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Introduction

In 2018, the World Health Organization reported 10 million new cases of tuberculosis and 1.2 million deaths around the world, making the disease a significant public health concern [START_REF]Global tuberculosis report[END_REF]. The diagnosis of pulmonary tuberculosis is currently based on the detection of M. tuberculosis complex by direct examination with microscopy or by detection of specific DNA sequences by PCR followed by isolation of the mycobacteria by culture.

Sputum contains a wide variety of proteins the composition of which most closely reflects the condition of the lungs. Another advantage is that sputum is easy to sample in a non-invasive way [START_REF] Gray | Sputum proteomics in inflammatory and suppurative respiratory diseases[END_REF]. Numerous studies have analysed the protein profile of sputum to identify protein markers as a new alternative diagnostic method [START_REF] Paone | Blood and sputum biomarkers in COPD and asthma: a review[END_REF][START_REF] Dong | Sputum and salivary protein biomarkers and point-of-care biosensors for the management of COPD[END_REF]. The vast majority of proteomic studies of sputum have been conducted in patients with inflammatory diseases including asthma and chronic obstructive pulmonary disease (COPD) but rarely in patients with lung infections [START_REF] Wheelock | Application of 'omics technologies to biomarker discovery in inflammatory lung diseases[END_REF]. Several authors suggested that specific protein profiles could represent the signature of pulmonary tuberculosis [START_REF] Fu | Proteomic analysis of sputum in patients with active pulmonary tuberculosis[END_REF][START_REF] Bishwal | Sputum Proteomics Reveals a Shift in Vitamin D-binding Protein and Antimicrobial Protein Axis in Tuberculosis Patients[END_REF][START_REF] Mateos | Highresolution quantitative proteomics applied to the study of the specific protein signature in the sputum and saliva of active tuberculosis patients and their infected and uninfected contacts[END_REF].

The objective of this study was to evaluate the feasibility and diagnostic contribution of protein profiling using MALDI-TOF MS when directly applied to sputum from patients with confirmed pulmonary tuberculosis, patients with lower respiratory tract infections other than tuberculosis, and patients with no lower respiratory tract infection in whom tuberculosis had been excluded (controls). We hypothesised that rapid routine and blind MALDI-TOF MS analysis could accurately distinguish these three populations.

Methods

Study population

The population was recruited between January 2019 and June 2020 among hospitalized patients at the IHU, and who were suspected of having pulmonary tuberculosis at the time of admission.

In line with the WHO recommendations for screening for tuberculosis [9], the population included subjects with clinical symptoms suggestive of pulmonary tuberculosis, as well as subjects with an epidemiological context putting them at risk of pulmonary tuberculosis, including people who were in close contact with patients with confirmed tuberculosis, people living with HIV, and people who were immunosuppressed.

Based on the final diagnosis, patients were divided into three groups: (1) the pulmonary tuberculosis group (PTB), in which pulmonary tuberculosis had been confirmed by direct microscopic examination and/or Gene Xpert ® MTB-RIF and/or culture; (2) the lower respiratory tract infections other than tuberculosis (non-TB-LRTI) group, including patients with an LRTI whose tuberculosis tests had all been negative and who received a final diagnosis of pneumonia or exacerbation of COPD with a secondary infection; and (3) non-tuberculosis, non-LRTI (non-TB control) group including patients whose tuberculosis tests were all negative and had excluded any LRTIs. A flow diagram of the study is presented in Supplementary Figure 1. Details of these three groups are shown in Supplementary Table S1.

Clinical samples

Sputum samples were collected as part of the routine diagnostic activity for pulmonary tuberculosis at our clinical microbiology laboratory (IHU). Sputum specimens were collected in accordance with the relevant guidelines and regulations [START_REF] El Khéchine | Diagnosis of pulmonary tuberculosis in a microbiological laboratory[END_REF]. Microscopic detection of acid-fast bacilli (AFB) was performed by laboratory technicians using a commercially available kit featuring Kinyoun staining (RAL Diagnostics, Toulouse, France). Sputum specimens were inoculated onto C-Top COSMO medium (Eurobio SA, Les Ulis, France) after decontamination.

GeneXpert ® MTB/RIF (Cepheid, Sunnyvale, CA, United-States) was used to detect tuberculosis mycobacteria and rifampicin resistance genes in sputum, according to the manufacturer's recommendations.

The remaining sputum material was kept into a dry, sterile container and stored at -80°C until processing for mass spectrometry.

Mass spectrometry

For each sample, a volume of 2.0 μL of sputum was directly deposited on four wells (0.5 μL each well) of a MALDI 96 steel target, then dried at room temperature. Deposits were next coated with 1.0 μL of CHCA matrix solution (α-cyano-4-hydroxycinnamic acid diluted into 500 μL of acetonitrile, 250 μL of HPLC grade water and 250 μL of 10% trifluoroacetic acid and).

The plate was dried at room temperature, then was placed into a Microflex LT MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). Each sputum sample generated four spectra issued from four deposits. Spectra were recorded within a mass range from 2 to 20 kDa.

Each spectrum was performed in four regions of the same spot and next automatically acquired using the AutoXecute acquisition control in FlexControl software 3.0 (Bruker Daltonics). The BioTyper-RTC v.3.0 software (Bruker Daltonics GmbH) was used to import all mass spectra. The calibration of the mass spectrometer was fully automatic and executed with a commercial solution (BTS: Bacterial Test Standard, Bruker Daltonics GmbH, Germany) and the strategy was completely automated (BioTyper-RTC). The quality criteria of the spectra were based on: (1) -

Bioinformatics analysis

All spectra were analysed using R version 4.0.2 [START_REF] Core | R foundation for Statistical Computing[END_REF][START_REF] Gibb | MALDIquant: a versatile R package for the analysis of mass spectrometry data[END_REF] (Supplementary data). Differences between the two analysed groups were evalued on the discriminant peak identification list using binary predictors. We executed a discriminant analysis between groups using the Binary Discriminant Analysis method [START_REF] Gibb | Differential protein expression and peak selection in mass spectrometry data by binary discriminant analysis[END_REF] for create the list of discriminant peaks for each specimen.

The sensitivity (Se) and specificity (Sp) were calculated by comparing the results of GeneXpert on the same sputum specimens used in the reference method.

Ethics

Mass spectrometry analysis was performed on sputum samples that were collected in the context of routine diagnosis. No additional samples were collected for this study. Clinical data were retrospectively retrieved from medical files and anonymised before analysis. Ethical approval was obtained from the Marseille Institutional Review Board and Ethics Committee (No. 2018-015).

Results

Characteristics of the population

A total of 102 patients were included. Thirty-five cases with confirmed PTB, 36 non-TB LRTI, and 31 non-TB controls were enrolled. Patient details are listed in Table 1 and Supplementary Table S1. PTB and non-TB controls were middle-aged patients, while non-TB LRTI patients were significantly older. The prevalence of clinical symptoms presented by patients varied significantly between groups. In the non-TB control group, 16/31 patients presented clinical symptoms. Most (28/36) patients with non-TB LRTI had acute community-acquired pneumonia.

Differentially expressed peptide peaks

All samples were analysed using MALDI-TOF-MS, and protein profiles were obtained from each sample in the range of 2-20 kDa. Three representative spectra of three groups are shown in Supplementary Figure 2. To distinguish sputum samples collected from PTB patients from the non-TB controls, a total of 86 protein peaks were retrieved from the sputum of 35 PTB patients and 31 non-TB controls. Of these 86 peaks, 11 were significantly different between the two groups (p< 0.05) (Supplementary Table S2).

To distinguish PTB from the non-TB LRTI sputum samples, a total of 92 protein peaks were retrieved from the sputum of 35 PTB patients and 36 non-TB LRTI patients. Of these 92 peaks, eight were significantly different between the two groups (p< 0.05) (Supplementary Table S3).

Protein peaks selected for the decision model of classification

Using the 25 most differentially expressed protein peaks, it was observed that the model distinguished between the PTB patients and the non-TB controls with a sensitivity of 97%, 95% confidence interval (CI) =[85%-100%] and a specificity of 77%, 95%CI=[59%-90%], (Youden index = 0.75) (Table 2 and Supplementary Figure 3 Da, 7348 Da, 3629 Da, 2786 Da and 3671 Da) had higher levels of intensity in the non-TB controls group (Figure 1). A single PTB patient (PTB22) did not clusterise with other PTB patients. This 21-year-old male patient originating from Senegal had a final diagnosis of pulmonary and pleural tuberculosis. This patient was negative for AFB under direct microscopic examination, but positive for M. tuberculosis using GeneXpert ® and sputum culture.

By using the 10 most differentially expressed protein peaks (Figure 2), we found that the model distinguished the PTB patients from the non-TB LRTI patients with a sensitivity of 80% [95%CI=63%-92%] and a specificity of 89% [95%CI=74%-97%], (Youden index= 0.69) (Table 3 and Supplementary Figure 4). Of the top 10 ranking peaks, seven (m/z values: 5687 Da, 5728 Da, 6821 Da, 4242 Da, 6948 Da, 3930 Da, and 5531 Da) had higher levels of intensity in the non-TB LRTI group, and three (m/z values: 4697 Da, 4160 and 4137 Da) had higher levels of intensity in the PTB group (Figure 2).

Evaluation of different diagnostic methods

The performance of the decision model using MALDI-TOF MS, staining methods and culture in comparison to GeneXpert ® is presented in Supplementary Tables 4 and5, along with their sensitivity, specificity, negative predictive value (NPV) values and positive predictive value (PPV). For PTB and non-TB control cases, the sensitivity /specificity was 97% (95%CI=[85%-100%])/77% (95%CI=[59%-90%]) for MALDI-TOF-MS using 25 peaks or when MALDI-TOF-MS and microscopic examination of sputum was combined, 74% (95%CI=[57%-88%])/100% (95%CI=[89%-100%]) for culturing and 74% (95%CI=[57%-88%])/100% (95%CI=[89%-100%]) for microscopic examination of sputum. The PPV was 83% (95%CI=[68%-93%]), 100% (95%CI=[87%-100%]) and 100% (95%CI=[87%-100%]), respectively, and the NPV was 96% (95%CI=[80%-100%]), 78% (95%CI=[62%-89%]) and 78% (95%CI=[62%-89%]), respectively.

For PTB and non-TB LRTI cases, the sensitivity /specificity was 80% (95%CI=[63%-92%])/89% (95%CI=[74%-97%]) for MALDI-TOF MS using 10 peaks, 74% (95%CI=[57%-88%])/100% (95%CI=[90%-100%]) for culturing and 74% (95%CI=[57%-88%])/100% (95%CI=[90%-100%]) for microscopic examination of sputum. The PPV was 88% (95%CI=[71%-96%]), 100% (95%CI=[87%-100%]) and 100% (95%CI=[87%-100%]), respectively, and the NPV was 82% (95%CI=[66%-92%]), 80% (95%CI=[65%-90%]) and 80% (95%CI=[65%-90%]), respectively. When microscopic examination and MALDI-TOF MS were combined, the sensitivity/ specificity was 94% (95%CI=[81%-99%])/89% (95%CI=[74%-97%]) and the PPV /NPV were 89% (95%CI=[75%-97%])/94% (95%CI=[80%-99%]).

By using the same method for classification, we compared the two non-TB groups with 25 most differentially expressed protein peaks. The results are shown in Supplementary Figure 5.

Discussion

Of the 102 patients included in this study (35 with confirmed PTB, 31 non-TB controls, and 36 non-TB LRTI), based on the 25 and 10 most differentially expressed protein peaks, we found that the models distinguished PTB patients from non-TB controls and from non-TB LRTI patients with a sensitivity of 97% and 80% and a specificity of 77% and 89%, respectively. The signal noise ratio threshold 2 was used allowing considering exhaustive peaks and increasing the ability to select peaks to analyze, as previously studied [START_REF] Texier | Insights Into Subspecies Discrimination Potentiality From Bacteria MALDI-TOF Mass Spectra by Using Data Mining and Diversity Studies[END_REF].

In the past, other studies [START_REF] Fu | Proteomic analysis of sputum in patients with active pulmonary tuberculosis[END_REF][START_REF] Bishwal | Sputum Proteomics Reveals a Shift in Vitamin D-binding Protein and Antimicrobial Protein Axis in Tuberculosis Patients[END_REF][START_REF] Mateos | Highresolution quantitative proteomics applied to the study of the specific protein signature in the sputum and saliva of active tuberculosis patients and their infected and uninfected contacts[END_REF] used more resolving methods and could not be applied to a routine diagnostic test. In our work, we did not study for proteomic biomarkers identification. We hypothesized that rapid routine and blinded MALDI-TOF analysis could precisely classify these 10 three groups of patients. We chose a method following as narrowly as possible the standard MALDI-TOF protocol that is used in routine diagnostic.

There are few studies on the use of MALDI-TOF MS directly from biological samples as a diagnostic tool in microbiology. One report showing that direct profiling of small proteins in cerebrospinal fluid (CSF) samples by MALDI-TOF MS may enable the diagnosis of enterovirus (EV) meningitis in comparison to positive and negative CSF samples for EV [START_REF] Torres | Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) proteomic profiling of cerebrospinal fluid in the diagnosis of enteroviral meningitis: a proof-of-principle study[END_REF].

We observed that the NPV of sputum MALDI-TOF MS analysis alone was higher (96%) than that of direct sputum microscopic examination and sputum culture for non-TB controls (78%).

The NPV of sputum MALDI-TOF MS analysis was only 82% for non-TB LRTI patients (compared to 80% for direct sputum microscopic examination and sputum culture). However, when sputum MALDI-TOF MS analysis and direct microscopic examination were combined, the NPV reached 94%. This result suggests that sputum MALDI-TOF MS analysis coupled with microscopic examination could be used as a screening tool for the diagnosis of PTB.

Our study has several limitations, including its small sample size and the fact that it was conducted on frozen samples. The total number of most differentially expressed peaks (10 and 25) may be considered as somewhat high, taking in account the number of patients in each group, but it should be underlined that our method considered both peaks specifically present or absent in any group. Also, we did not identify the specific biomarkers responsible for each peak or group of peaks. There were significant differences of age in the three groups of patients that may have represented a confounding factor. Nevertheless, our study was performed using noninvasive clinical samples from patients suspected of having pulmonary tuberculosis, did not require complex technical expertise and could be conducted by any laboratory personnel. In developing countries, the use of MALDI-TOF MS is limited due to the high price. Yet, when purchased as part of technology platforms with multiple uses in bacteriology, mycology and even entomology, the running costs are much less expensive including the cost of consumables and labour [START_REF] Chabriere | MALDI-TOF MS and point of care are disruptive diagnostic tools in Africa[END_REF][START_REF] Laroche | Medical Entomology: A Reemerging Field of Research to Better Understand Vector-Borne Infectious Diseases[END_REF].

Future studies on fresh sputum samples would be necessary to carry out to assess the optimal conditions of samples for routine diagnostic tests. Studies conducted on a larger sample of patients with confirmed PTB are needed to confirm our results. It would be of interest to include patients with non-tuberculosis Mycobacterium infections as control groups. Finally, there is a need to refine the performance of the method with more than one specimen from a patient at a given time and samples obtained during follow-up in treated patients.

Our study is based on very preliminary results and further investigation must be conducted to confirm the general principle and experimental improvements are needed to strengthen the method. Nevertheless we obtained encouraging first results suggesting that analysis of sputum protein profiles using MALDI-TOF MS directly on samples may enable PTB patients to be distinguished from non-TB patients with or without an LRTI with a good NPV. Because the rapid diagnosis of PTB remains a challenge, the further development of a simple-to-use, rapid and cost-effective tool based on the use of MALDI-TOF MS directly on the sputum would be an attractive screening test, in combination with direct microscopy, in central laboratory settings in future, if results are confirmed.
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Table 1 :

 1 Characteristics of the population in the study with the p-value resulting from the comparison of the three groups

	Characteristics	Pulmonary tuberculosis case	Non-tuberculosis controls	Non-tuberculosis lower respiratory tract infection	p-value
		N= 35 (%)	N= 31 (%)	N= 36 (%)	
	Gender				
	Male	30 (85.7)	22 (71.0)	27 (75.0)	
					0.33
	Female	5 (14.3)	9 (29.0)	9 (25.0)	
	Age, mean (years) ± SD	37.5±15.0	40.1±18.8	59.3±16.8	
					<0.000
	Age range	15 -78	15 -85	25 -87	
	Chronic respiratory disease	4 (11.4)	7 (22.6)	15 (41.7)	0.01
	Diabetic	1 (2.9)	2 (6.5)	6 (16.7)	0.1
	Cardiovascular disease	4 (11.4)	6 (19.4)	17 (47.2)	0002
	Cancer	0	4 (12.9)	5 (13.9)	0.08
	Immunosuppressed	1 (2.9)	9 (29.0)	9 (25.0)	0.01
	Smoker	19 (54.3)	13 (41.9)	18 (50.0)	0.60
	Alcoholism	12 (34.3)	3 (9.7)	6 (16.7)	0.04
	Clinical symptoms				
	General altered state	26 (74.3)	12 (38.7)	19 (52.8)	0.01
	Fever	18 (51.4)	13 (41.9)	29 (80.6)	0.003
	Night sweats	15 (42.9)	6 (19.4)	8 (22.2)	0.06

Table 2 :

 2 Sensitivity and specificity using the different number of differentially expressed peptide peaks between the tuberculosis cases and the non-tuberculosis controls
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