Indian J Microbiol
https://doi.org/10.1007/s12088-023-01143-z

o)

Check for
updates

REVIEW ARTICLE

Next-Gen Dual Transcriptomics for Adult Extrapulmonary
Tuberculosis Biomarkers and Host—-Pathogen Interplay in Human

Cells: A Strategic Review

Manohar Nesakumar! - Elizabeth Hanna Luke! -
Umashankar Vetrivel!

Received: 27 April 2023 / Accepted: 9 November 2023
© Association of Microbiologists of India 2023

Abstract Tuberculosis (TB) is a major public health
concern that results in significant morbidity and mortal-
ity, particularly in middle- to low-income countries. Extra-
pulmonary tuberculosis (EPTB) in adults is a form of TB
that affects organs other than the lungs and is challenging
to diagnose and treat due to a lack of accurate early diag-
nostic markers and inadequate knowledge of host immunity.
Next-generation sequencing-based approaches have shown
potential for identifying diagnostic biomarkers and host
immune responses related to EPTB. This strategic review
discusses on the significance using primary human cells
and cell lines for in vitro transcriptomic studies on common
forms of EPTB, such as lymph node TB, brain TB, bone
TB, and endometrial TB to derive potential insights. While
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organoids have shown promise as a model system, primary
cell lines still remain a valuable tool for studying host—path-
ogen interplay due to their conserved immune system, non-
iPSC origin, and lack of heterogeneity in cell population.
This review outlines a basic workflow for researchers inter-
ested in performing transcriptomics studies in EPTB, and
also discusses the potential of cell-line based dual RNA-Seq
technology for deciphering comprehensive transcriptomic
signatures, host—pathogen interplay, and biomarkers from
the host and Mycobacterium tuberculosis. Thus, emphasiz-
ing the implementation of this technique which can signifi-
cantly contribute to the global anti-TB effort and advance
our understanding of EPTB.
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Introduction

Until the coronavirus (COVID-19) pandemic struck, tuber-
culosis (TB) was the leading cause of mortality worldwide
arising due to single infecting pathogen [1]. The impact of
COVID-19 is evident in the WHO Global TB Report 2022
[1]. The report reveals a concerning trend: the estimated
number of TB-related deaths increased between 2019 and
2021, reversing the declining trend observed from 2005 to
2019. In 2021, approximately 1.4 million deaths occurred
among HIV-negative individuals, and 187,000 deaths were
recorded among HIV-positive individuals, resulting in a
combined total of 1.6 million deaths. Furthermore, an esti-
mated 10.6 million people contracted TB in 2021, mark-
ing a 4.5% increase from the 10.1 million cases reported
in 2020. Notably, the TB incidence rate, measured as
new cases per 100,000 population per year, rose by 3.6%
between 2020 and 2021, reversing a two-decade decline
of approximately 2% per year. Apart from infecting the
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Step 1: Cell Culture and infection: Step 2
Cultivate the human cells in vitro, either as cell
lines or as primary cells. Then, infect the cells with
L Mtb and allow the bacteria to replicate within the
cells. This step ensures that the RNA samples are
derived from cells that have been exposed to the

RNA  Extraction, Library

preparation, Sequencing and Data

analysis:

Isolate total RNA from both the host cells and Mtb
bacteria within the infected cells, generate cDNA
libraries from the RNA samples (Dual RNA Seq requires
separate libraries for the host cells and the Mtb
bacteria), sequence the libraries, analyze the
sequencing data to identify differentially expressed
genes (DEGs) in both the host cells and Mtb, use
bioinformatics tools to analyze the DEGs for pathway
analysis.

Mtb infected cells,

Host cells Mtb bacteria

Step 3: Biomarker Identification:

Identify potential biomarkers of Mtb infection by
comparing the transcriptomic profiles of infected
and uninfected cells. This step can help identify
genes that are specifically regulated during infection
and could be used as diagnostic or prognostic
markers.

lungs, TB bacilli can disseminate to virtually any tissue
in the human body and affect other organs, causing extra-
pulmonary tuberculosis (EPTB). Disease manifestations of
EPTB includes TB meningitis (Brain-TB), cervical-lym-
phadenitis (neck-lymph node TB), ocular TB (TB of eye),
oral TB (TB of the tongue or mouth), TB pleuritis (pleura
covering the lungs), TB pericarditis (TB of the pericar-
dium of heart), cutaneous TB (skin TB), musculoskeletal
TB (bone/muscle TB), abdominal TB (TB of the gastro-
intestinal tract and peritoneum), genitourinary TB (TB of
kidneys and genital tracts of both sexes) and miliary TB.
EPTB contributed to 16% of the 7.5 million incident TB
cases reported globally in 2019 [2]. In the recent years,
there has not only been an increase in the number of EPTB
cases, but also a raise in the number of drug-resistant (DR)
EPTB cases. Recent studies have reported 16-20% drug
resistance among EPTB cases in general, with maximum
resistance reported to be isoniazid (INH) (8-14%) [3-6].
As a complex and multifaceted disease condition by itself,
the management of drug resistance in EPTB warrants more
research efforts for the development of novel anti-TB drugs
as well as newer biomarkers and tests for improved EPTB
diagnosis.
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The major limitation for such research is the challenge
associated with sampling from the different EPTB sites that
involves invasive, costly, and laborious procedures. The aim
of this narrative strategic review is to hint the readers on the
complexity associated with diagnosis of adult EPTB, and
also to briefly summarize the role of human cell lines and
primary cells in generating holistic Mycobacterium tubercu-
losis (Mtb) -host transcriptomic data that could be exploited
to identify new biomarkers and identification of human
immune signatures at multiple infecting sites. By choos-
ing an appropriate cell line or primary cells and carefully
designing the experimental study, researchers can deline-
ate valuable insights on host—pathogen molecular interplay
occurring at various EPTB infection sites, thereby shall open
up potential avenues to ponder towards novel and effective
therapeutic modalities.

The Challenge of Transcriptomics Studies
in Extra-Pulmonary Tuberculosis

EPTB represents Mtb infection that primarily spreads either
via the lymphatic system or through blood from the lung
to other parts of the body. Some of the major challenges
encountered in the diagnosis of EPTB are listed below:

(a) Since EPTB is relatively rare most clinicians lack expe-
rience in the diagnosis of EPTB.

(b) EPTB is usually encountered with a variety of symp-
toms that mimic symptoms of not only respiratory but
also other organ pathologies based on the site of EPTB.

(c) Obtaining an appropriate sample is difficult in EPTB
cases.

Table 1 Comparison of primary human cells and immortalized cell
lines (This comparative table describes various factors that research-
ers should have in mind while planning in vitro transcriptomics stud-

Diagnosis of EPTB depends much on smear studies, bac-
terial culture and nucleic acid amplification tests (NAAT).
The major drawback of the currently available microbiologi-
cal tests for the diagnosis of EPTB, as these methods fea-
ture poor sensitivity and specificity [7]. Given this scenario,
the research fraternity is now poised with a need to iden-
tify novel diagnostic markers, as well as surrogate markers
for predicting the treatment outcome and also to assess the
efficacy of new TB therapeutics and vaccines. This brings
exceptional value for transcriptomics studies in EPTB. How-
ever, the biggest challenge for conducting transcriptomics
studies for EPTB is sample collection from extrapulmonary
sites, as it involves invasive and laborious procedures. For
example, specimen collection for diagnosis of extra-thoracic
lymph node TB involves direct puncture of the lymph node;
similarly, for intra-thoracic lymph node TB, the sample col-
lection procedure involves endobronchial ultrasound or sur-
gical mediastinoscopy. Again for diagnosis of pleural TB,
surgical or medical thoracoscopy and or needle biopsy are
required. Hence, alternate non-invasive procedures for col-
lecting diagnostic specimens becomes safer options.

In recent years, several studies have investigated poten-
tial biomarkers that could aid in differential diagnosis and
treatment monitoring of tubercular lymphadenitis (TBL).
Mustafa et al. [8] reported a five blood biomarker biosig-
nature (MIG, IP-10, MIF, CCL22 and CCL23) that shall be
used as an indicator of treatment success in TBL and TB
pleuritis. A study by Babu et al. [9] inferred that systemic
levels of matrix metalloproteinases (MMPs) and tissue inhib-
itors of metalloproteinase (TIMPs): MMP-1, 9 and TIMP-2,
4 could clearly discriminate PTB from EPTB, LTB and HCs,
wherein, MMP-13 and TIMP-2 could clearly discriminate
EPTB from LTB and HCs. Hence, MMPs and TIMPs are

ies for EPTB, so as to decide on the choice of primary human cells or
immortalized cell lines for the proposed research)

Parameter Primary human cells Immortalized cell lines
Source Isolated directly from human tissues Derived from primary cells or tissues
Lifespan Limited lifespan Unlimited proliferation potential

Budget requirements

Expertise required

zation
Genetic stability Genetically stable

Culturing conditions

Result relevance
host outcomes

Reproducibility of results Subject to donor-to-donor variation
Availability Limited

Ethical consideration Obtained with ethical considerations

Higher initial buying and culturing costs; higher budget required for study
Requires extensive training, expertise in cell culturing, and careful standardi-

Requires specialized media, growth factors, low serum or serum-free media;
conditions must be standardized for each cell type

High relevance to in vivo microenvironment; outcomes closely reflect in vivo

Lower and affordable
Easy to work with

Prone to genetic alterations

Standard media and conditions
provided by the manufacturer or
literature

Low relevance

More standardized and reproducible
Unlimited

Independent of ethical concerns
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considered as potential candidates for non-sputum-based
biomarkers for differentiating PTB and EPTB from LTB
and HC individuals. In other studies, the authors have also
shown that the blood levels of adipocytokines (except resis-
tin) to have significantly elevated in TBL condition than
pulmonary-TB and to get reversed on post treatment [10].
Moreover, it also decreased anti-microbial peptides (AMPs)
levels on ATT [11]. In addition, Abhimanyu et al. [12] pro-
posed a three analyte serum biosignature comprising of
IL-8, IL-10 and TNF-f as blood biomarkers in tubercular
lymphadenitis. However, many of these inferences need to
be explored and validated larger prospective studies. Earlier
studies have shown that strains of Mtb differ in their affinity
for different infection sites [13], and thereby identification of
novel biomarkers for different EPTB site becomes critical.
In this line, transcriptomics data generated from different
human cell lines and primary cell culture models infected
with Mtb becomes a prominent method for identification of
host/pathogen bio-signatures, that could be effectively pon-
dered for early diagnosis and treatment of different types of
EPTB. However, transcriptomics data generated from human
cell lines and primary cell culture models infected with Mtb
for host/pathogen biosignature identification in EPTB also
have limitations. Firstly, these models may not fully replicate
in vivo complexity, leading to divergent gene expression pat-
terns and potential misrepresentation of EPTB responses.
Secondly, artificial culture conditions in vitro can introduce
non-physiological influences on gene expression, yield-
ing biased results. Moreover, the absence of a functional
immune microenvironment hampers accurate representation
of intricate pathogen-immune interactions in EPTB. Batch
variability among cell lines or primary cells can further con-
found results, challenging reproducibility. Additionally, the
dynamic nature of EPTB over time is often inadequately
captured by static in vitro models. This limitation extends to
the translation of in vitro gene expression changes to direct
correlation with clinical outcomes or EPTB biomarkers in
patients. In addition to this, identification of reliable bio-
markers from in vitro models necessitates rigorous valida-
tion in animal models and patient cohorts. Despite these
limitations, in vitro models can provide valuable insights
into the molecular mechanisms underlying EPTB. Integrat-
ing transcriptomics data from different model systems with
other omics data and clinical information is essential for a
more comprehensive understanding of EPTB pathogenesis
and the identification of meaningful biomarkers.

Study Design (Infection-Model) Considerations
A variety of host model systems are available for TB

studies. Of these, cultured cell lines constitute the most
commonly used models because of their simplicity,
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affordability, scalability and stability. However, the major
drawback of cell lines is that they do not fully recapitu-
late the host—pathogen interactions occurring in primary
human cells. The difference between primary cells and cell
lines have been described elsewhere in literature [14—16],
but a few important points are listed in Table 1 below.
The decision to use human primary cells or cell lines for
a particular study has to be made based on the nature of
research and study requirements, although primary human
cells (PHCs) provide an improved and valuable tool for
analyzing host—pathogen interactions, and identifying val-
uable biomarkers for diagnosis and prognosis of disease..
The comparative Table 1 provides a condensed represen-
tation of the essential factors to weigh when selecting an
in vitro model system, as well as the strengths and limita-
tions inherent in each of these model systems.

Primary Human Cell Cultures and Immortal Cell Lines
as Important Tools to Study Pathogenic Mechanisms
in EPTB

Quite a number of transcriptomics studies have been con-
ducted in different forms of EPTB, including TB of the
lymph node [21-23], brain [24] and ocular [34] sites, but
these studies have a few limitations. Firstly, transcriptomics
studies on lymph node and brain TB only included patients
with confirmed TB but does not comprise appropriate con-
trols. Secondly, studies on ocular TB does not well utilize
“big omics data” generated using current NGS approaches.
However, the observed potential of these studies prompts the
need for further discovery and validation studies on host-
transcriptional signatures for various forms of EPTB, so as
to identify robust candidates that can be incorporated into
point-of-care diagnostic tests for EPTB.

Based on the literature review, we collated the most com-
monly used host—pathogen models for transcriptomics stud-
ies namely, primary human cell cultures and cell lines, in
order to apprise the researchers who intend to perform stud-
ies on transcriptome profiling in different forms of EPTB
(Table 2). Majority of the invitro models have been cited
in various studies and therefore can be useful for any pro-
spective researcher to use as experimental platforms with
minimal or no standardisation.

*As far as HGC-27 cell line referenced [26] in Table-2,
there aren’t many well-established human cell lines derived
from lymph node, and no single cell line can serve as com-
plete invitro model for biomarker purposes because of its
presence at multiple sites in the system, we have referenced
the HGC-27 cell line derived from metastatic lymph node of
gastric cancer for the study of TB Lymphadenitis.
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Step 1: Literature review, conceptualization,
Experiment design and standardisation

Choosing specificinvitro models for study (Human primaryor
:> immortalized cell lines) standardise culturing of cells and
co-culture of host-Mtb infection protocols

S

Step 2: Wet lab workflow

Infection of host cells with the Mtb strains, RNA Seq library
:> preparation, enrichmentof Mtb RNA and NGS

i

Step 3: Bioinformatics analysis

Map both Mtb and human genome reads to respective reference
genomes (Bowtie), Nomalization of Mtb, human mapped reads, study
of gene expression over time and differential gene expression
(Network interference)

~>

Step 4: Validation of “proof of principle” in
human cohorts

:: Cohort Selection and Recruitment, Experimental Validation in Human
Cohorts, Manuscript Writing and Publication

Fig. 1 Schematic flow chart of the proposed experimental approach to carry out host—pathogen interaction studies/biomarker/transcriptomics

studies using dual RNA-seq approach in EPTB

Workflow for Transcriptomics Approaches

Transcriptomics studies in EPTB can be a powerful approach
for discovery of both host and pathogen biomarkers. Design-
ing transcriptomics studies in EPTB involves four key steps:

1. Selection of suitable cell lines/cell culture models rel-
evant to the extra pulmonary site of infection

2. Propagation of cell lines/cell cultures and the use of
appropriate infection protocols

3. Standardization of laboratory experimental conditions

4. Transcriptome profiling and biomarker identification

The basic workflow of experimental approaches for the
identification of novel biomarkers and transcriptomic signa-
tures for various forms of EPTB is outlined in Fig. 1.

The choice of cell line for transcriptomics studies should
take into account the following: (i) the cell type should be
present in abundance at the site of extra-pulmonary infec-
tion, and (ii) the cell should be a proven replicative niche for
Mtb. Another key consideration for designing a successful
transcriptomics study is the use of cell lines and primary cell
cultures obtained from good commercial sources, as well as
the use of well-standardized/published infection protocols
and ideal experimental conditions. Besides, the study design
should include adequate number of biological and technical
replicates, and take into account optimization of workflow,
biological variation between models of study, sampling and
handling variation, RNA quality, transcriptome changes,

@ Springer

appropriate quality controls for each type of experiment,
sequencing depth as per the need of the study, use of vali-
dated computational pipelines for data analysis, etc.
Another key consideration in the design of transcrip-
tomics studies is to determine whether the transcriptome
data of the TB bacilli or the human cell or both need to be
captured. For instance, studies aimed at understanding the
mechanisms used by the TB bacillus for successfully infect-
ing human cells and escaping the immunological surveil-
lance mechanisms of the host, requires transcriptomics data
for both the TB bacilli and the human cells. Thus, depending
up on the research question, many types of data may be gen-
erated from transcriptomics studies. The main advantage of
transcriptomics studies lie in its ability to capture novel iso-
forms occurring due to alternative splicing, single nucleotide
polymorphisms and low abundant gene transcripts in the cell
population. However, the major disadvantage is the inability
to understand post-transcriptional modifications in the pro-
tein. Yet, due to the cost and complexity of proteome analy-
sis, measuring gene expression is often considered a viable
preliminary proxy in the scientific community for proteomic
data, and is contextual based on the research question. In
order to get a precise picture of the pathology of the disease
at the cellular level and the host response to the pathogen,
along with transcriptomics and proteomics analyses, addi-
tional immunological studies such as immune cell profiling,
multi-cytokine profiling, etc. should be carefully planned.
This would provide a complete picture of the “immunome”
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of the host along with the “transcriptome and proteome” at
the EPTB infection sites.

The traditional approach to unravel the host—pathogen
transcriptomics involved on the RNA Seq datasets obtained
on both host and the bacterium separately post-infection,
followed by their individual analysis through sequencing- or
probe-based technologies. In contrast, Dual RNA-seq allows
the capturing and analysis of the transcriptomes of infect-
ing pathogen, as well as the infected host simultaneously
without the need of the separation of the both organisms.
As discussed elsewhere [36-38], the typical workflow of a
dual RNA sequencing experiment slightly differs from the
original RNA sequencing experiment, in that the infected
host cells and infecting pathogens are lysed together, which
results in the release of total RNA, followed by ribosomal
RNA (rRNA) depletion, library preparation and sequenc-
ing. Raw sequencing reads are stored in the form of FASTQ
files and needs to be subjected to various quality checks,
adapter trimming and filtering processes; the resulting data-
sets derived from host and the bacterial reads are aligned to
their respective reference genomes and the transcripts are
finally quantified.

A balanced and a holistic discerning of the transcrip-
tomes of both host and pathogen can render valuable
insights on identifying new pathogenic virulence factors,
or new pathways in the host cells triggered due to the expo-
sure to precise pathogens or pathogen-associated molecular
patterns (PAMPs). This approach has made a major influ-
ence on better understanding of the transcriptomic interplay
between host and the pathogen. Such studies have provided
very valuable insights on the pathogenic mechanisms of
Salmonella species, S. pneumoniae, uropathogenic E. coli
and Haemophilus influenza. Dual rna-seq is also utilized to
probe the host—pathogen interplay in intracellular pathogens
like Chlamydia trachomatis and Mtb [38]. In case of Mtb,
Dual rna-seq technology is applied in many recent studies:
Pisu et al. [39] explored the invivo molecular dynamics of
Mtb infection on Mtb infected murine-macrophage model;
Rachel et al. [40] attempted to get a comprehensive picture
of the entire ecosystem by generating RNA sequence data
from sputum and analysing the transcripts of the pathogen,
host and the microbiome community; Hong et al. [41] inves-
tigated the host—pathogen interactions at the transcriptomic
level in an in vitro macrophage infection model; Victor
et al. [42] showed that two closely related clinical strains
spanning the Latin American and Mediterranean family of
Mtb to arbitrate a discrete host response in human splenic
macrophages despite their genetic similarity. Despite all
these studies, there is dearth of knowledge on whole tran-
scriptome (including small RNA) interplay snapshot on
the direct infection of Mtb on different human cells and it
becomes essential to know the transcriptomic landscape for
deep understanding of pathogenic mechanisms, especially

in EPTB. Hence, through this review, we explicitly provide
the insights for those researchers who intend to unravel and
study the host—pathogen interactions in conditions, where
there is limited access to infected tissues like EPTB. In the
study of Mtb-host interactions, Dual RNA-Seq emerges as a
valuable technique by simultaneously profiling host and Mtb
transcriptomes. This approach, however, presents certain
limitations when compared with methods like bulk/single-
cell RNA-Seq. Challenges include the intricate transcrip-
tome complexity and associated computational demands,
potential sensitivity issues towards low-abundance Mtb
transcripts in infected tissues, and the dominance of host
RNA, often masking pathogen-specific signals. Further-
more, accurately quantifying Mtb gene expression within
the dynamic range of host—pathogen interactions can be
intricate. While dual RNA-Seq may lack single-cell reso-
lution, its capability to offer unique insights into Mtb-host
interactions remains evident. In spite of these limitations,
Dual RNA Seq continued to serve as a valuable tool for
unraveling new insights into the dynamics of host—patho-
gen interactions during infection, identify critical pathogen
adaptations to the intracellular host environment and corre-
sponding host responses modulated by invading pathogen.
We propose properly designed studies that harness the state
of the art dual RNA sequencing coupled with cell culture
technologies shall lead to the discovery of specific biomark-
ers and potential drug targets.

“Omics” Data Could be a Game-Changer
in the Anti-TB Efforts Against EPTB

Eradication of TB and achieving the END-TB goal depends
on identification and treatment of active TB cases. The stra-
tegic framework to END TB in India [43]. consists of four
pillars: Pillar 1: build, strengthen and sustain an enabling
environment for TB Elimination, Pillar 2: prevent the emer-
gence of TB in susceptible populations using a combination
of biomedical, behavioural, social and structural interven-
tions, Pillar 3: detect all, that is, Early identification of pre-
sumptive TB, at the first point of contact be it private or
public sectors, and prompt diagnosis using high sensitivity
diagnostic tests to provide universal access to quality TB
diagnosis including drug resistant TB in the country and
Pillar 4: treat all. Delivering high-quality, patient-centered
diagnostics and care at the initial healthcare facility visit
is essential for augmenting the detection of TB cases and
mitigating patient attrition during the early stages of the care
cascade that is vital in the pursuit of End-TB target.

The management of TB treatment is further complicated
by the potential for unfavorable outcomes such as treatment
failure or disease recurrence. Hence, it is of paramount
importance to closely monitor treatment response and ensure
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its success. In this context, the significance of host/patho-
gen biomarkers becomes evident. These biomarkers hold
promise for their potential to be translated into rapid point-
of-care tests. Such tests can be employed for triaging and
diagnosing TB, predicting the progression from infection
to active disease, and monitoring treatment response. These
capabilities constitute essential attributes for advancing TB
elimination efforts. Nonetheless, it remains challenging to
achieve early diagnosis of EPTB with existing diagnostic
approaches, thereby presenting a major obstacle in realizing
the objectives outlined in Pillar 3 of the END-TB/TB elimi-
nation strategy. In order to achieve the END-TB goal, inten-
sified research towards the identification of new diagnostic
biomarkers for various forms of EPTB is acutely needed.
Data derived from dual RNA sequencing experiments which
simultaneously profile the host and bacterial transcripts at
the site of infection would unveil new sights into the dynam-
ics of host—pathogen interactions during the disease, iden-
tify pathogen adaptations to the host environment [44, 45],
determine host responses to infection, and identify novel
biomarkers for early diagnosis of the disease [46, 47].
Thus, a properly designed and executed in vitro “tissue
or cell-transcriptomics” studies would help to advance our
knowledge in EPTB research in the following ways:

(i) Characterizing tissue/cell-specific infection patterns
leading to the identification of infection-specific meta-
bolic alterations induced by the TB bacilli as in the
case of pulmonary TB [48]

(i) Predicting changes in gene expression levels in vivo
by extrapolating the results obtained from the closest
in vitro model system

(iii)) Understanding the mechanism of latency

(iv) Characterizing how each mutant/clinical isolate
infects various sites in the body

(v) Characterizing the difference in host-immune
response at different infection sites

(vi) Understanding the function of host non-coding regula-
tory RNAs

(vii) Comprehending host-Mtb interactions at the cellular
level
(viii) Identifying biomarkers for EPTB

(ix) Identifying biomarkers for treatment response

(x) Understanding the effect of BCG vaccination at vari-
ous EPTB infection sites

(xi) Deciphering the mechanism of action of novel anti-TB
compounds and evaluating their therapeutic efficacy.

Future Perspectives

Traditionally, two-dimensional (2D) cell cultures have been
used as in vitro models for various cell response studies.
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However, the 2D systems cannot completely mimic the real-
time in vivo cellular responses. To overcome this limitation,
3D cell culture models also referred to as spheroid or orga-
noid cultures were developed [49, 50]. The goal of the 3D
cell culture model is to recapitulate as closely as possible
the microenvironment present in the in vivo system. By hav-
ing adequate amount of biological/technical replicates, one
can get statistically significant results using these models
depending on the type of study. However, in macro-scale
cultures, one may have to sacrifice either the accuracy of
the model or the throughput. Microfluidic devices and micro
patterned plates with extracellular matrix components, and
cultures that are performed on spheroids embedded in ECM
scaffolds, offer hybrid culture systems that unify the advan-
tages of both platforms to form a complex microenvironment
for 3D cell culture. These 3D cell culture technologies have
the potential to improve model accuracy without compro-
mising on the high-throughput capability. Although many
reports suggest that 3D systems should be applied whenever
possible, the choice of the technology or platform has to
be decided by the researcher based on the specific applica-
tion/objective of the experiment. There is no universal 3D
platform for the study of EPTB; a researcher must choose a
3D cell culture model that would simulate a tissue-specific
physiological or pathophysiological disease-specific micro-
environment wherein the cells can proliferate, aggregate and
differentiate. The model chosen by the researcher should
essentially take into consideration cell-to-cell and cell-to-
extracellular matrix (ECM) interactions, nutrient and meta-
bolic waste gradients, and a combination of tissue-specific
scaffolding cells [51]. The use of 3D cellular systems such
as in vitro human granuloma model, bio electrospray 3D
model [52], or “organ on a chip” model [53, 54] has a defini-
tive edge over the 2D models. Overall, the 3D platforms are
likely to provide an increasingly attractive alternative for 2D
cell culture as the technology has the potential to capture
biologically relevant factors and recapitulate the micro-envi-
ronmental factors that resemble the in vivo condition when
Mitb interrogates the host cell to cause disease pathology.

Discussion and Conclusion

Globally, EPTB accounts for a significant proportion of TB
cases, and yet the diagnosis of EPTB suffers from poor per-
formance of laboratory tests. This remains an obstacle to the
END-TB goal even in low-incident countries. Various blood-
based biomarkers hold promise for improving TB diagno-
sis, but many of these have been identified in case—control
studies of pulmonary TB alone, for which reason the find-
ings cannot be extrapolated to EPTB and culture-negative
TB. While next-generation sequencing (NGS)-led “omic”
approaches are now being consistently used in the field of
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Fig. 2 Schematic roadmap of experimental approach, scientific and methodological considerations in transcriptomics workflow in EPTB

research

biomedical research to address a variety of questions such
as novel target discovery, protective biomarker identifica-
tion, diagnostic biomarkers identification, understanding
latency and reactivation, and so on, conducting such stud-
ies for EPTB remains a serious challenge due to sampling
issues from extra-pulmonary infection sites in patients. This
constitutes a major stumbling block in the control of EPTB
disease. For a researcher interested in deciphering specific
transcriptomes from different forms of EPTB for the purpose
of understanding host—pathogen interactions or identifica-
tion of novel diagnostic markers, the most critical step in
the design of the study is to mine the literature for ideal cell
culture models and infection protocols that can be used for
the study of various types of EPTB. While organoids have
shown promise as a model system, primary cell lines remain
a valuable tool for studying host—pathogen interplay due to
their conserved immune system, non-iPSC origin, and lack
of heterogeneity in cell population. To our knowledge, this
is the first snapshot review that provides a road-map for high
throughput —omics studies aimed at biomarker discovery by
offering the readers a catalogue of optimal host—pathogen
infection models (primary human cell cultures and cell lines)
and infection protocols relevant for the five most common
forms of EPTB.

We used PubMed and Google Scholar for collecting arti-
cles related to this topic using relevant search terms reported
in literature for identifying primary cells and cell lines
that have been used as models for EPTB. In the PubMed
database, we employed a variety of general search strings,
such as ("human cell lines" OR "human cell cultures")
AND "Mycobacterium tuberculosis" AND ("transcriptom-
ics" OR "gene expression") AND ("Musculoskeletal TB"
OR "Bone TB" OR "TB Meningitis" OR "Brain TB" OR
"Ocular TB" OR "Genital TB" OR "TB lymphadenitis" OR

"Lymph node TB"), along with specific search strings tai-
lored to each EPTB subtype. These specific strings used for
the search were as follows: ("human cell lines" OR "human
cell cultures") AND "Mycobacterium tuberculosis" AND
("transcriptomics” OR "gene expression") AND "Bone
TB"; ("human cell lines" OR "human cell cultures") AND
"Mycobacterium tuberculosis" AND ("transcriptomics"
OR "gene expression") AND "Brain TB"; ("human cell
lines" OR "human cell cultures") AND "Mycobacterium
tuberculosis" AND ("transcriptomics" OR "gene expres-
sion") AND "Ocular TB"; ("human cell lines" OR "human
cell cultures") AND "Mycobacterium tuberculosis" AND
("transcriptomics" OR "gene expression") AND "Genital
TB"; ("human cell lines" OR "human cell cultures") AND
"Mycobacterium tuberculosis" AND ("transcriptomics" OR
"gene expression") AND "Lymph node TB". These search
strings were used to effectively combine different concepts
using the "AND" operator and to encompass synonyms or
related terms within each concept using the "OR" operator.
For the Google Scholar database search, we employed the
following search terms: "human cell lines" AND Mtb AND
transcriptomics AND EPTB; Musculoskeletal TB cell lines
AND Mtb AND transcriptomics; TB Meningitis cell lines
AND Mtb AND transcriptomics; Ocular TB cell lines AND
Mtb AND transcriptomics; Genital TB cell lines AND Mtb
AND transcriptomics; TB lymphadenitis cell lines AND
Mtb AND transcriptomics. The search and the selection
process were not systematic. We meticulously reviewed the
abstracts and methodologies of the identified key articles and
subjected those to thorough scrutiny. The objective was to
identify cell lines and cell culture models that could serve as
valuable in vitro tools for researchers planning to undertake
studies related to transcriptomic biomarker identification
or host-Mtb interaction analysis within the context of the

@ Springer
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five frequently occurring forms of EPTB. In our strategic-
review, we have meticulously catalogued only those cell
lines and culture models that have been previously explored
and utilized in various EPTB studies. This compilation is
intended to assist researchers during the initial conceptu-
alization phase, aiding in the identification of suitable cell
lines and co-culture conditions for transcriptomic biomarker
identification or host-Mtb interaction studies on these five
commonly occurring forms of EPTB. During data curation,
we asked the following research questions:

e QI: Why are human primary cells and immortalized
cell lines important tools for transcriptomics studies in
EPTB?

¢ Q2: Which model human primary cells or immortal cell
lines could be the best option for transcriptomics studies
on EPTB?

e (3: What are the different human cell lines that have
been used in literature to study various types of EPTB?

e Q4: What are the general technical considerations for
conducting transcriptomics studies?

e Q5: What are the different applications of “tissue/cell-
transcriptomics” studies in EPTB in advancing anti-TB
efforts?

Through literature-mining, we identified answers to
Q1-Q5 and have presented them in appropriate sections of
this review, respectively. We have also provided the readers
with references of studies that have utilized primary human
cell cultures and immortalized human cell lines for EPTB
studies (Table 1). These references can serve as a guiding
resource for researchers planning to conduct transcriptom-
ics studies in EPTB to choose the most appropriate cell /cell
line, culture medium and infection protocol. The step-wise
approach that may be adopted for generating transcriptomics
data from EPTB sites for both the host and the TB bacilli is
schematically represented in a flowchart (Fig. 1). The sche-
matic roadmap of the experimental approach and and meth-
odological considerations in the transcriptomics workflow
are outlined in Fig. 2.

In conclusion, EPTB constitutes a significant proportion
of global TB burden and curbing the pathogen in its “mul-
tifaceted dwelling sites” is vital to achieving the END-TB
goal. EPTB still poses significant diagnostic challenges, and
the development of new biomarkers using transcriptomic
approaches is essential for reducing the mortality and mor-
bidity associated with the disease. The use of human cell
cultures and cell lines, and integrative exploitation of recent
developments such as 3D cell culture technologies along
with next generation sequencing (NGS) enabled approaches
have great potential to support the study of genome-wide
transcriptional changes in both Mtb and the infected host
cell in EPTB sites. A properly designed and conducted

@ Springer

biomarker study using an appropriate human cell line can
generate valuable data on comprehensive transcriptomics
signatures and biomarkers that would serve as proof-of prin-
ciple for subsequent human studies.
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