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Abstract

The word “transcriptome” generally refers to overall RNA species transcribed
from DNA (or RNA itself) or transcripts that are present in a cell. The
transcriptome includes messenger RNA (mRNA), ribosomal RNA (rRNA),
transfer RNA (tRNA), and even noncoding RNAs, such as miRNA, having a
regulatory function. TB pathogenesis is highly dynamic and is determined by the
interaction between the host defense strategy and the tactics employed by Myco-
bacterium species to survive inside the host. Recently, several reports suggested
that differential expression of host miRNAs serves as hallmark of disease pro-
gression at both cellular and organism level in various diseases, including tuber-
culosis. Next-generation sequencing (NGS) is a revolutionized massive parallel
sequencing technique that uses RNA-seq, which is a recent NGS-based technol-
ogy for transcriptome profiling which is most often used to analyze differential
gene expression and differential splicing of mRNA. RNA-seq is more sensitive
than other technologies such as microarray as it directly determines the cDNA
and thus provides a great insight about physiological state of cell, healthy or
diseased. In this chapter, we present a detailed overview of RNA-seq technology
and its data analysis, applications, and advances made so far. With the advance-
ment in NGS, RNA-seq has also developed. Single RNA-seq is the further
refinement of RNA-seq analysis in a single cell, which allows studying the
complex biological processes especially useful in cancer studies. Until recently,
the technique was limited to mRNA expression of either pathogen or host cell.
However, in the recent years, more advanced RNA-seq technology enables “dual
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RNA-seq” analysis for better understanding of host-pathogen interaction. Dual
RNA-seq does not require pre-designed species-specific probes and thus provides
a better understanding of the interaction, virulence factor, or immune response
mechanism. With increasing sensitivity of dual RNA-seq, it is now being applied
to understand the host-pathogen interaction in tuberculosis, which is the key
study in development of therapeutic strategies to control “Mycobacterium tuber-
culosis.”With more refinement at lower cost, RNA-seq is expected to replace the
microarray technique in the near future.
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7.1 Introduction

The word “transcriptome” generally refers to overall RNA species transcribed from
DNA (or RNA itself) or transcripts that are present in a cell. The transcriptome
includes messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA),
and even noncoding RNAs, such as miRNA, having a regulatory function. Recently,
there emerged a high-throughput sequencing technology which involves analysis of
RNA at single nucleotide level, called RNA sequencing (RNA-seq). RNA-seq is an
NGS-based sequencing technology with many applications, such as mRNA expres-
sion quantification, differential splicing of mRNA, fusion genes detection, and RNA
editing. RNA-seq is a powerful tool that directly determines the cDNA and hence
provides a great insight of genomic functions and physiological state of cell.
RNA-seq has advantage over qPCR and microarrays as it provides complete
transcriptome of the organism including coding and noncoding genes, intergenic
regions, and small RNAs [1]. Mycobacterium tuberculosis (M. tb) is the causative
agent of tuberculosis and is the leading cause of death globally [2]. It is estimated
that around one-fourth of the world population is infected with TB; however, only
5%–10% of these cases advance to active TB in their lifetime [2]. In this chapter, we
will discuss emerging transcriptomic approaches to decipher complexities related to
Mycobacterium tuberculosis.

7.2 MicroRNAs: Biogenesis and Mechanism of Action

MicroRNAs (miRNAs) are a class of highly conserved, small, noncoding single-
strand RNA molecules that are approximately 18–25 nucleotides in length. They
play an important role in the posttranslational expression of genes and are involved
in cell development, differentiation, proliferation, apoptosis, etc. [3]. miRNAs are
divided into two classes, the intragenic and intergenic miRNAs, based on their
genomic loci. Intergenic miRNAs are located between two genes and can be
monocistronic (with their own promoters) or polycistronic, wherein various

108 J. Samal et al.



miRNAs are transcribed together, while the intragenic miRNAs are known to be
present in the introns or exons of genes and are co-regulated with their host genes by
Pol II. miRNA biogenesis pathway begins with the transcription of miRNA by RNA
Pol II to form hairpin-like structure called the pri-miRNA. These are then cleaved by
a nuclease called Drosha, resulting in the formation of pre-miRNA. The pre-miRNA
is transported to the cytoplasm by exportin-5 through a Ran-GTP-dependent mech-
anism and is further excised by Dicer to form the mature miRNA duplex. A single
strand of this miRNA duplex then binds to the other accessory proteins such as
Ago-2 and GW182 and is incorporated in the RNA-induced silencing complex
(RISC) for posttranscriptional regulation of mRNAs [4]. The microRNAs usually
bind to a specific region, about 5–8 nucleotides long, in the 30-UTR region of the
messenger RNA, resulting in the degradation of the target mRNA or inhibition of
translation.

7.2.1 miRNAs in Tuberculosis: New approaches for Diagnosis
and Host-Directed Therapy

TB pathogenesis is highly dynamic and is determined by the interaction between the
host defense strategy and the tactics employed byMycobacterium species to survive
inside the host. Currently, TB diagnostic methods primarily focus on diagnosing
active tuberculosis, thus demanding more definitive biomarkers that differentiate
latent and active TB for a more specific and efficient diagnosis. Owing to the
limitations in traditional methods for diagnosis of TB, researchers have emphasized
the need for development of diagnostic tools based on host biomarkers that can be
used for assessment of disease status and monitoring of treatment outcomes. In
pursuit of the same, several classes of molecules are currently being scrutinized as
prospective biomarkers, miRNAs being one of these biomarkers.

7.2.2 Role of Host miRNAs in Tuberculosis

Recently, several reports suggested that differential expression of host miRNAs
serves as hallmark of disease progression at both cellular and organism level in
various diseases, including tuberculosis. Interestingly, the pathogen has evolved
various mechanisms to survive inside the macrophages and establish dormancy/
latency. Notably, miRNAs have been emerging as critical regulators of immune
response in M. tb infection. Here, we mention some of the important host-bacterial
interactions that are modulated by miRNAs in tuberculosis.

7.2.2.1 Host miRNAs Regulate Autophagy and Phagolysosome
Maturation in Tuberculosis

Autophagy is a well-known cell-autonomous defense mechanism conducted against
many intracellular microorganisms. To ensure their own survival, pathogenic bacte-
ria modulate many host cell processes including autophagy. Accumulating
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evidences suggest that host miRNAs regulate several autophagy-related genes
(ATGs), thus favoring mycobacterial survival. Wang et al. [5] showed that the
expression of host miR-155 was enhanced after mycobacterial infection using
in vitro and in vivo models. This enhanced expression accelerated the formation of
phagolysosome and helps in eradicating the infection. Kim et al. [6] showed that
miR-125a inhibits autophagy and antimicrobial effects against Mycobacterium
tuberculosis by targeting the UV radiation resistance-associated gene (UVRAG).
miR-20a inhibits autophagy by targeting ATG7 and ATG16L1, hence favoring
mycobacterial survival inside the host macrophages. miR-125a-3p, miR-33,
miR-144-3p, miR-23a-5p, and miR-142-3p are potential inhibitors of autophagy in
Mycobacterium tuberculosis infection. Notably miR-155, miR-17-5p, and miR-26a
target Ras homolog enriched in the brain (Rheb), Mcl-1, STAT3, and KLF4,
respectively, play a role by inhibiting the infection.

One of the well-studied mechanisms of immune escape by M. tb is mediated by
arresting phagosome-lysosome maturation. Prevention of acidification of
phagosome with lysosomal enzymes, such as cathepsin proteases, plays a crucial
role in persistence ofM. tb inside host macrophages. miR-106-5p is known to target
cathepsin S and inhibits lysosomal enzymatic activity. Another microRNA,
miR-142-3p, inhibits internalization by phagosomes by targeting N-WASP and
PKC-alpha genes [7]. Polarization of macrophages as M2 renders macrophages as
anti-inflammatory and poorly microbicidal. A transcription factor, KL4, drives M2
polarization of macrophages and is negatively regulated by miR-26a. Notably, in
patients with TB, miR-26a is found to be downregulated [8].

7.2.2.2 Host miRNAs Regulate Innate Immunity in Tuberculosis
Innate immune cell activation is regulated by miR-155, miR-146a, miR-21, and
miR-9. miR-125a-3p can inhibit antimicrobial responses and host defense against
M. tb infection by targeting the gene encoding autophagy UV radiation resistance-
associated protein [6]. miR-125b inhibits the production of TNF-α in alveolar
macrophages during M. tb infection. TNF-α is a well-known pro-inflammatory
cytokine for the M. tb clearance. Targeting miR-125a and miR-125b will be helpful
in increasing the antibacterial responses and also helps in clearance of pathogen by
increasing the TNF-α levels during M. tb infection. miR-146a and miR-155 are the
most well-studied miRNAs in TB, which significantly influence the host-pathogen
interactions [9].

miR-146a expression, driven by the transcription factor NF-kB, also represses the
mycobacteria-associated inflammatory response and helps in bacterial proliferation
in RAW264.7 macrophages via IRAK-1/TRAF-6 pathway. miR-146a enhances
mycobacterial survival in RAW264.7 macrophages via suppression of nitric oxide
(NO) production [10]. miR-155 is induced upon infection of murine macrophages
with mycobacteria and positively regulates the TLR signaling [5]. It is known to play
a protective role against mycobacterial infections during the earlier stage of infec-
tion. On the other hand, it augments the survival of macrophages, thereby providing
a niche for the mycobacterial replication. miR-155 levels in serum negatively
regulate the activity of the NK cells. Increased levels of miR-155 lead to decreased
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NO synthesis and enhance the mycobacterial load [11]. Targeting the miR-146a and
miR-155 will be helpful in mycobacterial killing by increased NO production and
increased NK cell activity. MyD88 signaling facilitates bacterial containment and is
crucial for raising innate and adaptive immune response against M. tb. miR30a
targets 30-UTR of MyD88, thus inhibiting MyD88/TLR signaling in macrophages
and promoting bacterial growth inside host cells. miR-27a targets 30-UTR of
TICAMI, a TLR3 adaptor, to inhibit TLR3 pathway [12]. miR-146a, an anti-
inflammatory, regulates NF-κB signaling and favors M. tb growth. miR-223 is
significantly increased in macrophages infected with M. tb and negatively regulates
NF-κB signaling and pro-inflammatory cytokines [12].

7.2.2.3 Host miRNA Regulates Apoptosis in Tuberculosis
Apoptosis is an important mechanism to inhibit/kill intracellular mycobacteria. Host
miRNAs that negatively regulate apoptosis are upregulated during M. tb infection.
FOXO1, a positive regulator of apoptosis, is targeted by miR-582-5p in patients with
active TB. Increased levels of miR-223 are associated with decreased apoptosis in
M. tb-infected macrophages. Fas, a central component in apoptosis pathway, is
targeted by let-7b-5p miRNA, thus inhibiting apoptosis in THP1 macrophages [12].

7.2.3 Host miRNAs as Diagnostic Biomarkers in Tuberculosis

An ideal biomarker for TB should have high sensitivity and specificity and the
ability to be detected based on minimally invasive procedures [13]. A reliable
biomarker for TB must be able to differentiate between healthy people and those
with active TB and LTBI, as well as account for differences in expression because of
variation in stages of infection and human-induced biases such as differences in age,
sex, and comorbidities in patients [14]. Hence, exploring circulating host miRNA
profiles has been considered a viable step in the direction of finding a potential
biomarker for TB (Fig. 7.1).

7.2.3.1 Exosomal miRNAs as Biomarkers in Tuberculosis
Pulmonary TB accounts for around 80% of all TB forms, but tuberculosis meningitis
(TBM) accounts for approximately 50% of TB-related mortality. There is a pressing
need to have new and definitive biomarkers to improve TB diagnosis, especially for
lethal forms such as TBM. Recently, Hu et al. showed that exosomal miRNAs could
serve as reliable biomarkers for PTB and TBM combining microarray and electronic
health record (EHR) data approaches [15]. They identified six differentially
expressed human miRNAs in PTB and TBM patients compared to healthy controls.
Integration of microarray and EHR data provided a better superior model in the
differential diagnosis of PTB and TBM.
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7.2.4 Role of miRNAs in Extrapulmonary TB

Extrapulmonary TB (EPTB) accounts for around 3% of TB cases. There is an urgent
need to develop accurate and rapid diagnostic approaches to cure EPTB. Bone
TB/skeletal TB is one form of EPTB, and spinal TB is one of the commonest
bone TB found around the world. Yang et al. showed a negative correlation between
host miRNA-155 and matrix metalloproteinase-13 (MMP-13) expression in patients
with spinal TB-induced intervertebral disc, suggesting new approaches to treat and
diagnose spinal TB [16].

TBM is one of the severe forms of TB of the central nervous system. Due to lack
of accurate and efficient diagnostic methods, it is difficult to discriminate TBM from
other similar diseases such as viral meningitis (VM). Interestingly, Pan et al. showed
that four miRNAs (miR-126-3p, miR-130a-3p, miR-151a-3p, and miR-199a-5p)
clearly show differential expression between TBM and VM patients, thus improving
our understanding of pathogenesis between TBM and VM [17].

7.2.5 Host miRNA Profile in Response to TB Treatment

miRNA profiling post TB treatment helps in identifying drug-resistant mutants. In
TB-susceptible patients (those who respond to anti-TB therapy), miR-320a is
increased compared to drug-resistant TB patients. Notably, Wang et al. identified
37 upregulated and 63 downregulated miRNAs in humans cured of TB as compared
to untreated TB patients [18]. Further, expression of miRNAs involved in Th1
response was modulated post TB treatment including miR-155 and miR-326.

Fig. 7.1 A schematic illustration showing a list of miRNAs as biomarkers in tuberculosis for
different biological specimen/samples
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miR-16 was expressed at lowest levels in MDR patients compared to all controls and
healthy individuals.

7.2.6 Limitations with miRNA Profiling for Diagnostics
in Tuberculosis

A plethora of studies have been conducted in order to explore the differential
expression of miRNAs in different stages of TB infection. These studies show a
diverse profile of upregulated and downregulated miRNAs between patients with
LTBI and active TB infection. The inconsistencies in the results from the various
studies are majorly due to the biases introduced as a result of methodological
differences, the choice of sample, data analysis techniques, cut off criterion, etc.
(i.e., human-induced biases) or because of the varying stages of TB infection in the
samples taken [19]. Application of miRNAs as biomarkers in TB infection studies is
often complicated by the ambiguity in the different stages of infection and the lack of
differentiation between recent and long-standing latent TB infection and newly
acquired or treated infections, which makes it difficult to compare the samples
among the groups [19]. Moreover, the analysis of the same between the two sexes
is done in an identical manner even though there is little to no similarity in the
miRNA expression profiles of the two [20].

Previous studies have also shown various challenges associated with the delivery
of miRNAs to their respective targets. These include a low half-life of miRNA in
biological fluids; easy degradation and eradication of miRNA particles in vivo
because of nuclease activity, phagocytosis, or renal clearance owing to their low
molecular weight; inadequate penetration of the miRNA into tissues due to impedi-
ment caused by various physicochemical barriers; and intracellular disposition of
miRNA for aggregating within endosomes of naked miRNA leading to inefficient
gene-silencing or inducing immuno- or neurotoxicity [21, 22]. Recent studies have
concluded that miRNAs are not as specific in their targeting action as they were
previously assumed to be and can bind to complementary sequences as well as other
targets having sequence similarity, which may lead to deleterious effects, ones that
may even completely negate the therapeutic effects of miRNA [23].

Other potential drawbacks of miRNA studies in tuberculosis infection may arise
depending on the techniques used in their profiling. NGS analysis or microarray
techniques are most commonly used for searching possible miRNA biomarkers due
to their advantages in allowing the identification and analysis of multiple targets
[23]. However, both techniques have their own set of disadvantages as well, which
may be extended to miRNA studies.
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7.3 RNA-seq

At present, many technological platforms are available for sequencing, namely,
Illumina, Roche 454, ABI SOLiD, Ion Torrent, and PacBio [24]. Illumina is the
most commonly used platform because of its high sequence yield, but Ion Torrent
and PacBio are gaining more popularity over Illumina platform due to their low cost
and longer reads generation. Millions of reads are generated after RNA sequencing;
hence, in-depth analysis is required. There is no single set of pipeline for the analysis
as it depends on the availability of reference genome or transcriptome and also on the
objective of the researcher [25]. Figure 7.2 summarizes an overview of the conven-
tional RNA-seq data analysis workflow comprising both experimental design and
computational analysis [25, 26]. Experimental workflow includes RNA extraction,
reverse transcription polymerase chain reaction (RT-PCR), and cDNA library con-
struction followed by sequencing and imaging. Computational analysis includes
different software for each step varying from quality control to functional profiling.
Programs are selected based on the aim of the work. Apart from command line tools,
many other web-based, user-friendly pipelines such as Galaxy (galaxyproject.org),
iDEP (ge-lab.org/idep), and UTAP (openpbs.org) are also available for RNA-seq
dataset analysis, making it convenient for biologist not having bioinformatics
expertise.

7.3.1 Differential Gene Expression Analysis

Differentially expressed gene (DEG) analysis is a process for identification of genes
and comparison of their expression levels under different biological conditions,
tissues, or stages of development.

7.3.2 Computational Analysis on RNA-seq

Recent studies have suggested that noncoding transcripts are not just noise or junks,
they are biologically important; hence, they are now being implicated in human
pathology [27]. The advancement of RNA-seq in recent years has facilitated the
expression profiling of both long and short noncoding transcripts. Apart from
expression profiling, quantification of exogenous RNA content, transcriptional
elongation, and DNA variance can also be estimated using different RNA-seq
approaches. ENCODE software tool helps in the sequencing data of long noncoding
RNA through RNA-seq [28]. PathSeq tool is highly sensitive and specific and helps
in discrimination of human from nonhuman sequences by use of data of
transcriptome and whole-genome sequencing data [29]. Detection of virus can also
be done through VirusSeq, ViralFusionSeq, and VirusFinder [28]. Software such as
asSeq and AlleleSeq help in differentiation of expression of alleles by transcriptome
and whole-genome sequencing data [28]. There are RNA-editing databases, such as
DARNED, REDidb, dbRES, and RADAR, which are useful for removing
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Fig. 7.2 Overview of RNA-seq data analysis workflow
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RNA-editing sites [28]. Tools such as single-nucleotide variation quality,
RNAmapper, RSMC, and SNPiR are useful for detection of DNA variations [28].

7.3.3 Advancements in RNA-seq

Although RNA-seq is a high-throughput technology, it has certain limitations. So
some refinements have taken place in RNA-seq technology to overcome those
limitations, some of which are as follows:

1. It is unable to determine polarity of RNA transcript, which is important for correct
annotation of novel genes as it gives information related to the function of a gene,
both at the level of RNA and the protein. To overcome this, single-strand
RNA-seq technique was developed. Deoxy-UTP is incorporated in the second
strand of cDNA. After this step, there is destruction of the uridine-containing
strand which helps in the identification of the orientation of the transcript as
shown in Fig. 7.3a [30].

2. RNA is extracted from the large population of cells in the sample. As a result,
important differences between cells may be ignored, so a protocol of single-cell
RNA-seq was developed as shown in Fig. 7.3b [31].

3. When host-pathogen interaction takes place, changes in the gene expression
occur in both host and pathogen. So an advancement in RNA-seq has taken
place which helps in studying the expression of the genes simultaneously in both
host and pathogen known as dual RNA-seq, as shown in Fig. 7.3c [32].

7.4 Use of RNA-seq in Deciphering Complexities in M. tb

M. tb is able to disseminate successfully because of immune evasion depicted by it
after infection in host, survival, and persistence. Successful pathogenesis and trans-
mission of M. tb are mainly due to drug resistance, drug tolerance, and reactivation
from dormancy. Recently developed technique of RNA-seq has provided in-depth
information related to important attributes of M. tb such as dormancy, survival,
infection, and immune evasion.

7.4.1 Dormancy

Fatty acid metabolism, rather than carbohydrate utilization, plays an important role
in latency and dormancy. Fatty acid metabolism has been recently studied in depth
through global transcriptome of M. tb by the use of strand-specific RNA-seq. M. tb
bacilli were grown in media containing even-length long-chain fatty acids (LC-FAs)
as the sole source of carbon and compared with those grown with dextrose supple-
mentation [33]. The study revealed that there were a shift toward the glyoxylate
cycle, increase in expression of several genes of reductive stress, and regulation like
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whiB3, dosR, and Rv0081. There was also an upregulation of tRNA, which gave an
attribute of drug tolerance by dormant bacterium. Lipid signature genes were also
identified [33]. Another group did a transcriptome profiling using a mixture of
cholesterol and palmitic, stearic, and oleic acids under aerobic and hypoxic
conditions over three metabolic stages: exponential stage, stationary stage, and
non-replicating persistence stage 1 of hypoxia [34]. They used cholesterol and
long-chain fatty acids as a carbon source under aerobic and hypoxic conditions
because sputum from TB patients showed the presence of lipid-rich environment
where mycobacteria are residing and it mainly comprises cholesterol and palmitic,
stearic, and oleic acids. The results revealed the differential expression of a core of
368 genes out of which 183 were downregulated and 185 were upregulated. This
mainly helped in the induction of a machinery that leads not only to tolerance of drug
but also in the maintenance of iron and production of sulfide, which is essential for
enzymes and coenzymes necessary for redox balance and production of acetyl-CoA
and methylmalonyl-CoA for de novo lipid biosynthesis [34]. Thus, these RNA-seq-
based investigations have provided some clues related to target pathways in M. tb
metabolism and hence paved the way to find alternate targets for therapy.

7.4.2 Survival

There are many hypothetical genes inM. tb which play an important role in survival
of M. tb inside the host cell and a couple of genes from the host, playing roles in
favor of the pathogen. As M. tb is an intracellular pathogen, it is able to face stress
inside the macrophage and granuloma. It is thus necessary to study the response of
M. tb to similar stresses which will help in identification of virulence factors and
pathways necessary for the survival of M. tb. M. tb were exposed to stress such as
oxidative, nitrosative, and alkylation stresses or mitomycin C-induced double-strand
break in DNA. Nearly 700 DE genes were seen under nitrosative stress [35]. Mito-
mycin C stress mainly affects replication, repair, and recombination. Genes of the T7
secretion system (T7SS) and proline-glutamic acid/proline-proline-glutamic acid
(PE/PPE) family responsible for the virulence of bacteria and survival were differ-
entially expressed [35]. RNA-seq was also performed under various conditions
of incubation, such as non-inhibitory to cidal condition based on the replication of
mycobacteria or their killing profile [35]. There was an absence of replication of
mycobacteria under inhibitory condition, and it lead to the expression of a unique
transcriptome involving modulation of genes in response to stress, reprogramming in
metabolic pathways, oxidative stress, response to dormancy, respiration, and viru-
lence [35]. RNA-seq also gave transcription pattern which involved remodeling of
cell wall, leading to increase in infection, resistance to antibiotics, and immune
evasion.
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7.4.3 Infection

Studies related to host-pathogen interactions in TB are important for the develop-
ment of new strategies to control M. tb. In one of these studies, transcriptome
analyses were carried out in macrophages which were infected with H37Rv (Rv),
a virulent strain of M. tb, or H37Ra (Ra), an attenuated strain. Seven hundred fifty
differentially expressed genes (DEGs) were identified and analyzed, of which solute
carrier family 7 member 2 (SLC7A2) was more suppressed in Rv-infected
macrophages as compared to Ra-infected macrophages [36]. SLC7A2 transporter
is required by M1 macrophages to produce NO. M1 macrophages help in removal of
bacteria because they produce pro-inflammatory cytokines and NO. Thus, intracel-
lular survival of M. tb is also regulated by induction of SLC7A2.

Different cell lineages of the host showed differentially expressed genes as well
as change in the expression of M. tb genes in pathogenesis through dual RNA-seq.
Three thousand four hundred fifty-three genes were upregulated and 3119
downregulated in alveolar macrophages (AMs) compared with uninfected
macrophages. The NRF2 pathways were upregulated in AMs infected with M. tb,
while expression of pro-inflammatory cytokines and molecules for prevention of
inflammation-associated intracellular damage was lower than infected interstitial
macrophages (IMs). These results revealed that the infected AMs were more per-
missive for bacterial growth. In IMs, 3614 genes were upregulated, and 3298 genes
were downregulated [32]. Transcriptional profiling of uninfected and infected IM
populations depicted that pro-inflammatory pathways such as activation of NF-kB
and immune response through Th1 pathway got induced. Genes responsible for
adhesion and chemotaxis were upregulated in IM-infected macrophages which
recruited the other host cells to granuloma from peripheral blood. There was an
induction of type II toxin-antitoxin-chaperon (higB1-higA1-secB) under the
conditions of stress and hence played role in bacterial persistence [32].

Acquisition of nutrient in the presence of environment of the host is critical for the
intracellular pathogens to survive. For the quantification of interactions in metabolic
pathways between the host andM. tb, dual RNA-seq was performed. This resulted in
identification of alterations in metabolic pathways which were specific to infection.
The in silico data suggested that M. tb was able to consume 33 different nutrients
during initial phase of macrophage infection, which is utilized by the tubercle bacilli
for the generation of energy for its intracellular growth [37].

PathSeq tool has helped in the discovery of a novel transcriptional machinery for
remodeling of cell wall of mycobacteria when M. tb infects alveolar macrophage. It
has been shown that MadR modulates two mycolic acid desaturases desA1/A2 for
promotion of remodeling of cell wall when M. tb infects macrophages and helps in
mycolate biosynthesis upon entering dormancy [38]. Thus, RNA-seq has provided
an insight that disrupting MadR is lethal and can be an antitubercular target for initial
and later stages of infection.
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7.5 Application of RNA-seq in Developing Better Diagnosis
and Treatment of Tuberculosis

It is important to understand response against tuberculosis (TB) infection for diag-
nosis of people having an active or a latent TB infection (LTBI). It is also important
to identify LTBI individuals who are at greater risk of active TB development. The
RNA-seq analysis was done on samples from Galicia (Spain) and Mozambique
where more TB is prevalent [39]. The results show high expression of genes that
code for immunoglobulin chains. There was an increase in the expression of
immunoglobulin receptors such as FCGR1A and FCGR1B. Genes responsible for
T cell regulation such as programmed cell death 1 ligand 1 (CD274) and
2 (PDCD1LG2) were also upregulated in samples obtained from active TB patients.
Authors have identified two profiles within LTBI contacts. Transcriptional profiles
of the 77.8% subgroup were similar to that of uninfected contacts, whereas the
second subgroup (22.2%) showed transcription profiles similar to confirmed TB
patients. Thus, these kinds of studies can be useful to study LTBI contacts at risk,
progressing to active TB without any clinical follow-ups. Single-cell RNA-seq
datasets obtained from peripheral blood monocytes of healthy control, LTBI and
active tuberculosis revealed natural killer (NK) cell subset (CD3-CD7+GZMB+) got
depleted in patients suffering from TB. Hence, it can serve as a biomarker for
diagnosis of TB which will help in distinguishing LTBI from healthy control [40].

Antibiotics have a property to either stimulate or repress gene expression in
bacteria. Through transcriptional profiling mode of action of various drugs, their
efficacy and effect on the metabolism of M. tb can be deduced. Through this
technique, new insights for known antibiotics that are currently useful for the
treatment of tuberculosis can be obtained. This will also help in identification of
mode of action and prediction of various targets of new drugs. This technique also
provides information related to changes in transcriptome profile after treatment with
antibiotic [41]. It also provides information related to capability of bacteria to escape
the effect of antibiotics. So it will be helpful in identification of genes responsible in
adaptive responses and tolerance to drugs. Transcriptome profiling helps in identifi-
cation of genes differentially expressed between drug-sensitiveM. tb and multidrug-
resistant clinical isolates. Clinical strains of M. tb are different from H37Rv, more
specifically clinical drug-resistant strains. By the help of transcriptome sequencing
multidrug-resistant strains of M. tb, attributes of resistance and virulence were
depicted [42]. There was an enrichment in biosynthesis of arginine, biosynthesis
of fatty acid, and pathways of metabolism which was depicted through the DEGs of
MDR strains. Type VII secretion system was downregulated in MDR strains.

7.6 Conclusions

Characteristic miRNAs, expressed at different stages of tuberculosis, might give
useful insights on the nature of immune responses generated against this elusive
pathogen. The advantage of using miRNA profile as a diagnostic biomarker is their
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stability in the circulating body fluids. However, inconsistent results due to
variability in miRNA expression levels, lack of optimal experimental models, and
correlation of the results with the actual pathologies limit their use, and further
validation is required to conclude clearly on the role of miRNAs as biomarkers in TB
diagnosis and treatment. Nevertheless, we can conclude that (1) miRNAs were
differentially expressed between active TB and LTBI patients, (2) the results of
in vitro and ex vivo studies can vary considerably and can contradict each other,
(3) PTB and EPTB can provide different miRNA signatures, and (4) treatment to TB
patients highlights changes in miRNA profiles, indicating their potential use as a
measure of efficacy to anti-TB therapy.

The advent of next-generation sequencing technologies that enabled
transcriptomic investigations revolutionized the field of mycobacterial research at
an unprecedented scale. However, the application of the transcriptomics-based
investigation methods in mycobacterial research is still in its infancy and is yet to
reach its zenith in the years to come. Once the full potential of these methods is
realized and applied, the field will definitely be endowed with the information and
insights on enigmatic mycobacterial lifestyle in its favored niche that is still largely
elusive.

References

1. Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat
Rev Genet 10:57–63

2. WHO. Global Tuberculosis Report (2020) Available online at: https://www.who.int/tb/
publications/global_report/en/. Accessed 14 Oct 2020

3. Chakrabarty S et al (2019) Host and MTB genome encoded miRNA markers for diagnosis of
tuberculosis. Tuberculosis 116:37–43

4. Gan J, Qu Y, Li J, Zhao F, Mu D (2015) An evaluation of the links between microRNA,
autophagy, and epilepsy. Rev Neurosci 26(2)

5. Wang J, Yang K, Zhou L, Minhaowu, Wu Y, Zhu M et al (2013) MicroRNA-155 promotes
autophagy to eliminate intracellular mycobacteria by targeting Rheb. PLoS Pathog 9(10):
e1003697

6. Kim JK, Yuk JM, Kim SY, Kim TS, Jin HS, Yang CS et al (2015) MicroRNA-125a inhibits
autophagy activation and antimicrobial responses during mycobacterial infection. J Immunol
194(11):5355–5365

7. Naqvi AR, Fordham JB, Nares S (2015) miR-24, miR-30b, and miR-142-3p regulate phagocy-
tosis in myeloid inflammatory cells. J Immunol 194(4):1916–1927

8. Li H, Jiang T, Li MQ, Zheng XL, Zhao GJ (2018) Transcriptional regulation of macrophages
polarization by microRNAs. Front Immunol 9:1175

9. Sabir N, Hussain T, Shah SZA, Peramo A, Zhao D, Zhou X (2018) miRNAs in tuberculosis:
new avenues for diagnosis and host-directed therapy. Front Microbiol 9: 602

10. Li M, Wang J, Fang Y et al (2016) microRNA-146a promotes mycobacterial survival in
macrophages through suppressing nitric oxide production [published correction appears]. Sci
Rep 6:24555

11. Qin Y, Wang Q, Zhou Y, Duan Y, Gao Q (2016) Inhibition of IFN-γ-induced nitric oxide
dependent antimycobacterial activity by miR-155 and C/EBPβ. Int J Mol Sci 17(4):535

12. Yang T, Ge B (2018) miRNAs in immune responses to Mycobacterium tuberculosis infection.
Cancer Lett 431:22–30

7 Emerging Transcriptomic Approaches to Decipher Mycobacterial Complexities 121

https://www.who.int/tb/publications/global_report/en/
https://www.who.int/tb/publications/global_report/en/


13. Correia CN, Nalpas NC, McLoughlin KE, Browne JA, Gordon SV, MacHugh DE,
Shaughnessy RG (2017) Circulating microRNAs as potential biomarkers of infectious disease.
Front Immunol 8:118

14. Pedersen JL, Bokil NJ, Saunders BM (2019) Developing new TB biomarkers, are miRNA the
answer? Tuberculosis (Edinb) 101860:118

15. Hu X, Liao S, Bai H, Wu L, Wang M, Wu Q, Zhou J, Jiao L, Chen X, Zhou Y, Lu X, Ying B,
Zhang Z, Li W (2019) Integrating exosomal microRNAs and electronic health data improved
tuberculosis diagnosis. EBioMedicine 40:564–573

16. Yang C, Shi Z, Hu J, Wei R, Yue G, Zhou D (2019) miRNA-155 expression and role in
pathogenesis in spinal tuberculosis-induced intervertebral disc destruction. Exp Ther Med 17
(4):3239–3246

17. Pan L, Liu F, Zhang J, Li J, Jia H, Huang M, Liu X, Chen W, Ding Z, Wang Y, Du B, Wei R,
Sun Q, Xing A, Zhang Z (2019) Genome-wide miRNA analysis identifies potential biomarkers
in distinguishing tuberculous and viral meningitis. Front Cell Infect Microbiol 9:323

18. Wang C, Yang S, Liu CM, Jiang TT, Chen ZL, Tu HH, Mao LG, Li ZJ, Li JC (2018) Screening
and identification of four serum miRNAs as novel potential biomarkers for cured pulmonary
tuberculosis. Tuberculosis (Edinb) 108:26–34

19. Ruiz-Tagle C, Naves R, Balcells ME (2020) Unraveling the role of microRNAs in Mycobacte-
rium tuberculosis infection and disease: advances and pitfalls. Infect Immun 88(3):e00649–
e00619

20. Corral-Fernández NE, Cortes-García JD, Bruno RS, Romano-Moreno S, Medellín-Garibay SE,
Magaña-Aquino M, Salazar-González RA, González-Amaro R, Portales-Pérez DP (2017)
Analysis of transcription factors, microRNAs and cytokines involved in T lymphocyte differ-
entiation in patients with tuberculosis after directly observed treatment short-course. Tubercu-
losis (Edinb) 105:1–8

21. Judge AD, Sood V, Shaw JR, Fang D, McClintock K, MacLachlan I (2005) Sequence-
dependent stimulation of the mammalian innate immune response by synthetic siRNA. Nat
Biotechnol 23(4):457–462

22. Dua K, Hansbro NG, Foster PS, Hansbro PM (2017) MicroRNAs as therapeutics for future drug
delivery systems in treatment of lung diseases. Drug Deliv Transl Res 7(1):168–178

23. Mehta M, Chellappan DK, Wich PR, Hansbro NG, Hansbro PM, Dua K (2020) miRNA
nanotherapeutics: potential and challenges in respiratory disorders. Future Med Chem 12
(11):987–990

24. Ozsolak F, Milos PM (2011) RNA sequencing: advances, challenges and opportunities. Nat
Rev Genet 12:87–98

25. Conesa A, Madrigal P, Tarazona S, Gomez-Cabrero D, Cervera A, McPherson A, Szczesniak
MW, Gaffney DJ, Elo LL, Zhang X, Mortazavi A (2016) A survey of best practices for
RNA-seq data analysis. Genome Biol 17:13

26. Han Y, Gao S, Muegge K, Zhang W, Zhou B (2015) Advanced applications of RNA sequenc-
ing and challenges. Bioinform Biol Insights 9:29–46

27. Jathar S, Kumar V, Srivastava J, Tripathi V (2017) Technological developments in lncRNA
biology. Adv Exp Med Biol 1008:283–323

28. Han L, Vickers KC, Samuels DC, Guo Y (2015) Alternative applications for distinct RNA
sequencing strategies. Brief Bioinform 16:629–639

29. Kostic AD, Ojesina AI, Pedamallu CS, Jung J, Verhaak R, Getz G, Meyerson M (2011)
PathSeq: software to identify or discover microbes by deep sequencing of human tissue. Nat
Biotechnol 29(5):393–396

30. Parkhomchuk D, Borodina T, Amstislavskiy V, Banaru M, Hallen L, Krobitsch S, Hans
Lehrach H, Soldatov A (2009) Transcriptome analysis by strand-specific sequencing of com-
plementary DNA. Nucleic Acids Res 37(18):e123

31. Tang F, Barbacioru C, Wang Y, Nordman E, Lee C, Xu N, Wang X, Bodeau J, Tuch BB,
Siddiqui A, Lao K, Surani MA (2009) mRNA-Seq whole-transcriptome analysis of a single cell.
Nat Methods 6:377–382

122 J. Samal et al.



32. Pisu D, Huang L, Grenier JK, Russell DG (2020) Dual RNA-Seq of Mtb-infected macrophages
in vivo reveals ontologically distinct host-pathogen interactions. Cell Rep 30:335–350.e334

33. Rodriguez JG, Hernandez AC, Helguera-Repetto C, Aguilar Ayala D, Guadarrama-Medina R,
Anzola JM, Bustos JR, Zambrano MM, Gonzalez YMJ, Garcia MJ, Del Portillo P (2014)
Global adaptation to a lipid environment triggers the dormancy-related phenotype of Mycobac-
terium tuberculosis. mBio 5:e01125–e01114

34. Aguilar-Ayala DA, Tilleman L, Van Nieuwerburgh F, Deforce D, Palomino JC, Vandamme P,
Gonzalez YMJA, Martin A (2017) The transcriptome of Mycobacterium tuberculosis in a lipid-
rich dormancy model through RNAseq analysis. Sci Rep 7:17665

35. Namouchi A, Gomez-Munoz M, Frye SA, Moen LV, Rognes T, Tonjum T, Balasingham SV
(2016) The Mycobacterium tuberculosis transcriptional landscape under genotoxic stress. BMC
Genomics 17:791

36. Lee J, Lee SG, Kim KK, Lim YJ, Choi JA, Cho SN, Park C, Song CH (2016) Characterisation
of genes differentially expressed in macrophages by virulent and attenuated Mycobacterium
tuberculosis through RNA-Seq analysis. Sci Rep 9:4027

37. Zimmermann M, Kogadeeva M, Gengenbacher M, McEwen G, Mollenkopf HJ, Zamboni N,
Kaufmann SHE, Sauer U (2017) Integration of metabolomics and transcriptomics reveals a
complex diet of Mycobacterium tuberculosis during early macrophage infection. mSystems 2

38. Peterson EJ, Bailo R, Rothchild AC, Arrieta-Ortiz ML, Kaur A, Pan M, Mai D, Abidi AA,
Cooper C, Aderem A, Bhatt A, Baliga NS (2009) Path-seq identifies an essential mycolate
remodeling program for mycobacterial host adaptation. Mol Syst Biol 15:e8584

39. Estevez O, Anibarro L, Garet E, Pallares A, Barcia L, Calvino L, Maueia C, Mussa T, Fdez-
Riverola F, Glez-Pena D, Reboiro-Jato M, Lopez-Fernandez H, Fonseca NA, Reljic R,
Gonzalez-Fernandez A (2020) An RNA-seq based machine learning approach identifies latent
tuberculosis patients with an active tuberculosis profile. Front Immunol 11:1470

40. Cai Y, Dai Y, Wang Y, Yang Q, Guo J, Wei C, Chen W, Huang H, Zhu J, Zhang C, Zheng W,
Wen Z, Liu H, Zhang M, Xing S, Jin Q, Feng CG, Chen X (2020) Single-cell transcriptomics of
blood reveals a natural killer cell subset depletion in tuberculosis. EBioMedicine 53:102686

41. Briffotaux J, Liu S, Gicquel B (2019) Genome-wide transcriptional responses of mycobacte-
rium to antibiotics. Front Microbiol 10:249

42. Tang J, Liu Z, Shi Y, Zhan L, Qin C (2020) Whole Genome and transcriptome sequencing of
two multi-drug resistant Mycobacterium tuberculosis strains to facilitate illustrating their
virulence in vivo. Front Cell Infect Microbiol 10:219

7 Emerging Transcriptomic Approaches to Decipher Mycobacterial Complexities 123


	7: Emerging Transcriptomic Approaches to Decipher Mycobacterial Complexities
	7.1 Introduction
	7.2 MicroRNAs: Biogenesis and Mechanism of Action
	7.2.1 miRNAs in Tuberculosis: New approaches for Diagnosis and Host-Directed Therapy
	7.2.2 Role of Host miRNAs in Tuberculosis
	7.2.2.1 Host miRNAs Regulate Autophagy and Phagolysosome Maturation in Tuberculosis
	7.2.2.2 Host miRNAs Regulate Innate Immunity in Tuberculosis
	7.2.2.3 Host miRNA Regulates Apoptosis in Tuberculosis

	7.2.3 Host miRNAs as Diagnostic Biomarkers in Tuberculosis
	7.2.3.1 Exosomal miRNAs as Biomarkers in Tuberculosis

	7.2.4 Role of miRNAs in Extrapulmonary TB
	7.2.5 Host miRNA Profile in Response to TB Treatment
	7.2.6 Limitations with miRNA Profiling for Diagnostics in Tuberculosis

	7.3 RNA-seq
	7.3.1 Differential Gene Expression Analysis
	7.3.2 Computational Analysis on RNA-seq
	7.3.3 Advancements in RNA-seq

	7.4 Use of RNA-seq in Deciphering Complexities in M. tb
	7.4.1 Dormancy
	7.4.2 Survival
	7.4.3 Infection

	7.5 Application of RNA-seq in Developing Better Diagnosis and Treatment of Tuberculosis
	7.6 Conclusions
	References


