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Background: Here, we conducted a peptidomic study in murine model to identify novel antigen biomarkers for the diagnosis of
tuberculosis (TB) with improved performance.

Methods: Four recombinant proteins, including Mycobacterium tuberculosis protein 32 (MPT32), Mycobacterium tuberculosis
protein 64 (MPT64), culture filtrate protein 10 (CFP10), and phosphate ABC transporter substrate-binding lipoprotein (PstS1) were
expressed and intravenously injected into BALB/c mice. The serum were analyzed by liquid chromatography-tandem mass spectro-
metry (LC-MS/MS). The concentrations of candidate peptides in serum of suspected TB patients were determined using competitive
enzyme-linked immunosorbent assay.

Results: A total of 65 peptides from 4 MTB precursor recombinant proteins were identified in mouse serum by LC-MS/MS, of which 5
peptides were selected as candidates for serological analysis. The concentrations of peptides MPT64-2, CFP10-2 and PstS1-2 in TB patients
were significantly higher than those in non-TB patients. MPT64-2 exhibited the most promising sensitivity (81.4%), followed by PstS1-2
and CFP10-2. In addition, PstS1-2 had the highest specificity (93.3%), followed by CFP10-2 and MPT64-2. According to the area under the
curve (AUC), MPT64-2 (AUC = 0.863), PstS1-2 (AUC = 0.812) and CFP10-2 (AUC = 0.809) exhibited better diagnostic validity.
Conclusion: We develop an effective approach to identify new antigen biomarkers via LC-MS/MS-based peptidomics. Multiple
peptides exhibit promising efficacy in diagnosis of active TB patients.
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Introduction

Tuberculosis (TB) which is caused by Mycobacterium tuberculosis (MTB) complex with 9.9 million incidence cases and
1.30 million deaths recorded worldwide, remains one of the most serious public health concerns.! It is important to
develop rapid and accurate diagnosis of active TB and initiate of effective treatment in order to prevent onward
transmission of the disease.” Whereas many people with TB symptoms do not have access to adequate initial
diagnosis.' According to World Health Organization (WHO) reports, nearly 30% of incident cases remained undiagnosed
in 2019, highlighting that TB case detection continues to be challenging in clinical practice. Therefore, the major
advancements in TB diagnostics will be required to commit WHO END TB strategy by 2035.
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The conventional diagnosis of TB relies on detection of tubercle bacilli in clinical specimens, including smear
microscopy for acid-fast bacilli and mycobacterial culture.* Smear microscopy is a rapid and simple tool for diagnosing
TB cases, and the disadvantage is that the sensitivity is low and it is impossible to distinguish MTB from nontuberculous
mycobacteria.” Mycobacterial culture is considered the “gold standard” for diagnosing TB and it is more analytically
sensitive than smear microscopy. However, it takes 8 weeks to yield culture results due to the slow growth rate of MTB.?
The long turnaround time in laboratory medicine hence can worsen the quality of TB patient care. Several molecular
diagnostics have been developed to assist the diagnosis of pulmonary and extrapulmonary TB, including GeneXpert
MTB/RIF assay.®’ Although the speed of diagnosis and clinical sensitivity of multiple specimen types have been
improved,®® these trials have low clinical sensitivity to cases of paucibacillary TB. Another obvious limitation of
molecular diagnostics is that they could not distinguish between live and dead tubercle bacilli,” which should not be
applied to monitor response to anti-TB treatment. Hence, new rapid diagnostic methods with improved performance are
urgently required to promote the rapid identification of pulmonary and extrapulmonary TB.

To address the identified shortcomings of current diagnostics, the WHO gave priority to developing a non-sputum-based
biomarker test in 2014."° A commercial assay is employed to detect of urine mycobacterial lipoarabinomannan (LAM)
antigen for diagnostics of pulmonary TB.'""'? Owing to its poor diagnostic accuracy in HIV-naive populations, this assay was
conditionally endorsed in HIV-positive patients with a low CD4 count'*. Recently, Chang Liu et al identified Mtb-specific
peptide fragments in serum and develop a NanoDisk-MS method to diagnosis active TB with high sensitivity and specificity.'*
NanoDisk-MS is a blood-based biomarker detection method and holds promise for the diagnostics of pulmonary TB in the
primary evaluation.'*'> By targeting 10-kDa MTB-derived culture filtrate protein 10 (CFP-10) and 6-kDa early secreted
antigenic target (ESAT-6) in serum samples, the method could accurately distinguish between active and non-TB cases with an
overall sensitivity of 88% and a specificity of 96%.'* The need for sophisticated pre-processing and matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) instrument has become a major constraint to use
NanoDisk-MS as a point-of-care test in many resource-limited settings. Nevertheless, these novel assays highlight the
potential use of MTB specific peptides as TB biomarkers towards the WHO’s non-sputum TB diagnostic assay.

MTB robustly secretes multiple proteins either to the extracellular environment or directly into the host cell that are
required for growth during infection.'®!” For example, CFP10 are actively secreted and can be detected early after MTB
infection, implying that its presence in serum can be used to diagnose active Mtb infection.'®'® MTB protein 64
(MPT64) is a 24-kDa important mycobacterial secreted protein. Many studies showed that MPT64 exhibits good
diagnostic efficiency for MTB.?*' Phosphate ABC transporter substrate-binding lipoprotein (PstS1) is a member of
ABC transporters family and can be found intracellularly and extracellular. Alcaide et al developed a Multiplex Real-
Time PCR assay for the quantitative detection of whaiB3 and PstSI and the results revealed high sensitivity and specificity
especially for diagnosis of smear negative pulmonary TB.>> MTB protein 32 (MPT32) is a well- characterized secreted
Mtb protein and can strongly induce the immunoreactivity. It may be a useful candidate in the development of vaccines
and diagnostics.”® These proteins comprise fundamental antigen biomarkers for novel diagnostic assays. When entering
into the host niche, these exogenous proteins are naturally processed by antigen-presenting cells.'” Considering that this
spontaneous procedure is catalyzed by enzyme cocktails,>* the specific cleavage site recognized by human protease will
lead to the presence of predominant peptides circulating in blood throughout the course of TB disease, and these
predominant peptides could be recognized as biomarkers for early diagnosis of TB patients. To address this question, four
major secreted proteins during MTB replication, CFP10, MPT64, MPT32, and PstS1 were recombinantly expressed and
analyzed for degraded peptidomic in serum of murine model to identify novel antigen biomarkers for the diagnosis of
TB. Then, the diagnostic performance of these peptides was evaluated in a cohort of pulmonary TB patients.

Materials and Methods

Recombinant Protein Expression

The workflow of this study is depicted in Figure 1. The coding sequences of 4 recombinant proteins, including CFP10,
MPT32, MPT64, and PstS1, were synthesized by Sangon Biothech (Shanghai, China) with 6xHis tag incorporation, and
were cloned into pET-28b vectors (Novagen, CA, USA) as previously described.”> The recombinant proteins were
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Figure | A schematic of the experimental design. First, recombinant MTB secreted proteins were expressed and purified. Then those proteins were intravenously injected
in the tail vein of BALB/c mice and serum was separated and processed for LC-MS/MS analysis. Based on the frequency appeared in the results of LC-MS/MS and antigenicity
analysis, 5 peptides from MPT64, CFPI0, PstS| and MPT32 were selected for serological analysis. Directed competitive ELISA were used for detection of those 5 peptides
degraded from MTB secreted proteins in serum. ROC with 95% confidence intervals (Cl) were used to analyze the diagnostic validity.

expressed using Escherichia coli Rosetta (DE3) cells. After purification with High Affinity Ni-NTA resin (Qiagen,
Valencia, CA, USA), the protein concentrations were examined using a non-interference protein assay kit (Sangon
Biotech, Shanghai, China). Four purified recombinant proteins were assessed by SDS-PAGE with >95% purity and
lyophilized and stored at —80°C refrigerator. Prior to animal experiments, the proteins were dissolved in normal saline at
0.25 mg/mL.

Animal

Twelve BALB/c male mice aged 6 weeks (19-21 g) were ordered from Beijing Vital River Laboratory Animal
Technology Co. Ltd (Beijing, China). The animals were housed in four groups under a temperature-controlled animal
room (22-25°C) with a 12-hour light/12-hour dark cycle for at least five days before experiments. Mice were randomly
assigned to each experimental group. Two hundred microlitre of protein solutions (50 pg) in normal saline were injected
into the mouse caudal vein, whereas 0.2 mL of normal saline were used as control. The mice were euthanatized 24 h after
injection, and mouse peripheral blood was collected from the inferior vena cava. After centrifugation at 2000 x g for 10
min, the serum was harvested and stored in a —80°C freezer for further peptidomic study. The animal study was reviewed
to compliance with Guidelines for the ethical review of laboratory animal welfare of People’s Republic of China National
Standard (GB/T 35892-2018) and approved by the Experimental Animal Committee of Beijing Chest Hospital affiliated
to Capital Medical University (2020-022).

LC-MS/MS Analysis and Data Processing

The serum samples were firstly processed with ProteoExtract Albumin/IgG Removal Kit (Merck, Germany) to remove
high abundant albumin and immunolgobulin G as the manufacturer’s instructions. Then the serum pools were ultra-
filtered through Millipore 10 KD filters (Merck Millipore, Germany). The peptides were reduced using 5 mM dithio-
threitol at 37°C for 45 min and alkylated using 10 mM iodoacetamide at room temperature keep away from light for 30
min. All the peptide mixtures were concentrated using a Speed-vac centrifuge (Eppendorf, Germany), dissolved in 0.1%
formic acid, and analyzed in an ultra-performance liquid chromatograph (UPLC) system (Waters, Milford, MA) coupled
with an LTQ Orbitrap Velos mass spectrometer (ThermoFisher Scientific, Waltham, MA) as previously reported.**?’

Proteome Discoverer software (version 2.4.0.305, Thermo Fisher Scientific, Waltham, MA) were used to process the raw
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data with search algorithms SEQUEST (version 1.3, Thermo Fisher Scientific, Waltham, MA) against Mycobacterium
tuberculosis (strain ATCC 25618/H37Rv) database from Swiss-Prot database (release 2021 04). All the serum samples
from the same condition were pooled and the LC-MS/MS analysis was performed in three technical replicates.

Peptide Synthesis and Polyclonal Antibody Preparation

The sequences of peptides with high frequency in the results of LC-MS/MS were sent to Genscript (Nanjing, China) for
antigenicity analysis by GenScript OptimumAntigen’™ design tool and synthesis. Polyclonal antibodies were produced
in New Zealand rabbit and IgG were purified by Genscript (Nanjing, China) for further analysis.

Participants

Patients who seek health care in the Beijing Chest Hospital in China between December 2019 and January 2020
were enrolled in this study. Each person was classified into one of three diagnostic categories following the
Diagnosis for Pulmonary Tuberculosis (WS288-2017) Guidelines: (i) confirmed TB patients: clinical TB symptoms
with at least one sputum sample culture- and/or Xpert-positive for MTB; (ii) clinically diagnosed TB patients:
clinical TB symptoms without any positive laboratory evidence by culture and Xpert plus clinical response to anti-
TB treatment; (iii) non-TB patients: no evidence of TB based on laboratory and clinical examinations. Two
milliliters of blood were collected from each patient, and centrifugated at 2000 x g for 10 min to separate serum.
The serum samples were stored at —80°C refrigerator immediately. Demographic and clinical characteristics were
obtained by reviewing the medical records. This study was approved by the Ethics Committee of the Beijing Chest
Hospital, affiliated to Capital Medical University (2020-030). The patients provided the signed informed consent

prior to enrolment.

Direct Competitive Enzyme-Linked Immunosorbent Assay (ELISA)

The competitive ELISA was performed as previously described with slight modifications.”® Briefly, polystyrene microtiter
plates were coated with 400 ng polyclonal IgG obtained from rabbits immunized by polypeptides in pH 9.6 carbonate-
bicarbonate buffer overnight at 4°C. After three washes with phosphate buffer saline with 0.5% Tween 20, 300 pL of 5%
skim milk were used to block remaining protein-binding sites. 50 pL diluted serum samples (1:2) were added to the wells,
and 50pL proper diluted polypeptide coupled with horseradish peroxidase (HRP) using EZ-Link Plus Activated Peroxidase
Kit (Thermo Scientific, Rockford, IL, USA) were added as quickly as possible. Then mix thoroughly, and the plates were
incubated for 2 h at room temperature. After three washes, TMB substrate solution were added and the reactions were
incubated for 30 min in dark. Then, 50 uL of 2 M H,SO,4 was added to stop the reactions and optical density (OD) values
were read at 450nm by a microplate reader. A standard curve was prepared meantime by plotting standard peptides
(Genscript, Nanjing, China) concentration on x-axis versus OD values on the y-axis to determine the antigen concentrations
of unknown tested samples. All tests were performed in triplicate on each plate.

Statistical Analysis

Chi-square test and odds ratios (OR) with 95% confidence intervals (95% CI) were used to explore the relationship
between TB patients and non-TB patients with age and sex. The data analysis of hematology parameters and ELISA was
used Microsoft Excel 2011 and GraphPad Prism 6.0 using 2-tailed unpaired student ¢ test if data were normally
distributed. Non-parametric Mann—Whitney U-test was used for data that were not normally distributed. Results are
shown as mean # standard deviations (SD). P < 0.05 were considered statistically significant. A receiver operating
characteristic analysis (ROC) was conducted using GraphPad Prism 6.0. The cut-off values of the positive tests were set
as those maximized the Youden’s J Index. Sensitivity was defined as true-positives/(true-positives+ false-negatives).
Specificity was defined as true-negatives/(true-negatives+ false-positives).
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Results
Identification of MTB-Specific Peptides in Mouse Serum by LC-MS/MS

After intravenous injection into BALB/c mice, serum specimens were collected 24 hours after injection for mass
spectrometry analysis. A total of 65 peptides from 4 MTB precursor recombinant proteins were identified in mouse
serum by LC-MS/MS (Table S1). 27 peptides from MPT32, 9 peptides from MPT64, 24 peptides from PstS1 and 5 from
CFP10 were identified respectively. The numbers of amino acids in the target peptides ranged from 4 to 50.

Demographic and Clinical Characteristics of Enrolled TB Patients and Non-TB Patients
A total of 43 pulmonary TB patients and 30 non-TB patients were included in our analysis. There was no significant
difference in age between two groups. In contrast, males were more common in TB patients than in non-TB group
(P=0.028). 46.5% of TB patients were diagnosed on the basis of laboratory evidence, whereas the remaining 53.5%
patients were only diagnosed on the presence of clinical symptoms.

To gain a comprehensive understanding of blood background of enrolled patients, the related biochemical clinical
factors and blood cytology index used in routine clinical care were also collected and compared. The pulmonary TB
patients had characteristic changes in blood parameters (Tables S2 and S3).

Serum Levels of Mtb-Specific Peptides in Pulmonary TB Patients

Based on the results of LC-MS/MS and antigenicity analysis, 5 peptides from MPT64, CFP10, PstS1 and MPT32 were selected
as candidates for serological analysis (Table S4, Figure S1). Standard calibration curves for antigen quantitation were generated
by ELISA using standard peptides respectively. As shown in Figure 2, the 5 peptides in pulmonary TB patients’ serum could be
recognized by corresponding polyclonal antibodies respectively. The results of directed competitive ELISA with peptides
MPT64-2, CFP10-2, PstS1-2 and corresponding antibodies showed that there were significant differences between two cohorts.

Accuracy of MTB-Specific Peptides for Diagnosis of Pulmonary TB
ROC with 95% confidence intervals (CI) was used to analyze the results (Table 1 and Figure 3A). MPT64-2 exhibited the
most promising sensitivity (81.4%; 95% CI, 66.6%-91.6%), followed by PstS1-2 (67.4%; 95% CI, 51.3%-80.5%) and
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Figure 2 Comparative analysis of MPT64, CFP10, PstS| and MPT32 ELISA. A total of 73 serum samples were used for ELISA analysis, including 43 from patients with
pulmonary TB and 30 from non-TB patients. ***, P<0.0001.
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Table | Diagnostic Validity of MPTé4-2, CFP10-2 and PstS|-2 Direct Competitive ELISA with Human Serum Samples
Direct Competitive Samples, No % (95% CI)
ELISA
Pulmonary TB (n=43) Non-TB (n=30)
True False True False Sensitivity Specificity
Positive Negative Negative Positive
MPT64-2 35 8 25 5 81.4 (66.6-91.6) 83.3 (65.3-94.4)
CFP10-2 26 17 26 4 60.5 (44.4-75.0) 86.7 (69.3-96.2)
PstSI-2 29 14 28 2 67.4 (51.3-80.5) 93.3 (76.5-98.8)
MPT64-2- CFP10-2° 23 20 29 | 53.5 (37.8-68.5) 96.7 (80.9-99.8)
MPT64-2+ CFP10-2° 38 5 22 8 88.4 (74.1-95.6) 73.3 (53.8-87.0)
MPT64-2- PstS|-2¢ 26 17 30 0 60.5 (44.5-74.6) 100 (85.9-100)
MPT64-2- PstS1-2¢ 38 5 23 7 88.4 (74.1-95.6) 76.7 (58.3-89.4)

Notes: *The positive results are defined as “MPT64-2 and CFP10-2 are all positive”. ®The positive results are defined as “MPTé4-2 is positive or CFP10-2 is positive”. “The
positive results are defined as “MPT64-2 and PstS|-2 are all positive”. “The positive results are defined as “MPT64-2 is positive or PstSI-2 is positive”.

CFP10-2 (60.5%; 95% CI, 44.4%-75.0%). In contrast, PstS1-2 had the highest specificity (93.3%; 95% CI, 76.5%—
98.8%), followed by CFP10-2 (86.7%; 95% CI, 69.3%-96.2%) and MPT64-2 (83.3%; 95% CI, 65.3%-94.4%). We also
analyzed the diagnostic accuracy of the combined use of peptide MPT64-2 and CFP10-2 or PstS1-2, respectively; but it
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Figure 3 Receiver operating characteristic analysis (ROC) of MPT64-2, CFP10-2 and PstS1-2 (A) and one to one match results between laboratory evidence and ELISAs
(B). Solid circle: TB patients with positive results by GeneXpert; hollow circle, TB patients with negative results by GeneXpert.
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could not improve the sensitivity and specificity simultaneously. According to the area under the curve (AUC), MPT64-2
(AUC = 0.863, P<0.0001) had better diagnostic validity. A one-to-one match between laboratory evidence and ELISAs
were conducted (Figure 3B) and the integrated results of GeneXpert, MPT64-2 ELISA, CFP10-2 ELISA and PstS1-2
ELISA showed that only 2 sample (2/43, 4.65%) was demonstrated as negative by all methods. And there were no
significant differences in the levels of serum MTB-specific peptides between TB patients on the basis of laboratory
evidence or clinical symptoms.

Discussion

The diagnosis of active TB patients remains challenging despite years of efforts, especially for patients with pauciba-
cillary TB. Novel biomarkers are urgently required for point of care TB diagnostics.'* In this study, we firstly developed
an effective approach to identify new antigen biomarkers via mass spectrometry-based peptidomics. Our preliminary
results revealed that the predominant fraction of the peptides in the experimental animal model came from mouse. This is
not surprising, since the serum serves as reservoir for large quantities of peptides that are released by degradation of
proteins in mouse blood. As a consequence, the identification of proteolytic peptides from low-abundance protein is
generally hampered by the presence of the more abundant protein in serum, such as albumin, immunoglobulins,
transferrin, and lipoproteins.?’ Tuberculosis secreted proteins that gain access to the blood circulation is likely in a
low abundance in infected human, thus the amounts of tuberculosis peptides are beyond the detection limits of the mass
spectrum. Although the utilization of high-resolution mass spectrometer help enhancing detection of low-abundance
peptides, issues related to low reproducibility of these peptides remains open. Using a mouse model, we showed that the
intravenous injection of candidate proteins could significantly amplify the production of MTB-specific peptides circulat-
ing in peripheral blood. Whereas the immune system, metabolic process, stress response, and the activity of some genes
varies between mice and human, we should take into account systematic difference between species but mouse is still an
excellent model for aspects of human biology.** > Our approach had the benefit of directly identifying antigen
biomarkers of exogenous pathogens. Importantly, further validation of these peptides suggested that human and mouse
share a very similar pattern of protein degradation system, thereby boosting its potential feasibility for identify antigen
biomarkers of infectious diseases.

In the present study, a set of MTB-specific antigens were identified in mouse serum, as well as serum samples from
active TB patients. ROC curve analysis demonstrated that MPT64-2 could diagnose active TB patients with a good
performance (AUC = 0.863), despite it was not the most frequently detected peptide in animal model. This discrepancy
could be due to the diversity between mice and human and the affinity between antibody and antigen. Peptides derived
from exogenous antigens and were generated by proteasomal degradation. The duration of this intermediate phase of
antigen cross-presentation can vary between different experimental systems, types of dendritic cells (DCs), and matura-
tion stimuli.>® In most cases, it lasts at least 16-20 h before cross-presentation is shut down 20-24 h after the initiation of
DC activation.>® So, we selected 24h after intravenous injection in this study. However, the antigen-derived peptides may
be changed over time due, which may influence the sensitivity and specificity of selected peptides. Moreover, a
proteomics study by Malen et al showed that MPT64 and its homologs constituted a major part of the exported proteins
from MTB H37Rv.>* We speculate that the higher MPT64 excretion is positively associated with the higher numbers of
degraded peptides compared with CFP10 and PstS1, thereby resulting in increased diagnostic accuracy. Notably, the
combined use of MPT64-2 and CFP-10 or MPT64-2 and PstS1-2 did not significantly improve the sensitivity for
detection of active TB patients, reflecting the substantial diagnostic overlap between two biomarkers. In view of our
preliminary data, future research should pay more attention to identify peptides derived from highly abundant secreted
protein.

The need for a rapid, simple and affordable point-of-care test (POCT) for tuberculosis remains unmet despite great
advances in molecular diagnostics. Our clinical performance results have the potential to meet the WHO sensitivity
(>65%) and specificity (>87%) targets for a non-sputum-based test in detecting tuberculosis.'® In addition, this antigen-
based method has several advantages over traditional methods. On one hand, sputum-bacilli tests require sufficient
bacilli-containing sputum samples;*> however, they are difficult to obtain, especially from subclinical TB patients and
children.>®*” Therefore, the detection of MTB-specific antigen using serological immunofluorescent assays outperform
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the traditional methods in the accessibility of specimens for sputum-scarce individuals within 1 hour, thus conceivably
helping reduce the delay before diagnosis and enable early treatment. On the other hand, the cost of diagnostic tests in an
important concern that appropriately influences the utilization for patients with symptoms suggestive of active TB. The
WHO has highlighted that a price target of US$ 4.00 would be affordable in the high-burden countries,'® which becomes
a cost barrier to widespread of molecular diagnostics. The serological tests based on MTB-specific antigen holds great
promise for achieving this target. Detection of MTB antigens in patient blood samples could provide direct evidence of
TB and the approach to detect peptides derived from MTB proteins rather than MTB full-length proteins fully take into
account the problem induced by endogenous proteasome degradation. Taken together, our results support the further
development and optimization of serological immunofluorescent assays based on MTB peptides to meet the WHO’s
target product profiles for new TB diagnostics.

The present study has several limitations. First, only polyclonal antibody rather than monoclonal antibody was used
for assessing the performance of novel biomarkers in our cohort. We believed that the monoclonal antibody would allow
an improvement in the sensitivity and specificity of antigen-based assays. Second, several previous studies demonstrated
that molecules circulating in the blood had a capacity to filter across the glomerular basement membrane of the kidneys
into urine.*® Of note, the concentration of LAM in urine, a major component of cell envelope in tubercle bacilli, was 10
times higher than that in serum.*®>° Thus, further confirmation is required for identifying the performance of MTB-
specific peptides in urine specimens. Third, we also found that the peptides from the four proteins existed distinct
abundance in each individual, which indicated that the antigen-presenting process varied in each TB-positive patient and
may influence the performance of antigen-derived peptides. Finally, we failed to confirm the association of the increased
bacterial load with higher antigen concentration. A plausible explanation for this finding is the varying capability in
secreting antigen across clinical MTB isolates. In addition, the sample size of our active TB cohort may be another
reason for poor correlation between antigen concentration and bacterial load of TB patients. Further study will be carried
out to validate our results.

In conclusion, we develop an effective approach to identify new antigen biomarkers via mass spectrometry-based
peptidomics. The intravenous injection of candidate proteins could significantly amplify the production of MTB-specific
peptides circulating in peripheral blood. In addition, multiple peptides exhibit promising efficacy in diagnosis of active
TB patients. Further studies are urgently needed to develop and optimize serological immunofluorescent assays based on
MTB peptides to meet the WHO’s target product profiles for new TB diagnostics.
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