: the abscissa was the order of the samples, the green 
line was the data of all peptides, and the red one was the data of the iRT internal standard. Peak capacity represented the separation and 
analysis capability of the column. The average peak capacity was 471, indicating better separation and analysis. C, Chart of iRT elution time: 
the main iRTs were detected and the retention time was generally stable. D, Chart of principal component analysis (PCA): quality control 
(QC) was evaluated using the coefficient of variation CV and PCA analysis. E, Quantitative heatmap of DIA
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F I G U R E  2   Differential protein clusters. A, MDR-TB/HC. B, DS-TB/HC. C, MDR-TB/DS-TB
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F I G U R E  3   GO and KEGG analysis. A and B, MDR-TB/HC. C and D, MDR-TB/DS-TB. E and F, DS-TB/HC
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and hydrolyses the link between residues of L-amino acid and 
N-acetylcytokines in glycopeptides of the cell wall. PGLYRP2 has 
a pro-inflammatory effect and synergizes with TLR2 and TLR4 to 
promote macrophage activation.20,21 It has been demonstrated 
that PGLYRP2 can regulate the recruitment of neutrophils after 
S pneumoniae infection, suggesting a host protection role of 
PGLYRP2.22 Our results indicated that PGLYRP2 abundance was 
significantly up-regulated in the MDR-TB group, compared with 
the DS-TB group, which may be related to an enhancement of the 
body's defence response.

Fibrinogen is a member of the plasminogen (Plg)-fibrinolytic 
system, which can bind to the surface of microorganisms by the Plg 
receptor, and can be activated by a host activator to produce proteo-
lytic enzyme plasmin (Plm). Studies have found that the MTB com-
plex interacts with the plasminogen system to convert microbes into 
proteolytic organisms, thereby enhancing their invasive potential.23 
We have previously found that the level of fibrinogen in TB was sig-
nificantly increased compared to that in non-TB controls,10 revealing 
significant abnormalities of coagulation in TB. Our results indicated 
that FGA abundance was significantly up-regulated in the MDR-TB 
group, suggesting that the activation of the fibrinolytic system was 
closely related to the progression of TB. Although in the present 

study no statistically significant difference was observed in the FGA 
level between the DS-TB group and the HC group, the DS-TB group 
showed an upward trend, which was consistent with the previous 
findings reported by Wang et al24 In sputum and saliva, a previous 
work has shown no statistically significant difference in FGA levels 
was observed between the latent TB group and the HC group, but 
a significant difference between the active TB group and the HC 
group.25 In this study, FGA showed an upward trend in TB groups, 
indicating that FGA was possibly more up-regulated in the saliva and 
sputum than serum. Therefore, we believed that FGA may determine 
the severity of TB progression.

Interestingly, we also detected a few MTB complex-secreted 
proteins in the sera of TB patients. Histidine-tRNA synthetase, a dif-
ferential protein between the MDR-TB group and the DS-TB group, 
is an aminoacyl-tRNA synthetase featured by a folded barrel-like ac-
tive site comprising an α-helix and anti-parallel β-surrounded by a 
ring structure. This structure serves as a template to bind the corre-
sponding amino acid and ATP and forms a key component of bacte-
rial protein synthesis.26 In addition, aminoacyl-tRNA synthetase is a 
potential clinical drug target,27,28 suggesting that the secretome and 
metabolome of the MTB complex may contribute to the pathogenic-
ity and virulence of the strain.

F I G U R E  4   Relative protein abundance and ROC analysis. The ordinate was the peak area. A, Relative protein abundance of PGLYRP2. B, 
Relative protein abundance of FGA. C, Relative protein abundance of sCD14. D, ROC analysis of MDR-TB/DS-TB. E, ROC analysis of MDR-
TB/HC
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Based on the interaction and correlation analysis, we discovered 
the possible pro-inflammatory effects of MTB proteins on the body 
and weakened host's protective immune response against MTB. 
There was a positive correlation between the protein abundance of 
sCD14 and LBP, which has been observed in chronic inflammation 
patients as well.29 The sCD14 abundance also showed a low-pos-
itive correlation to restriction endonuclease S subunit. Compared 
with the DS-TB group, the abundance of restriction endonuclease S 
subunit tended to be up-regulated in the MDR-TB group, indicating 
that the virulent MTB complex could strongly resist the host immune 
response during infection. We speculated that sCD14 can regulate 
the recognition of bacterial proteins by interacting with UBC and 
LBP. A variety of bacterial proteins have shown a strong correlation 
with FGA, which may be the main influencing factor of host coagula-
tion abnormalities, and can be further verified by functional studies. 
It has been demonstrated that the MTB complex did not increase 
TF’s abundance in the lungs but in the macrophages of granuloma-
tous lung lesions.30 In the MDR-TB group, the level of TF showed 
a specific down-regulation, which may explain the weakened host 
protective immune response against drug-resistant MTB.

In this study, we used DIA combined with PRM to identify po-
tential biomarkers for MDR-TB. Previously, the shotgun proteom-
ics technique, the most widely used and standardized discovery 

strategy based on DDA, has been used to screen candidate bio-
markers in diseases. Through digesting the protein into peptides in 
vitro and performing tandem mass spectrometry, the subsequently 
obtained mass spectrometry data are aligned to a protein sequence 
database or a spectral library to search for protein identification. 
Although the method offers a wide coverage, the disadvantages 
are the lack of high sensitivity, specificity, reproducibility, and low 
overlap rate (35%-60%) in repeated experiments and more missing 
values.31 In DIA, the data passe through the independent acquisition 
mode of the sequential window. All ionized compounds in a given 
sample fall within a specified mass range, broken in a systematic and 
unbiased manner, which overcomes the shortcomings of the shot-
gun proteomics’ semi-randomity. When injecting the same sample 
and using the same mass spectrometer under the same conditions, 
DIA is superior to DDA in detecting peptides and related proteins, 
and has a high measuring reproducibility.32,33 Therefore, DIA is more 
suitable for the screening of a wide range of biomarkers.

However, in terms of quantitative sensitivity, the peptide quan-
tification sensitivity of DIA is 3-10 times lower than traditional 
targeted proteomics (SRM/PRM).34 Therefore, we performed a 
targeted validation for the candidate proteins from DIA screening. 
Technically, the detection of targeted proteomics is more accurate to 
monitor low-abundance proteins and peptides, and can be targeted 

F I G U R E  5   Differential proteins of MTB complex and interaction and correlation analysis. A, Fatty acid CoA ligase. B, Putative integral 
membrane protein. C, Histidine-t RNA ligase. D, Restriction endonuclease S subunit. E, FAD-dependent monooxygenase (Fragment). 
***P < .001, **P < .01 and *P < .05. F, Interaction and correlation analysis of differential proteins of TB patients and MTB complex. The 
solid lines showed the interaction of differential proteins of TB patients, and the imaginary lines represented the correlation analysis 
of differential proteins of TB patients and MTB complex. The thickness of the line indicated the strength of the correlation. Significant 
correlation: r > .4 or r < −.4 and P < .01
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for qualitative and quantitative analyses of single or multiple target 
proteins. It can replace the previous non-specific and low-through-
put techniques based on immunoassay, like enzyme-linked immuno-
sorbent assay and Western blot, and can achieve higher resolution 
and mass accuracy. However, appropriate methods for specific pro-
teins are still necessary.35 PRM can simultaneously monitor the pro-
teomics of entire products of each target peptides, and can filter out 
all other peptides and proteins in the sample with fewer parameters 
that need to be optimized, which are beneficial to a shorter detec-
tion time.36 However, due to the labour and costs, the total number 
of the proteins that can be targeted and validated is limited. Hence, 
PRM is more suitable to analyse the candidate biomarkers in a spe-
cific disease.

5  | CONCLUSION

In summary, we used DIA combined with targeted validation of PRM 
and obtained three potential protein biomarkers (sCD14, FGA and 
PGLYRP2) for combinatorial modelling analysis. In the MDR-TB and 
DS-TB groups, we found that the sensitivity and specificity of the 
ROC curve were 81.2% and 90%, and the AUC value was 0.934, 
which was higher than the single protein models. Our results laid the 
foundation to develop the new methods for MDR-TB diagnosis and 
may contribute to elucidate underlying mechanisms of MDR-TB. Our 
study also illustrated the appropriate application of proteomics in 
the field of disease biomarkers and may be helpful in the future re-
search of TB pathology-related functions. We believe that the future 
application of proteomics in the field of biomarkers will be extended 
and will help us better understand the mechanisms underlying the 
disease.

ACKNOWLEDG EMENTS
We thank all the subjects enrolled in this study and especially Zheng-
Jiang Li from the First Hospital of Jiaxing for collecting serum sam-
ples. This work was supported by grants from the Natural Science 
Foundation of Guangdong Province (2017A030311014), the 
National Natural Science Foundation of China (81772266), and the 
Guangzhou Science and Technology Project (201804010369).

CONFLIC T OF INTERE S T
The authors declare that there are no conflicts of interests.

AUTHOR CONTRIBUTION
Jing Chen: Data curation (equal); Formal analysis (lead); Investigation 
(lead); Methodology (equal); Visualization (equal); Writing-original 
draft (lead); Writing-review & editing (equal). Yushuai Han: Data 
curation (supporting); Formal analysis (equal); Investigation (equal); 
Methodology (equal); Validation (equal). Wen-Jing Yi: Software 
(equal). Huai Huang: Software (equal). Zhi-Bin Li: Validation (lead). 
Liying Shi: Investigation (equal). Liliang Wei: Investigation (equal). 
Yi Yu: Software (supporting); Validation (supporting). Tingting 
Jiang: Funding acquisition (equal); Supervision (equal). Ji-Cheng Li: 

Conceptualization (equal); Funding acquisition (equal); Methodology 
(equal); Resources (equal); Writing-review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Jing Chen   https://orcid.org/0000-0001-9613-8458 

R E FE R E N C E S
	 1.	 Horsburgh CJ, Barry CR, Lange C. Treatment of tuberculosis. N Engl 

J Med. 2015;373(22):2149-2160.
	 2.	 Zhao Y, Xu S, Wang L, et al. National survey of drug-resistant tuber-

culosis in China. N Engl J Med. 2012;366(23):2161-2170.
	 3.	 Zürcher K, Ballif M, Fenner L, et al. Drug susceptibility testing and 

mortality in patients treated for tuberculosis in high-burden countries: 
a multicentre cohort study. Lancet Infect Dis. 2019;19(3):298-307.

	 4.	 Theron G, Peter J, Dowdy D, Langley I, Squire SB, Dheda K Do high 
rates of empirical treatment undermine the potential effect of new 
diagnostic tests for tuberculosis in high-burden settings? Lancet 
Infect Dis. 2014;14(6):527-532.

	 5.	 World Health organization. Global Tuberculosis Report. 2018. 
https://www.who.int/tb/publi​catio​ns/global_repor​t/Main_tex-
t_21Sep​t2018_v1.1.pdf

	 6.	 Huang F, van den Hof S, Qu Y, et al. Added value of comprehen-
sive program to provide universal access to care for sputum 
smear-negative drug-resistant tuberculosis, China. Emerg Infect Dis. 
2019;25(7):1289-1296.

	 7.	 Huang H, Han YS, Chen J, et al. The novel potential biomarkers for 
multidrug-resistance tuberculosis using UPLC-Q-TOF-MS. Exp Biol 
Med (Maywood). 2020;245(6):501-511.

	 8.	 Boehme CC, Nicol MP, Nabeta P, et al. Feasibility, diagnostic accu-
racy, and effectiveness of decentralised use of the Xpert MTB/RIF 
test for diagnosis of tuberculosis and multidrug resistance: a multi-
centre implementation study. Lancet. 2011;377(9776):1495-1505.

	 9.	 Kendall EA, Schumacher SG, Denkinger CM, Dowdy DW Estimated 
clinical impact of the Xpert MTB/RIF ultra cartridge for diagno-
sis of pulmonary tuberculosis: A modeling study. PLoS Medicine. 
2017;14(12):e1002472.

	10.	 Liu J, Jiang T, Wei L, et al. The discovery and identification of a can-
didate proteomic biomarker of active tuberculosis. BMC Infect Dis. 
2013;13:506.

	11.	 Engwegen JY, Gast M-CW, Schellens JHM, Beijnen JH Clinical pro-
teomics: searching for better tumour markers with SELDI-TOF mass 
spectrometry. Trends Pharmacol Sci. 2006;27(5):251-259.

	12.	 He B, Shi J, Wang X, Jiang H, Zhu HJ Label-free absolute protein 
quantification with data-independent acquisition. J Proteomics. 
2019;200:51-59.

	13.	 Xu DD, Deng DF, Xiang L, et al. Discovery and identification of serum 
potential biomarkers for pulmonary tuberculosis using iTRAQ-cou-
pled two-dimensional LC-MS/MS. Proteomics. 2014;14(2-3):322-331.

	14.	 People’s Republic of China state health and Family Planning 
Commission. Diagnostic criteria for tuberculosis (WS 288—2017). 
Elect J Emerg Infect Dis. 2018;3(01):59-61.

	15.	 Tuck MK, Chan DW, Chia D, et al. Standard operating procedures 
for serum and plasma collection: early detection research network 
consensus statement standard operating procedure integration 
working group. J Proteome Res. 2009;8(1):113-117.

	16.	 Liu Y, Ndumnego OC, Chen T, et al. Soluble CD14 as a diagnos-
tic biomarker for smear-negative HIV-associated tuberculosis. 
Pathogens. 2018;7(1):26.

https://orcid.org/0000-0001-9613-8458
https://orcid.org/0000-0001-9613-8458
https://www.who.int/tb/publications/global_report/Main_text_21Sept2018_v1.1.pdf
https://www.who.int/tb/publications/global_report/Main_text_21Sept2018_v1.1.pdf


     |  12549CHEN et al.

	17.	 Su GL, Simmons RL, Wang SC. Lipopolysaccharide binding pro-
tein participation in cellular activation by LPS. Crit Rev Immunol. 
1995;15(3-4):201-214.

	18.	 Hoheisel G, Zheng L, Teschler H, Striz I, Costabel U. Increased 
soluble CD14 levels in BAL fluid in pulmonary tuberculosis. Chest. 
1995;108(6):1614-1616.

	19.	 Achkar JM, Cortes L, Croteau P, et al. Host protein biomarkers iden-
tify active tuberculosis in HIV uninfected and co-infected individu-
als. EBioMedicine. 2015;2(9):1160-1168.

	20.	 Saha S, Qi J, Wang S, et al. PGLYRP-2 and Nod2 are both required 
for peptidoglycan-induced arthritis and local inflammation. Cell 
Host Microbe. 2009;5(2):137-150.

	21.	 Saha S, Jing X, Park SY, et al. Peptidoglycan recognition proteins 
protect mice from experimental colitis by promoting normal gut 
flora and preventing induction of interferon-gamma. Cell Host 
Microbe. 2010;8(2):147-162.

	22.	 Dabrowski AN, Conrad C, Behrendt U, et al. Peptidoglycan recogni-
tion protein 2 regulates neutrophil recruitment into the lungs after 
streptococcus pneumoniae infection. Front Microbiol. 2019;10:199.

	23.	 Rodríguez-Flores E, Campuzano J, Aguilar D, et al. The response 
of the fibrinolytic system to mycobacteria infection. Tuberculosis. 
2012;92(6):497-504.

	24.	 Wang C, Liu CM, Wei LL, et al. A group of novel serum diagnostic bio-
markers for multidrug-resistant tuberculosis by iTRAQ-2D LC-MS/
MS and solexa sequencing. Int J Biol Sci. 2016;12(2):246-256.

	25.	 Mateos J, Estévez O, González-Fernández A, et al. High-resolution 
quantitative proteomics applied to the study of the specific pro-
tein signature in the sputum and saliva of active tuberculosis pa-
tients and their infected and uninfected contacts. J Proteomics. 
2019;195:41-52.

	26.	 Vondenhoff GH, Van Aerschot A. Aminoacyl-tRNA syn-
thetase inhibitors as potential antibiotics. Eur J Med Chem. 
2011;46(11):5227-5236.

	27.	 Datt M, Sharma A. Novel and unique domains in aminoacyl-tRNA 
synthetases from human fungal pathogens Aspergillus niger, 
Candida albicans and Cryptococcus neoformans. BMC Genom. 
2014;15(1):1069.

	28.	 Gudzera OI, Golub AG, Bdzhola VG, et al. Discovery of potent an-
ti-tuberculosis agents targeting leucyl-tRNA synthetase. Bioorg 
Med Chem. 2016;24(5):1023-1031.

	29.	 Lim PS, Chang YK, Wu TK. Serum lipopolysaccharide-binding pro-
tein is associated with chronic inflammation and metabolic syn-
drome in hemodialysis patients. Blood Purif. 2019;47(1-3):28-36.

	30.	 Caccamo N, Dieli F. Inflammation and the coagulation system 
in tuberculosis: tissue factor leads the dance. Eur J Immunol. 
2016;46(2):303-306.

	31.	 Tabb DL, Vega-Montoto L, Rudnic PA, et al. Repeatability and re-
producibility in proteomic identifications by liquid chromatogra-
phy-tandem mass spectrometry. J Proteome Res. 2010;9(2):761-776.

	32.	 Bruderer R, Bernhardt OM, Gandhi T, et al. Extending the limits of 
quantitative proteome profiling with data-independent acquisition 
and application to acetaminophen-treated three-dimensional liver 
microtissues. Mol Cell Proteomics. 2015;14(5):1400-1410.

	33.	 Kelstrup CD, Bekker-Jensen DB, Arrey TN, et al. Performance eval-
uation of the Q exactive HF-X for shotgun proteomics. J Proteome 
Res. 2018;17(1):727-738.

	34.	 Ludwig C, Gillet L, Rosenberger G, Amon S, Collins BC, Aebersold 
R Data-independent acquisition-based SWATH-MS for quantitative 
proteomics: a tutorial. Mol Syst Biol. 2018;14(8):e8126.

	35.	 Lam MP, Ping P, Murphy E. Proteomics research in cardio-
vascular medicine and biomarker discovery. J Am Coll Cardiol. 
2016;68(25):2819-2830.

	36.	 Peterson AC, Russell JD, Bailey DJ, Westphall MS, Coon JJ. 
Parallel reaction monitoring for high resolution and high mass 
accuracy quantitative, targeted proteomics. Mol Cell Proteomics. 
2012;11(11):1475-1488.

	37.	 Ma J, Chen T, Wu S, et al. iProX: an integrated proteome resource. 
Nucleic Acids Res. 2019;47(D1):D1211-D1217.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Chen J, Han Y-S, Yi W-J, et al. Serum 
sCD14, PGLYRP2 and FGA as potential biomarkers for 
multidrug-resistant tuberculosis based on data-independent 
acquisition and targeted proteomics. J Cell Mol Med. 
2020;24:12537–12549. https://doi.org/10.1111/jcmm.15796

https://doi.org/10.1111/jcmm.15796

