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Notch signaling: A potential
target for the development
of host-directed therapies
against tuberculosis

Piyush Baindara*

Department of Radiation Oncology, School of Medicine, University of Missouri, Columbia,
MO, United States

Tuberculosis (TB) is one of the preeminent causes of death among infectious
diseases and remains a global threat to human health. Mycobacterium
tuberculosis (Mtb) has coevolved with the human host and is an extremely
successful pathogen by abusing the human system in different ways.
Interestingly, Mtb can remain undetected in the human host for years as latent
TB, so there is an urgent need to develop new therapies to combat Mtb. In the
recent past, host-directed therapies have attracted the research community as a
promising approach to combat TB, and thus novel host targets are of interest. In
the present editorial, we have explored and suggested Notch signaling as a
potential host target to develop a new therapeutic strategy against Mtb.
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Introduction

Tuberculosis (TB) is a highly infectious disease caused by Mtb, carried in airborne
particles. TB is one of the greatest causes of death in human history throughout the world.
According to the Global Tuberculosis Report, 2022 by the World Health Organization, 10.6
million people fell ill and 1.6 million deaths estimated due to TB in the year 2021 (https://
www.who.int/publications/i/item/9789240061729). Therefore, there is an urgent need for
new methods, tools, or strategies for the prevention, diagnosis, and identification of novel
disease biomarkers and host factors to fight the battle against TB.

Host-pathogen interaction is a crucial aspect in studying infectious diseases as
pathogens co-evolve with the host and establish the disease pathogenesis by subverting
host factors. Therefore, targeting the host factors using host-directed therapies is an
efficient way to develop new treatment strategies against Mtb. Host-directed therapies to
combat TB may include any compound, repurposed drug, or strategies targeting host
signaling pathways that can boost host-defense mechanisms or modulate the inflammatory
response, resulting in better clinical outcomes to combat Mtb (1, 2).
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The Notch signaling pathway is one of the highly conserved
signaling pathways that transmit signals via direct contact with
adjacent cells in a very short range of cellular communications (3).
There are four Notch receptors (Notch 1-4) in humans which are
activated by binding with ligands (Jagged1, 2 and Delta-like ligands
(DID1, 3, and 4) on the surface of adjacent cells (4). Notch is a
transcriptional regulator originally expressed as a membrane-
bound cell surface receptor. Following by binding to the ligands
on the adjacent cells, Notch receptors are cleaved by a proteolytic
process in their membrane-bound form and thus released their
intracellular active fragment followed by nuclear translocation and
regulation of gene transcription (5). Components of Notch
signaling and ligands are constitutively expressed at different
stages in the immune cells such as monocytes, lymphocytes,
macrophages, and dendritic cells that further impact the
development, effector functions, and many immunological
mechanisms during the pro-inflammatory immune responses
including activation of T cells and cytokine profile development
(6-8). The distinct expression profile of Notch receptors in different
cells of the respiratory tract is not clear, however, notch signaling is
very well conserved during the development of the human
respiratory system.

Interestingly, Notch is significantly involved in lung
regeneration during both in health and disease conditions (9, 10).
Active involvement and regulation of notch signaling in the lung
regeneration and respiratory diseases suggested that Notch could be
a promising target to develop host-directed therapy to fight against
lung pathologies (11). In the present article, we have explored the
role of Notch signaling during Mtb infection that suggested Notch
as a potential host factor that could be targeted and developed for
clinical therapeutics against TB.

Notch positively regulates
TB progression

Recent evidence suggested Notch is a player important in TB
pathogenesis via modulating the immune response dynamics
during mycobacterial infections. An upregulated expression of
Notchl is observed in Mycobacterium bovis Bacille Calmette-
Guérin (M. bovis BCG) infected macrophages, leading to the
expression of suppressor of cytokine signaling (SOCS) that is a
major negative regulator of cytokine signaling (12). Similarly, a
recent case study of children with active tuberculosis, showed
elevated mRNA levels of Notchl, Notch2, and DIll4 when
compared to the control group (13). Increased levels of Notch
ligands D111 and DIl4 are also reported in a serum-based case study
of tuberculosis patients co-infected with HIV (14). Notch signaling
is also reported in regulating apoptosis during M. bovis infection in
macrophages. Results concluded that Notchl inhibits the apoptosis
that can be reversed by using a gamma-secretase inhibitor (GSI)
which is known to inhibit Notch signaling and suggests an
involvement of Notch upregulation in M. bovis infection (15).
Next, a newly found non-coding circular RNA (circAGFG1) is
reported to increase autophagy and reduced apoptosis via the
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miRNA-1257/Notch axis. Diminished levels of Notch2 are
reported in infected macrophages from active TB patients upon
treatment of sh-circAGFG1 or by mimicking miRNA1257 (target of
miRNA1257) where miRNA-1257/Notch axis is suggested as a new
therapeutic target (16). Additionally, a recent study on Chinese
tuberculosis patients reported a positive correlation between
missense mutation in Notch4 and increased susceptibility to
tuberculosis (17). Another population-based case-control study
confirmed that Mtb induces Notch4 expression in the
macrophages during inflection and results in severe TB
outcomes (18).

In correlation with these results, Notch inhibition by a GSI
(DAPT) has also been reported to reverse the imbalance of Th1/Th2
cytokines in TB patients (19). Further, up-regulated expression of
Notch ligand DIll4 is reported in the Mtb infected individuals that
alter the immune response, evident by increased levels of IFN-y and
IL-17 cytokines released by T cells. Next, similar results are
observed in the peripheral blood mononuclear cells (PBMCs) of
active TB patients (20, 21). Also, an upregulated expression of DIl4
is observed in antigen-presenting cells (APCs) and bone marrow
progenitor cells in mice infected with M. bovis BCG. Similarly, Mtb-
infected patients are reported to have an increased number of DII4-
positive monocytes and concluded that Mtb infection regulates the
expression of DII4 that can modulate CD4" T cell response (21).
Results suggested that Notch ligands such as D14 could be used as
potential biomarkers to identify the disease progression in TB and
as a host-directed target to develop anti-TB therapeutics. Further, a
Chinese herbal compound isoliquiritigenin, is reported to overcome
the Mtb-induced inflammation by inhibiting Notchl/NF-xB
signaling pathway in murine macrophages (22). Overall,
experimental evidence suggested that Notch positively regulates
TB progressions and could be a potential target for host-
directed therapies.

Notch negatively regulates the
Mtb-induced inflammatory
immune response

Proinflammatory cytokines IL-6, IL-12, IFN-Y, and TNFo along
with CD4" T cells known to regulate the immune response during
the Mtb infection (23). It has been reported that IL-6 knockout mice
showed high mortality due to the failure of Mtb growth control
during infection (24). Similarly, IL-12 deficient mice demonstrated
to have less IFN-y production and high incidences of Mtb infections
(25, 26). Importantly, IL-12 is involved in the regulation of
protective immunity against Mtb via the development of IFN-y
producing CD4" Th1 cells (27). In a recent study, it has been shown
that Mtb-induced expression of IL-6 and IL-12 is improved while
an increased number of IFN-7y secreting Th1 cells is observed in a
Notch4 deficient murine infection model which is further evident
by reduced Mtb burden and lung damage (28). Another study
reported that Notch interacts with TAK1 and TRAF6 while TAK1
forms a complex with TRAF6. TRAF6 activated TAK1 in a
ubiquitination-dependent manner and further TAKI is found
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involved in the TLR-induced production of proinflammatory
cytokines (29, 30). Next, it has been confirmed that Notch4
inhibits the proinflammatory cytokines in the infected
macrophage by restricting the phosphorylation and ubiquitination
of TAKI. Finally, it is confirmed that Notch inhibition by DAPT is
also able to abrogate the Mtb infection (28). Further, the anti-
inflammatory effects of Andrographolide (a traditional Chinese
herbal medicine) is reported in Mtb-infected macrophages via
regulation of the Notchl/Akt/NF-kB axis (31). Additionally,
patients with active TB are reported to have high expression of
Notch ligand DIl4 when compared to healthy controls. Also, an
upregulated expression of Notchl is observed in patients having
moderate or advanced lung injury (32). Interestingly, increased
resistance to TB is demonstrated both in vitro and in vivo, using
Notch deficient mice and by the treatment with the y-secretase
inhibitor (28). Another recent study by the same group reported
Mtb induces Notch4 and jagged1 expression in macrophages of TB
patients via TLR2/p38 and TLR2/ERK signaling, respectively.
Conclusively, this study suggested that Notch4 negatively
regulates the Mtb-induced inflammation and thus higher
expression and gene polymorphism of Notch4 is positively
associated with server TB outcomes (18). Notch4 induction is also
reported in response to the hypoxia model of Erdman (a virulent
Mtb strain) in rhesus macaques which it confirmed to stimulate
undifferentiated cellular state with large necrosis lesions (33).

Overall, available studies suggested Notch signaling and its
components essentially intervened with the severity level of Mtb
infection via positive and negative regulation of the TB infection
and Mtb-induced host inflammatory response, respectively. In light
of the evidence, we suggested Notch signaling and its components
as a potential biomarker for host-directed therapies and to monitor
the disease progression and severity as well.

Discussion

Notch signaling and its components, especially DIl1 and DIl4,
present in monocytes, macrophages, and dendritic cells played an
important role during the pro-inflammatory immune responses
and are involved in several immune mechanisms such as T cell and
B cell development in both central and peripheral lymphoid organs
(7, 34, 35). Interestingly, an increased expression level of Notch
ligand DIl4 is found in the monocytes of active TB patients. Similar
results observed in the Mtb-infected monocytes that suggested Mtb-
induced expression of Notch ligands which is also positively
correlated with the degree of lung injury (32). Notch signaling
played an active role in the effector functions of T cells where
Notchl and Notch2 receptors are constitutively expressed in the
different stages of lymphocyte development. NICD is the activated
form of Notch signaling, that translocates into the nucleus after
activation. In the nucleus, NICD interacts with the RBP-J and
further induces the downstream expression of target genes such as
Hesl, Hes5, Heyl, Hey2, and Dtx (36) (Figure 1). Next, Notch
signaling regulates a feedback inhibition of TLR-induced cytokines
via the downstream target genes, Hes1, and Heyl (37). By using the
feedback loop, Notch signaling negatively regulates the TLR-
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triggered immune response and thus the expression of pro-
inflammatory cytokines (38). A higher expression of Hesl and
Dtx genes is observed in active TB patients in comparison to healthy
individuals. This suggested systemic activation of Notch and its
downstream signaling pathway during Mtb infection and thus
Notch can be targeted to overcome the detrimental effects of TB
(32). Further, an active transcriptional complex of Notch signaling
is found to have a direct binding ability with the promoter regions
of Rorc and IL-17 genes that can alter the activation of these genes.
Interestingly, Notch ligand DIl4 showed to enhance the expression
of both genes Rorc and IL-17 as they both are the direct
transcriptional target of Notch signaling (39). Collectively, Notch
and D114 expression in monocytes and T cells is confirmed to have a
positive correlation with plasma levels of IFN-y, IL-17A, and IL-2
(32, 40) (Figure 1). Additionally, TNF-o. is known as an important
cytokine during the Mtb infection that boosts the protection against
TB by activation of monocytes and macrophages and new
inflammatory cells at the site of infection (41). Enhanced
production of TNF-o is demonstrated in mononuclear cell
cultures upon blocking the Notch ligand DII4 by using an anti-
hDIl4 antibody (32) (Figure 1). It seems there is an uncoupled
functional relation between Notch and DII4 as it has been shown
that Notch inhibition altered the cytokine production during TB
that are important for the activation of macrophages while DIll4
blocking improved the monocytes-mediated phagocytosis of Mtb.
This again suggested the potential of Notch and Notch ligands as
promising host targets for the development of anti-TB therapeutics.

Overall, reports showed that Mtb infection promotes the
activation of Notch signaling that subsequently altered the pro
and anti-inflammatory response against TB while active TB patients
reported to have higher expression of Notch and reduced levels of
IL-6. This inverse correlation of Notch and IL-6 might result in
divergent inflammatory states during diverse disease outcomes. In
total, an altered immune response against Mtb infection positively
assists the TB progression by further modulating the functional
mechanisms of monocytes, such as phagocytosis and cytokine
production via upregulation of the Notch signaling. Also,
enhanced Notch expression in T cells and DIl4 expression in
intermediate monocytes is directly associated with the severe
form of TB and thus suggested as potential host-directed targets
against Mtb. Notch activation largely depends on the activity of the
y-secretase complex, and thus GSIs are suggested as a promising
therapeutic target for notch inhibition (42). GSIs are already under
various clinical trials for different indications (43, 44). Till now
several chemical classes of GSIs have been developed and most of
them are competitive inhibitors of the catalytic activity of the
presenilins (45). Recently, a novel potent GSI, GSI LY3039478
confirmed as the recommended phase II dose for advanced or
metastatic cancer patients (NCT01695005) (46). Interestingly, one
of the GSI, PF-03084014 has recently been in phase II clinical trials
and found promising for desmoid tumors, known as aggressive
fibromatosis (NCT01981551) (47). Receptor/ligand antibodies,
GSIs, and Notch transcription complex inhibitors are available
which could be tested to check the Notch inhibition and effects
on Mtb infection (4, 48). Interestingly, DAPT (a GSI) showed to
protect the mice from Mtb infection, evidenced by decreased
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FIGURE 1

Active Notch signaling during Mtb infection negatively regulates inflammatory response against Mtb and results in severe TB progression. Black lines
with round heads showed inhibition. Green upright thick arrows showed increased expression.

pathological changes in the lungs, reduced bacterial load, and
enhanced cytokine expression (28). Further, several GSIs have
already undergone phase I/IT clinical trials which can be further
evaluated for their effects on immune response modulation during
TB. Additionally, Notch signaling is essential for tissue regeneration
of the various cell type in the lungs after injury (49). Excessive
expression of Notch signaling may inhibit the regeneration of
different cell types involved in lung airway functions and its
tightly regulated inhibition is essential for normal regeneration,
diverse cell differentiation, maintenance and restoration of lung
airways for healing after injury (11, 50).

Conclusively, available studies and evidence suggested a
relationship between the expression of Notch signaling
components and the respective host immune response to Mtb
infection. Further, evidence suggested that Notch signaling
positively regulated the TB progression and negatively regulates
the innate immunity response outside of its transcriptional activity.
Thus, inhibition of Notch signaling might provide new hope for the
development of therapeutics to fight against TB. Here we suggested
further investigation of different GSIs including other Notch
inhibitors to develop them as host-directed therapeutics
against Mtb.

Conclusion

Overall, our analysis and proposed hypothesis suggested,
Notch, signaling as one of the central regulators of Mtb-induced
cellular immune response and inflammation during the disease
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progression of TB. As a high expression of Notch signaling and its
ligands observed in active TB patients, a Notch-based-diagnostic
assay could also be developed for the early estimation of disease
severity and for developing a treatment strategy accordingly. We
have also visualized the molecular interaction network of Notch
with other host factors that represents Notch as a complicated
pathway that is polygenic, multi-ligand, and post-translationally
regulated (Figure 2). Notch has multiple different effects at the cell
and tissue levels that have an important role in development,

"‘E CNPY3

FIGURE 2

Physical protein-protein interaction network representing cross-talk
of Notch with other host factors involved in TB progression. This
network is generated using STRING v11.5: functional protein
association networks. The thickness of the connecting edges
showed the confidence level.
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activation, differentiation, proliferation, and regeneration.
Therefore, there is a high possibility of unwanted on-target and
off-disease side effects upon pharmacologic targeting of Notch.
However, evidence suggested Notch inhibition could be a
promising strategy to reverse the deleterious effects of disease
during Mtb infection and so, there is a possible provision of
specific Notch-inhibitor drugs such as GSIs for a certain time
during the disease progression. In summary, the present work
avails the evidence and sheds light on Notch signaling as a
potential host-target that can be considered in clinical trials for
the development of treatment strategies against Mtb infection and
management of TB.

Limitation

There are limitations associated with the proposed hypothesis.
First of all Notch signaling is involved in various development
processes and so further, detailed studies are needed to confirm the
regulation of Notch signaling during TB. Also, we suggested the use
of Notch inhibitors which might promote severe inflammation thus,
the time of treatment and other side effects should be properly
explored using clinical trials before consideration as therapeutic
drugs to treat TB.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.
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