A recombinant chimeric antigen constructed with B-cell epitopes from Mycobacterium leprae hypothetical proteins is effective for the diagnosis of leprosy
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ABSTRACT

The accurate diagnosis if leprosy is difficult, as it requires clinical expertise and sensitive and specific laboratory tests. Leprosy diagnosis presents problems related to the difficulty to perform the clinic diagnosis, besides the variable sensitivity and/or specificity of the laboratorial tests. Serodiagnosis could be considered; however, a high-accuracy exam still does not exist. In the current study, we attempted to develop a serological ELISA test for leprosy. Using bioinformatics tools, we identified In this study, distinct specific B-cell epitopes from Mycobacterium leprae hypothetical proteins ML0369, ML0447, ML0959, and ML2346 and used these to construct were used to construct the gene codifyinga a recombinant chimeric protein, M1which was evaluated for leprosy diagnosis. We also synthesized the individual The own  B-cell epitope peptides. The M1 chimera and four individual peptides were evaluated in ELISA format with s were synthetized and also evaluated in ELISA panels of sera from patients with paucibacillary (PB) and multibacillary (MB) leprosy and their household contacts. Sera from healthy individuals and from individuals with other potentially serologically cross-reactive diseases (leishmaniasis, tuberculosis, Chagas disease, malaria, histoplasmosis and aspergillosis) were also tested for specificity. experiments by using 234 sera samples. Results showed thatthat the synthetic peptides could discriminate leprosy patients from the others, especially those developing MB, but showed lower sensitivity for PB. The M1 chimera protein mainly when they developed the multibacillary clinic form, while the recombinant protein was able to was recognized by sera from both MB and PB patients, with sensitivity (Se) and specificity (Sp) values of 100%, compared to sera from healthy subjects, and detect all patients´ sera with both multi- and paucibacillary forms. The sensitivity and specificity values were of 100% against samples from healthy subjects and Se =of 100% and Sp = 92.0%, respectively, compared ing to sera from patients with cross-reactive diseases. When uUsing sera samples from contacts, values for Se and Sp were sensitivity and specificity were of 100% and 65.3%, respectively. In summary, our proof-of-concept study has generated data that suggest that a new  As conclusion, preliminary data suggest that this new recombinant M1 chimeric protein antigen could be developed into considered as a a diagnostic antigen candidate for leprosy diagnosis.
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1. Introduction

Leprosy, also known as Hansen’s disease, is a chronic granulomatous infection and considered still a public health problem in many countries distinct regions of the world, mainly where where low levels of socio-economic conditions prevail, including parts of India al and economic conditions exist, such as India and Brazil [1,2]. The causative agent is Mycobacterium leprae, an acid-fast, Gram-positive bacillus that exists as an obligate intracellular parasite, and and the transmission from untreated carriers to naïve individuals occurs from via the upper respiratory airway through prolonged contact with untreated patients [3]. Early detection of Hansen’s disease is important to stop bacterial the transmission of M. leprae and to , as well as to prevent the occurrence of physical disfiguration and disability [4]. Diagnosis of However, leprosy diagnosis continues to be based on clinical manifestations, and this which requires clinicians with specific expertise to provide ascertain the a differential diagnosis from a variety of highly related diseases that present share similar skin and tissue disfigurements clinical manifestations with leprosy [5,6].	Comment by Myron Christodoulides: Insert reference [25] here as well.
Clinically, patients with up to five skin lesions are classified as paucibacillary (PB), while those with six or more lesions are categorized as multibacillary (MB). To aid in the clinical diagnosis and classification of the disease, Sslit-skin smears and histopathological assays are done to aid clinical diagnosis and classification of the diseasealso performed. However,Nevertheless, thethe  slit skin smear test has presents high specificity but low sensitivity, with a positive result classifying the patient as MB, regardless of the number of skin lesions. Early clinical stages of leprosy and milder forms of the disease (PB leprosy) are smear-negative and diagnostically the most challenging forms [6-8].
In this context, an early and precise tool for the diagnosings of leprosy will be essential in order toto interrupt the subclinical infection and disease transmission chain, and to as well as to prevent disfigurement and the development of disability developing in the patients [9]. Laboratory tests have been developed to diagnose leprosy include , which have been based on techniques, such as Polymerase Chain Reaction (PCR), Enzyme-Linked Immunosorbent Assay (ELISA) , and Rapid-Diagnostic Tests (RDTs). Unfortunately, ELISA and RDT lateral flow tests assays are associated with low sensitivity for PB leprosy [10,11]. Although PCR assays are associated with higher diagnostic accuracy, they come with several caveats, including the lack of standardization and no commercial product(s), and they require are not commercially available, require significant technical and laboratory expertise, they are are expensive, and they would be difficult to perform in most primary healthcare settings in low-middle income countries (LMICs).. In addition, studies showing a higher PCR accuracy used slit-skin smears or biopsy specimens, rather than less invasive samplings, such as blood and urine, for which PCR the sensitivity of PCR is low [8,12,13].
 Serological tests could help in diagnosing leprosy, and intensive efforts have been made to identify M. leprae antigenic proteins [14]. With the recent sequencing of the M. leprae genome, several distinct proteins have been evaluated for  with such diagnostic purposes [15,16], including . Thethe phenolic glycolipid I (PGL-I) was identified and has been evaluated in the diagnostic context [17-19] and , as well as in other glycoproteins and recombinant proteins, such as LID-1, LID-ND-O, and antigen 85B, amongst others [20-22]. Despite some progress, Progress has been made in the diagnosis of leprosy, although most antigen reactivity poses challenges primarily in the identification of PB cases or in differentiating patients from contacts. Those who have close interactions with leprosy patients are more susceptible to illness because they are exposed to more bacteria than the general population [23,24]. Early disease detection is important to both prevent physical disability and to halt the spread of M. leprae [25]; however, several problems remain to be solved according described before [5,6]. 	Comment by Myron Christodoulides: Continue this paragraph...
Proteomics technology has been used to identify proteins expressed by a cell, tissue, or organism, at a given time under defined conditions [26]. Methodologically, it consists of one-dimensional (1D) or two-dimensional (2D) electrophoresis, liquid chromatography for protein separation and sequencing, and mass spectrometry to identify proteins. In these types of proteomics studies, proteins from microorganisms considered as housekeeping from microorganisms and those still classified as hypotheticals are identified and then evaluated as diagnostic markers and/or vaccine candidates against specific diseases [27-30].
 In previous proteomics studies, distinct M. leprae proteins have been identified and described as potential biological targets , such as for the developingment of immunodiagnostic tests for leprosy [31,32]. In the present study, we tested the hypothesis that a chimeric protein produced with B-cell epitopes identified from a number of M. leprae proteins, along with the individual synthetic B-cell epitope peptides, could be used as diagnostic antigens for leprosy in an ELISA format amino acid sequences from nine M. leprae proteins, which were identified as hypotheticals in previous proteomics studies: ML0458 [33]; ML0333, ML0369, ML0447, ML0959, ML1553 [34]; and ML0308, ML2346, ML2347 [35], were evaluated by means of (i) bioinformatics tools to select those with high homology in M. leprae, but not to other Mycobacterium spp., such as M. tuberculosis; and to (ii) identify specific B-cell epitopes in their amino acid sequences. Using such strategy, four specific B-cell epitopes from four hypothetical proteins (ML0369, ML0447, ML0959, and ML2346) were predicted and used to construct a new recombinant multi-epitope protein, which was produced and evaluated for the serodiagnosis of leprosy. A serological panel comprised of serum samples from MB and PB leprosy patients, as well as from their contacts, and sera from healthy subjects and patients with cross-reactive diseases were used in the serological assays, with the synthetic peptides and the recombinant protein being applied as antigens in the ELISA plates. 	Comment by Myron Christodoulides: Run this paragraph on	Comment by Myron Christodoulides: Actually, I have deleted this paragraph has it is repeated in the Results. I have replaced it with a hypothesis. 


2. Materials and Methods

2.1. Bioinformatics assays and the construction of the chimeric protein
Our experimental strategy was to select potential antigenic M leprae proteins from that contains specific B-cell epitopes that and are conserved in this microorganism species, and but not found in other Mycobacterium species, such as M. tuberculosis. For this strategy,In this context, we have selected nine hypothetical proteins from three proteomic studies cited above and used such strategy as concern. The amino acid sequences of the ML0333, ML0369, ML0308, ML0447, ML0458, ML0959, ML1553, ML2346, and ML2347 proteins were obtained from either the GenBank or the Uniprot databases, anddatabases and analyzed by Blast (Protein-Protein Blast) https://blast.ncbi.nlm.nih.gov/Blast.cgi, in order toto compare similarities to other Mycobacterium species. After this analysis, proteins with presenting high similarity only to M. leprae species were selected. Thus, tThe IEDB server (www.iedb.org) was used to identify accessible amino acids in their primary structures, by using the B-Cell epitope prediction tool through the parameter “Antigen Sequence Properties”. The Emini Surface Accessibility Prediction method was chosen, using a window size of 14. All ofAll the amino acids with a threshold value above 1.0 were considered. Next, the ABCpred server (www.imtech.res.in/raghava/abcpred/) was used to predict the B-cell epitopes with a window size of 16. All sequences with a threshold value above 0.85 were considered. Overlapping regions were assembled using the Clustal Ômega tool (https://www.ebi.ac.uk/Tools/msa/clustalo/), comparing the selected proteins with other proteins from the same genus identified by Blast-P, considering the suggested epitopic regions. The arrangement of the epitopes within the chimeric protein was chosen to mimic their arrangement in their original protein(s). To avoid spatial overlap and to create spacing between the epitopes, peptide sequences were grouped linearly with the spacing of two glycines (GLY) and one lysine (LYS) between each epitope, so as toto form a single protein with different epitopes. Two LYS and one GLY residue were also added to the initial and terminal part of the protein to improve its solubility. After choosing the amino acids, the Expasy (https://web.expasy.org/protparam/) and PepCalc (https://pepcalc.com/) tools were used to evaluate the physicochemical characteristics of the protein. The ABCpred server was also used to confirm if the previously defined regions were still considered to be potential B-cell epitopes.

2.2 Peptide synthesis
The four B-cell epitopes predicted by bioinformatics tools were synthetized aslike described elsewhere [36]. Briefly, peptides were synthesized in solid phase on a 30-mmol scale using N-9-fluorenylmethoxycarbonyl with PSSM8 equipment (Shimadzu). Fmoc-amino acids were activated with a 1:2 solution of HOBt and DIC, and they were incorporated into Rink amide resin with a substitution degree of 0.61. Fmoc deprotection was performed with 25% 4-methylpiperidine, and such steps were repeated until the synthesis of each peptide was complete. They were deprotected and released fromof the resin by using a solution comprised of 9.4% trifluoroacetic acid, 2.4% water, and 0.1% triisopropylsilane. Peptides were precipitated with cold diisopropyl ether and purified by high-performance liquid chromatography on a C18 reverse-phase column, by using a gradient program of 0 to 25% acetonitrile. They were obtained with >90% purity, which was confirmed by mass spectrometry by using the Autoflex Speed MALDI/ TOF equipment. The synthetic peptides were known as: Peptide-1 (IREPRNRVKQTAASHQ), Peptide-2 (HHDIAAQTRREIYQNRSDR), Peptide-3 (QVQQEKNRPDRVDQHGNS), and Peptide-4 (RFAYVDQRKHSRYKPPNPAREGCFV).

2.3. Production of the recombinant chimeric protein M1
The gene encoding the M1 cchimeric protein, termed M1, was synthesized by GenScript® (USA). It was cloned into the pET-28a (+) expression vector and transformed into Escherichia coli Artic Express bacteria (DE3, Agilent Technologies, USA). The pProtein expression was induced using 1.0 mM isopropyl-β-D-thiogalactopyranoside (IPTG, Promega®, Canada), and cultures were incubated for 24 h at 12ºC, at which time they were disrupted by six cycles of ultrasonication, with six cycles of 30 seconds each, at 90 MHz. The chimeric protein was purified by affinity chromatography on the HisTrap HP nickel column (GE Healthcare Life Sciences, USA), and the purified sample obtained was dialyzed against Phosphate Buffered Saline (PBS 1x). After dialysis, the protein was passed over an agarose-polymyxin column (Sigma-Aldrich, USA) in order toto remove any residual bacterial endotoxin content. The aAntigen concentration was quantified using the evaluated by the colorimetric method of Bicinconinic Acid (BCA) with using the BCA Protein Assay Reagent kit (Thermo Scientific, Waltham, USA), according to manufacturer instructions.

2.4. Ethics for al and procedure to collecting the blood samples
This study was approved by the Ethics Committee on Human Research from the Federal University of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil), logged under protocol number CAAE-52767821.8.0000.5149. All participants signed an informed consent form. In addition, all ofall the procedures in the study involving human participants were done performed in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Blood samples were obtained fromof a total of 234 participants were used. To obtain the samples, peripheral blood was collected ion was performed by venipuncture using a 20 mL syringe coupled to a 25x8 mm needle, together with two tubes with no anticoagulant (10 mL each). Blood samples were properly identified and incubated for 15 min at 37°C, at which time they were centrifuged at 5,000 × g for 10 min at 22oC. Sera were then obtained, aliquoted, and stored in a freezer at -70°C, until use. 

2.5. Leprosy patients´ samples
Leprosy patients were selected from an endemic area of the disease (Belo Horizonte). The diagnosis was performed by expert clinicians with vast expertise in the recognition of disease manifestations. and their  iInclusion criteria were: newly diagnosed, untreated adults of both genders. The diagnosis was based on clinical symptoms, slit-skin smear results, and histopathological examinations of biopsy specimens collected from one skin lesion. These were then classified according to WHO operational criteria based on the number of skin lesions and the result of the slit-skin smear as PB leprosy (≤5 skin lesions and smear-negative) or MB leprosy (≥6 skin lesions or smear-positive, regardless of the number of skin lesions).  In this context, the present study used sera samples from PB (n=21) and MB (n=37) patients. In addition, household contacts of the leprosy patients were also enrolled in the study. These individuals lived with the patients, (household contacts) but did not present clinical signs or laboratory diagnoses for the disease. These participants were classified as contacts of PB patients (PBC; n=20) or MB patients (MBC; n=25), and their samples were also used in the serological experiments.

2.6. Other patient classes´ samples
	Sera samples were also obtained from healthy subjects (n=39) living in an endemic area of the disease (Belo Horizonte), who did not present ed noany other preexisting comorbidities or a history of tuberculosis or leprosy in the family. In addition, Ssera samples from VL (n=20), TL (n=20), Chagas disease (CD, n=20), malaria (n=8), tuberculosis (n=8), histoplasmosis (n=8), and aspergillosis (n=8) patients were also used in the serological assays.

2.7. SDS-12% PAGE and immunoblotting assay
An SDS-12% PAGE gel was prepared and used to evaluate the purification of the M1 protein, and immunoblotting experiments were doneconducted to investigate the purity and quality of the M1 chimeric protein. For this, the M1 protein (10 µg) was separated on submitted to ana SDS-12% PAGE gel and blotted onto a nitrocellulose membrane (0.2 m pore size, Sigma-Aldrich, USA). Membranes were blocked with PBS-Tween 20 (0.05% v/v) (PBST) buffer plus 5% (w/v) bovine serum albumin and incubated for 1 h at 37°C. They were then washed with PBS-T and pools of sera pools comprised of MB (n=5) or PB (n=5) leprosy patient seras, from household contact seras (n=5, each case) and healthy subject sera (n=5) were prepared (1/:200 dilution of eached, each), and separately added to the membranes, and reacted for when the reaction during 1 h at 37°C was processed. Next, After, membranes were washed with in PBS-T and an anti-human IgG horseradish-peroxidase conjugated antibody (Sigma-Aldrich, USA; 1/:20,000 dilutioned in PBS-T; Sigma-Aldrich, USA) was added, and when a new incubatedion  for 1 h at 37°C was also processed. Membranes were again washed with PBS-T and reactions were developed by adding 12.5 mg chloronaphtol, 25.0 mg diaminobenzidine, and 20 µL H2O2 30 vol., and stopped by adding distilled water (10 mL).

2.8. ELISA experiments
Previous titration curves were doneperformed to determine the more appropriate antigens concentrations and serum antibodies dilutions to be used to reach optimal concentrations of each reagent, aiming to makeoptimize the  the serological assay for detecting more suitable to detect leprosy patientsleprosy. In this context, antigens concentrations reaching from 0.1 to 10.0 μg were used, as well as 1:50 to 1:5,000 dilutions of pooled sera pools (1:50 to 1:5,000) 1:1,000 to 1:80,000 dilution of and peroxidase-conjugated anti-human IgG secondary antibody (1:1,000 to 1:80,000). After perform the titration curves, Tthe optimal concentrations of each reagent were quantified defined based on significant differences of absorbances obtained between leprosy patients and healthy subjects groups. Thus, ELISA experiments were done processed using in the optimized test pre-defined conditions. For this, Fflexible microtiter immunoassay plates (Jetbiofil®, Belo Horizonte) were coated with the M1 protein (1 µg per well) or synthetic peptides (10 µg per well, each), which wereas diluted in 100 µL of coating buffer (50 mM carbonate buffer) at pH 9.6 for 18 h at 4°C. After, free binding sites were blocked, with  using 250 µL of PBST (1x) pH 7.4, containing  plus Tween 20 0.05% (PBS-T), together with 5% (w/v) bovine serum albumin, for 1 h at 37°C. After washing the plates five times with PBS-T, they were then incubated with 100 µL of human sera (1:100 diluted in PBS-T) for 1 h at 37°C. Plates were washed six times in PBS-T and incubated with anti-human IgG horseradish-peroxidase conjugated antibody (1:20,000 diluted in PBS-T; Sigma-Aldrich, USA) for 1 h at 37°C. Plates were then washed six times with PBS-T, and reactions were developed by incubation with 100 μL per well of the substrate solution [2 μL H2O2 (30% vol./vol.) and 2 mg ortho-phenylenediamine in 10 mL citrate-phosphate buffer pH 5.0], for 30 min in the dark. Reactions were stopped by adding 25 µL of a solution comprised of 2 N H2SO4, and optical density (OD) values were read in an ELISA microplate reader (Molecular Devices, Spectra Max Plus, Canada) at 492 nm. In addition, samples were used on the same day with the same reagents to reduce the experimental interference between the results obtained. Also, a Bland-Altman plot analysis showed that differences in the OD values between the duplicates did not increase with the variation of their serological mean. Two different ELISA procedures were pdone erformed using the same sera samples in two independent experiments (data not shown).

2.9. Statistical analysis
Results were entered into Microsoft Excel (version 10.0) spreadsheets and analyzed with GraphPad Prism version 10.0.2 (232) for Windows (GraphPad Software, USA, www.graphpad.com). The cut-off value was calculated by the mean absorbance obtained from the healthy subjects group plus three-times the standard deviation (SD). Tables of contingency and Fisher's exact test (P < 0.05) were used to compare the M1 protein performance between the groups, and values of sensitivity (95% confidence interval [CI]), specificity (95% CI), positive predictive value (PPV, 95% confidence interval [CI]), negative predictive value (NPV, 95% confidence interval [CI]), and Youden index (YI) were calculated. The Kruskal-Wallis test and Dunn post-test were used to compare differences between the groups (P < 0.05). P values were calculated between the experimental groups to examine , aiming to show the existence of significancet difference between them. 


3. Results

3.1. Construction and characterization of chimeric M1 protein
[bookmark: _Hlk164072363]In the present study, amino acid sequences from nine M. leprae proteins, which were identified as hypotheticals in previous proteomics studies: - ML0458 [33]; ML0333, ML0369, ML0447, ML0959, ML1553 [34]; and ML0308, ML2346, ML2347 [35] -, were evaluated by means of (i) bioinformatics tools to select those with high homology to M. leprae species, but not to other Mycobacterium spp., such as M. tuberculosis; and to (ii) identify specific B-cell epitopes in their amino acid sequences. Using this such experimental strategy, four specific B-cell epitopes were predicted from four hypothetical proteins (: ML0369, ML0447, ML0959, and ML2346), were predicted and used to construct a recombinant multi-epitope protein, M1. The amino acid sequences that fulfilled such conditions were: 27-IREPRNRVKQTAASHQ-42 of ML0369 protein, 48-HHDIAAQTRREIYQNRSDR-66 of ML0447 protein, 37-QVQQEKNRPDRVDQHGNS-54 of ML0959 protein, and 183-RFAYVDQRKHSRYKPPNPAREGCFV-207 of ML2346 protein. These B-cell epitopes were grouped linearly with a spacing of two GLY residues and two LYS residues between each sequence, and two additional LYS residues were added in the initial and terminal sequences of the protein, aiming to make the protein stable and easy to purify. The amino acid sequence of recombinant M1 protein is shown in (Fig. 1A).
A The physical-chemical properties of M1 were examined and showed characterization was performed and indicated that M1 presents a protein of molecular weight of 10.7 KDa, a theoretical pI of 10.83, an extinction coefficient of 3840 M-1cm-1, good water solubility and an instability index of 19.6, which suggested that it was as a stable protein (Fig. 1B). Additionally, the ABCpred server confirmed that the selected B-cell epitopes were considered to bewere good antigenic epitopes (Fig. 1C). The initial similarity assay of the nine hypothetical proteins is shown in (Fig. 2A) and , as well as the four selected sequences are highlighted (in green). The purified M1chimeric protein showed also good integrity and purity on after an SDS-12% PAGE gel., and iImmunoblotting experiments indicated that pooled sera from MB and PB leprosy patients and their contacts had using sera pools from distinct groups indicated that it presented high reactivity with M1 (Fig. 2B), and no reactivity was seen with sera from healthy individuals (Fig. 2B)on with sera of leprosy patients, followed by MB and PB contactants, respectively, and an absence of reactivity when sera from healthy subjects was added to the membranes (Fig. 2B).

3.2. ELISA to evaluate the antigens for diagnosis of the leprosy diagnosis
A panel of serum samples from MB and PB leprosy patients, their contacts, and from healthy subjects and patients with cross-reactive diseases were tested in ELISA assays using the synthetic peptides and the M1 recombinant protein, as antigens. In this study, wWe selected four B-cell epitopes and used them to construct the gene encoding a codifying a chimeric protein. Initially, the Initially, we evaluated the individual synthesized peptide epitopes were synthetized as peptides and evaluated separately in ELISA experiments against sera from PB and MB leprosy patients, samples from healthy subjects and sera from disease contacts (Fig. 3). The sera showed Results showed a variable degrees of recognition of each synthetic peptide ,against the samples; with the peptides 2 (Fig. 3B) and 3 (Fig. 3C) being recognized by almost all MB patient sera of MB patients and by the most of the PB patient serasamples from PB patients. Peptides 1 (Fig. 3A) and 4 (Fig. 3D) presented also showed good reactivity with against MB patients sera, but low sensitivity was observed with to be identified by samplessera from PB leprosy patients. All four peptides showed no significant reactivity with sera from showed good efficacy against sera from healthy individuals or contacts of leprosy patients.subjects and those patients´ contactants.
When testing the chimeric antigen M1 Thus, the chimeric protein was tested in ELISA experiments as diagnostic antigen (Fig. 4), and results showed that all sera from PB and MB leprosy patients reacted significantly with the proteinidentified the antigen. In addition, all sera from MB contacts, and approximately half the sera from which presented also high reaction against samples from MB contacts, being also identified by half of sera from PB contacts reacted with the chimera protein in ELISA (Fig. 4A). The chimeric M1 protein showed satisfactory result when tested with sera from samples from patients with presenting potentially cross-reactive diseases, such as leishmania infection (VL, TL), Chagas disease, malaria, tuberculosis, histyoplasmosis and aspergillosis were evaluated in the experiments (Fig. 4B), suggesting also good specificity as diagnostic antigen. The OD values for of each serum sample was used in the patients´ groups to evaluate the diagnostic efficacy of M1 protein (Table 1). The chimera , and results showed that the protein had presented sensitivity (Se) and specificity (Sp) both of bothof  100% when leprosy patients were compared with healthy subjectssera and healthy subjects were compared, Se of 100% and Sp of 92.0% , respectively, when samples fromwhen comparing leprosy with the cross- patients with cross-reactive diseases were evaluated, and Se = 100% and Sp = 65.3%, respectively, when comparing sera from the leprosy patients with their contacts sera from disease contactants were evaluated in the assays  (Table 1).


4. Discussion

The diagnosis of leprosy is almost entirely reliant on clinical examination, although this type of procedure is not simple and requires clinicians with expertise. As a consequenceConsequently, in several cases, many patients may receive late or incorrect treatment [37,38]. In this context, improvements in disease the diagnosis of disease are necessary, and standardized laboratory tests could help to solve this problem [39]. Regarding the serological diagnosis, Mycobacterium antigens have been tested for serological diagnosiswith such purpose, but thewith variable sensitivity and/or specificity, of the tests have been found, suggesting that indicating that the identification of more refined antigens would will be required [20,24,40]. In the currentis study, we developed a new recombinant chimeric protein for serological diagnosis of and tested it for the diagnosis of leprosy. Although preliminary, our the data obtained here indicatedemonstrated  high sensitivity and specificity of this recombinant protein to diagnose both PB and MB leprosy cases, with concomitant as well as we showed low cross-reactivity with of the protein against sera from patients developing other infectious diseases.
Serological analyses have the potential to facilitate the diagnosis of diseases, and they could be useful tools in under-developed and endemic countries , where the number of cases of neglected and endemic diseases, such as leprosy, is high [41]. The spectrum of clinical disease amongst re is a large clinical variability among leprosy patients ranges from ; with the disease spectrum ranging from the polar tuberculoid to the polar lepromatous form [42] and . In fact, pathogenic mechanisms involve bacterial virulence factors of the bacteria, incubation time, and the immune response of the infected hosts [43]. The tuberculoid form is characterized by a small number of well-bordered skin lesions with low bacillary load and is ; therefore, it is referred to as PB, whereas the lepromatous form is characterized by numerous infiltrated skin lesions with high bacillary loads and is known as MB [7,42]. In general, MB cases present high antibody response, and patients have high antibody responses that can be will be more easily identified with by serological tests, whwhereasile PB patients have fewer specific antibodies and are generally classified as false-negatives in the serological trials [44,45]. 
Thus, In this way, rrecombinant antigens such as ML0405, ML2331, LID-1, and LID-NDO, amongst others, ; have showned good serological sensitivity to detect MB patients cases, although diagnosis of PB patients is poorer are less diagnosed by the serological tests due to the lower production of anti-M. leprae antibodies [46]. In our studyHere, we found a satisfactory chimeric M1 protein-specific humoral response in sera from both MB and PB patients, reflecting that the chimera could sensitively was sensitive to detect both disease statescases. Antibodies in sera from MB leprosy patients were found to bein higher levels than those from PB patients, which may and such fact can be related to the higher humoral reactivity found in the formersuch patient class that , which will correlates positively with the bacillary load and disease evolution [47,48]. Additionally, we also tested the individual B-cell epitopes used to construct the chimera as synthetic peptides in ELISA experiments, andexperiments and found a variable response when they were incubated against the different sera classes. All , even the four peptides were recognized by almost all sera fromof leprosy patients, especially from mainly those developing the MB casesclinical form. Indeed fact, peptide-based tests are considered promising, as they could compensate for antigenic variability and improve performance, although variations in sensitivity are known [49]. Their use could improve the accuracy of diagnostic tests, mainly to avoid the interference from other epitopes in the exposition of uninformative or less informative epitopes in the original protein sequences that could , which could contribute to background reactivityalso cause background reactions [50]. In our study, the chimeric protein showed higher serological efficacy when compared with the four contributory peptides, which could be better binding and avidity between the polypeptide with serum antibodieswas found by using the chimeric protein, which was constructed by junction of the four peptide sequences. Such fact can be mainly attributed to the elimination of the undesired peptides in the original sequences and by the use of only relevant peptides for the experiments [51,52]. ThusHere, the recombinant protein has improved the sensitivity for diagnosing both PB and MB cases, and and we can hypothesize that this result could be an innovative represent the innovation for the use of this new antigen for leprosy diagnosis.
Most healthy people that are , when continuously exposed to M. leprae, can develop an immune response and do not develop leprosy [23,53]. However, a percentage of this population can also contract the infectious agent and develop the active disease [54,55]. In this context, mainly Iin endemic regions, it is necessary to adopt specific control measures, including a fast and precise diagnosis and , a correct treatment , among others, so as to interrupt avoid M. leprae the transmission of M. leprae [40]. In our study, hHousehold contactants of leprosy patients are described in this group, and they may or may not develop an antibody response, either resolving an initial infection or subsequently developing the clinical disease [56]. In our serological panel used to test M1, sera from contactants of both PB and MB patients showed presented similar humoral reactivity as to those from individuals people without contact with leprosy patients. These data suggest an absence of infection in the contactants, but this finding cannot be completely eliminatedeliminated through clinical exams. Our data also allow us to infer the sensitivity of the chimeric antigen by identifying only patients with the active disease, be it PB or MBpaucibacillary or multibacillary. However, additional studies using longitudinal testing of M1 protein in similar populations, as well as testing the sera from contactsants that develop this infection, could help to define the real sensitivity and specificity of this new recombinant antigen. proposed to be applied for the diagnosis of leprosy.
In other studies, Kim et al [57] identified a panel of a hundred Mycobacterium proteins and suggested some of them as antigenic candidates for leprosy diagnosis, based on their higher expression in the bacteria. When The serology specific to such candidates was tested with against pooled sera from lepromatous leprosy patients, and it was observed that nine from 15 antigens were recognized by anti-M. leprae antibodies, and the authors concluded that such antigens could be considered as diagnostic candidate antigenss for leprosy diagnose. In addition, the authors suggested that proteins candidates for the diagnosis of disease should show present high levels of gene expression in M. leprae, whether being them found in the cytosol, membranemembrane, or cell wall protein fractions of the bacterium. Others have also showed similar rationale, such as Spencer et al [58], which suggested that M. leprae proteins with high gene expression are easily recognized by antibodies in patients’ sera with active disease, and could be considered better diagnostic candidates for leprosy, and that less expressed antigens could be not recognized by patients´ sera leading to false-negative results. However, it is unclear if the lack of serological reactivity of these proteins could be related to either conformational constraints on B-cell epitopes or lower ELISA binding affinity. 
In this context, the use of defined B-cell epitopes from original proteins of the M. leprae to construct new proteins represented by chimeras could potentially solve such problems, since variable expression of the original protein during active infection would result in variably low to high production of specific antibodies against them. Moreover, focused chimera , besideswould  allowed to the eliminateion of undesirable interfering protein epitopesed parts of these proteins [59-61]. Here, we used bioinformatics tools to select B-cell epitopes from proteins considered as specific to M. leprae, and we observed that them were recognized by sera from MB and PB patients, suggesting that the rationale was successfully well-successfullytested. The fact that the chimeric protein showed higher efficacy to diagnose leprosy patients than the synthetic peptides, demonstrateding how the feasibilfeasible it was to ity to construct a single protein based on different and relevant antigenic parts of original proteins, suggesting be a promising diagnostic candidate for leprosy in future studies.
The present study applied ELISA experiments to sera samples from patients who had developed other diseases, such as visceral leishmaniasis, tegumentary leishmaniasis, malaria, tuberculosis, histoplasmosis, and aspergillosis. In fact, B-cell epitopes from distinct proteins can present similar amino acid sequences, which and such a fact can produce positive vity in false-positive serological signalsassays, allowing for the classification of these patients as false-positives. Here, Aalthough we have used a low number of sera to test the cross-reactivity of the M1 chimera, our results showed a high specificity of the chimeric M1 protein.very low reactivity of this antigen with samples collected from patients developing other infectious diseases, also suggesting a satisfactory specificity.
Our study does have some limitations. These include Limitations of the study include the use of a limited human serological panel, as well as the absence of samples collected longitudinally from leprosy patients and, mainly, of their contactants, e.g.  such as those presenting high OD values in the experiments. In addition, the M1 coating concentration used in the experiments could be considered high, mainly when compared to other diagnostic antigens also evaluated to diagnose leprosy.; For future studies, however, our purpose is to develop future studies we would consider incorporating the recombinant protein ointo immunochromatographic strips to , with the purpose to increase test he sensitivity of the test and reduce the antigen concentration required. In this context, Aalthough our data are preliminarypreliminary, the data shown here, they  can be considered a proof-of-concept for the use of the M1 protein as a diagnostic antigen for leprosy cases, with additional studies in field populations certainly although additional studies are certainly warranted.  in an attempt to solve this question.














Declarations

Ethical Approval: This study was approved by the Ethics Committee on Human Research from the Federal University of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil), logged under protocol number CAAE-52767821.8.0000.5149. All participants signed an informed consent form. In addition, all ofall the procedures in the study involving human participants were done performed in accordance with the ethical standards of the institutional and/or national research committees and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.

Competing interests: The authors declare no interests of financial or personal nature.

Authors contributions: Conceived and designed the experiments: BPNA, ATC, EAFC, MOCR. Performed the experiments: BPNA, DPL, MMC, IAGP, ASG, RSB, CSF, FL, ALGO, GSVT. Analyzed the data: EAFC, RAMA, MC, DUG, RTF, ASG, LLB, MOCR. Wrote the manuscript: BPNA, EAFC, MOCR, RAMA, MC. All authors reviewed the manuscript.

Funding: This work was supported by grants APQ-02167-21 and RED-0067-23 (Rede Mineira de Imunobiológicos) from the Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG), as well the grant 402417/2023-2 from the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq). The authors also thank the Brazilian agencies Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), FAPEMIG and CNPq for the scholarships.

Availability of data and materials: All data are included in the manuscript. 











References

[1] Nicchio MV, Araujo S, Martins LC, Pinheiro AV, Pereira DC, Borges A, Antunes DE, Barreto JG, Goulart IM. Spatial and temporal epidemiology of Mycobacterium leprae infection among leprosy patients and household contacts of an endemic region in Southeast Brazil. Acta Trop. 2016 Nov;163:38-45.
[2] Gilmore A, Roller J, Dyer JA. Leprosy (Hansen's disease): An Update and Review. Mo Med. 2023 Jan-Feb;120(1):39-44.
[3] Sugawara-Mikami M, Tanigawa K, Kawashima A, Kiriya M, Nakamura Y, Fujiwara Y, Suzuki K. Pathogenicity and virulence of Mycobacterium leprae. Virulence. 2022 Dec;13(1):1985-2011.
[4] Nascimento ACMD, Dos Santos DF, Antunes DE, Gonçalves MA, Santana MAO, Dornelas BC, Goulart LR, Goulart IMB.  Leprosy Relapse: A Retrospective Study on Epidemiologic, Clinical, and Therapeutic Aspects at a Brazilian Referral Center. Int J Infect Dis. 2022 May;118:44-51.
[5] Goulart IM, Goulart LR.  Leprosy: diagnostic and control challenges for a worldwide disease. Arch Dermatol Res. 2008 Jul;300(6):269-90.
[6] Mungroo MR, Khan NA, Siddiqui R. Mycobacterium leprae: Pathogenesis, diagnosis, and treatment options. Microb Pathog. 2020 Dec;149:104475.
[7] Eichelmann K, González González SE, Salas-Alanis JC, Ocampo-Candiani J. Leprosy. An update: definition, pathogenesis, classification, diagnosis, and treatment. Actas Dermosifiliogr. 2013 Sep;104(7):554-63.
[8] World Health Organization. Guideline for the diagnosis, treatment and prevention of leprosy. New Delhi: World Health Organization, Regional Office for South-East Asia, 2018.
[9] Cheng X, Sun L, Zhao Q, Mi Z, Yu G, Wang Z, Sun Y, Wang C, Man C, Fu F, Liu H, Zhang F. Development and evaluation of a droplet digital PCR assay for the diagnosis of paucibacillary leprosy in skin biopsy specimens. PLoS Negl Trop Dis. 2019 Mar 18;13(3):e0007284.
[10] Martinez AN, Talhari C, Moraes MO, Talhari S. PCR-based techniques for leprosy diagnosis: from the laboratory to the clinic. PLoS Negl Trop Dis. 2014 Apr 10;8(4):e2655.
[11] Torres RT, Fachi MM, Böger B, Marson BM, Ferreira VL, Pontarolo R, Guimarães TM. Sensitivity and specificity of multibacillary and paucibacillary leprosy laboratory tests: A systematic review and meta-analysis. Diagn Microbiol Infect Dis. 2021 Jun;100(2):115337.
[12] Tatipally S, Srikantam A, Kasetty S. Polymerase Chain Reaction (PCR) as a Potential Point of Care Laboratory Test for Leprosy Diagnosis-A Systematic Review. Trop Med Infect Dis. 2018 Oct 1;3(4):107.
[13] Gama RS, Leite LA, Colombo LT, Fraga LAO. Prospects for new leprosy diagnostic tools, a narrative review considering ELISA and PCR assays. Rev Soc Bras Med Trop. 2020 Nov 25;53:e20200197.
[14] Kai M, Nguyen Phuc NH, Hoang Thi TH, Nguyen AH, Fukutomi Y, Maeda Y, Miyamoto Y, Mukai T, Fujiwara T, Nguyen TT, Makino M.Serological diagnosis of leprosy in patients in vietnam by enzyme-linked immunosorbent assay with Mycobacterium leprae-derived major membrane protein II. Clin Vaccine Immunol. 2008 Dec;15(12):1755-9.
[15] Cole ST, Eiglmeier K, Parkhill, J, et al. Massive gene decay in the leprosy bacillus. Nature, vol. 409, p. 1007-11, 2001.
[16] Stefani MMA, Avanzi C, Bührer-Sékula S, Benjak A, Loiseau C, Singh P, Pontes MAA, Gonçalves HS, Hungria EM, Busso P, Piton J, Silveira MIS, Cruz R, Schetinni A, Costa MB, Virmond MCL, Diorio SM, Dias-Baptista IMF, Rosa PS, Matsuoka M, Penna MLF, Cole ST, Penna GO. Whole genome sequencing distinguishes between relapse and reinfection in recurrent leprosy cases. PLoS Negl Trop Dis. 2017 Jun 15;11(6):e0005598.
[17] Brennan PJ, Barrow WW. Evidence for species-specific lipid antigens in Mycobacterium leprae. Int J Lepr Other Mycobact Dis, v. 48, n. 4, p. 382-7, 1980.
[18] Hunter SW, Brennan PJ. A novel phenolic glycolipid from Mycobacterium leprae possibly involved in immunogenicity and pathogenicity. J Bacteriol. 1981 Sep;147(3):728-35. doi: 10.1128/jb.147.3.728-735.1981. PMID: 7024248; PMCID: PMC216107.
[19] Wang H, Liu W, Jin Y, Yu M, Jiang H, Tamura T, Maeda Y, Makino M. Detection of antibodies to both M. leprae PGL-I and MMP-II to recognize leprosy patients at an early stage of disease progression. Diagn Microbiol Infect Dis. 2015 Nov;83(3):274-7.
[20] Duthie MS, Raychaudhuri R, Tutterrow YL, Misquith A, Bowman J, Casey A, Balagon MF, Maghanoy A, Beltran-Alzate JC, Romero-Alzate M, Cardona-Castro N, Reed SG. A rapid ELISA for the diagnosis of MB leprosy based on complementary detection of antibodies against a novel protein-glycolipid conjugate. Diagn Microbiol Infect Dis. 2014 Jun;79(2):233-9.
[21] Jian L, Xiujian S, Yuangang Y, Yan X, Lianchao Y, Duthie MS, Yan W. Evaluation of antibody detection against the NDO-BSA, LID-1 and NDO-LID antigens as confirmatory tests to support the diagnosis of leprosy in Yunnan province, southwest China. Trans R Soc Trop Med Hyg. 2020 Feb 7;114(3):193-199.
[22] Madureira BP, Carvalho FM, Pessolani MC, Collin SM, Deps PD. PGL-1 and LID-1 antibody levels in HIV-infected and HIV-uninfected individuals in a Hansen's disease (leprosy) endemic area of Brazil. Immunobiology. 2020 Jan;225(1):151866.
[23] Amorim FM, Nobre ML, Ferreira LC, Nascimento LS, Miranda AM, Monteiro GR, Dupnik KM, Duthie MS, Reed SG, Jeronimo SM. Identifying Leprosy and Those at Risk of Developing Leprosy by Detection of Antibodies against LID-1 and LID-NDO. PLoS Negl Trop Dis. 2016 Sep 22;10(9):e0004934.
[24] Leturiondo AL, Noronha AB, do Nascimento MOO, Ferreira CO, Rodrigues FDC, Moraes MO, Talhari C. Performance of serological tests PGL1 and NDO-LID in the diagnosis of leprosy in a reference Center in Brazil. BMC Infect Dis. 2019 Jan 7;19(1):22.
[25] Van Hooij A, Tjon Kon Fat EM, van den Eeden SJF, Wilson L, Batista da Silva M, Salgado CG, Spencer JS, Corstjens PLAM, Geluk A. Field-friendly serological tests for determination of M. leprae-specific antibodies. Sci Rep. 2017 Aug 21;7(1):8868.
[26] Parkash O, Singh BP. Advances in Proteomics of Mycobacterium leprae. Scand J Immunol. 2012 Apr;75(4):369-78.
[27] Glowalla E, Tosetti B, Krönke M, Krut O. Proteomics-based identification of anchorless cell wall proteins as vaccine candidates against Staphylococcus aureus. Infect Immun. 2009 Jul;77(7):2719-29.
[28] Coelho VT, Oliveira JS, Valadares DG, Chávez-Fumagalli MA, Duarte MC, Lage PS, Soto M, Santoro MM, Tavares CA, Fernandes AP, Coelho EA. Identification of proteins in promastigote and amastigote-like Leishmania using an immunoproteomic approach. PLoS Negl Trop Dis. 2012 Jan;6(1):e1430.
[29] Duarte MC, Pimenta DC, Menezes-Souza D, Magalhães RD, Diniz JL, Costa LE, Chávez-Fumagalli MA, Lage PS, Bartholomeu DC, Alves MJ, Fernandes AP, Soto M, Tavares CA, Gonçalves DU, Rocha MO, Coelho EA. Proteins Selected in Leishmania (Viannia) braziliensis by an Immunoproteomic Approach with Potential Serodiagnosis Applications for Tegumentary Leishmaniasis. Clin Vaccine Immunol. 2015 Nov;22(11):1187-96.
[30] Venkatesh A, Lahiri A, Reddy PJ, Shastri J, Bankar S, Patankar S, Srivastava S. Identification of Highly Expressed Plasmodium Vivax Proteins from Clinical Isolates Using Proteomics. Proteomics Clin Appl. 2018 Jul;12(4):e1700046.
[31] Rana A, Thakur S, Bhardwaj N, Kumar D, Akhter Y. Excavating the surface-associated and secretory proteome of Mycobacterium leprae for identifying vaccines and diagnostic markers relevant immunodominant epitopes. Pathog Dis. 2016 Dec;74(9):ftw110.
[32] Gautam S, Sharma D, Goel A, Patil SA, Bisht D. Insights into Mycobacterium leprae Proteomics and Biomarkers-An Overview. Proteomes. 2021 Jan 29;9(1):7. 
[33] Marques MA, Espinosa BJ, Xavier da Silveira EK, Pessolani MC, Chapeaurouge A, Perales J, Dobos KM, Belisle JT, Spencer JS, Brennan PJ. Continued proteomic analysis of Mycobacterium leprae subcellular fractions. Proteomics. 2004 Oct;4(10):2942-53.
[34] Marques MA, Neves-Ferreira AG, Silveira EK, Valente RH, Chapeaurouge A, Perales J, da Silva Bernardes R, Dobos KM, Spencer JS, Brennan PJ, Pessolani MC. Deciphering the proteomic profile of Mycobacterium leprae cell envelope. Proteomics. 2008 Jun;8(12):2477-91.
[35] Wiker HG, Tomazella GG, de Souza GA. A quantitative view on Mycobacterium leprae antigens by proteomics. J Proteomics. 2011 Aug 24;74(9):1711-9.
[36] Mendes TA, Reis Cunha JL, de Almeida Lourdes R, Rodrigues Luiz GF, Lemos LD, dos Santos AR, da Câmara AC, Galvão LM, Bern C, Gilman RH, Fujiwara RT, Gazzinelli RT, Bartholomeu DC. Identification of strain-specific B-cell epitopes in Trypanosoma cruzi using genome-scale epitope prediction and high-throughput immunoscreening with peptide arrays. PLoS Negl Trop Dis. 2013 Oct 31;7(10):e2524.
[37] Geluk A, Bobosha K, van der Ploeg-van Schip JJ, Spencer JS, Banu S, Martins MV, Cho SN, Franken KL, Kim HJ, Bekele Y, Uddin MK, Hadi SA, Aseffa A, Pessolani MC, Pereira GM, Dockrell HM, Ottenhoff TH. New biomarkers with relevance to leprosy diagnosis applicable in areas hyperendemic for leprosy. J Immunol. 2012 May 15;188(10):4782-91.
[38] Marahatta S, Agrawal S, Paudyal P. Difficult diagnosis and challenging treatment – a report on leprosy. Lepr Rev. 2016 Dec;87(4):543-7.
[39] Sengupta U. Recent Laboratory Advances in Diagnostics and Monitoring Response to Treatment in Leprosy. Indian Dermatol Online J. 2019 Mar-Apr;10(2):106-114.
[40] Van Hooij A, Tió-Coma M, Verhard EM, Khatun M, Alam K, Tjon Kon Fat E, de Jong D, Sufian Chowdhury A, Corstjens P, Richardus JH, Geluk A. Household Contacts of Leprosy Patients in Endemic Areas Display a Specific Innate Immunity Profile. Front Immunol. 2020 Aug 11;11:1811.
[41] Romero CP, Castro R, do Brasil PEA, Pereira DR, Pinheiro RO, Toscano CM, de Oliveira MRF. Accuracy of rapid point-of-care serological tests for leprosy diagnosis: a systematic review and meta-analysis. Mem Inst Oswaldo Cruz. 2022 Apr 8;117:e220317.
[42] Ridley DS, Jopling WH. Classification of leprosy according to immunity. A five-group system. Int J Lepr Other Mycobact Dis, v. 34, n. 3, p. 255-73, Jul-Sep 1966.
[43] Maymone MBC, Laughter M, Venkatesh S, Dacso MM, Rao PN, Stryjewska BM, Hugh J, Dellavalle RP, Dunnick CA. Leprosy: Clinical aspects and diagnostic techniques. J Am Acad Dermatol. 2020 Jul;83(1):1-14.
[44] Maeda Y, Mukai T, Kai M, Fukutomi Y, Nomaguchi H, Abe C, Kobayashi K, Kitada S, Maekura R, Yano I, Ishii N, Mori T, Makino M. Evaluation of major membrane protein-II as a tool for serodiagnosis of leprosy. FEMS Microbiol Lett. 2007 Jul;272(2):202-5.
[45] Marçal PHF, Fraga LAO, Mattos AMM, Menegati L, Coelho ADCO, Pinheiro RO, Sarno EN, Duthie MS, Teixeira HC. Utility of immunoglobulin isotypes against LID-1 and NDO-LID for, particularly IgG1, confirming the diagnosis of multibacillary leprosy. Mem Inst Oswaldo Cruz. 2018;113(5):e170467.
[46] Oliveira ALG, Fraga VG, Sernizon-Guimarães N, Cardoso MS, Viana AG, Bueno LL, Bartholomeu DC, da Silva Menezes CA, Fujiwara RT.  Diagnostic accuracy of tests using recombinant protein antigens of Mycobacterium leprae for leprosy: A systematic review. J Infect Public Health. 2020 Aug;13(8):1078-1088..
[47] Vaz CLP, Dias RF, Freitas AA, Hungria EM, Oliveira RM, Collovati M, Reed SG, Duthie MS, Stefani MMA. Development of a quantitative rapid diagnostic test for multibacillary leprosy using smart phone technology. BMC Infect Dis 2013;13:497.
[48] Fabri COC, Carvalho AP, Araujo S, Goulart LR, de Mattos AM, Teixeira HC, Goulart IMB, Duthie MS, Correa-Oliveira R, Kana FCF. Antigen-specific assessment of the immunological status of various groups in a leprosy endemic region. BMC Infect Dis 2015;15:218.
[49] Pagniez J, Petitdidier E, Parra-Zuleta O, Pissarra J, Bras-Gonçalves R.  A systematic review of peptide-based serological tests for the diagnosis of leishmaniasis. Parasite. 2023;30:10.
[50] Mahendru S, Roy K, Kukreti S. 2017. Peptide biomarkers: Exploring the diagnostic aspect. Current Protein & Peptide Science, 18, 914–919.
[51] Fournel S, Muller S. Synthetic peptides in the diagnosis of systemic autoimmune diseases. Curr Protein Pept Sci. 2003 Aug;4(4):261-74.
[52] Menezes-Souza D, Oliveira Mendes TA de, Araújo Leão AC, Souza Gomes M de, Fujiwara RT, Bartholomeu DC. 2015. Linear B-cell epitope mapping of MAPK3 and MAPK4 from Leishmania braziliensis: implications for the serodiagnosis of human and canine leishmaniasis. Applied Microbiology and Biotechnology, 99, 1323–1336.
[53] Scollard DM, Adams LB, Gillis TP, Krahenbuhl JL, Truman RW, Williams DL. The continuing challenges of leprosy. Clin Microbiol Rev 2006. April;19(2):338–81.
[54] Sarno EN, Duppre NC, Sales AM, Hacker MA, Nery JA, de Matos HJ. Leprosy exposure, infection and disease: a 25-year surveillance study of leprosy patient contacts. Mem Inst Oswaldo Cruz. 2012 Dec;107(8):1054-9.
[55] Queiroz EA, Medeiros NI, Mattos RT, Carvalho APM, Rodrigues-Alves ML, Dutra WO, Félix-Lana FC, Gomes JAS, Correa-Oliveira R.Immunological biomarkers of subclinical infection in household contacts of leprosy patients. Immunobiology. 2019 Jul;224(4):518-525.
[56] Teixeira CSS, Pescarini JM, Alves FJO, Nery JS, Sanchez MN, Teles C, Ichihara MYT, Ramond A, Smeeth L, Fernandes Penna ML, Rodrigues LC, Brickley EB, Penna GO, Barreto ML, Silva RCR.Incidence of and Factors Associated With Leprosy Among Household Contacts of Patients With Leprosy in Brazil. JAMA Dermatol. 2020 Jun 1;156(6):640-648.
[57] Kim HJ, Prithiviraj K, Groathouse N, Brennan PJ, Spencer JS. Gene expression profile and immunological evaluation of unique hypothetical unknown proteins of Mycobacterium leprae by using quantitative real-time PCR. Clin Vaccine Immunol. 2013 Feb;20(2):181-90.
[58] Spencer JS, Dockrell HM, Kim HJ, Marques MA, Williams DL, Martins MV, Martins ML, Lima MC, Sarno EN, Pereira GM, Matos H, Fonseca LS, Sampaio EP, Ottenhoff TH, Geluk A, Cho SN, Stoker NG, Cole ST, Brennan PJ, Pessolani MC. Identification of specific proteins and peptides in Mycobacterium leprae suitable for the selective diagnosis of leprosy. J Immunol. 2005 Dec 15;175(12):7930-8.
[59] Sakkas H, Gartzonika C, Levidiotou S (2016). Laboratory diagnosis of human visceral leishmaniasis. J Vector Borne Dis 53:8-16.
[60] Anas M, Kumari V, Gupta N, Dube A, Kumar N. Protein quality control machinery in intracellular protozoan parasites: hopes and challenges for therapeutic targeting. Cell Stress Chaperones. 2019 Sep;24(5):891-904.
[61] Galvani NC, Machado AS, Lage DP, Freitas CS, Vale DL, de Oliveira D, Ludolf F, Ramos FF, Fernandes BB, Luiz GP, Mendonça DVC, Oliveira-da-Silva JA, Reis TAR, Tavares GSV, Chaves AT, Guimarães NS, Tupinambás U, Cota GF, Humbert MV, Martins VT, Christodoulides M, Coelho EAF, Machado-de-Ávila RA. ChimLeish, a new recombinant chimeric protein evaluated as a diagnostic and prognostic marker for visceral leishmaniasis and human immunodeficiency virus coinfection. Parasitol Res. 2021 Dec;120(12):4037-4047.








FIGURE LEGENDS

Fig. 1. Bioinformatics on assays from hypothetical proteins of M. leprae. The amino acid sequences from hypothetical proteins were evaluated by bioinformatics, and four B-cell epitopes were selected from the  of the ML0369, ML0447, ML0959, and ML2346 proteins. (A) The amino acid sequences of the epitopes were: 27-IREPRNRVKQTAASHQ-42 of ML0369 protein, 48-HHDIAAQTRREIYQNRSDR-66 of ML0447 protein, 37-QVQQEKNRPDRVDQHGNS-54 of ML0959 protein, and 183-RFAYVDQRKHSRYKPPNPAREGCFV-207 of ML2346 protein. These B-cell epitopes were grouped linearly with a spacing of two GLY residues and two LYS residues between each sequence, and two additional LYS residues were added in the initial and terminal sequences of the protein (A). (B) A Pphysical-chemical characterization of M1 protein was performed and results are shown (B). (C) In addition, the ABCpred server analysis of was used to confirm that the selected B-cell epitopes were considered good antigenic candidates (C).

Fig. 2. Screening of the M. leprae proteins and immunoblottings. (A) Bioinformatics analyses of the nine M. leprae proteins were performed to selected those specific to M. leprae with , but presenting absentce or low sequence homology for other Mycobacterium species, such as M. tuberculosis. Results of the analyses are shown in percentage terms, and the selected proteins are shown in green (A). (B) In addition, iImmunoblotting s were performed using of sera against the M1 protein against different sera classes (B). Lane 1: A protein ladder standard (PageRulerTM Unstained Protein Ladder); Lane 2:  protein reactivity of pooled sera from MB leprosy patients; Lane 3: protein reactivity of pooled sera from MB leprosy patient contacts; Lane 4: is shown (lane 1), as well as results of the protein reactivity against sera from MB leprosy patients and their contactants (lanes 2 and 3, respectively), protein reactivity of  pooled sera from from PPB leprosy patients; Lane 5: protein reactivity of  pooled sera from PB leprosy patient contacts; lane 6: reactivity of healthy individual seraand their contactants (lanes 4 and 5, respectively), and of healthy subjects (lane 6). Results were derived from three independent experiments, and one representative experiment is preparation is shown.

Fig. 3. Use of the synthetic peptides in ELISA experiments. Assays were done performed by using with the four synthetic peptides as coating antigens in the ELISA plates, and reacted with which were reacted against sera from healthy individuals (HC, n=39), as well as from patients with paucibacillary (PB, n=21) and multibacillary (MB, n=37) leprosy, besides the contactants from PB contact (PBC, n=20) and MB contacts (MBC, n=25) patients. The individual optical density (OD) values are shown for (A) Peptide-1 (IREPRNRVKQTAASHQ) (A), (B) Peptide-2 (HHDIAAQTRREIYQNRSDR) (B), (C) Peptide-3 (QVQQEKNRPDRVDQHGNS) (C), and (D) Peptide-4 (RFAYVDQRKHSRYKPPNPAREGCFV) (D). Dotted lines indicate the cut-off value, which was calculated by the mean absorbance obtained from the healthy subjectssubjects’ group plus three-times the standard deviation (SD). P values were calculated between the groups to demonstrate significance. , aiming to show the existence of significant difference between them

Fig. 4. Recombinant M1 protein used as antigen in ELISA. (A) Experiments were done performed using the chimeric M1 protein as coating antigen in the ELISA plates, and which was reacted with against sera from healthy individuals (HC, n=39), as well as),  from patients with paucibacillary (PB, n=21) and multibacillary (MB, n=37) leprosy, and their respective contacts besides the contactants from PB (PBC, n=20; MBC, ) and MB (n=25) patients (A). (B) Testing sera from Also, samples from patients with visceral leishmaniasis (n=20), tegumentary leishmaniasis (n=20), Chagas Disease (n=20), malaria (n=8), tuberculosis (n=8), aspergillosis (n=8), and histoplasmosis (n=8) against M1 proteinwere used (B). The individual optical density (OD) values are shown, as well as a dotted line that indicate the cut-off value calculated by the mean absorbance obtained from the healthy subjectssubjects’ group plus three-times the standard deviation. P values were calculated between the groups, and differences between them are also shown.

Table 1. Diagnostic evaluation of the M1 protein against the serological panel. Sera samples collected from healthy individuals (n=39), as well as from patients with paucibacillary (n=21) and multibacillary (n=37) leprosy, from PB contactants from PB (n=20) and MB (n=25) contactspatients,, and from of cross-reaction patients with visceral leishmaniasis (n=20), tegumentary leishmaniasis (n=20), Chagas Disease (n=20), malaria (n=8), tuberculosis (n=8), aspergillosis (n=8), and histoplasmosis (n=8) were tested against M1 proteinused.. The individual optical values were used to calculate the Receiver Operator Characteristic (ROC) curves. The diagnostic evaluation of M1 protein was done performed by calculating sensitivity (Se), specificity (Sp), positive predictive value (PPV), negative predictive value (NPV), confidence interval (CI95%), likelihood ratio (LR), and Younden Index (J). LEP = leprosy (PB + MB).
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