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Despite years of global efforts to combat tuberculosis (TB), Mycobacterium
tuberculosis (Mtb), the causative agent of this disease, continues to haunt the
humankind making TB elimination a distant task. To comprehend the pathogenic
nuances of this organism, various in vitro, ex vivo and in vivo experimental models
have been employed by researchers. This review focuses on the salient features
as well as pros and cons of various model systems employed for TB research. In
vitro and ex vivo macrophage infection models have been extensively used for
studying Mtb physiology. Animal models have provided us with great wealth of
information and have immensely contributed to the understanding of TB
pathogenesis and host responses during infection. Additionally, they have been
used for evaluation of anti-mycobacterial drug therapy as well as for determining
the efficacy of potential vaccine candidates. Advancements in various ‘omics’
based approaches have enhanced our understanding about the host-pathogen
interface. Although animal models have been the cornerstone to TB research,
none of them is ideal that gives us a complete picture of human infection, disease
and progression. Further, the review also discusses about the newer systems
including three dimensional (3D)-tissue models, lung-on-chip infection model,
in vitro TB granuloma model and their limitations for studying TB. Thus,
converging information gained from various in vitro and ex vivo models in
tandem with in vivo experiments will ultimately bridge the gap that exists in
understanding human TB.

tuberculosis, animal models, omics-based approaches, host-pathogen interactions,
cellular models
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1 Introduction

Tuberculosis (TB) remains a leading cause of death by a single
infectious agent, claiming an estimated 1.09 million deaths among
HIV-negative people and an estimated 161,000 deaths among HIV-
positive people in the year 2023 (WHO Global TB report, 2024). A
total of 1.25 million deaths in 2023 was observed, which was lower
than the number of deaths observed in the year 2019. However, this
reduction in total number of TB deaths was calculated to be 23%
between 2015 and 2023, which is far from the desired milestone of
the WHO End TB Strategy (a 75% reduction between 2015 and
2025) (WHO End Strategy). Unawareness among the common
people is one of the main causes for non-compliance and non-
adherence observed to the TB treatment, which often leads to
emergence of multidrug and extensively drug-resistant strains. In
2023, 400,000 individuals developed MDR/RR-TB worldwide, with
150,000 deaths due to multidrug-resistant TB. Thus, elimination of
TB is an urgent matter and requires global efforts to attain the
targets of 90% reduction in TB incidence, with fewer than 100 cases
per million people by 2035, as per the WHO End TB Strategy
(WHO End Strategy). Achieving these targets demand the
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requirement of developing novel and effective TB vaccines,
improved diagnostic measures and better therapeutics.
Mycobacterium tuberculosis (Mtb) is an extremely successful
pathogen that has daunted the mankind since ages. The wide
clinical outcomes that are experienced on Mtb infection
complicate our understanding on the host-pathogen interface as
well as the immune responses required to eliminate the pathogen.
Few individuals do not get infected at all despite being exposed to
Mtb reflecting the importance of strong innate immune defenses
(Figure 1) (Stead et al., 1990; van Crevel et al., 2002; Simmons et al.,
2018; Kroon et al., 2020; Boom et al., 2021; Aiello et al., 2023).
However, most of the individuals who get infected with Mtb, enter
into latency (LTBI) and control the infection in a few intact
granulomas. These individuals are tuberculin skin test (TST)
positive and about 5-10% of these individuals are at risk of
developing active TB during their lifetime (van Crevel et al., 2002;
Bucsan et al, 2019). Besides, certain other underlying health
conditions including diabetes, HIV infection or immunotherapies
pose a significant risk of reactivation TB in LTBI individuals (Miller
and Ernst, 2009; Kwan and Ernst, 2011; Ai et al., 2016; Bucsan et al.,
2019; Tezera et al., 2020a; Salindri et al., 2021). 5-10% of the
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A wide spectrum of clinical fates of Mtb infection: Alveolar macrophages are the first cells to get exposed to Mtb and hence are the most important
line of defense that decides the fate of the infection. Many individuals do not get infected with Mtb, due to the robust innate immunity that leads to
an efficient activation of macrophages, resulting in a stronger anti-mycobacterial response and elimination of the pathogen. However, most of the
individuals who get infected with Mtb enter into latency (Latent TB) and an effective adaptive response is able to control the infection in a few intact
granulomas consisting of various immune cells that act as safeguards to contain the infection. With a successful adaptive response, some latent
individuals also sterilize the infection via calcification. Some 5-10% of infected individuals develop active TB with cavitary pulmonary tuberculosis
becoming a potential source of transmitting the pathogen to other uninfected individuals. In addition, ~ 90% of the active TB cases are results of
reactivation of latent infections, due to the immune comprised status (HIV infection, anti-TNF-a therapies) of these individuals and thus, with
inadequate immune responses, granulomas become necrotic with a caseous center (soft, cheese-like appearance), which results in dissemination of
the infection to other parts of the host system. The figure is prepared by using BioRender.com.
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individuals who get infected with Mtb develop the active full-borne
disease and are potential sources of transmitting the pathogen to the
uninfected individual (Acharya et al., 2020).

Mtb is transmitted to the uninfected host via the aerosols
propelled by the patient’s cough. The bacilli reaches the alveoli
where it infects the alveolar macrophages, the first cells to get
exposed to the pathogen. Recognition of Mtb by various PRRs
(pattern recognition receptors) leads to phagocytosis of pathogen
and induction of a plethora of innate responses (Liu et al., 2017;
Chai et al.,, 2020; Boom et al.,, 2021; Chandra et al., 2022).
Subsequently, macrophage activation stimulates the anti-
mycobacterial defenses including acidification of the infected
phagosomes, ROI and RNI stress, apoptosis and production of
proinflammatory cytokines (Liu et al., 2017; Boom et al., 2021).
However, being a smart pathogen, Mtb has premeditated its
machinery to evade the host antibacterial artillery and finally
persist inside macrophages as an intracellular pathogen. Various
Mtb proteins are known to inhibit the assembly as well as the
acquisition of the NADPH oxidase on the infected phagosomes,
thereby reducing the generation of reactive oxygen species (Sun
et al., 2013; Koster et al., 2017; Srivastava et al., 2019). It has also
devised its own detoxification system based on katG to quench the
oxidative radicals (Ng et al., 2004). In addition, Mtb expresses
proteins that prevent the fusion of phagosomes to lysosomes, thus,
stalling the delivery of the bacteria to the lysosomes (Puri et al,
2013; Pradhan et al., 2018). Mtb also encodes proteins that help the
pathogen survive the acidic conditions faced inside the phagosomes
(Vandal et al, 2009; Singh et al, 2019). Besides, virulent Mtb
induces necrosis of infected macrophages in order to enhance its
spread to other macrophages to ultimately increase bacterial
replication (Divangahi et al., 2013). The pathogen induced
dysregulation of the antibacterial responses mark the rapid
division of Mtb until the adaptive immune responses come into
the picture.

Following the macrophage infection, other innate cells such as
neutrophils, dendritic cells and natural killer cells also traffic to the
site of infection in an attempt to effectively control the pathogen
(Ravesloot-Chavez et al., 2021; Sankar and Mishra, 2023). Dendritic
cells are key players in disseminating the bacteria to the draining
lymph node where they present Mtb antigens to prime the T cells
(Marino et al, 2004). Following priming, an adaptive immune
response is mounted, which includes the involvement of various
immune cells like CD4+, CD8+ T and B-cells. Moreover, CD4+ T
cell responses play a major role in anti-TB immunity, as depletion
of these cells such as in the case of HIV infection, renders an
individual more susceptible to tuberculosis. These CD4+ T cells
differentiate further leading to the generation of effector and
memory T cells. Trafficking of these effector T cells and other
immune cells to the lungs initiate the cell-mediated responses that
ultimately lead to granuloma formation (Chandra et al, 2022).
Granulomas are pivotal to TB immunity, which are well-organized
and structured complex, comprising of collection of various
immune cells such as macrophages, neutrophils and lymphocytes
surrounded by fibrinogen and collagen (Chai et al., 2020). As the
infection progresses, macrophages within the granulomas mature to
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differentiate into various phenotypes including differentiated or
epithelioid macrophages, foamy macrophages, and multinucleated
(or Langhans) giant cells (MNGCs) (Ndlovu and Marakalala, 20165
Chai et al., 2020). A successful adaptive response will either control
the infection within these stable granulomas (latent TB) or
sometimes even sterilize the infection leading to sclerotic and
calcified granulomas (Chandra et al, 2022). In latent infections,
granulomas halt the bacterial replication and spread, however, are
unable to eliminate the pathogen (Luies and Du Preez, 2020;
Alsayed and Gunosewoyo, 2023). Thus, Mtb can survive in this
conducive niche in a non-replicating state for decades (Luies and
Du Preez, 20205 Alsayed and Gunosewoyo, 2023). These individuals
are at a lifetime risk of reactivation, which is estimated to be around
5-10%, with most of the reactivation TB cases observed to be within
the first five years of initial infection (WHO; Martin et al., 2021).
Infact, ~90% of the active TB cases are due to reactivation of latent
infections (Jilani et al., 2020; Martin et al., 2021). In individuals with
inadequate adaptive response in case of HIV infections, newborns
or people undertaking anti-TNF-o therapies, granulomas become
necrotic with a caseous center (soft, cheese-like appearance), which
results in dissemination of the infection to other parts of the host
(Solovic et al., 2010; Tornheim and Dooley, 2017; Chandra et al,,
2022). Moreover, an excessive immune response can be detrimental
rather than beneficial for the host, leading to worsened pathology,
which is associated with cavitary pulmonary disease (Figure 1)
(Comstock et al., 1974; Kaufmann, 2003; Tezera et al., 2020b).
Infact, it is observed that as granuloma matures, Mtb influences the
differentiation of the macrophages to foamy phenotype
characterized by the accumulation of lipid bodies (Singh et al,
20125 Agarwal et al., 2021). These lipid bodies, which are induced by
the pathogen by modulating lipolysis of the neutral lipids serve as
both a nutrient source and a privileged niche for its replication
(Singh et al., 2012). Thus, these foamy macrophages contribute to
both bacterial sustenance and tissue pathology, which ultimately
leads to cavitation. Thus, an inadequate immune response or an
excessive host response leads to different forms of active TB (Tezera
etal., 2020b). Due to such wide variety of clinical presentations that
can be experienced upon Mtb infections, we currently lack
knowledge about the immunological determinants that can
distinguish between protection and pathology (Figure 1). The lack
of information on the protective responses that can lead to
containment or elimination of the pathogen along with those that
can be detrimental to the host is a significant roadblock to the
development of novel preventive vaccines against TB.

Animal models have been instrumental in providing a platform
to increase our repertoire of knowledge on immune mechanisms
and pathology driving factors. Much of our learning about the
bacterial as well as host traits involved in TB infection and
progression have come from the experiments conducted in
various animal models. Although several animal models for TB
exist including mouse, guinea pigs, non-human primates (NHPs)
and rabbits etc., unfortunately, none of them recapitulates the
complete picture of the pathological features of human TB
disease. In this review, an attempt has been made to describe the
pros and cons of various animal models along with a comparison of
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the respective pathological features they demonstrate and their
usage for various aspects of TB research. Further, advancements
made in the “omics-based approaches” have also been extremely
beneficial in giving us insights into various host-pathogen
interactions that are useful in developing host-directed therapies,
are also discussed in the review.

2 In vivo models for TB research

Human samples from various healthy individuals and TB
patients (active, latent, household contacts) are definitely the
preferred choice for gaining real insights into various stages of
Mtb infection. However, the limitations associated with human
samples are the availability issues, the invasive procedures required
to obtain the biopsies and ethical regulations that confine their
usage (Soldevilla et al., 2022). Experimental animal models have
been paramount in TB research and have provided valuable
information about the pathogenesis as well as TB immunity.
Apart from advancing knowledge on basic sciences, they have
also been extensively employed as powerful research tools for
translational research, including vaccine and drug testing. For
instance, mouse model of experimental TB has been employed for
rapid screening of compounds for their anti-TB activity due to the
ease of delivering drugs orally. Moreover, guinea pigs are
considered suitable for vaccine testing because of the
immunological similarities they share with human disease. Infact,
NHPs display clinical symptoms as well as granuloma structures
similar to a human TB patient, making them a pragmatic and
rational choice for studying immunological parameters and
mechanisms (Zhan et al., 2017).

2.1 Mouse

Till date, the mouse (Mus musculus) model has been the most
extensively employed animal system, not only for TB research but
also for studying many other communicable and non-
communicable diseases, due to the huge practical and cost-
effective advantage it brings along. Additionally, the major
reasons for its broad usage are: (i) the huge genomic similarity it
shares with human genome, (ii) tools for genetic manipulation and
(iii) the availability of several genetic knockout mouse strains. These
knockout strains have provided us useful information on
identification of various genetic factors associated with TB
susceptibility, various innate and adaptive immune mechanisms
and host-pathogen interactions.

Cost definitely plays an important role in the wide utility of
mice for conducting various kinds of research, especially in context
to TB, where requirement of BSL3 facility adds additional expense.
Besides, the ease of handling and genetically manipulating these
animals have provided further advantage in recognizing the
importance of host responses, particularly T cell immunity
required for protection against TB infection. For instance, mice
deficient in CD4+ T cells have impaired ability to control Mtb and
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succumb to the disease much faster than the wild type mice (Caruso
etal., 1999). Additionally, mice that are unable to produce T-bet (T-
box transcription factor essential to Thl-cell generation), which is
associated with reduced production of IFN-y and increased
production of IL-10 and accumulation of multinucleated cells in
the lungs, are susceptible to virulent Mtb infection (Sullivan et al.,
2005). In addition, many other immune cells contributing towards
host response to Mtb infection have been identified in the mouse
model, including YOTCR T cells, NK cells and iNKT cells (Orme and
Ordway, 2016).

Toll like receptors (TLRs) are family of pattern recognition
receptors (PRRs) that are involved in the recognition of various
pattern associated molecular patterns (PAMPs) on the invading
pathogen and mounting the downstream inflammatory response.
TLRs are very well studied in mice to understand their function in
TB resistance. For example, TLR4-/- deficient C3H/He] mice
showed higher bacterial burden, reduced macrophage
recruitment, higher IL-10 levels and higher neutrophil counts,
leading to excessive lung inflammation and reduced survival
(Abel et al., 2002; Park et al., 2020). It was also demonstrated that
TLR2 and TLRY work in cooperation to provide protection against
TB. A TLR2/9 double knockout mice showed increased
susceptibility to Mtb infection, which was related to defective
proinflammatory cytokine production and impaired IFN-y recall
responses, along with altered lung pathology (Bafica et al., 2005).
These results from various mice studies have been extended in
humans, as polymorphisms in these TLR genes result in enhanced
susceptibility to TB in various populations (Ogus et al., 2004; Zaki
et al., 2012; Torres-Garcia et al., 2013; Jafari et al., 2016). Several
other PRRs, including C-type lectin receptors and NOD like
receptors have also been shown to be important for innate
immunity, by using murine models (Divangahi et al, 2008;
Wilson et al., 2015).

Other genetically modified mice have also been used to study
various components of signaling cascades involved in host
responses to TB. Most of the TLRs work via stimulation of the
MyD88 downstream protein that leads to NFkB activation,
resulting in production of proinflammatory cytokines. Thus,
MyD88-/- deficient mice displayed markedly increased bacterial
burden, exacerbated pulmonary inflammation and necrosis (Scanga
et al., 2004). These mice also showed a reduced survival time of 42
days post Mtb challenge, in comparison to wild type infected mice,
that showed a survival time of >180 days (Scanga et al., 2004). Much
of our knowledge about various other immune components such as
cytokines like IFN-y, TNF-o., IL-12 etc., has been determined in
mice, in part due to the availability of large number of
immunological reagents and antibodies, standardized assays and
use of flow cytometry technique. Low-dose Mtb infection of IFN-
v-/- deficient mice, either via aerosols or intravenously resulted in
an increased number of acid fast bacilli along with heightened
pathological damage and succumbed to disease faster (Cooper et al.,
1993; Flynn et al, 1993). In yet another study, the use of murine
model established the essentiality of TNF-o. and its receptor in TB
immunity (Flynn et al., 1995). Murine models have been used to
establish the role of many other cytokines of innate and adaptive
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immunity, including IL-12, IL-17 and IL-23 (Cooper et al., 2002;
Mendez-Samperio, 2010; Okamoto et al., 2010; Torrado and
Cooper, 2010; Khader et al., 2011). Infact, it was observed that
children with genetic defects in IL-12/23-IFN-y axis showed
Mendelian susceptibility to mycobacterial and other infectious
diseases (Filipe-Santos et al., 2006). Further, the discovery of
inhalation chambers marked a new era of TB research and
enabled us to study Mtb infection cycle through its natural route
of aerosol infection.

Mice strains used for laboratory purposes for studying various
infectious diseases are inbred population, which results in less
heterogeneity and are generally genetically homogenous
(Soldevilla et al., 2022). Several inbred strains of mice exhibit
genetic variations that influence the outcome of the infection. The
most commonly used mice strains are BALB/c, C57BL/6, C3HeB/
FeJ, DBA/2 and 129/Sv. In general, mice are tolerant hosts and
depending on which lineage is employed for the study, one can
determine the degree of resistance to Mtb infections based on
parameters like bacterial load, pathological damage and survival
time (Mitsos et al., 2000; Eruslanov et al., 2005; Yan et al., 2006;
Yang et al., 2021). BALB/c and C57BL/6 mice are more resistant to
Mtb infection and demonstrate a mean survival time (MST) of more
than 300 days to intravenous or aerosol Mtb infection (Medina and
North, 1998; Beamer and Turner, 2005). On the other hand,
C3HeB/Fe], DBA/2 and 129/Sv mice are more susceptible to TB,
displaying an MST of 150 days or less (Medina and North, 1998;
Beamer and Turner, 2005). The differences in the susceptibility
towards Mtb infection have been attributed to several genomic loci.
Initial studies identified Bcg (Ity, Lsh) locus on mouse chromosome
1 to be involved in controlling the replication of antigenically
unrelated intracellular pathogens in macrophages (Vidal et al,
1993; Malo et al,, 1994). NRAMP (Natural resistance associated
macrophage protein-1) was identified as one of the candidate genes
belonging to the BCG locus. This gene encodes for a macrophage-
specific transport protein, and a single mutation of glycine to
aspartic acid at position 105 was observed to be associated with
the susceptibility phenotype (Bcg®) in various inbred mouse strains
(Vidal et al., 1993; Malo et al., 1994). Two distinct phenotypes exist:
BCG’ (susceptible) and BCG" (resistant) to infection with various
pathogens including Salmonella typhimurium, mycobacterial
species and Leishmania donovani (Plant and Glynn, 1976;
Bradley, 1977; Gros et al., 1981; Goto et al.,, 1989). Later it was
shown that NRAMP-1 does not play a role in protection against
virulent Mtb challenge in various mice (Medina and North, 1996;
Medina and North, 1998; North et al, 1999). Although the
mutation in NRAMP-1 does not influence Mtb infection, it has
been shown that polymorphism in the human ortholog of NRAMP-
I play a role in human TB susceptibility in certain populations
(Bellamy et al., 1998; Cervino et al., 2000; Gao et al., 2000; Ryu
et al., 2000).

By crossing the inbred strains and generating the F1 and F2
hybrids, many other genetic loci were mapped. Kramnik et al.
identified a new locus, sst1 (super susceptibility to tuberculosis-1), by
analyzing the F2 hybrids (highly susceptible C3HeB/Fe] X C57BL/6
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resistant mice), which mapped on chromosome 1 (Kramnik et al.,
2000). This locus was found to be distinct from that of Nramp1. The
sst1 locus functions to control granuloma formation and necrosis in
the lungs, reducing the pulmonary damage (Kramnik et al., 2000).
Subsequent studies found iprl gene to be present in sstl locus
responsible for the resistance to Mtb infection (Pan et al., 2005).
Moreover, Yan et al. demonstrated that sstI locus was associated
with mechanisms that were independent of inducible NO synthase
in innate immunity, rather than activation and migration of Thl
cells to the lungs (Yan et al., 2007). To extend the study in humans,
polymorphisms in SP110 (the human homolog of Iprl gene) were
correlated with susceptibility to TB disease in various West African
populations (Tosh et al., 2006; Chang et al., 2018). In another study,
DBA/2 mouse strain, which is highly susceptible to Mtb infection,
exhibits progressive bacterial replication, neutrophil-dependent
pulmonary damage, extensive necrosis and finally early death.
The susceptibility loci were identified to chromosome 1
(designated as Tuberculosis resistance locus (T7l-1), 3 (Trl-2) and
7 (Trl-3) by quantitative trait loci (QTL) mapping, that results in
reduced MST on intravenous challenge (Mitsos et al., 2000).
Subsequently, respiratory infection of F2 hybrids (DBA/2 x
C57Bl1/6) with Mtb H37Rv revealed a major locus on
chromosome 19 (Trl-4) to be involved in bacterial replication in
the lungs (Mitsos et al., 2003). These variations at the genetic level
also lead to differences in pulmonary lesions and TB-associated
pathologies among these various inbred mouse strains.

BALB/c and C57BL/6 (B6) mice have been infected through the
natural route of infection i.e. via aerosols, by using inhalation
chambers. High-dose of aerosol infection, usually implanting
more than 5000 bacterial CFU per lung, causes death in these
resistant mice within 3-4 weeks of Mtb challenge (Rhoades et al.,
1997; Hunter et al,, 2023). However, moderate or low-dose of
aerosol infection i.e. implanting 500-1000 CFU or 50-100 CFU
per lung, allows Mtb to replicate exponentially for the first 2-4
weeks post-infection. During this period, infection enters into the
long chronic phase with controlled replication and limited
pathological damage (Rhoades et al., 1997; Turner et al, 2001;
Hunter et al,, 2023). This phase usually lasts for around 6 months,
after which mice eventually start to succumb to TB disease
(Rhoades et al., 1997; Turner et al., 2001; Hunter et al., 2023).

One of the drawbacks of these two murine models is that they
fail to develop necrotic and hypoxic granulomas like in human
disease. Rhoades et al. demonstrated that B6 mice infected with
Mtb, regardless of the dose of the inoculum showed similar
pathological profile in the lungs (Rhoades et al., 1997). During
the course of disease progression, the granulomatous response in all
the mice, irrespective of the dose of infection, falls into five
categories as described by Rhoades et al., with predominantly
fused and foamy macrophages surrounded by loose aggregates of
lymphocytes. As the infection progresses into the chronic phase,
these loosely bound lymphocytes dissipate and spread across the
entire lung section. The non-necrotizing small foci formed are
characterized by interstitial fibrosis rich granulomas and
thickened alveolar septae. Infact, even with high dose of infection,
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central necrosis was not observed, unlike in the case of granulomas
observed in human patients with active TB (Rhoades et al., 1997).

Although BALB/c and B6 mice strains have been extensively
employed for therapeutic testing of various anti-TB drugs and
regimens, there are varying differences in the pathological
responses, which do not coincide with the pulmonary lesions
observed in human patient. This discrepancy leads to distinct
effects of the various anti-TB drugs tested in these animal models.
Microenvironments inside human granulomas, which are highly
necrotic and hypoxic, influence the bacterial physiology and
metabolism that can make the pathogen drug tolerant thereby
impacting efficacy of the treatment (Driver et al, 20125 Irwin
et al,, 2016). Moreover, Mtb largely remains intracellular in mice
granulomas in contrast to what is observed in human TB
granulomas, where they are largely extracellular (Eum et al., 2010;
Hoff et al., 2011). Thus, the efficacy of the drugs in terms of their
ability to penetrate the fibrotic and necrotic centers, to work under
hypoxic conditions and to show inhibitory effects on extracellular
bacteria (which are metabolically distinct than intracellular
bacteria) cannot be evaluated in these resistant models (Irwin
et al.,, 2014).

Thus, the failure to develop necrotic and hypoxic granulomas
has encouraged the use of other animal models for drug testing. The
use of C3HeB/Fe] mouse model that was discovered by Igor
Kramnik’s group is being encouraged for drug testing (Kramnik
et al., 2000). These mice have genetic mutation in the interferon-
inducible 75 (ifi75) gene, which is an isoform of iprl, making them
highly susceptible to Mtb infection (Pan et al., 2005). C3HeB/Fe]J
mice develop large, caseating granulomas in the lungs, which are
hypoxic following low dose aerosol infection with Mtb (Kramnik
et al., 2000; Harper et al., 2012). Moreover, these lesions contain
abundant extracellular bacilli and are enclosed by foamy
macrophages containing intracellular bacilli (Driver et al, 2012;
Harper et al., 2012). Infact, as the disease progresses, these lesions
also show fibrosis (Harper et al., 2012). Thus, all these pathological
features resemble human pulmonary lesions and represent
conditions that prevail in human TB. Moreover, efficacy of
various clinical anti-TB drugs were compared in both BALB/c
and Kramnik mice infected with Mtb (Driver et al., 2012). It was
observed that Kramnik mice exhibited less efficacy to monotherapy
with drugs such as isoniazid (INH), rifampicin (RIF), linezolid
(LZD), or pyrazinamide (PZA) than BALB/c mice. More than 99%
bacteria were eliminated from BALB/c mice following PZA
treatment, while no reduction in bacilli number was observed in
C3He/Fe] mice (Driver et al, 2012). Further, Mtb infection of
NOS2-/- deficient mice that are incapable of producing nitric
oxide (NO) in immune cells also developed necrotic and hypoxic
granulomas (Gengenbacher et al., 2017). While INH treatment of
these infected mice induced drug-tolerant population with the start
of the necrotic lesions, other drugs, such as pretomanid, delamanid
and BTZ043 showed bactericidal activity independent of
pulmonary pathology (Gengenbacher et al, 2017). Thus, these
susceptible models represent a realistic tool for assessing various
anti-TB drugs due to their ability to represent TB lesions
pathologically similar to humans.
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2.2 Guinea pigs

Guinea pigs (Cavea porcellus) represent one of the closest
models to humans to study TB related pathology. During the 19
century, these small animals were employed to study TB and
diphtheria (Padilla-Carlin et al., 2008). Infact, the famous Koch
postulates were developed by using guinea pig model and are now
considered essential prerequisites for identification of the causative
agent of any infectious disease (Padilla-Carlin et al., 2008). Apart
from using guinea pigs as model for TB, they have been widely used
to study other infectious diseases such as sexually transmitted
diseases, infections related to Staphylococcus aureus and
Legionnaires disease (Padilla-Carlin et al.,, 2008). Moreover, the
causative agents of both TB and diphtheria were identified by using
guinea pigs, efforts of which led to Noble Prizes (Koch, 1882;
Behring, 1890).

Guinea pigs share a number of immunological and hormonal
features with humans, including pulmonary structure and
physiology, response to corticosteroids, requirement for an
exogenous supply of vitamin C and delayed-type hypersensitivity
(DTH) reaction after getting exposed to any infection (Gell and
Benacerraf, 1961; Claman, 1972; Ganguly et al., 1976; McMurray,
1994; Meurs et al.,, 2006; Padilla-Carlin et al., 2008). While gene
technology advancements can produce gene knockout or knock-in
lines easily in murine model, such protocols are not available for
guinea pigs. Besides, the myriad of immunological reagents that are
readily available for mice are unavailable for guinea pigs.
Nevertheless, other methodologies including various bioassays,
antibody blocking and molecular techniques to study relative
gene expression are being developed to learn about various
components of immune response (Kawahara et al., 2002;
Yamamoto et al.,, 2002; Jeevan et al., 2003; Yamada et al., 2005;
Banasik et al., 2019). Infact, the importance of CDI1-restricted T
cells in Mtb infections were identified in guinea pigs (Hiromatsu
et al., 2002). Jain and Dey et al. developed an oligonucleotide
microarray in guinea pigs to study the global transcription profile
to identify disease specific signatures for pulmonary TB (Jain et al,,
2012). Ordway and the group used quantitative polymerase chain
reaction (qQPCR) along with flow cytometry to monitor changes in
lymphocyte populations in guinea pigs (Ordway et al., 2007). The
group also showed that clinical strains of Mtb elicit different kind of
immune responses, especially the induction of regulatory T cells by
highly virulent strains in comparison to laboratory strains (Shang
et al, 2011). Despite these tools, the immunological reagents
required to monitor immune responses to vaccine candidates in
guinea pigs are limited, confining their use towards protection
studies (Clark et al, 2015). Nevertheless, guinea pigs remain a
popular model for studying TB primarily because they are highly
susceptible to TB and can get infected with aerosols at very low dose
(10-30 bacilli), mimicking the human situation. During the first 3-4
weeks of infection, Mtb progressively grows in guinea pig lungs
(active phase) before the onset of adaptive immunity and
subsequent containment of the bacterial replication (Smith et al.,
1970; Turner et al, 2003). Granulomas are a trademark of TB
disease that defines the outcome of the infection. Early during the
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infection, guinea pigs show small lesions in their lungs, often
situated near the airways that consist of mainly macrophages,
neutrophils and few lymphocytes (Hunter et al, 2023). At this
stage, typically two weeks post-infection, lymphangitis is also
observed in infected guinea pigs (Basaraba et al., 2006). By 15-20
days of infection, a typical granuloma in guinea pigs is developed
consisting of epithelioid and foamy macrophages (Turner et al,
2003). This is further encapsulated by layers of lymphocytes mainly
CD4+ and CD8+ T cells and subsequently calcification takes place
to contain the infection and prevent bacterial spread (Turner et al,
2003). Unlike the mouse model, where the distribution of CD4+
and CD8+ T cells is discrete, these T cells are situated at the
periphery in guinea pig granulomas. Finally, by 4 weeks of post-
challenge, central necrosis is evident with many extracellular
bacteria (Ordway et al., 2007; Hunter et al., 2023) As the disease
progresses with time, infiltration of various inflammatory cells in
the granulomas lead to replacement of normal lung parenchyma
disrupting the local blood supply and compression of adjacent
blood vessels, which lead to tissue hypoxia (Via et al., 2008; Orme
and Basaraba, 2014). With time, the central necrotic core begins to
show signs of wound repair, including fibrosis and dystrophic
calcification (Orme and Basaraba, 2014). These remarkably
similar pathological features shared with human TB disease, make
guinea pigs one of the most suitable models for drug testing and
vaccine efficacy assessment.

Guinea pigs are considered the gold standard for TB vaccine
evaluation and serve as an initial guide. Infact, almost every vaccine
candidate has been tested for its protective efficacy in this animal
model before entering any clinical set up. The efficacy of various
vaccine candidates and regimens can be easily assessed in guinea
pigs by monitoring the reduction in the bacterial counts in the lung
and spleen as well as changes in pathological damage (Williams
et al., 2009). Moreover, weight loss is an indicator of the disease
progression and survival time is one of the most significant
parameter for vaccine efficacy (Williams et al., 2009). According
to the EU cluster of TB vaccine evaluation forum, three doses of
aerosol challenge are employed for vaccine efficacy testing
(Williams et al., 2005). Under low dose aerosol challenge i.e., 5-10
bacilli per lung, the MST of guinea pigs infected with virulent Mtb is
around 20 weeks (Reddy et al., 2012; Khare et al,, 2013), whereas
medium dose of infection i.e., ~20-50 bacilli per lung leads to rapid
progression of the disease and animals succumb to TB by 30 weeks
(Brandt et al., 2004; Williams et al., 2009). While high dose
challenge of ~ 500-1000 bacilli, animals die within 8 to 20 weeks
(Williams et al., 2005; Clark et al., 2015). Although high dose is not
clinically relevant, there are few vaccines, which have been tested at
this dose (Jain et al., 2008).

The main focus of evaluating the protective efficacy is to show
that the new vaccine candidate imparts better protection than BCG
control in guinea pigs. Many different kinds of vaccines are
developed based on various approaches, such as recombinant
BCG, live attenuated vaccines, DNA vaccines, subunit vaccines
and atypical mycobacterial strains. Several of these vaccine
candidates, which are being assessed in various stages of clinical
development were initially tested for their protective efficacy in
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guinea pigs (Brandt et al., 2004; Martin et al., 2006). In general, BCG
is employed as positive control in every efficacy experiment, which
reduces the bacterial counts significantly by 1.5 to 2.0 log;q and
effectively prolongs the survival time in comparison to unvaccinated
control under low-dose challenge (Grover et al, 2009; Nangpal
et al, 2017). Thus, any new vaccine candidate that shows better
efficacy in comparison to BCG vaccination stands a chance to go
further for downstream development.

In addition, various Mtb knockout strains are employed for
infection of guinea pigs, not only to study their role in virulence and
survival of the pathogen, but also to validate these virulence factors
as important drug targets. Many Mtb genes involved in cell wall
biosynthesis, DNA related processes, acidic resistance genes, energy
metabolism, evasion of host immunity and iron uptake systems etc.,
have been validated in vivo in guinea pigs as crucial drug targets
(Singh et al., 2003; Reddy et al., 2013; Chai et al., 2020). Guinea pigs
also played an important role in identifying several auxotrophic
Mtb mutants that were shown to be attenuated in these animals, as
potential vaccine candidates. For instance, bioA mutant of Mtb,
administered either via aerosols or intradermally, shows severe
attenuation in guinea pigs (Kar et al, 2017). Immunization of
guinea pigs with MtbAbioA induced significant protection against
an Mtb challenge, when compared with the unvaccinated animals
(Kar et al., 2017). Likewise, MtbAleuDApanCD auxotrophic strain,
carrying two independent deletions in the essential leuD (Rv2987c)
and panCD (Rv3602c and Rv3601c) loci, was shown to be
immunogenic and protected guinea pigs against aerosol challenge
of Mtb (Sampson et al., 2004).

Thus, to summarize, guinea pigs have provided us with valuable
information about the pathogenesis of Mtb as well as virulence
determinants of the pathogen. They have served as an initial
platform for evaluation the efficacy of many new vaccines
candidates and development of new immunological reagents and
tools will help in increasing the usage of guinea pigs in
future research.

2.3 Non-human primates

Non-Human Primates (NHPs) hold an evolutionary
significance and share similar characteristics of TB disease to
those observed in humans, making them the most reliable choice
to evaluate TB vaccines. However, most of the new vaccines that are
tested in NHP model are initially screened in guinea pigs and mouse
for preliminary evaluation to eliminate the non-promising
candidates that do not show their worth in small animals. Very
few laboratories worldwide employ NHP model for conducting TB-
related studies, primarily because of the high maintenance costs,
handling issues, ethical limitations and the mandatory need for
biocontainment facility. Different NHP species exist that are
employed for studying various aspects of TB research. The
clinical spectrum of TB infections in humans is vast and can be
observed in NHP model as different animals show varied outcomes,
including latent infection, dissemination and pneumonia (Laddy
et al., 2018). Infact, the granulomas observed in NHPs also become
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caseous with further liquefaction and subsequent cavitation (Laddy
et al., 2018). Rhesus macaques (Macaca mulatta, RM) and
Cynomolgus macaques (Macaca fascicularis, CM) are the two
most commonly used NHP species for TB research. Most of the
initial TB studies in the Golden Age in 1970s, were conducted in
Indian RMs, which were focused on understanding the efficacy and
immunogenicity of BCG vaccine (Barclay et al., 1970; Baram et al.,
1971). Infact, there was one study which showed the use of
ethambutol and isoniazid as TB drugs in RMs (Schmidt, 1966).
After two decades of dedicated research on RMs, the use of CM was
identified for TB-related studies, and since then, extensive research
has been conducted on these two species to assess efficacy of novel
TB vaccines, determine the therapeutic efficacy of new anti-TB
drugs and understand TB pathogenesis in great detail.

These old-world monkeys (RM and CM) have been known to
get infected with Mtb and develop human-like disease, however, the
new world monkeys (Callithrix jacchus, the common marmoset) are
also now employed for studying TB pathology (Via et al., 2013).
These monkey strains vary in their susceptibility to Mtb infections
and clinical outcomes. RM are more susceptible to Mtb infections
than CM, which develop both active as well as latent tuberculosis
(Maiello et al., 2018). Moreover, ultra-low-dose aerosol Mtb
challenge along with stereological techniques to determine
bacterial burden also demonstrated that RMs are more susceptible
than CMs (Sharpe et al,, 2016). The very first report of using CM
was published by Walsh et al. in 1996, which showed that high dose
of intratracheal Mtb challenge led to progressive fatal infection in
Philippine cynomolgus monkey (Walsh et al., 1996). On the other
hand, low-dose of challenge developed a chronic, slowly
progressive, localized form of pulmonary TB with significant
number of CMs able to contain the infection (Walsh et al., 1996).
Later, low-dose challenge (10-25 CFU of Mtb Erdman)
administered intrabronchially resulted in active disease in ~50%
of CM animals, while remaining half of the animals showed no
evidence of disease for 15-20 months of the study and remained
clinically latent (Capuano et al.,, 2003; Lin et al., 2009). Infact, the
same group, in their subsequent studies demonstrated that LTBI
monkeys could reactivate on treatment with anti-tumor necrosis
factor (anti-TNF) or depletion of CD4+ T cell or simian
immunodeficiency virus (SIV) coinfection (Diedrich et al., 20105
Lin et al., 2010; Lin et al., 2012b).

Although RMs are highly susceptible to Mtb infections, one of
the reports show evidence of latent infection in these species
(Gormus et al., 2004). It was observed that RMs infected either
via the aerosols or through intrabronchial instillation show similar
clinical outcomes in terms of disease burden, however, exhibit
variations in the pathology (Sibley et al., 2016). Both RM and CM
have been employed for TB vaccine studies. It was shown that BCG
vaccination of CM provided better protection to animals against
Mtb infection in comparison to BCG immunized RM (Langermans
et al, 2001). Infact, the worth of MVAS85A vaccine as a booster
vaccine and SO2 vaccine strain (live attenuated, phoP deficient Mtb
mutant strain) was observed in RMs. The study showed that both
the regimens involving either the SO2 strain or BCG-primed RMs
boosted with MVA85A showed significant protection with reduced
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pathological damage and chest X-ray scores against Mtb Erdman
challenge (Verreck et al., 2009). Moreover, the most advanced TB
vaccine MTBVAC, which is also live attenuated Mtb based vaccine,
was tested in RMs. A single intradermal administration of
MTBVAC resulted in protection of these animals against aerosol
challenge of Mtb as observed by significantly reduced pathological
damage as shown by in vivo medical imaging, gross pathology lesion
counts and pathology scores (White et al, 2021). Moreover, the
immune parameters measured matched the profile that were
determined in humans vaccinated with MTBVAC (White
et al,, 2021).

CMs have also been employed for TB vaccine studies especially
in context to reactivation TB. For instance, multistage vaccine H56,
is a subunit-based vaccine comprising of Ag85B and ESAT-6 (acute
phase secretory Mtb proteins) fused with Rv2660c (the nutrient
stress-induced antigen), given along with adjuvant IC31, was able to
boost the protection of BCG-primed CMs by significantly reducing
the clinical disease progression against Mtb challenge in CM. It was
also observed that reactivation of latent infection was prevented in
these vaccinated CM (Lin et al., 2012a). Another subunit vaccine
M72f, formulated with AS02A adjuvant was evaluated in CMs
(Reed et al, 2009). Animals immunized in BCG priming and
boosting with M72f/AS02A vaccine regimen imparted better
protection in comparison to BCG alone vaccination against Mtb
challenge as measured by pathological assessment and survival time
(Reed et al., 2009).

Apart from being employed for TB vaccine efficacy and
immunogenicity studies, macaques are also being used for
studying various aspects of TB pathogenesis, including factors
that contribute to reactivation TB and various important host-
pathogen interactions. For instance, transcriptomics of TB
granulomatous lesions of RM with active TB was performed and
it was found that early stages of infection are characterized by high
levels of immune pathways related to proinflammatory cytokines,
which are indeed required to contain immunopathological damage.
However, during the late stages, lesions showed reduced
inflammatory responses (Mehra et al., 2010). Such host profiles
can be helpful in identifying markers of latency and reactivation
(Mehra et al., 2010). Moreover, macaques have been successfully
employed to identify important genes of Mtb that play crucial role
in the virulence of the pathogen. Mtb SigH is a stress-induced
transcriptional factor that is important for the pathogens survival
under various in vitro conditions including heat, oxidative-stress,
envelope damage and hypoxia. MtbASigH mutant strain was found
to generate stronger innate responses in bone marrow derived
macrophages (BMDMs) isolated from RMs in comparison to wild
type Mtb (Dutta et al., 2012). In their subsequent study, NHPs were
challenged with Mtb or MtbASigH mutant and the disease
progression was monitored in both groups by using clinical,
pathological, microbiological, and immunological parameters
(Mehra et al,, 2012). It was observed that NHPs infected with
Mtb alone exhibited higher bacillary load along with granulomatous
immunopathological damage. Moreover, all the animals rapidly
succumbed to TB disease. On the contrary, NHPs exposed to the
MtbASigH mutant did not exhibit acute tuberculosis and survived
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the entire duration of the study (Mehra et al., 2012), thus, validating
the importance of SigH in providing survival advantage to pathogen
in vivo, making it a potential drug target.

Macaques are also an excellent model to study TB/SIV (simian
immunodeficiency virus) coinfection, especially in context to
understanding reactivation TB, since people with HIV and latent
TB have higher risk of developing TB in comparison to HIV-
negative latently infected individuals (Mukadi et al., 1993; Post
et al,, 1995). SIV infection serves as a counterpart to HIV in NHPs
and have been used in number of studies employing both RM and
CM. For example, SIV infection of all latently infected CM induced
reactivation TB, with a variable time to reactivation (up to 11
months post-SIV), which was correlated to depletion of peripheral
T cells during acute SIV infection rather than viral load (Diedrich
et al., 2010). Similarly, Mtb infection of RM (~500 CFU Mtb
CDCl1551 via a head-only aerosol method) induced latent
aymptomatic infections in these NHPs. Coinfection of the latently
infected RMs with SIV significantly induced reactivation TB and
showed significantly higher body temperature, CRP levels and body
weight loss than the Mtb monoinfected group (Mehra et al,, 2011).
In another study published by Mattila et al., the group investigated
multifunctional T cell profile and granuloma T cell responses in
reactivated TB in CM model of HIV-Mtb coinfection (Mattila et al.,
2011). They found differences in the multifunctional T cell
responses in animals showing reactivation <17 weeks than in
animals that reactivated >26 weeks (Mattila et al., 2011).

Thus, to recapitulate, macaques offer several advantages for being
the closest to humans anatomically and physiologically. Besides, the
remarkable similarities they share with human TB, representing
the wide spectrum of clinical manifestations, makes these animals
the most suitable for conducting TB vaccine efficacy as well as TB
drug screening studies. HIV/TB coinfection is also a major health
concern, and while small animals can be infected with Mtb, they are
not the hosts for HIV infections and hence, NHPs represent an
excellent model for studying TB and AIDS coinfections.

2.4 Rabbits

Rabbits (Oryctolagus cuniculus) have been used historically for
studying various human diseases, including syphilis, TB, HIV-AIDS
and acute hepatic failure etc. In 1920, Lurie and his team worked
extensively on these animals to study the immunopathogenesis of
TB by inbreeding various susceptible and resistant strains of rabbit
and defined various pathological features, which were human like
from formation of granulomas to caseous necrosis and cavitation
(Lurie, 1928; Dannenberg, 2001; Dannenberg, 2009). However,
these lines of rabbits no longer exist and have become extinct.
The most common rabbit breed available now is the New Zealand
White (NZW) rabbits, which have also been employed as models to
study various aspects of TB pathology, latent tuberculosis, spinal TB
and TB meningitis (Flynn et al., 2008; Manabe et al., 2008; Kaplan
and Tsenova, 2010; Yue et al., 2022; Esteves et al., 2018). In general,
the outbred strains of rabbits are more resistant to Mtb and recover
within 4 to 6 months of infection (Heppleston, 1949; Lurie et al.,
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1952). Infact, rabbits are more resistant to Mtb infection in
comparison to guinea pigs and mice (Gupta and Katoch, 2005).
While these outbred New Zealand white rabbits are naturally
resistant to Mtb infections, M. bovis infection leads to cavitary
disease, which is fatal (Converse et al., 1996). The response of NZW
rabbits to infection varies with Mtb strains being used (Manabe
et al,, 2003). One of the studies compared the three different strains
of Mtb: Erdman, H37Rv, and CDCI1551 for their ability to cause
disease in rabbits (Manabe et al., 2003). It was observed that Mtb
Erdman was the most virulent strain, which required the least
number of bacteria to form a visible tubercle at 5 weeks post-
infection in comparison to H37Rv. While most of the rabbits
infected with Mtb H37Rv recovered within 4 to 6 months, several
Erdman infected rabbits showed caseous tubercles with two of the
rabbits having cavitary lesions (Manabe et al., 2003). Rabbits
infected with HN878, a hyper-virulent Mtb strain, show
heterogeneous lesions within the same animals as observed in
humans (Flynn et al.,, 2008; Subbian et al., 2011b). CDC1551, a
clinical isolate of Mtb, causes latent infections in rabbits, although
these animals did not show any evidence of spontaneous
reactivation unless immunosuppressants like corticosteroids were
administered (Subbian et al.,, 2012). In addition, inbred strains of
NZW rabbits are more susceptible to infections in comparison to
outbred rabbits, giving an opportunity to understand the
mechanisms underlying resistance to TB (Dorman et al.,, 2004).
Unlike the murine model, necrotic granulomas observed in rabbit
lungs also show evidence of hypoxic microenvironment (Via et al.,
2008). Thus, rabbits represent a suitable model for TB related
studies as it can mimic various prominent pathological features of
human TB.

Rabbits infected with HN878 strain leads to TB disease with
similar pathological characteristics as humans and thus, are used for
studying kinetics, penetration and distribution of standard anti-TB
drugs (Kjellsson et al., 2012; Via et al., 2012; Rifat et al., 2018). In
one of the studies, by using onlinear mixed-effects pharmacokinetic
modeling approach, it was found that INH, RIF and PYZ were
much less concentrated in lesions than in plasma, while
moxifloxacin was able to very well partition into lung and
granulomas (Kjellsson et al, 2012). A study published by Rifat
et al. measured the tissue drug distribution and penetration ability
of two rifamycin antibiotics (rifampin and rifapentine) by using
pharmacokinetic-pharmacodynamic (PK/PD) modeling (Rifat
et al,, 2018). They used rabbit model of experimental TB to show
that both drugs were able to penetrate different lung lesions as well
as the fibrotic wall of cavitary lesions and exhibited a penetration
coefficient of >1 when compared to plasma (Rifat et al, 2018).
However, rifampin was able to penetrate the necrotic core ie.,
caseum much efficiently than rifapentine (Rifat et al., 2018). These
studies also correlated well with clinical data wherein patients with
cavitary lung lesions were not benefitted from rifapentine treatment
(Rifat et al., 2018). Rabbits have also been employed to study the
effect of immune modulation on treatment outcomes (Subbian
et al., 2011a; Datta et al., 2015).

While rabbits are a model systems for studying pulmonary TB,
they are also explored to understand pathogenesis of
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extrapulmonary TB, including spinal TB and TB meningitis
(Tsenova et al,, 1998; Jia et al., 2024). Although the rabbit model
is considered suitable for conducting TB research, the limited
availability of validated immune reagents and the requirement of
larger biocontainment facility restricts its use. Table 1 summarizes
the features of various animal model systems employed for TB
research, highlighting their advantages, disadvantages and
their applications.

3 Omics-based approaches to
understand pathogenesis via animal
models

Omics-based technologies are approaches, which aim to measure
and evaluate an ensemble of biomolecules together in order to
understand the contribution of each molecule under investigation.
They offer the advantage of being unsupervised, making them a less
biased methodology that can reveal new insights into the query being

TABLE 1 Animal models employed for TB research: pros and cons.

10.3389/fcimb.2025.1572547

addressed. Genomics, transcriptomics, proteomics, metabolomics
and lipidomics are some of the commonly employed techniques
which allow researchers to delve into the fundamentals of infection
biology and pathogenesis (Figure 2). Besides, these techniques can be
used to explore molecular mechanisms underlying a disease,
understand the basis of drug resistance and also host response to
an infection (Khan et al., 2019).

In addition, omics-based technology provides avenues for
identifying biomarkers with therapeutic or diagnostic potentials,
for rational drug designing and for developing novel vaccines
(Ahamad et al,, 2022; Guha et al,, 2024). In particular, discovery
of host signatures by comparing diseased versus uninfected groups
has helped to identify diagnostic biomarkers (Burel et al., 2019).
Such study designs have provided opportunities to explore host
genes, proteins, metabolites or pathways that get altered upon
infection, thereby gaining mechanistic understanding of the
disease and providing a platform for designing host-directed
therapeutics. Besides, these approaches have also been employed
to elucidate global alterations that take place in the host post-
treatment with a drug, giving a holistic view with regard to the

Strains
available

Advantages

Disadvantages

Applications

References

Mouse Resistant strains: « Cost effective « Differences in the TB
(Mus « BALB/C « Ease of handling associated pathological
musculus) « C57BL/6 « Availability of knock out features such as

Susceptible strains:
« C3HeB/Fe],

« DBA/2

« 129/Sv

mice strains

« Availability of
immunonological reagents
« Limited capacity required
for housing

granuloma structure
which is different in
mouse as compared to
human.

« Do not form necrotic
cores in TB lesions unlike
human TB granulomas
except in C3HeB/

FeJ] model

« TB immune response
studies

« Drug efficacy studies
« PK-PD studies

« Vaccine efficacy and
immunogenicity studies
« Vaccine safety studies

(Rhoades et al., 1997; Medina and
North, 1998; Kramnik et al., 2000;
Beamer and Turner, 2005; Pan et al.,
2005; Eum et al., 2010; Hoff et al.,
2011; Driver et al., 2012; Harper

et al., 2012)

Guinea Pigs

« Dunkin Hartley

« Cost effective

« Non availability of

(Cavea « Highly susceptible to immunological reagents
porcellus) tuberculosis infection thus, are not extensively
« Form necrotic cores in used for studying
granulomas similar to that immune parameters
in humans « Does not
develop latency
Non- » Rhesus macaques « Shows similar clinical « High maintenance costs
Human (Macaca mulatta) outcomes to TB infections « Handling issues
Primates « Cynomolgus as humans « Ethical limitations
macaques (Macaca « Share similar immune « Requirement of large
fascicularis) response and pathological housing capacity
« Callithrix jacchus, features like that observed
the in human TB
common marmoset « Can develop LTBI on
Mtb infections
Rabbits o New Zealand « TB granulomas form « High maintenance costs
(Oryctolagus | White (NZW) necrotic cores and are « Resistant to laboratory
cuniculus) hypoxic strains like H37Rv and

« Evidence of liquefaction
and cavitation as observed
in human TB

Erdman

« Requirement of large
housing and bio-
containment facility

« Vaccine efficacy studies
« Studies related to
identification of Mtb
virulence determinants

« Evaluation of efficacy of
novel TB vaccines

« Evaluation of therapeutic
efficacy of new anti-TB
drugs

« Studies related to TB
pathogenesis

« TB-HIV co-

infection studies

« Drug and vaccine efficacy
studies

« Studies related to TB
pathology and latent
tuberculosis,

« Model to study spinal TB
and TB meningitis

(Turner et al., 2003; Via et al., 2008;
Orme and Basaraba, 2014; Hunter
et al., 2023)

(Barclay et al., 1970; Baram et al.,
1971; Gormus et al., 2004; Diedrich
et al., 2010; Mattila et al., 2011;
Mebhra et al., 2011; Via et al., 2013;
Sibley et al., 2016; Laddy et al., 2018;
Bucsan et al., 2019)

(Tsenova et al., 1998; Manabe et al.,
2003; Via et al., 2008; Subbian et al.,
2011b; Jia et al,, 2024)

Frontiers in Cellular and Infection Microbiology

10

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1572547
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

10.3389/fcimb.2025.1572547

°®
[®) o.O

99 o
o0

Metabolomics

Proteomics

Lipidomics

Genomics Trancriptomics Epigenomics

Nangpal et al.
-
Tissue sample from
infected animal
D —————
FIGURE 2

Multiple omics-based approaches to understand disease biology: Various tissue samples can be collected to isolate different biological molecules
(DNA, RNA, metabolites, proteins and lipids) from animals. These tissue samples can be processed and subjected to mass spectrometry or NGS
platforms to perform various omics-based approaches, such as proteomics, metabolomics, lipidomics, genomics, transcriptomics, epigenomics,
respectively. Analysis of the omics data allow us to compare the differences between the disease progression and characteristics of healthy vs
diseased or treated vs untreated tissue samples. Moreover, integration of multi-omics data would help us in understanding the complete spectrum
of the disease, allowing the discovery of therapeutic targets and disease-biomarkers. The figure is prepared by using BioRender.com.

mechanism of action of the molecule and revealing new insights
into drug activity.

Mtb infections are complex, with the host undergoing various
changes at genomic, transcriptomic, and proteomic levels during
the course of the disease. Additionally, the host deploys various
metabolic strategies to limit the supply of nutrients to the pathogen
and, in turn, limit bacterial growth. Although, to understand TB
pathogenesis, in vitro models have been developed to represent
various features of the in vivo conditions, such as low oxygen levels
(Rustad et al,, 2008), low nutrients (Betts et al., 2002) and the
addition of exogenous stresses (Stewart et al., 2002; Deb et al., 2009).
However, they cannot fully mimic the microenvironment that Mtb
faces inside host cells. While macrophages have been employed for
several ex-vivo Mtb infection experiments, the absence of
interacting immune cells (eg. T cells, natural killer cells, dendritic
cells) as well as the lack of the ability to form a granulomatous
structure are major shortcomings of using this cell culture system
(Schnappinger et al., 2003; Cappelli et al., 2006; Rachman et al.,
2006a; Fontan et al., 2008; Tailleux et al., 2008; Ward et al., 2010). It
is convincing to believe that in vivo models can closely mimic the
multifarious milieu as seen in human lungs. Thus, conducting large-
scale expression profiling experiments using animal models is a
rational approach to identify genes required for pathogen clearance.

Transcriptomics allows quantifying the abundance and
differential expression of various transcripts of an organism
exposed to different conditions. Understanding the transcriptome
is the key for connecting information attained from genomics to
protein target expression (Talaat et al., 2004; Rachman et al., 2006b;
Talaat et al., 2007). This can be applied for the identification of
responses to infection or to drug exposure, and further, characterize
potentially druggable pathways. Additionally, RNA profiling of
both the pathogen and the host lays the basis for understanding
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interactions at the host-pathogen interface (Westermann et al,
2017). Host transcriptomics is one of the leading approaches to
discover immune signatures between uninfected and infected host
samples, which can pave the way for identification of novel
biomarkers. In addition, transcriptomics also allows detection of
infection-associated antigens, such as circulating and secreted host
RNA (miRNA, IncRNA), blood cell-produced RNA or bacterial
secreted RNA (van den Esker and Koets, 2019). Transcriptome
analysis of blood samples isolated from C3HeB/Fe] mice infected
with HN878 strain of Mtb revealed a signature that was associated
with high type I interferons, activation and recruitment of
neutrophils and a reduction in B lymphocyte, NK cells and T-cell
effector responses, all of which leads to TB in humans (Moreira-
Teixeira et al., 2020).

In another study, RNA sequencing was employed to determine
the changes that occur in the host transcriptome upon Mtb
infection. The authors had demonstrated that Mtb strain lacking
the MenT3 and MenT4 toxins (MtbAment3Ament4), displayed
severe attenuation in BALB/c mice as well as in guinea pigs
(Gosain et al., 2024). Detailed host RNA-seq analysis of lung
tissues, revealed increased transcripts levels of proteins that were
associated with calcium signaling, apoptotic pathway and
autophagy in mice infected with the mutant strain, as compared
to wild type infected mice. Moreover, inflammatory responses were
much reduced in animals infected with the MtbAment3Ament4
mutant (Gosain et al, 2024). Thus, in vivo RNA sequencing
identified differentially expressed genes upon infection with Mtb
and help in elucidation of the possible mechanisms behind the
attenuation of the mutant strain inside the host (Gosain et al., 2024).

Since Mtb infection leads to alterations in the host metabolome,
characterization of such changes is important as it may result in
identification of host-protective pathways and thus, aid in the
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development of host-directed therapies (Vrieling et al, 2020).
Metabolomics offers advantages for the identification of low
molecular weight metabolites (catabolites as well as anabolites)
that are altered in response to various pathophysiological events
in both in vitro and in vivo animal models, as well as in human
patients (Frediani et al., 2014; Lau et al., 2015; Borah et al., 2021).
The identified metabolites can be employed as biomarkers for
diagnosis or trustworthy markers that can distinguish between
unhealthy or healthly status, and for the evaluation of
potential therapeutics.

In another study, TB granulomatous lung tissues were
employed to evaluate the metabolic status with respect to host
response in guinea pigs infected with low-dose Mtb H37Rv
infection. Metabolite profiling performed by using 1H HRMAS
(high resolution magic angle spinning) NMR spectroscopy led to
the unambiguous identification of 20 distinct host metabolites
involved in various cellular pathways, such as anaerobic glycolysis
and TCA cycle as the infection progressed (Somashekar et al., 2011).
Lactate is produced by anerobic glycolysis and its levels were found
to increase from 15 days onwards (Somashekar et al, 2011).
Accumulation of lactate can be considered as an index of hypoxia
developed inside the granulomatous tissue as well as host tissue
necrosis (Via et al., 2008; Kraut and Madias, 2014). Similarly, the
increasing levels of reduced glutathione (GSH) were also observed
which is considered as a measure of oxidative stress as the disease
progresses. Moreover, the GSH redox system is one of the most
important antioxidant defense systems for maintaining redox
homeostasis in lung cells (Venketaraman et al., 2005). This study
also suggested that Mtb utilizes host lipids for in vivo growth as
evident from the increased levels of phosphocholine (PC),
glycerophosphocholine (GPC) and a concomitant depletion of
phosphatidylcholine (PtC) observed with the disease progression,
indicating that free fatty acids so produced could act as carbon and
energy source for intracellular Mtb metabolism (Somashekar
et al., 2011).

Further, global metabolic changes were studied in Mtb H37Rv
infected C57BL/6 mice by extracting metabolites from the infected
lungs at 4 weeks and 8 weeks post-infection (Fernandez-Garcia
et al,, 2020). This untargeted MS-based lung metabolomic study
revealed that high levels of trimethylamine-N-oxide (TMAO) may
be undesirable for the host and may probably impact Mtb growth
positively. Similarly, increased levels of kynurenine was also
observed, which is a tryptophan degradation metabolite involved
in immunomodulation. This may again exert deleterious effects on
the host immune system, as it is known that inhibiting the activity
of indoleamine 2,3-dioxygenase (IDO) promotes TB infection
control (Routy et al, 2016; Gautam et al, 2018). A shift in
metabolism towards fatty acid oxidation was observed, as evident
from the depleting carbohydrates at 4-week time point as well as
increasing carnitines at 9-week time point. This shift describes the
ability of Mtb to modify host macrophages from an inflammatory
phenotype to an anti-inflammatory one (Huang et al., 2015; Gaber
et al., 2017). Apart from these, metabolites pertaining to amino
acids, polyamines and oxido-reductive stress were also found to be
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modulated upon Mtb infection in the host (Fernandez-Garcia
et al., 2020).

In another study, 1H NMR-based metabolomics was employed
to conduct global profiling to characterize the responses induced in
C57BL/6 mice upon virulent Mtb infection (Shin et al, 2011).
Various metabolites associated with amino acid and nucleotide
metabolism, membrane phospholipids, glycolysis and the
antioxidative stress elements were found to be altered in the host
upon infection. Glycogen and glucose levels were observed to be
decreased, while lactate levels were elevated in the infected mice.
Mtb can survive in a low glucose environment because it can
interplay the carbon source between the [B-oxidation of lipids and
the glyoxylate pathway to replenish the TCA cycle intermediates
(Sharma et al., 2000; Lorenz and Fink, 2001; Serafini et al., 2019).
Indeed, succinate was found to be increased significantly in the
organs of Mtb infected mice when compared to the naive mice.
Intermediates of pyrimidine and purine metabolism were found to
be increased in infected mice, suggesting that active cell division
takes place in Mtb infected organs, especially in the lungs (Reyes
et al., 1982; Simmonds et al.,, 1997; Berg et al.,, 2002; Chaudhary
et al., 2004; Daniel et al., 2007; Hyde, 2007; Weljie et al., 2007).
Further, this was the first report to demonstrate that itaconate was
increased in the lungs infected with Mtb. Though the reason
remains unclear, it was suggested by the authors that it can
inhibit isocitrate lyase, which acts as a main enzyme in the
glyoxylate pathway of Mtb (Hillier and Charnetzky, 1981; Berg
et al., 2002; Daniel et al., 2007; Shin et al., 2011).

A NMR-based metabolite profiling of lung tissues of guinea pigs
infected with Mtb W-Beijing strains led to the identification of 16
metabolites involved in carbohydrate, membrane lipids and amino
acid metabolisms that were altered (Somashekar et al., 2012). For
instance, levels of lactate, choline compounds, nicotinamide, and
glutamate were significantly reduced, while formate and acetate
were shown to be high in the infected serum samples (Somashekar
etal., 2012). The observed signatures were attributed to hypoxic TB
lesions, the Warburg effect or the production of free radicals in
response to infection (Venketaraman et al, 2005; Lenaerts et al.,
2007; Dakubo and Dakubo, 2010; Somashekar et al., 2012; Qualls
and Murray, 2016).

It has been reported that treatment with methionine
sulfoximine (MSO), an irreversible inhibitor of glutamine
synthetase enzymes, leads to a reduction in the bacterial load in
the Mtb infected guinea pigs (Harth and Horwitz, 2003; Tullius
et al., 2003; Harth et al., 2005). Evidences of JHU083, a glutamine
(GIn) metabolism antagonist drug, has been shown to reprogramme
the host immune-metabolic signatures as well as improve effector
T-cell responses in various murine tumor models (Rais et al., 2016;
Leone et al., 2019; Oh et al., 2020). These observations, led to the
hypothesis that JHUO083, apart from directly possessing
antibacterial activity, may also serve as a host-directed therapy
against TB by reprogramming Gln metabolism. Further, it was
shown that administration of JHU083 reduced the lung bacillary
load by 1.9log;y CFU at 5-weeks post-treatment compared to
untreated mice, and consequently prolonged the survival of
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animals significantly. Moreover, LC/MS-based metabolomics of
total lung tissues from untreated, JHU083-treated and RIF-treated
animals led to the identification of 144 metabolites, with the most
notable changes in the arginine metabolism, with a 1.4-fold increase
in citrulline levels in JHUOS83 treated mice (Parveen et al., 2023).

A multi-tissue metabolite profiling study was conducted by
using gas chromatography and mass spectrometry (GCMS) in
female C57BL/6 mice (2 and 5 months old) infected with low-
dose aerosol infection of Mtb H37Rv. It was demonstrated that
distinct tissue metabolomic profiles existed between the mice of
different age groups after infection, despite the lung bacillary load
being similar till 6-weeks post-challenge in both the groups. In
particular, a deregulated tissue-specific amino acid metabolism
signature was observed in mice of different age groups, with the
signature being more pronounced in the 5-months old mice.
Additionally, it was proposed that the older age group mice could
more efficiently control the infection due to reduced levels of
mannose detected in their lungs, which is one of the sugars that
is required for Mtb growth. The authors also suggested that
targeting amino acid metabolic pathways could be helpful in
developing adjunctive therapies (Pahwa et al., 2024). Considering
the above-mentioned studies, it seems that metabolomics could be a
potentially valuable tool in enhancing our understanding of TB
disease by determining unique metabolic signatures that arise in
specific conditions and also aid in the development of adjunctive
host therapies against TB.

Since its inception, proteomics has gained considerable
attention as it provides detailed insights into cellular processes,
which cannot be apprehended by genomics or transcriptomics
(Southan, 2004; Gengenbacher et al., 2014; Bisht et al.,, 2019).
Proteomic profiling allows identification of proteins, which get
altered upon specific conditions such as, after infection or upon
treatment, thereby, aiding in identification of biomarkers for
diagnosis, treatment or prevention of a disease (Kanabalan et al,
2021). However, due to the complexity of analyses and its
sensitivity, the application of proteomics has yet to reach a
translational stage for in vivo investigations pertaining to TB.
Despite, these limitations, the variations observed between mRNA
abundance (transcriptomics) and the corresponding protein levels
indicate that proteomics provides a distinct and more correlated
analysis that explains physiological responses to Mtb infection in
true terms (Vogel and Marcotte, 2012; Bespyatykh et al., 2017).

A proteomics study conducted to define detailed molecular
maps of human granulomas using LC-MS-MS led to the
identification of ~3000 proteins and some lipids in the lungs of
human TB subjects and Mtb infected NZW rabbits (Marakalala
et al, 2016). The results suggested that different compartments
within granulomas exhibit unique molecular signatures. It was
observed that the center of granulomas has a proinflammatory
milieu with the abundance of LTA4H and TNE-o,, ROS mediators
alongside antimicrobial effectors like cathelicidin along with
proinflammatory eicosanoids. In contrast, the caseous center
displayed an anti-inflammatory environment. Importantly, the
data obtained was consistent across human and rabbit tissue
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samples. It was thus, proposed that balance between anti-
inflammatory and proinflammatory mediators determines the
outcome of infection (Marakalala et al., 2016).

Moreover, a mouse model has also been applied for validation
of proteomics data generated from human samples. A study
conducted using free-solution isoelectric focusing combined with
high resolution LTQ Orbitrap Velos mass spectrometry to identify
Mtb specific antigens from TB infected human lung tissues resulted
in the identification of six Mtb-associated peptides. Out of these, a
34 amino acid peptide, PKAp (serine/threonine-protein kinase),
was found to elicit Mtb-specific cellular responses with enhanced
proliferation of CD8+ T-cell along with a strong cytotoxic
lymphocyte (CTL) response. C57BL/6 female mice were
immunized with PKAp peptide to validate the above results and
it was observed that cellular levels of IFN-y were increased in both
the lungs and spleen without resulting in any immunopathogenesis.
The results indicated that PKAp could be considered as a novel
antigen, which can be used for development of vaccines (Yu
et al., 2015).

To recapitulate, we believe that multi-omics can be employed to
project a comprehensive landscape of a disease including
differentiating between active and latent TB infections, predicting
the risk of disease progression, or detecting markers that may be
specifically associated with drug resistant TB infections. Hence, a
system biology approach integrating global genomic,
transcriptional, proteomic, and metabolomic profiles would
provide a complete view of the disease and give in-depth
information about the host-pathogen interactions. This would
ultimately allow for more efficient diagnosis, enable the
identification of novel anti-TB therapeutics, and pave the way for
the development of personalized treatment options as well as host-
directed therapies (Hasin et al, 2017; Goff et al, 2020; Guha
et al., 2024).

4 Cellular models for studying
tuberculosis

For many years, various animal models have been employed for
studying complexities of TB infection, including granuloma
formulation, host-pathogen interactions and latency. However,
none of these models recapitulates the disease’s heterogeneity as it
manifests in human. There has always been purpose-oriented use of
in vivo models aimed at addressing specific scientific questions.
While these models remain imperative for advancing our
understanding of TB, it is important to consider the ethical issues
related with the use of animals and to follow the principle of 3R
(replace, reduce and refine) when conducting animal experiments
(Franco and Rezzani, 2024).

In the recent years, in vitro models have emerged as powerful
tools to investigate the interactions between the host and Mtb.
These models often provide valuable insights that are challenging to
achieve with animal models, further strengthening our research
efforts in this critical area.
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4.1 Cell lines and two-dimensional in vitro
models

Given the crucial role of macrophages during Mtb infection,
numerous studies have focused on in vitro models of infection to
understand the pathogen’s behavior within the host. These include
primary macrophages, immortalized cell lines and induced
pluripotent stem cells (Keiser and Purdy, 2017). These models
have been instrumental in studying the various strategies adapted
by Mtb to survive within the host, such as phagosome maturation
arrest, modulation of host cell death pathways, resistance to anti-
mycobacterial compounds, alterations in the host signaling
pathways and granuloma formation (Jordao et al, 2008; Keiser
and Purdy, 2017).

Immortalized murine macrophage cell lines, such as RAW264.7
and J774 as well as primary cells like BMDMs, are predominant
choice for Mtb infection studies. Both RAW264.7 and J774 are
adherent macrophage cells derived from BALB/c mice, which can
produce various TB associated cytokines, including TNF-o., IL-6
and IFN-f as well as release nitric oxide (NO) in response to
bacterial infection and various other stimuli (Raschke et al., 1978;
Stuehr and Marletta, 1987; Adams et al., 1993; Perez et al., 2000;
Indrigo et al,, 2003; Rao et al., 2005; Rao et al., 2006). It is well-
established that NO produced by nitric oxide synthase 2 (NOS2), is
critical host defense mechanism in controlling TB infection (Gross
et al., 2014).

Primary macrophages derived from C57BL/6 mice and various
knockout mice strains have been useful for studying the role of
specific proteins and pathways involved in innate immunity. For
example, primary cells isolated from mice deficient in NADPH
oxidase and NOS2 were useful for studying the role of various
detoxifying systems in mycobacteria (Bogdan, 2015). Mtb encodes
several detoxifying genes, such as sodA, katG, NADH-dependent
peroxidase, aphC, aphD, dlaT and Ipd and mutations in these genes
were shown to severely impair bacterial growth (Dussurget et al,
2001; Edwards et al., 2001; Ng et al., 2004; Shi and Ehrt, 2006).
Additionally, several studies in macrophages have elucidated the
role of Mtb cell wall lipids and components of ESX-1 secretion
system in phagosome maturation arrest (Vergne et al., 2004; Pethe
et al., 2004; MacGurn and Cox, 2007).

In addition to murine models, human monocytic cell lines, such
as U937 and THP-1 are widely used for studying Mtb biology in
vitro. Amongst these, human monocytic leukemia cell line, THP-1
is most extensively studied due to its ease of culturing, yielding
unlimited number of cells for conducting different experiments.
Differentiation of THP-1 cells into macrophages can be stimulated
via phorbol 12-myristate 13-acetate (PMA), after which they
become adherent, exhibit lysozyme activity, express macrophage-
specific surface markers and increase their phagocytosis ability
(Tsuchiya et al., 1982; Schwende et al., 1996; Daigneault et al.,
2010). It is well-documented that Mtb induces the differentiation of
macrophages to foamy macrophages in vivo. Thus, in vitro
differentiation of THP-1 into foamy macrophages would serve as
an excellent tool to investigate host-pathogen interactions and Mtb
pathogenesis (Peyron et al., 2008). Several protocols are available for
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converting THP-1 cells into foamy macrophages by incubating
them under hypoxic conditions or exposing the cell culture to fatty
acids, lipoproteins or surfactant lipids (Deng et al., 2023). In
addition, dormancy has also been studied in lipid loaded THP-1-
derived macrophages by incubating cells under hypoxic conditions.
It was observed that within these macrophages, bacteria lose their
acid-fastness and become phenotypically resistant to anti-TB drugs,
features that are considered indicative of a dormant state of the
pathogen (Daniel et al,, 2011).

Alternatively, macrophages can be extracted from healthy human
donors as peripheral blood monocyte cells (PBMCs), which can be
differentiated into macrophages by using granulocyte-macrophage
colony-stimulating factor (GM-CSF) or macrophage colony-
stimulating factor (M-CSF) or human serum (Portevin et al., 2011;
Vogt and Nathan, 2011). Although, the properties of these
differentiated cells are different from tissue resident cells, their use is
cost-effective due to the ease of access to PBMCs. These macrophages
respond to Mtb infection by releasing immune mediators such as
TNF, IL-6 and IL-10 (Wang et al, 2010). While most studies of
macrophage-pathogen interactions are focused at single cell level,
these intracellular assays do not fully represent the heterogeneous
microenvironment of granuloma formation (Yuan and Sampson,
2018). As such, several researchers have utilized PBMCs to develop
in vitro 2D model to study human mycobacterial granulomas.

One such model, developed in study by Puissegur et al.
demonstrated the formation of in vitro granulomas with
morphological features and differentiation pattern similar to those
of natural granulomas. They observed progressive macrophage
recruitment around mycobacterial antigen- coated artificial beads
or live bacteria, which further differentiated into multinucleated
giant cells and epithelioid macrophages fused with surrounding
macrophages and lymphocytes. This model enhanced our
understanding of cell differentiation and cellular recruitment, and
it could serve as a foundation for evaluating the granuloma-
inducing ability of newer vaccine candidates compared to BCG
(Puissegur et al., 2004).

To further understand the potential mechanisms of early
granuloma formation and establishment, Guirado et al. developed
an in vitro granuloma model from PBMCs and autologous serum.
Their work showed that granuloma formation in patients with latent
TB infection (LTBI) differed from those in naive individuals, with
significant alterations in bacterial growth, cytokine production and
lipid body accumulation. Additionally, the study highlighted unique
bacterial transcriptional signatures in LTBI individuals, wherein Mtb
exhibited a metabolic shift towards increased expression of genes
involved in TCA cycle, fatty acid degradation, glyoxylate shunt and
gluconeogenesis. This model greatly enhanced our fundamentals
about the pathophysiology of human TB granulomas, facilitating the
identification of new potential biomarkers (Guirado et al., 2015).
However, this model fails to address the factors that influence the
kinetics and stability of granuloma, such as the absence of fibroblasts
and extracellular matrix (ECM) components. In addition, in vitro
granuloma models have been utilized for evaluating the activity of
anti-tubercular compounds in high-content screening set ups. The
study showed significant differences in the minimum inhibitory
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concentration (MIC) of compounds against the extracellular
bacteria versus bacteria within granulomas (Silva-Miranda
et al.,, 2015).

Despite their extensive use in screening potential anti-
mycobacterial molecules and investigating Mtb infection
dynamics and immune responses, most of these in vitro studies
rely on monolayers of cell cultured on flat surfaces. Thus, these
models lack physiological microenvironment and fail to mimic the
tissue architecture, receptor topography and gradients of oxygen,
nutrients, and metabolites as well as the three-dimensional (3D)
interactions between different cell types found in vivo. Furthermore,
these models exhibit altered morphology, gene expression and have
limited ability to replicate the complex immune responses such as
interactions between macrophages, dendritic cells and T cells that
occur in vivo (Franco and Rezzani, 2024). Consequently, the recent
years have witnessed a significant focus on the development of 3D
in vitro models that can better replicate the in vivo tissue
microenvironment. These models offer the opportunity to study
complex cellular interactions and provides a more physiologically
relevant tissue microenvironment for studying immune responses
and cell behavior under various stress conditions.

4.2 3D in vitro granuloma models

Several studies have explained 3D in vitro model of Mtb
granulomas, in which infected primary human cells were co-
cultured with various matrices (Bhavanam et al,, 2016). Seitzer
and Gerdes reported the first 3D granuloma model by infecting
PBMCs seeded in agarose-coated well with Mtb H37Rv or M. bovis
at different multiplicities of infection (MOIs). They observed the
formation of cell aggregates at MOI of only 1:50 (bacteria/cells)
after 4 days of incubation, while higher MOI resulted in small
aggregates with higher number of dead cells. Their model displayed
many phenotypic features representative of granulomas, such as
aggregation of primary monocytes, B-cells, T-cells, presence of
macrophages, multinucleated giant cells and necrotic areas
(Seitzer and Gerdes, 2003).

To study this process further, Birkness et al. combined blood
lymphocytes, autologous macrophages and Mtb in ultra-low
attachment tissue culture plates, resulting in the formation of
small, round aggregates. To mimic the natural infection process,
they added non-adherent PBMCs on day 2 and day 5 post-infection
and observed small aggregates of CD68+ epithelioid macrophages
and CD3+ lymphocytes, similar to what is observed in clinical
specimens (Birkness et al., 2007). Immunological analysis of the
supernatant from these infected cells revealed the presence of
several cytokines involved in human granuloma formation,
including IL-6, IL-8, IFN-y and TNFe. Additionally, they found
that the addition of these cytokines significantly enhance the
formation of aggregates. These studies provide valuable tools for
studying immunological changes during bacterial infection and
granuloma formation. However, these models did not provide
insight into the establishment of dormancy inside granulomas
and reactivation of disease (Birkness et al., 2007).
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Further, Kapoor et al. employed a different approach to develop an
in vitro model of TB granuloma by culturing human PBMCs in a
collagen matrix with a low-dose of Mtb to study dormancy and
resuscitation upon immune suppression. This model demonstrated
several features similar to in vivo human TB granulomas, such as
formation of multinucleated giant cells, reduction in CD4+ T-cell
counts and secretion of various cytokines and chemokines. Mtb within
these granulomas displayed several characteristics of dormancy,
including, loss of acid-fastness, lipid bodies accumulation, tolerance
to rifampicin and changes in the gene expression profile. Notably, they
observed reactivation of dormant Mtb upon immune suppression by
using anti-TNFor monoclonal antibodies (Kapoor et al., 2013). Despite
its strength in studying latency, this model is relatively low throughput
and faces limitation in studying dynamics over time due to technical
challenges. Additionally, the requirement for collagenase for removal
of the cells from the ECM for downstream processing also restricts its
utility (Elkington et al., 2019). Recently, a study by Berry et al
introduced a novel microscale in vitro granuloma platform to study
the signaling of soluble factors between granuloma and its
surrounding microenvironment following infection. Using an open
microfluidic stacks platform, they cultured M. bovis BCG infected
monocyte-derived macrophages that could be integrated with different
microenvironment cues through spatial and temporal stacking. This
system resulted in generation of 3D cell aggregates encapsulating Mtb
that secreted increased levels of proinflammatory cytokines, such as
IL-6, VEGF and TNFo. They further extended their study by co-
culturing human vascular endothelial cells with Mtb-infected
macrophages to understand the role of granuloma associated
angiogenesis (Berry et al., 2020). Additionally, several other studies
have employed 3D in vitro granuloma model to study other
mycobacterial diseases caused by other M. leprae, M. bovis and M.
avium subsp. paratuberculosis (Puissegur et al., 2004; Birkness et al.,
2007; Kapoor et al,, 2013; Wang et al., 2013).

4.3 Multicellular lung tissue model

The studies described above do not fully account for the diverse
cell types that are present in a Mtb infected lung tissue. To address
this gap, researchers have developed in vitro human lung tissue
models to study early granuloma formation (BeruBe et al., 2011;
Hoang et al., 2012; Parasa et al., 2014; Braian et al., 2015; Parasa
et al,, 2017). The development of first human lung tissue model to
study granuloma formation was reported by Parasa et al., who
introduced Mtb-infected macrophages into an established in vitro
lung tissue model. They observed the clustering of macrophages at
the site of infection, suggesting the formation of early TB
granuloma. This study also demonstrated that ESAT-6,
component of ESX-1 secretion system, is required for early
granuloma formation as Mtb mutant strain lacking RD1 region or
ESAT-6 was unable to induce clustering of macrophages (Parasa
et al,, 2014). This finding is consistent with previous in vivo studies
providing a unique platform to study host-pathogen interactions for
the development of new therapeutic strategies (Davis and
Ramakrishnan, 2009; Parasa et al., 2014).
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In addition to this, researchers have investigated the role of host
matrix metalloproteases (MMPs) in the formation of granuloma
and bacterial growth within Mtb infected tissue. Human lung-
derived cells and primary human monocyte-derived macrophages
were utilized to model tissue lung model, which showed
upregulation of several MMPs, including MMP-1, MMP-3,
MMP-9 and MMP-12. Further, the use of marimastat, a global
MMP inhibitor, in Mtb-infected lung tissue model resulted in
reduction of mycobacterial growth and granuloma formation. A
drawback to this study, however, is the use of global MMP inhibitor,
which does not provide information into the specific role of
individual MMPs in granuloma formation. Similar results
regarding the involvement of MMPs at the site of necrosis and
tissue damage have been observed in several animal models and in
human lung tissue biopsies from patients with TB (Parasa
et al., 2017).

Another notable study by Braian et al. showed the development
of 3D lung model consisting of human lung-specific epithelial cells,
Mtb-infected primary macrophages or monocytes seeded onto a
matrix of collagen embedded fibroblasts prepared on a transwell
filter. Exposure of the culture to air resulted in the stratification of
epithelial cells and secretion of mucus at the apical surface. This
model was particularly useful for 3D visualization of the entire lung
tissue and for studying the migration of immune cells in the tissue
during granuloma formation.

However, these studies have some limitations that include their
inability to translate into high throughput platforms and the
absence of other immune cells such as neutrophils and
lymphocytes, which are typically present in a granuloma
structures. Addressing these limitations could further strengthen
the use of these models in understanding intricacies of disease.

4.4 Bioelectrospray 3D model

Workman et al. employed the bioelectrospray method to
produce customizable microspheres containing extracellular
matrix (ECM) components and THP-1 cells. Cell encapsulation
within microsphere was achieved using a biocompatible cross-
linking polymer, alginate, in a calcium chloride gelling bath. This
system offers the advantage of easy downstream analysis as cells can
be quickly released from the spheres using EDTA or sodium citrate.
The researchers investigated the effect of various parameters such as
voltage, flow rate and nozzle size on the size and stability of the
microspheres. They compared the size of spheres generated with or
without collagen addition to alginate, highlighting the role of ECM
in host-pathogen interaction (Workman et al,, 2014).

Subsequently, in another study it was demonstrated that Mtb
has lower proliferation rate in collagen-containing microspheres
(Tezera et al,, 2017). The group also observed increased apoptosis,
altered energy balance and secretion of various proinflammatory
cytokines (IL-1fB, TNF-o, IFN-y, IL-6, IL-8 and MCP-1) in the
presence of collagen, all of which favors host ability to control
infection. The study further investigated several emerging
therapeutic interventions, including the effects of cytokine
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supplementation on microspheres, host-directed therapy through
PGE2 augmentation and immunoaugmentation with ESAT-6 and
CFP-10 specific T cell lines. These findings align with several in vivo
studies, positioning this system to serve as powerful tool for
discerning the protective and pathological immune responses
(Tezera et al, 2017). Additionally, bioelectrospray 3D model of
TB granuloma formation has been used to investigate the
mechanisms of immunopathology in TB, by specifically
examining the role of MMP inhibitor in matrix degradation
(Walker et al., 2017).

Apart from this, bioengineering approach have been employed
to compare the sensitivity of Mtb to PZA in standard culture
conditions versus within the 3D microspheres. Notably, the
researchers observed upregulation of multiple stress-related
mycobacterial genes at day 14 as well as rapid killing of bacteria
by PZA inside these microspheres (Bielecka et al., 2017). This
system is highly versatile, wherein cell numbers can be modulated
along with changes in the composition of ECM, size of sphere,
challenge dose and the surrounding media, making it a promising
tool for addressing various human infections. One of the major
advantages of this microsphere system is its integration potential
with microfluidic platform, enabling the study of antibiotic
response modulation over time to replicate the drug
pharmacokinetics observed in patients during treatment. In their
preliminary screening, they developed a microfluidic system with
two inlets and one exit channel, facilitating smooth flow of medium
through wells containing encapsulated microspheres. They
demonstrated dose-dependent killing of Mtb with a stepwise
increase in rifampicin concentration, which was consistent with
clinical findings in patients (Barrila et al., 2010; Pasipanodya et al.,
2013; Bielecka et al., 2017).

Like other models, this system also has some limitations, especially,
the lack of vasculature, and incorporation of other immune cells once
cells are embedded within the microspheres. Furthermore, the
anatomical constraints that occur during infection are lost due to
absence of spatial organisation seen in the lung, which makes it difficult
to fully replicate complexity of granuloma. Hence, to better mimic
these features, modifications such as dual encapsulation system are
needed to replicate multiple microenvironments such as the caseous
central core and hypoxic conditions, in order to more effectively study
TB immunopathogenesis (Elkington et al., 2019; Franco and
Rezzani, 2024).

4.5 Organoids

Advances in the stem cell biology have created an exciting
opportunity to grow human tissues in dishes that closely resemble
organs in vitro. Organoids are self-organizing, multicellular 3D
aggregates that mimic structure, function, cellular heterogeneity
and behavior of human tissues in vitro (Iakobachvili and Peters,
2017). These organoids can be derived from either adult stem cells
(ASCs), embryonic stem cells, induced pluripotent stem cells
(iPSCs) or tissue biopsies. Stem cells have the capacity for self-
renewal and the source of these stem cells have profound impact on
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the types of cells present in the resulting organoids. For instance,
organoids derived from ASCs are generally polarized, cystic
structures consisting mostly of epithelial cells, whereas organoids
derived from iPSCs tend to be more complex, containing both
epithelial and non-epithelial cell types (Dichtl et al., 2024; Franco
and Rezzani, 2024). Additionally, lung organoids derived from
adult tissue biopsies or bronchoalveolar lavage fluid include a
wide range of cells such as basal, club, goblet and ciliated cells.
Organoid technology has proven useful in studying in infectious
diseases, enabling researchers to better understand the host
responses, pathogen survival and cell tropism (Mills and Estes,
2016; Heo et al., 2018; Hui et al., 2018; Sachs et al., 2019; Bagayoko
et al., 2021).

Human airway organoids (AOs) have been used to investigate
the very early steps of mycobacterial infection, particularly those
caused by Mtb and M. abscessus (Mabs). Researchers have observed
differences in the replication potential, cytokines secretion profile
and antimicrobial peptides between these pathogens inside AOs.
While the growth of Mtb was controlled, Mabs readily replicated
more freely inside the lumen of AOs, highlighting the hospitable
environment of the airways for non-tuberculous mycobacteria
(NTM). Further, they attempted to co-culture human monocyte-
derived macrophages with M. bovis BCG infected organoids and
observed the movement of macrophages within the matrix towards
the bacteria-containing organoids. However, this model does not
fully mimic the in vivo environment, as macrophages were not able
to traverse the basal side of hAOs to reach lumen for clearing the
bacteria (lakobachvili et al., 2022).

Recently, a group had developed a 3D human lung organoids
(hLOs) model derived from human pluripotent stem cells (hPSCs).
These organoids exhibited a hollow lumen structure similar to that
of alveolar sacs. The model was used to study Mtb infection in lung
epithelial cells and human macrophages by microinjecting
fluorescently labelled bacteria and macrophages into the lumen of
hLOs. A key advantage of this model is its ability to maintain the 3D
structure and sustain the bacterial populations even after multiple
passages. In addition, they have evaluated the inhibitory effects of
known anti-TB drugs, rifampicin and bedaquiline, and observed a
reduction in Mtb H37Rv growth in hLOs at each passage. This
model has been utilized to explore host-directed therapies by
knocking down the host genes (such as MFN2 and HERPUDI),
which resulted in a significant reduction in inflammatory cytokines
and intracellular Mtb growth, consistent with pervious findings (Lee
et al.,, 2019; Son et al., 2023; Kim et al., 2024).

Despite the promising potential of lung organoids in TB
research, there are some challenges that need to be addressed
before they can be used more systematically. For example, to
study host-pathogen interactions more efficiently in a lung-like
environment, it is essential to incorporate macrophages and other
cell types that can replicate granuloma formation. Furthermore,
introduction of vasculature is necessary to create more dynamic
microenvironment, allowing for better control of experimental
conditions. Currently, lung organoids lack an air-liquid-mucosa
interface due to their closed, cystic structure. This limitation can be
overcome by using alternative microfluidic cell culture platform,
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such as the Lung- on-a-chip technology (Nadkarni et al., 20165
Fonseca et al., 2017).

4.6 Lung-on-chip

The integration of microfluidic and micro-fabricated
biosystems with innovations in biological approaches has led to
the development of organ-on-chip (OoC) platforms. These systems
are engineered to replicate complex physiological processes of
human organs that allow more accurate and ethical alternatives to
animal models. Various OoC devices have been developed to model
human tissues, such as the lung, intestine, heart, kidney, liver, blood
vessels and blood-brain barrier (Low et al., 2021; Bhatia and Ingber,
2014). In general, each OoC platform has some defining features,
including 3D microarchitecture, the integration of multiple cell
types and the incorporation of relevant biomechanical forces that
mimic the specific tissue environment (Shrestha et al., 2020).

One of the earliest and most notable OoC is the “Lung-on-chip”
model, developed by Huh and colleagues. This model is designed to
mimic the 3D structure, microenvironment and physiological
processes of human lungs, including breathing movements. The
system is constructed using a soft lithography-based micro-
fabrication technology to create 3D micro-channel in which
human alveolar epithelial cells and pulmonary micro-vascular
endothelial cells were are seeded on the opposite side of culture
chambers. These cells are separated by micro-porous elastomeric
membrane, which mimics the alveolar-capillary interface.
Subsequently, vacuum suction was applied to induce mechanical
stretching of the adherent cell layers, simulating the physiological
breathing motions. This proof-of-concept biomimetic system has
been instrumental for conducting nano-toxicology studies and
modelling complex human disease processes (Huh et al, 2010;
Huh et al.,, 2012; Huh, 2015).

In addition to this, a human lung “small airway-on-a-chip”
model has been developed by Benam et al, to study respiratory
disorders, such as asthma and chronic obstructive pulmonary
disease (COPD). This system includes a differentiated,
mucociliary bronchial epithelium in the upper layer and an
underlying micro-vascular endothelium. Fluid flow is applied to
the endothelial layer, mimicking blood circulation. This model
offers a powerful tool for studying both human pathophysiology
and evaluating the efficacy of drugs, that can complement the
preclinical research in animal models (Benam et al, 2016;
Bielecka and Elkington, 2018).

Recent advancements in the field include a “Lung-on-chip”
model of Mtb infection developed by Thacker et al. This model
utilizes time-lapse microscopy to study dynamics of Mtb infection
in alveolar epithelial cells and macrophages at an air-liquid
interface, allowing for high-resolution spatiotemporal analysis.
The study also examined the role of pulmonary surfactants,
molecules produced by lungs to normal functioning and to
respond to TB infection. The researchers found that Mtb grew
slowly in the lung and immune cells in the presence of surfactant,
indicating the protective role of surfactants in TB. This may be due
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to role of surfactants in pulling out proteins and fats from the
surface of Mtb, hindering the bacteria’s ability to infect host cells.
The study further indicated that pulmonary surfactant replacement
formulations may serve as host-directed therapies to enhance the
immune responses against TB (Thacker et al., 2020).

These advancements in lung-on-chip technology offer
significant potential for TB research, particularly in the
development of novel therapeutic approaches. However, further
exploration is needed to address the technical hurdles and
complexities associated with the disease. Refinements in these
models would not only improve our understanding of respiratory
diseases but also lay the groundwork for more effective drug
discovery and personalized therapeutics in the future.

5 Concluding remarks

The capacity of an individual to clear TB infection involves a well-
coordinated innate and adaptive immune response systems and thus, it
is important to understand the immune response and heterogeneity
associated with the disease. This review describes various in vitro and in
vivo model systems to provide a comprehensive overview of the
different aspects of TB research including drug discovery, vaccine
development and host-pathogen interactions. Animal models remain
at forefront in providing a wealth of information about host genes
associated with susceptibility to TB, the immunopathogenesis of Mtb
infection, various immune cells and responses and identification of
crucial bacterial virulence determinants.

The murine model has played a significant role in TB research in
identification of various important susceptibility loci to TB
infections. Infact, the advent of genetic engineering and molecular
techniques has allowed investigators to develop knockout and
transgenic mice, leading to the identification of key immune
components required for TB immunity. Moreover, most of the
new TB drugs are evaluated for their therapeutic efficacy in mouse
model of tuberculosis. Guinea pigs have underpinned the TB vaccine
development program, providing the initial platform to identify
potential vaccine candidates. Many different kinds of vaccine
regimens based on recombinant BCG vaccine, auxotrophic
mutants, subunit vaccines, DNA and viral vectored vaccines have
been evaluated in guinea pig model of tuberculosis to establish the
preliminary proof of their efficacy. NHP model of tuberculosis is an
expensive system but is the closest representative to human TB.
Thus, most of the promising vaccines are evaluated for their
protective efficacy and immunogenicity in this model before the
vaccine candidate is allowed to progress to clinical trials.

The use of animal systems have been extended to the recent
omics-based technologies. With the advancements in next-
generation sequencing techniques and mass spectrometry, various
biomarkers and host gene signatures that differentiate between
different clinical forms of TB or predict the prognosis of the
disease and the treatment outcome can now be identified.
Further, the review also describes the in vitro 2D and 3D models
that have been employed to understand granuloma formation, cell
surface expression of markers and the secretion of various cytokines
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and chemokines associated with TB. Thus, the conjugation of
advanced cellular models with other “omics” approaches and in
vivo models will offer new insights into the host-pathogen
interactions, establishing a strong foundation for the development
of novel therapeutic and vaccination strategies.
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