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SUMMARY

Tuberculosis (TB) is one of the leading causes of death worldwide, and Diabetes Mellitus is one of the ma-
jor comorbidities (TB/DM) associated with the disease. A total of 103 differentially expressed ncRNAs
have been identified in the TB and TB/DM comparisons. A machine learning algorithm was employed to
identify the most informative lncRNAs: ADM-DT, LINC02009, LINC02471, SOX2-OT, and GK-AS1. These
lncRNAs presented substantial accuracy in classifying TB from HC (AUCs >0.85) and TB/DM from HC
(AUCs >0.90) in the other three countries. Genes with significant correlations with the five lncRNAs en-
riched common pathways in Brazil and India for both TB and TB/DM. This suggests that lncRNAs play
an important role in the regulation of genes related to the TB immune response.

INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (Mtb) and is one of the leading causes of death worldwide

due to a single pathogen.1 It is estimated that 1/4 of the global population have been infected by the Mtb2 and about 10% of the infected

people develop the active form of TB during their lifetime.3 The clinical presentation of active TB varies depending on the site of infection

and the host inflammatory response. An aggravating condition to TB is the comorbidity with diabetesmellitus (DM), a potentially devastating

medical condition with an alarming increase in its prevalence since the beginning of this century.4 DM is characterized as a metabolic disease

with pathologically high blood glucose level due to insulin action failure.5

The main TB aggravating factor for DM is the immunological dysfunction caused by the hyperglycemia, as it impairs both the innate and

adaptive immune responses toward infections, increasing the host susceptibility to develop active TB.6,7 The comorbidity of TB and DM (TB/

DM) also worsens the treatment for TB, often leading to prolonged sputum culture conversion, and unfavorable anti-TB treatment (ATT) out-

comes, such as death, treatment failure, and TB recurrence after treatment.8 Furthermore, TB/DM is associated with an altered transcriptome

and perturbations in biological pathways,9 which may also contribute to the dysregulation of non-coding RNAs (ncRNAs).

Around 60% of the transcriptional output in human cells is represented by ncRNAs10 and its largest type is the long non-coding (lncRNA).

These are composed of 200 or more nucleotides, and despite their functions being little understood, they have major importance in regu-

lating a large range of biological processes.11 At genetic level, lncRNAs participate in gene expression regulation by controlling access or
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dismissal of regulatory proteins from chromatin.12 They can also regulate other ncRNAs13 and microRNAs activities, by acting as microRNAs

sponges as well as affecting the mRNAs translation.14 Additionally, it is also known that lncRNAs can modify the mRNA expression by regu-

lating the pre-mRNA splicing, editing and even stabilizing mRNAs.15–17

In the TB scenario, differentially expressed lncRNAs are important molecules with the role of regulating immune response pathways

against Mtb. Such regulation is done on essential molecules and biological processes, such as TGF-b, IFN-g, T- and B- cells differentiation

and adaptive immune responses.18–20 While for DM, differentially expressed lncRNAs have been mainly associated with insulin secretion

by the pancreatic beta cells and insulin resistance.21 Despite being less explored, lncRNAs emerge as potential biomarkers to evaluate

the dynamics of TB infection and prognosis, as some IncRNA signatures have been previously proposed.22,23 However, more studies are

required to further validate the previously proposed TB biomarkers, including other populations.

Our group has recently described the patterns of coding gene expression in response toward TB and TB/DM in four different populations

(Brazil, India, Romania, and SouthAfrica).24 The previous results depicted highly different patterns of gene expression, suggesting influence of

population-specific differences on TB and TB/DMgene expression. In the present study, we used a robust bioinformatic approach to propose

a lncRNA based biomarker for TB, which is consistently expressed through different regions and maintains its accuracy even with the TB/DM

comorbidity. This biomarker was identified in RNA-seq data from patients from Brazil, enrolled by the Report Brazil25 and had its accuracy

validated in data from patients enrolled from India,26,27 Romania, and South Africa.28

RESULTS

Identifying lncRNA that characterize tuberculosis and tuberculosis/diabetes mellitus

We used previously published and public data to identify differentially expressed ncRNAs and evaluate their expression. A detailed popu-

lation description can be found in our previous work. In Brazil, our discovery set, a total of 189 DEGs between TB and HC groups were iden-

tified, from which 120 were upregulated and 69 were downregulated (Figure S1). Regarding the TB/DM vs. HC comparison, a total of 1128

DEGs were identified, from which 182 DEGs were upregulated and 946 were downregulated (Figure S1). Following, the lncRNAs and micro-

RNAs were filtered from the DEGs on each comparison, i.e., TB vs. HC and TB/DM vs. HC. A total of 25 differentially expressed ncRNAs

(DEncRNAs) were identified in the TB comparison, being 15 upregulated and 10 downregulated. The TB/DM comparison identified 95

DEncRNAs (28 upregulated and 67 downregulated). A summary of all identified DEGs and DEncRNAs, as well as the statistical values are

available in supplemental material S1. The overall study procedure and downstream analyses are resumed in a flowchart (Figure 1).

Discriming tuberculosis and tuberculosis/diabetes mellitus using differentially expressed non-coding RNAs signature from

machine learning application

After identifying 103DEncRNAs, we applied the RandomForest (RF)machine learning algorithm to their expressiondata, aiming to detect the

five best classifying DEncRNAs to characterize TB and TB/DM. The lncRNAs ADM-DT, LINC02009, LINC02471, SOX2-OT and GK-AS1 were

the top five features in terms of variable importance according to the RFmodel (Table S1). The fivemost informative lncRNAs’ fold changewas

shown in Figure S2. To evaluate these genes’ expression in each clinical group in Brazil, the discovery set, we employed a heatmap, displaying

the z-scores of VST normalized expression data (Figure 2A). Our analysis revealed a total of two major clusters: the first was predominantly

composed of patients with TB (44.4%) and TB/DM (55.5%), while the secondwas comprised by amixture of HC (36.8%), TB (34.2%) and TB/DM

(28.9%) (Figure 2A). Furthermore, the k-fold cross validation applied to the discovery set appointed an accuracy of 1, 95% C.I. [0.95, 1], a no-

information rate of 0.42, sensitivity of 1, specificity of 1, positive and negative predictive values of 1. To check the accuracy of the identified

DEncRNA signature in each different region dataset (India, Romania, and South Africa), we used Receiver Operating Characteristic (ROC)

curves (Figures 2B and 2C and 2D). When classifying Indian samples, the lncRNA signature achieved an AUC of 0.86, 95% C.I. [0.78, 0.93],

when classifying TB and HC samples and an AUC of 0.90, 95% C.I. [0.84, 0.97], when classifying TB/DM and HC samples (Figure 2B). A similar

classifying performance was observed in the Romanian dataset, as the biomarker achieved AUCs of 0.96, 95% C.I. [0.90, 1.00], and 0.94, 95%

C.I. [0.85, 1.00], when classifying TB and TB/DM fromHC samples, respectively (Figure 2C). Lastly, the lncRNA signature was tested with South

African samples, achieving AUCs of 0.90, 95%C.I. [0.79, 1.00], and 0.94, 95%C.I. [0.85, 1.00], when classifying TB and TB/DM fromHC samples,

respectively (Figure 2D). This finding has shown that the DEncRNA signature, herein identified using RF, could discriminate TB/DM with an

accuracy higher than 90% in the clinical sites included in our study. Compared to the previously published TB signatures, this lncRNA signature

had an overall similar performance, but could provide insights regarding potentially important lncRNAs in TB (Figure S3). Further information

regarding the model is available at Table S1.

Impact of lncRNA in the overall gene expression

To assess how the signature affects the overall gene expression in each condition and region, we performed a spearman correlation analysis

between the expressions of the five selected ncRNAs and all mRNA genes. The correlated genes and their respective rho and p values are

available in supplemental material S2. Brazil was the site with the highest number of strong correlations, |rho| > 0.7, with 2292 in TB and 1214 in

TB/DM. Additionally, most of them were positive correlations (85% and 89%, respectively) (Figure 3). The Indian region revealed 1484 inter-

actions, 807 in TB and 677 in TB/DM, with 92% and 81% positive correlation, respectively (Figure 3).

As for the Romanian region, 317 and 425 correlations were identified in TB and TB/DM groups, respectively. Despite the decreased num-

ber of strong correlations, compared to Brazil and India, positive correlations were also predominant, with 74% in the TB group and 57% in the
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TB/DMgroup. Lastly, the least number of correlations were observed in South Africa, being only four for the TB group (three positive and one

negative) and 130 for TB/DM (78 positives and 52 negatives) (Figure 3). The result suggests a considerable impact of the ncRNA in the overall

gene expression, marked mainly by positive correlations.

Impact of the correlated mRNA genes in the biological pathways

Next, to evaluate the impact of the above-mentioned correlated genes on biological pathways, we performed an enrichment analysis (Fig-

ure 4). Thus, all strongly correlated genes’ Entrez IDs and their respective fold changes were used as input, grouped by the region in which the

genes were correlated. A total of 177 pathways were enriched by the genes which were strongly correlated with our lncRNA TB signature.

Further information about all enriched pathways is available at supplemental material S3. The top 10 gene ratio pathways for each region

were identified and if the pathway was also enriched in the other regions, its respective gene ratios were retrieved. The genes which comprise

these pathways had their respective correlated lncRNA assessed, to check each lncRNAs impact on the enrichment.Within the fivemost infor-

mative lncRNAs, three were correlated with the majority of the correlated genes comprising these pathways: LINC02471, ADM-DT, and GK-

AS1 (Figure S4). Both Neutrophil degranulation and Signaling by Interleukins were among the top 10 gene ratios in all TB infected groups (TB

and TB/DM) in Brazil and India regions (Figure 4). The pathways which were among the top 10 gene ratios for at least one group, but also

enriched by the other ones were Interleukin (IL)�4 and IL�13 signaling, Regulated Necrosis, Signaling by CSF3 (G�CSF), Inactivation of

CSF3 (G�CSF) signaling, Diseases associated with the TLR signaling cascade, Diseases of Immune System, IRAK4 deficiency (TLR2/4) and

MyD88 deficiency (TLR2/4) (Figure 4). The pathways commonly enriched by the correlated genes identified in Brazil TB, Brazil TB/DM and

India TB were Programmed Cell Death, Toll�like Receptor Cascades, Interferon gamma signaling, Antigen processing�Cross presentation

and ER�Phagosome pathway (Figure 4). The Interferon alpha/beta signaling was enriched only by the Brazil TB, Brazil TB/DM, and India

TB/DM correlated genes. Interleukin�3, Interleukin�5, and GM�CSF signaling was enriched by the Brazil TB, India TB and India TB/DM

correlated genes. The FCGR activation pathway was enriched by the Brazil TB/DM, India TB and India TB/DM correlated genes. Lastly,

the Class I MHC mediated antigen processing & presentation pathway was exclusively enriched by the Brazil region (Figure 4).

Mean decreasing
Gini > Q3

Mean decreasing
accuracy > Q3

All mRNAs

177 enriched pathways

Figure 1. Flowchart of study’s procedures fromdata acquisition through differentially expressedgenes detection, feature selection and validation until

enrichment analysis of genes correlated with the top five most informative DEncRNA

Red lines represent the analysis with the training dataset, Brazilian samples; Green lines represent the validation of ncRNA signature found in the random forest

model; Blue lines represent the correlation and enrichment analysis. Purple boxes are illustrating the results.
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DISCUSSION

This study aimed to evaluate the role of a TB signature composed of lncRNAs in TB and TB/DM, improving the molecular knowledge and

providing further insights regarding the pathophysiology. Such insights could contribute, in the future, toward the development of new

TB host directed therapy, regardless of DM comorbidity. We use the data from samples collected by the RePORT-Brazil in Salvador as the

main discovery dataset, due to this data being paired end and presenting only one batch. Datasets from other regions were maintained

as test datasets, as they were single-end RNA-seq data (Romania and South Africa) and were sequenced in more than one batch, demanding

the application of a batch effect correction algorithm (India). This approach of using machine learning algorithms to identify biomarkers has

been used before with HTLV-1,29 mosquitoes with dengue, Zika, Chikungunya, and Yellow Fever30,31 and to identify a predictive model in

cardiovascular diseases.32 The model composed of five lncRNAs (ADM-DT, LINC02009, LINC02471, SOX2-OT, and GK-AS1) achieved

AUCs >0.85 when discriminating patients with TB fromHC and >0.9 with TB/DM fromHC, even in samples from other populations, exhibiting

an outstandingly consistent accuracy. When compared with the previously proposed TB signatures, this model had similar accuracy, but pro-

vides unique insights regarding important lncRNAs in TB.

The identification of a concise transcriptomic signature to characterize TB/DM interaction has been the focus of several groups.33,34

Recently, by applying a similar methodology, we identified a signature for TB and TB/DM composed of four mRNA genes using samples

from the same cohort. Despite the signature’s accuracy, it was noted that the expression of these four genes had a high degree of variability

across the study regions, suggesting a strong influence of population-specific expression pattern.24 Here we identified a more consistent

pattern of expression, as three lncRNAs (ADM-DT, GK-AS1, and LINC02471) had similar fold changes for TB and TB/DM in all regions and

LINC2009-fold changes were similar in Brazil, India, and South Africa. The persistent pattern of expression observed in our signature across

all regions corroborates its consistency. Future studies are required to validate our findings. Despite that, the role of lncRNA emerges as a

possible component promoting changes in the immunopathogenesis associatedwith the increased risk of persons with DM to develop active

TB.35 Once they are infected withMycobacterium tuberculosis, higher is the transmission of TB among DM person36 and more severe is the

presentation of TB/DM, followed by an increased risk of unfavorable TB outcomes.37

A

B C D

Figure 2. Random forest model and validation

(A) Heatmap displaying the Brazil region Z-scaled VST normalized expression data of the 5 classifying lncRNAs. The barplot alongside the heatmap is displaying

the 5 lncRNAs log2 fold change when compared to the HCgroup. The bars are collored in red (TB/DM) and pink (TB) for statistically significant fold changes, while

gray bars represent non significant fold changes.

(B–D) ROC curves displaying the lncRNA biomarker overall classifying performance when classifying samples from each validation dataset. The AUC with

confidence interval values are depicted in each ROC curve. (B) India region dataset.

(C) Romania region dataset.

(D) South Africa region dataset.
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To gain insights about the role of lncRNA in the biological pathways, we used an enrichment analysis of the strongly correlated genes in

Brazil and India. Most of the genes associated with the pathways were correlated to three lncRNAs (LINC02471, ADM-DT andGK-AS1), while

the other two presented minor influence on the enrichment. Our results revealed pathways that are related to the host’s immune response

against Mtb. Neutrophil degranulation is one of the main neutrophil activities when facing Mtb, as they release proteins which are antimicro-

bial, proteolytic or even structural. These proteins are incorporated into the neutrophil’s membrane to change the cellular response toward

the environment.38 The granule released molecules can inhibit the bacterial replication within the contacted macrophages,39 but can also

harm the host, as they damage both bacterial and host cells.40 Neutrophils are the first immune cells to enter the lungs during Mtb infection,

in the immunopathological side, and they are critical cells for granuloma cavitation in the active TB.41 On the other hand, they are indispens-

able to control the Mtb and to induce the anti-Mtb adaptive immune response.42 Both Signaling by and Inactivation of CSF3 (G�CSF)

pathways regulate the hematopoietic proliferation of neutrophils, by the cytokine Granulocyte colony-stimulating factor (G-CSF).43 During

infections, G-CSF is induced by inflammatory cytokines, such as IL-1, TNFa and lipopolysaccharide (LPS).44 This pathway causes its own inac-

tivation to prevent an overpopulation of neutrophils, explaining both pathways representing its activation and inactivation being enriched

simultaneously.45

The role of interleukins (IL) in modulating the inflammatory response towardMtb have been largely explored.46,47 It is known that IL-12 and

IFN-g play a crucial role in protecting the host against Mtb infection, as both molecules and their induced Th1 immune response have been

extensively explored in TB.48 There are also interleukins that can be induced by Mtb to impair the host Th1 response, such as IL-10, a potent

immune regulatory interleukin. This interleukin reduces the antigen presentation and IL-12 production, enhancing intracellular bacteria sur-

vivability by inhibitingmacrophages phagosomalmaturation and cellular apoptosis.49 Regarding the second enriched pathway, both IL-4 and

IL-13 are associated with either the Th2 arm and have been associated with lung damage in TB.50 IL-4 enhances macrophage endocytosis by

mannose receptor, a major route of Mtb infection51 and its suppression enhances the host resistance against Mtb in mice animal models.52

Moreover, IL-13 upregulation in TB enhances Mtb replication and necrotizing granulomas in TB mice experimental model.53

The Interferon signaling is crucial for anti-TB immune response,54 as known by exploring the IL-12/IFN-g-mediated Th1 immune

response,55 IFN-gmacrophage and CD8+ T cells activation to kill intracellular Mtb and to lyse host infected cells, respectively. Nevertheless,

the excessive Th1 response activation through IFN-g can be detrimental to the host, often leading to tecidual damage and necrosis.56 Thus,

the Interferon signaling is related to the commonly enriched pathway of Regulated Necrosis, which is mainly induced by the Th1 response

byproduct and Neutrophil-produced reactive oxygen species.57

Regarding the last four commonly enriched pathways, MyD88 deficiency (TLR2/4) and IRAK4 deficiency (TLR2/4) are part of the Diseases

associated with the TLR signaling cascade, which is a participant of the Diseases of Immune System pathway (stable ID R-HSA-5260271 in the

Reactomedatabase). Thus, all four pathways are related toDiseases of Immune System, perhaps thismajor pathway has been enriched due to

the alterations in the host’s immune system caused by the Mtb, as this pathogen impairs the host’s adaptive immunological response.58

Despite the lack of information about the biological functions regarding the five selected lncRNAs, the enrichment of important pathways

to the immune response toward TB by the correlated genes is a great indicator of biological consistency in our findings.

In the present study, we have analyzed data from samples collected in Brazil, India, Romania, and South Africa and identified a set of

lncRNAs with consistent accuracy at all four countries’ study populations. Despite the lack of information regarding its biological functions

in the literature, the fivemost informative lncRNAswere strongly correlated with genes associatedwith pathways related to immune response

regulation against TB. This suggests that these lncRNAs may play an important role in the regulation of genes related to TB response, but

Figure 3. Correlations per region

Number of strong correlations between the lncRNA signature and overall mRNA gene expression in each region, featuring TB and TB/DM groups.
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further studies are still required to enlighten their biological functions and regulation mechanisms. We propose this highly consistent set of

lncRNAs as biomarkers for TB, regardless of DM status.

Limitations of study

This work has some limitations, starting with the methodology used in the RNA-sequencing, as the data from South Africa and Romania were

sequenced in single-end platforms, while the data from the India region has been sequenced in a paired-end platform. The employed nega-

tive binomial model for differential gene expression analysis has limitations related tomultiple variable adjustments. Furthermore, as this pre-

sent work employs the same samples as our previous work, all limitations regarding the metadata related to samples have been inherited as

well, such as the observed differences in BMI, age, sex, smoking and alcohol use between the Brazilian and Indian populations.24 Moreover,

some patients were under treatment with metformin and statin, which could affect the inflammatory responses.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Participants enrollment and data acquisition

d METHOD DETAILS

B Data preprocessing

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Differential expression analysis and ncRNAs filtering

B Machine learning - Random forest application and validation on independent datasets

B Correlations lncRNAs - mRNAs and enrichment analysis

Figure 4. Correlated genes’ enrichment

Dot plot displaying the top 10 gene ratio enriched pathways in each region, using the REACTOME database. Dot colors represent the statistical significance

(FDR), while dot size represents the gene ratio of each enriched pathway. Dots with black circles around represent the top 10 gene ratio pathway for its

respective region. The pathway names are displayed at the Y axis, while the region and group is displayed at the X axis.
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(3) This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw RNAseq data from TANDEM Eckold et al.28 Bioproject ID: PRJNA470512

Raw RNAseq from RePORT Kornfeld et al.,26

Gupte et al.27,

Hamilton et al.59

GEOncbi ID:

GSE181143

Software and algorithms

R version 4.2.2. R Core Team https://cran.r-project.org/

sra-tools version 3.0.6 Available at https://trace.ncbi.nlm.nih.gov/

Traces/sra/sra.cgi?view=software

https://trace.ncbi.nlm.nih.gov/

Traces/sra/sra.cgi?view = software

Trimmomatic version 0.32 https://doi.org/10.1093/bioinformatics/btu170 http://www.usadellab.org/cms/

index.php?page = trimmomatic

STAR version 2.7.10 https://doi.org/10.1093/bioinformatics/bts635 https://code.google.com/archive/p/rna-star/

tximportv version 1.28.0 https://doi.org/10.18129/B9.bioc.tximport https://bioconductor.org/packages/

release/bioc/html/tximport.html

Sva version 3.48.0 https://doi.org/10.18129/B9.bioc.sva https://bioconductor.org/packages/

release/bioc/html/sva.html

mdp version 1.20.0 https://doi.org/10.18129/B9.bioc.mdp https://bioconductor.org/packages/

release/bioc/html/mdp.html

DESeq2 version 1.40.2 https://doi.org/10.1186/s13059-014-0550-8 https://www.bioconductor.org/

packages/release/bioc/html/DESeq2.html

ensembldb version 2.24.0 https://doi.org/10.1093/bioinformatics/btz031 https://bioconductor.org/packages/

release/bioc/html/ensembldb.html

randomForest version 4.7–1.1 Liaw et al.67 https://cran.r-project.org/web/

packages/randomForest/index.html

caret version 6.0–94 Kuhn et al.68 https://cran.r-project.org/web/

packages/caret/index.html

clusterProfiler version 4.8.2 https://doi.org/10.18129/B9.bioc.clusterProfiler https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants enrollment and data acquisition

The current study used an already published data (GEO NCBI accession number GSE181143), Regional Prospective Observational Research

in Tuberculosis (RePORT), from India and Brazil consortia. Protocols have been approved by the Ethics Committees of the Prof. M. Viswana-

thanDiabetes ResearchCenter and the Institutional ReviewBoards of Byramjee JeejeebhoyGovernmentMedical College, Pune andNational

Institute for Research in Tuberculosis and Johns Hopkins University. Participants enrolled from the RePORT Brazil had their protocols

approved by Instituto Gonçalo Moniz, Fundação Oswaldo Cruz, as well as Vanderbilt University Medical Center institutional review boards.

Written informed consent was obtained from all participants. The enrollment of participants was prospective at two sites of the RePORT-India

Consortium and one site of RePORT-Brazil, with organizational support provided by RePORT-International.25 The Indian sites were located in

Chennai (EDOTS study)26 and Pune (CTRIUMPh study),27 while the Brazilian site was in Salvador (RePORT International Common Protocol).59

Furthermore, data from samples enrolled at the TANDEM study28 were also retrieved, featuring samples from Indonesia, Peru, Romania and

South Africa. However, only the Romania and South Africa regions had site-specific control patient data, being the only regions included in

this study. Participant groups included active pulmonary TB disease, with or without DM (TB and TB/DMgroups, respectively) and one control

group, composed of healthy controls (HC). Inclusion criteria were age 18–65 and new diagnosis of active pulmonary TB (or absence of pul-

monary TB for the control group participants). Drug-resistant TB, retreatment, treatment of incident TB for >7 days prior to enrollment, preg-

nancy, immunosuppressive medications and HIV infection were the exclusion criteria.

The combined 322 cohort comprised 160 participants from India, being 90 participants from Chennai and 70 from Pune (60 HC, 60 TB and

40 TB/DM), 75 participants from Brazil (15 HC, 29 TB and 31 TB/DM), 37 participants from Romania (12 HC, 10 TB and 15 TB/DM) and 50

participants from South Africa (24 HC, 11 TB and 15 TB/DM).

METHOD DETAILS

Data preprocessing

Raw RNA-seq data from theMSTDI cohort were retrieved from Illumina HiSeq 2500 platform.24 Sequence data from the TANDEM cohort was

retrieved from the SRA database using BioProject PRJNA470512. BothMSTDI and TANDEM raw data were retrieved using the SRA tools and

fastq files were processed identically toMSTDI data. Sequence data fromMSTDI and TANDEMwere prepared by removing low-quality bases

and trimming adapters using Trimmomatic V0.32.60 After the quality check, sequences were aligned against the human transcriptome

(GRCh38 version) comprising bothmRNA and ncRNAwith the STAR algorithm v2.7.10.61 After mapping, the outputs were converted to count

tables using tximport package.62 The India dataset was obtained by merging the Chennai and Pune individual datasets, followed by batch

effect correction using the sva package.63 Outliers detection among the samples in each individual dataset was performed by themdp pack-

age,64 after performing data normalization in each dataset using the variance stabilizing transformation, from theDESeq2 package.65 All data

processing, post mapping, and downstream analysis have been performed in R environment v4.2.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differential expression analysis and ncRNAs filtering

The data analysis and biomarker discovery were performed in the Brazilian dataset, consisting of 89 non-outlier samples (15 DM, 14 HC, 29 TB

and 31 TB/DM), whereas the other datasets were used as validation dataset. Differential expression analysis has been employed to compare

the gene expressions between the groups: HC vs. TB and HC vs. TB/DM, identifying the differentially expressed genes (DEGs). This analysis

has been performed using theDESeq2 package using the raw transcriptomic count tables. The log2 fold change and significance values of all

genes were calculated by applying generalized linear models to the data, considering the mean and dispersion values of each gene. For a

gene to be considered a DEG, we used the threshold of G1.4 log2 fold change and false discovery rate (FDR) < 0.05. Afterward, the non-

coding RNAs (miRNAs and lncRNAs) were identified within the DEGs, using the ensembldb package query with the homo sapiens ensdb

version AH109336 66. The miRNAs and lncRNAs were retrieved using the gene biotype variable and the assessed database was the Ensembl

108 EnsDb for Homo sapiens.66

Machine learning - Random forest application and validation on independent datasets

Afterward, the transcriptomic data containing miRNAs and lncRNAs was normalized using the varianceStabilizingTransformation function

from the DESeq2 package. Following, we applied the random forest algorithm67 using the DEncRNAs normalized expression data, alongside

the disease categories TB and TB/DM, plus the healthy (HC) as factors for performing the classification. This algorithm aims to identify the best

variables to distinguish the sample groups and has been employed due to its ability to handlemulticollinearity better than linearmodels, such

as Lasso in example. Collinearity is frequently observed in gene expression data, since different genes can be associated with the same

pathway. A total of 10000 decision trees were performed by the RF, mtry parameter was set to 50. The best variables were selected using

the Mean decreasing accuracy and Mean decrease gini > third quartile as criteria, which are directly related to the variable importance

when classifying samples. Selected variables were retrieved from the dataset and their accuracy was evaluated using the area under the curve

(AUC) value, using receiver operating characteristic (ROC) curves. The k-fold cross validation was also performed to evaluate the RF model,

using the caret package’s confusion matrix to assess the model’s overall performance, with 100-folds and 25 repetitions.68 The inputs for the

confusion matrix were the real classes for each sample, alongside with predictions performed by the model trained with the ‘‘rf’’ method. The
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trControl parameter was set using the trainControl function with method ‘‘repeatedcv’’, fold of 100 and repeating 25 times. Furthermore, the

sample overall dispersion among the groups was assessed in a heatmap using the biomarkers Z-scaled expression values with Manhattan

distance calculation and Ward test.

To validate the random forest model’s accuracy and consistency in other populations, independent datasets with samples from India,

Romania and SouthAfrica were employed. Thus, the biomarker genes expression values were used to classificate the samples in each dataset.

In order to assess the classification overall performance, ROC curves were employed for each independent dataset. The previously proposed

TB signatureswere retrieved from the TBSignatureProfiles package,69 and the samemethodwas used in order to evaluate the performance of

our identified lncRNA signature in comparison to the previous TB signatures.

Correlations lncRNAs - mRNAs and enrichment analysis

To assess how the lncRNAs selected by RF could impact the overall gene expression in each region and group, we performed a correlation

analysis using the Spearman rho rank coefficient between these selected lncRNAs and all mRNA genes. The correlations have been made for

each TB infected group (TB and TB/DM) in each region datasets (Brazil, India, Romania and South Africa). Only highly positive/negative cor-

relations (|rho| > 0.7) and False Discovery Rate (FDR) < 0.05 were considered.70,71 Afterward, the fold changes and entrez IDs of each corre-

lated transcript were used as input to perform the enrichment analysis, using the clusterProfiler package.72 The enrichment analysis was per-

formed with the REACTOME database,73 other parameters were: Minimum gene set size = 10, Maximum gene set size = 500, q value

cutoff = 0.2, p value cutoff = 0.05, with FDR as p value adjustment method.
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