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Tuberculosis (TB) is a leading cause of mortality due to infectious disease and rates have increased during the

emergence of COVID-19, but many of the factors determining disease severity and progression remain unclear.

Type I Interferons (IFNs) have diverse effector functions that regulate innate and adaptive immunity during infection

with microorganisms. 
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1. Type I IFN Transcriptional Signature in M. tb Infection

Gene signatures in the blood of patients with active TB can be used as a marker for diagnosis, disease

manifestation, and treatment monitoring. Berry et al. conducted a landmark study which demonstrated that patients

with active TB have a predominantly type I IFN-inducible gene signature that correlates with lung radiographic

disease severity and is downregulated following treatment . These findings have since been replicated in

numerous studies . Bloom et al. and Wang et al. described that overexpressed IFN-inducible genes tended to be

primarily in neutrophils and monocytes, hinting at overactivation and infection of these cell types during M. tb

infection . Studies have demonstrated early overexpression of type I IFN genes in patients with latent TB that

eventually progressed to active infection. An enhanced type I IFN signature was correlated with progression to

active TB up to 18 months prior to diagnosis . This suggests that the type I IFN response can precede

the onset of active disease and symptoms. Monitoring the type I IFN response to chemotherapy would thus be

more advantageous compared to the detection of acid-fast bacilli and provide an earlier assessment in the clinical

management of infected patients . Multiple studies also described an increased resistance to TB in individuals

with a mutation in IFNAR1 (IFN 1 receptor) that impaired type I IFN signaling . In addition, patients with a

deficiency in the gene encoding ISG15 displayed increased type I IFN responses and were seen to be more

susceptible to M. tb . Multiple studies have reported reactivation of TB in patients receiving IFN-α-based therapy

for chronic viral hepatitis .

2. Mechanisms of Type I IFN Induction in M. tb Infection:
ESX-1 Protein Secretion System and Pattern Recognition
Receptors
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The outcomes of an infection are determined by the dynamic interplay between virulence factors produced by a

pathogen and the immune response mounted by the host. Immune responses are characterized by increased

cytokines, chemokines, and other products normally meant to protect the host. Various signaling pathways have

been described that induce type I IFN expression in response to M. tb infection. The M. tb virulence factor ESX-1

protein secretion system is seen to be a major contributor to increased levels of type I IFN. Studies have shown

that type I IFN responses were diminished in human macrophages and mice models, although not completely, if

the genomic region of difference-1 (RD1) of ESX-1 was deleted . ESX-1 disrupts the phagosomal

membrane leading to mitochondrial stress and resultant leakage of mitochondrial DNA and mycobacterial products

(such as early secreted antigenic target-6 and culture-filtrate protein-10) into the cytosol . These products are

recognized by cyclic GMP-AMP synthase (cGAS), which then initiates the formation of a second messenger, cyclic-

GMP-AMP (cGAMP) [Figure 1]. cGAMP and bacterial cyclic dinucleotides interact with STING or STING-

accessory molecule DDX41. Activation of STING results in its relocation to the perinuclear Golgi, where it then

initiates recruitment and activation of TANK-binding Kinase 1 (TBK1). TBK1 activates NF-kB, which mediates the

induction of pro-inflammatory cytokines, as well as phosphorylates interferon regulatory factors IRF3 and IRF5,

both of which facilitate type I IFN expression . A study conducted by Wiens and Ernst demonstrated that the

extent of mitochondrial DNA released during M. tb infection may determine the extent of type I IFN expression .

cGAMP can also access uninfected cells via gap junctions leading to STING activation and type I IFN expression in

nearby bystander cells . Both cGAS- and STING-deficient human and mouse macrophages are impaired in

their ability to express IFN-β in response to M. tb infection . Toll-like receptors (TLR) are

transmembrane proteins that serve as pattern recognition receptors and can sense M. tb components . The

ligands of different M. tb strains were seen to dimerize different TLRs, resulting in intracellular signaling and varying

macrophage responses that drive the production of type I IFN . Other pattern recognition receptors including

Nod-like receptor (NOD2) have also been linked to increased type I IFN expression . NOD2 recognizes the

mycobacterial product N-glycosylated muramyl dipeptide, which leads to RIP2-mediated activation of TBK1,

resulting in downstream type I IFN expression via IRF5 dimerization and nuclear translocation. In a study

performed by Pandey et al., this pathway was significantly diminished in infection with ESX-1-deficient M. tb . In

summation, extensive literature reveals that different M. tb strains induce varying type I IFN responses via multiple

mechanisms and signaling pathways which may result in differing virulence.
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Figure 1. Mechanisms of Type I IFN Induction through ESX-1 pathway.

3. Mechanisms of Type I IFN Induction in M. tb Infection:
ESX-1 Protein Secretion System Independent Mechanisms

As mentioned earlier, type I IFN expression is reduced but not eliminated in ESX-1-deficient M. tb. The attenuated

Mycobacterium bovis strain Bacillus Calmette–Guérin (BCG) lacks the RD-1 region that encodes the ESX-1

secretion system, yet this strain still produces a type I IFN response in human macrophages . This response

was reduced in STING-cells, hinting that this is a STING-dependent process and that mycobacteria components

can still gain access to the cytosol in the absence of ESX-1.

4. Pathogenic Effects of Type I IFN Signaling during M. tb
Infection
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How type I IFNs exacerbate M. tb infection is not yet fully understood, but many mechanisms have been described

in various studies. Type I IFN inhibition of protective cytokines (IFN-γ, TFN-α, IL-12) and Th1 cell responsiveness in

human cells was described in multiple studies and thought to be mediated by impairment of IL-12 production 

. Mouse models infected with the hypervirulent HN878 M. tb strain were particularly seen to have reduced

TH1 responses and lower IFN-y production secondary to a high type I IFN response . Multiple studies

have also shown that type I IFNs limited human and mouse mycobacteria-restricting monocyte/macrophage

response to the antibacterial effects of IFN-γ during M. tb infections and this process was mediated by IL-10, a

cytokine that can impair antimycobacterial immune responses during infection . IL-10 inhibits the IFN-γ-

driven vitamin D3/cathelicidin/defensin beta 4A antimicrobial defense pathway . In addition, type I IFNs have

also been shown to promote early cell death of alveolar macrophages and increase accumulation of myeloid cells

which contribute to the spread of infection and lung inflammation . Data from the study by Moreira-Teixeira et

al. demonstrated that increased type I IFN signaling promoted pathogenesis of M. tb infection in mouse models via

stimulation of neutrophils and a pathological neutrophil extracellular trap (NET) response . NETs are networks of

extracellular fibers composed of DNA from neutrophils which bind pathogens and are typically involved in an

antimicrobial response. In M. tb infection, NETosis (NET activation and release) contributed to disease

exacerbation. Type I IFNs have been reported to inhibit the production of IL-1α and IL-1β, which are important for

host defense against M. tb infection in humans and mice . This inhibition was shown to be

dependent on NO synthase 2 and IL-10 . NO interference with the NLRP3 inflammasome assembly

impairs IL-1β processing by M. tb-infected macrophages . Prostaglandin E2 (PGE2) serves as a mediator of IL-

1-dependent host protection and is known to prevent necrosis of M. tb-infected macrophages by promoting

apoptosis which limits pathogenic dissemination . Type I IFNs are shown to inhibit PGE2, and this could thus

promote necrosis and alter the ratio of host-protective PGE2 to host-detrimental 5-lipoxygenase products such as

lipoxin A4 . Animal model studies revealed evidence that suggests the degree of M. tb-induced type I IFN

expression in mice is correlated with the virulence of M. tb strains . In a study performed by Manca et al.,

administration of anti-IFNα/β antibodies to mice before and upon infection with M. tb was associated with a long-

term survival benefit but no significant change in bacterial burden . This was further affirmed in studies which

demonstrated that administration of IFN-α/β in mice impaired host survival and worsened lung inflammation in the

face of M. tb infection . Dynamic cytokine interactions mediate the pathogenic and protective functions of

various molecules in M. tb infection, and a greater understanding of these key mediators opens the door for host-

directed therapeutic intervention in M. tb infection.

5. Potential Protective Functions of Type I IFN in M. tb
Infection

There is emerging evidence that type I IFNs can display protective functions in M. tb infection under certain

conditions. Ward et al. and Bax et al. demonstrated that patients with IFN-γ receptor signaling deficiencies who

failed conventional TB antimycobacterial chemotherapy (consisting of isoniazid, rifampicin, ethambutol, and

pyrazinamide) or had recurrent disease benefited from inhaled or subcutaneous coadministration of IFN-α in

addition to standard TB antimycobacterial chemotherapy . Further studies described that in the absence of
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IFN-γ signaling, type I IFNs may contribute to the survival of myeloid cells that help control M. tb pathogenesis 

. These findings may explain some of the mechanisms underlying the beneficial effects of IFN-α treatment in

patients with compromised IFN-γ responses. Rivas-Santiago and Guerrero showed that administration of IFN-α

during BCG vaccination promoted production of protective cytokines (IFN-γ, TNF-α, IL-12) and provided increased

protection against M. tb infection than that with BCG alone . McNab et al. further demonstrated that basal type I

IFN signaling is necessary for the maximum production of IL-12 and TNF-α by macrophages in response to M. tb

. The findings presented suggest that an understanding of balance between type I and type II IFNs is necessary

to define the ability of the host to control M. tb infection. The interplay of these molecules could be harnessed to

develop interventions against infection.
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