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Mycobacterium tuberculosis (Mtb) primarily infects human lung macrophages, 

which serve as its major replication niche. Mtb can manipulate host macrophage cell 

death pathways to its advantage by inhibiting apoptosis and inducing necrotic cell death. 

However, the specific necrotic cell death pathway activated in human macrophages 

after Mtb infection remains unclear. Here, we used the THP-1 cell line and primary 

human monocyte-derived macrophages (hMDMs) to analyze multiple programmed  

cell death pathways during days 1-3 after Mtb infection. Regarding apoptosis, confocal 

microscopic analysis demonstrates that Mtb rarely induces apoptosis in THP-1 cells or 

hMDMs. Immunoblotting shows that Mtb induces significant CASP3 and GSDME 

activation in THP-1 cells, but not in hMDMs. We show that Mtb induces a significant 



  

increase in GSDMD cleavage, a hallmark of pyroptosis, in THP-1 cells but not in 

hMDMs. MLKL phosphorylation was not observed in THP-1 cells or hMDMs during 

Mtb infections, indicating an absence of necroptosis. No changes in ferroptosis markers 

such as GPX4 expression or lipid peroxidation levels were detected. Time-lapse live-

cell imaging revealed no lysosomal membrane permeabilization prior to plasma 

membrane rupture (PMR). However, we observed DNA release from Mtb-infected 

THP-1 cells and hMDMs after PMR. The DNA released from THP-1 cells exhibits low 

levels of myeloperoxidase and histone H3 citrullination. High-resolution confocal 

imaging shows that Mtb is associated with the released DNA. We demonstrate that 

pyroptosis induction is dispensable for the DNA release and cell death induction. In 

conclusion, our results reveal that Mtb-triggered cell death in hMDMs bypasses 

canonical cell death pathways, including apoptosis, pyroptosis, necroptosis, and 

ferroptosis. Instead, cell death in both THP-1 cells and hMDMs correlates with DNA 

release that shares partial features with METosis or NETosis. 
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Chapter 1: Introduction 

 

1.1 Tuberculosis (TB) pathology 

1.1.1 General introduction of TB 

 Tuberculosis (TB) remains a major global health threat and is one of the most fatal airborne 

infectious diseases worldwide. The disease is caused by Mycobacterium tuberculosis (Mtb), a 

member of the Mycobacteriaceae family. According to the World Health Organization (WHO), 

more than ten million people developed TB in 20231. 

Mtb infection primarily involves the lungs, where it can give rise to active pulmonary TB. 

Classic symptoms include persistent cough, fever, and night sweats2. Although the lungs are the 

principal site of infection, TB is not restricted to the respiratory system. Mtb can disseminate to 

extrapulmonary sites such as the lymph nodes, bones, kidneys, and brain, resulting in a broad 

spectrum of clinical manifestations2,3. 

A key distinction in TB pathophysiology lies between active TB and latent TB. Individuals 

with active TB are symptomatic and capable of transmitting the bacterium to others. In contrast, 

individuals with latent TB harbor Mtb without clinical symptoms and are not infectious2–4. Despite 

the absence of symptoms, latent infection carries a lifelong risk of reactivation into active TB, 

especially in hosts with a compromised immune system2–4. 

1.1.2 Early infection 

 Mtb infection begins when aerosolized droplets containing Mtb are inhaled and enter the 

host respiratory tract5,6. Although bacilli may contact the nasal or bronchial mucosa, successful 
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infection typically requires the pathogen to reach the alveolar spaces of the lungs. Alveoli are 

specialized structures responsible for gas exchange and act as an immunological interface that 

detects, contains, and eliminates airborne pathogens. 

Upon reaching the alveoli, Mtb encounters alveolar macrophages (AMs) and interstitial 

dendritic cells, which phagocytose the bacteria and serve as the initial cellular niche for infection7. 

A few Mtb bacilli are sufficient to establish a robust infection in the host, as demonstrated in 

multiple mammalian models8–11. Mtb can resist intracellular killing and begin to replicate. Once 

the bacterial load in a macrophage surpasses a threshold , estimated to be roughly >20 bacilli per 

cell12, Mtb can induce necrotic cell death, releasing bacilli that infect neighboring cells and expand 

the initial infection foci. 

During early infection, innate immune responses are initiated by alveolar macrophages and 

interstitial dendritic cells, leading to cytokine secretion and the recruitment of additional immune 

cells7,13. However, these early defenses are often insufficient to eliminate the pathogen. Mtb can 

also infect alveolar epithelial cells, potentially facilitating its traversal across the epithelial barrier 

and contributing to dissemination14,15. Infected macrophages are capable of migrating from the 

alveolar space into the lung interstitium and draining lymph nodes, where the bacteria can further 

disseminate and establish systemic infection7,13,16,17. 

1.1.3 Host cells involved in subsequent Mtb infection 

 After alveolar macrophages (AMs) migrate into the interstitium, Mtb disseminates from 

dead, infected AMs, and the resulting inflammatory response recruits additional immune cell 

populations to the infection site. At this stage, professional phagocytes, including macrophages, 

dendritic cells (DCs), and neutrophils, serve as the first responders to Mtb infection18,19. 
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 Interstitial macrophages (IMs) are tissue-resident macrophages that primarily originate 

from the bone marrow but can also be replenished by monocyte-derived macrophages (MDMs)20. 

These macrophages are highly heterogeneous and exhibit distinct immune responses depending 

on the specific stimuli and infection context18,19. In tuberculosis, IMs polarize into different 

functional subtypes in response to local signals. Classically activated M1 macrophages are pro-

inflammatory and contribute to bacterial clearance or containment19. In contrast, M2 macrophages 

exert immunoregulatory functions; several M2 subsets are even immunosuppressive, facilitating 

the downregulation of host inflammatory responses and promoting intracellular Mtb survival19.  

 Neutrophils constitute a large proportion of immune cells infiltrating the infection site. 

They can suppress Mtb infection through physical confinement of the bacilli and bactericidal 

mechanisms21. For instance, neutrophils generate reactive oxygen species (ROS) and antimicrobial 

peptides (AMPs) to kill Mtb. They also undergo neutrophil extracellular trap cell death (NETosis), 

releasing extracellular traps that entangle and restrict Mtb motility21,22. However, recent studies 

indicate that NETosis alone is insufficient to eliminate trapped Mtb and may even exacerbate 

tuberculosis progression23. Additionally, phagocytosis of neutrophil debris by other cells can 

promote intracellular Mtb growth. Neutrophils engage in extensive crosstalk with DCs, 

macrophages, B cells, and T cells, shaping the local inflammatory milieu. Overall, neutrophils are 

now regarded as a permissive niche that can facilitate Mtb replication and dissemination21.  

 Dendritic cells phagocytose disseminated Mtb or Mtb-containing cell debris to initiate its 

maturation and migration18,24,25. A key function of DCs during Mtb infection is the presentation of 

Mtb antigens to CD4⁺ T cells, thereby facilitating the development of effective adaptive 

immunity18,24,25. DCs interact dynamically with multiple immune cell types, substantially 

influencing the host response to Mtb24. Nevertheless, Mtb has evolved mechanisms to inhibit DC 
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maturation and migration to regional lymph nodes, impairing antigen presentation and dampening 

adaptive immune activation25. 

B cells and T cells are lymphocytes essential for adaptive immunity. In tuberculosis, B-

cell-mediated humoral immunity plays an important role in host defense against Mtb. As reviewed 

by Stewart et al., studies using B-cell-deficient mouse models demonstrate an impaired immune 

response during Mtb infection26. Upon infection, B cells can differentiate into plasma cells and 

secrete antibodies targeting Mtb components26. Canonical mechanisms by which antibodies 

enhance host defense include opsonization, complement activation, and antibody-mediated 

phagocytosis of Mtb27–29. In addition, B cells interact with other immune cells to modulate their 

antimicrobial activity27. For example, B1 cells can polarize macrophages into an M2 phenotype 

during Mtb infection27,30. B cells also produce antibodies that influence the Th1 response. Finally, 

B cells regulate neutrophilia. Under experimental conditions, B-cell deficiency leads to increased 

neutrophil recruitment and mobility in Mtb-infected mice27. 

CD4⁺ T cells comprise multiple subsets with distinct functions during anti-Mtb immunity. 

Th1 cells promote a pro-inflammatory response and activate and recruit macrophages to sites of 

infection22. In contrast, Th2 cells are immunoregulatory and may attenuate excessive 

inflammation22. Th17 cells contribute to neutrophilic tissue inflammation, which can lead to tissue 

damage. Interleukin (IL)-17, secreted by Th17 cells, also recruits interferon (IFN)-γ–producing 

CD4⁺ T cells to infected tissues22. 

CD8⁺ T cells contribute to anti-Mtb immunity by secreting perforin, granzymes, and 

granulysin to directly kill Mtb-infected host cells. They also produce pro-inflammatory cytokines, 

such as tumor necrosis factor (TNF)-α and IFN-γ, to modulate the local immune response18,22. 
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However, due to discrepancies among published studies, the extent to which CD8⁺ T cells are 

required to control TB progression remains controversial18. 

Other immune cell types also play important roles in host defense against Mtb infection. 

Their functions, however, are beyond the scope of this research. Because the host immune response 

elicited by TB is a broad and complex topic, it cannot be comprehensively reviewed in this 

dissertation. For further reading, two relevant review articles are recommended 18,22. 

1.1.4 Granuloma formation 

 Granuloma formation is a key immunological hallmark of TB pathogenesis. A granuloma 

is a distinct histopathological structure composed of aggregated macrophages and various immune 

cell populations that organize in response to persistent Mtb infection31–35. Traditionally, 

granulomas were regarded as protective host structures that restrict Mtb replication and 

dissemination; however, accumulating evidence indicates that granulomas can also provide a 

permissive niche that supports mycobacterial survival and spread31.  

Granuloma formation begins when AMs become infected with Mtb and migrate into the 

lung interstitium. Infected macrophages eventually undergo cell death, releasing both viable bacilli 

and intracellular components that trigger the recruitment of additional macrophages and other 

immune cells, including neutrophils, dendritic cells, natural killer (NK) cells, B cells, and T cells  

etc31,33. Among these recruited lymphocytes, Th1 CD4⁺ T cells play a critical role by secreting 

TNF-α, which amplifies immune cell recruitment and supports granuloma maintenance. TNF-α, 

together with IFN-γ, enhances the microbicidal activity of macrophages and sustains their 

antimicrobial functions31,35. Within the granuloma, macrophages exhibit remarkable phenotypic 

plasticity. They can fuse to form multinucleated giant cells or differentiate into lipid -laden foamy 

macrophages that often serve as reservoirs for Mtb. Some macrophages also transform into 
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epithelioid cells, characterized by elongated morphology and ruffled membranes that facilitate 

tight intercellular connections with neighboring cells31,33. Historically, granulomas were 

considered protective to the host because the spatial segregation of Mtb within these 

organized immune structures appeared to limit bacterial dissemination31, while the coordinated 

bactericidal activities of diverse immune cells were believed to promote bacterial killing35. Clinical 

observations support this notion: immunocompromised individuals who are highly susceptible to 

TB often exhibit poorly formed or absent granulomas34,  highlighting the critical role of these 

structures in host defense against TB. 

Granuloma formation represents the host's attempt to contain the infectious agent. However, 

granulomas paradoxically provide a replication niche for Mtb, contributing to chronic infection 

and dissemination31,35. To survive and replicate within the granuloma, Mtb exploits multiple 

strategies, including: (1) expressing virulence factors that induce epithelial cells to secrete MMP9, 

thereby recruiting uninfected macrophages to the infection foci31; (2) inhibiting phagosome 

maturation and phagolysosome fusion to evade intracellular killing36,37; (3) inhibiting host cell 

apoptosis while inducing necrosis38; and (4) expressing virulence factors that drive macrophage 

differentiation into foamy macrophages, which supply abundant fatty acids for Mtb survival and 

the synthesis of virulence-associated lipids39. Ultimately, this manipulation culminates in the 

development of caseous necrosis, in which the granuloma's center liquefies and ruptures, allowing 

Mtb to escape into the airways and infect a new host40.  

Granulomas also exhibit substantial heterogeneity during the progression of tuberculosis. 

The classification of granulomas has not been standardized . Here, we adopt the system proposed 

by Marakalala et al.41. Based on the number of histologically distinct regions, granulomas can be 

categorized as solid, caseous, or cavitary. Remarkably, heterogeneous granulomas often coexist 
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within the same infected individual, and their types are strongly correlated with disease 

outcomes42,43. Effective host control of Mtb typically leads to the formation of resolved 

granulomas, whereas extensive necrosis at the granuloma core results in a semi-liquid caseous 

mass devoid of nuclei or intact cellular structures. This caseous material is produced through 

proteolysis, and when the liquefied core erodes into the airway, it can be expelled, forming cavities 

enclosed by a fibrotic capsule—hallmarks of cavitary granulomas43. Multiple factors contribute to 

granuloma formation and determine its eventual fate, including bacterial heterogeneity, local 

immune responses, and vascularization. Notably, the degree of vascularization varies not only 

among granulomas but also within a single lesion. Peripheral cellular layers of a necrotic 

granuloma often exhibit higher vascular density than the core, leading to differences in blood flow, 

drug penetration, and therapeutic efficacy43. Both caseous and cavitary granulomas are associated 

with a high intracellular and extracellular burden of Mtb43.   

In summary, granuloma is an immunopathological hallmark of tuberculosis. It serves as a 

double-edged sword, embodying the complex and dynamic interface between host and pathogen. 

A deeper understanding of granuloma biology will provide crucial insights into the development 

of effective anti-TB therapies and preventive strategies. 

1.1.5 Symptoms and transmission of TB 

 The major clinical manifestations of pulmonary TB include a persistent cough, fever, and 

night sweats, often accompanied by chest pain, fatigue, and hemoptysis. These symptoms arise as 

a result of the host immune response to Mtb infection and the progressive tissue damage within 

the lungs. 

Fever is primarily triggered by a T-cell-mediated pro-inflammatory immune response that 

occurs during granuloma formation44,45. Activated Th1 cells secrete cytokines such as IFN-γ and 
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TNF-α, which enhance macrophage activation but also lead to systemic inflammatory 

responses44,45. As granulomas mature and undergo necrosis, damage to the bronchi and 

surrounding tissues facilitates the absorption of mycobacterial antigens and toxins into the 

bloodstream. These circulating factors stimulate the hypothalamic thermoregulatory center, 

resulting in an elevated set point and persistent high-grade fever in some TB patients44,45. 

 The mechanisms underlying night sweats remain less well defined. One hypothesis posits 

that TB alters serum cortisol rhythms, a key modulator of both innate and adaptive immune 

responses and of body temperature regulation. Reduced cortisol levels during the night may lower 

the thermoregulatory threshold, leading to transient fever spikes and excessive perspiration as the 

body attempts to restore normothermia44,45. Additional factors such as cyclic cytokine release (e.g., 

IL-1β, IL-6) and autonomic dysregulation have also been implicated in this phenomenon44,45. 

 Coughing is one of the most characteristic and consequential symptoms of pulmonary TB, 

playing a central role in Mtb transmission. It has been demonstrated that the Mtb-specific surface 

lipid sulfolipid-1 (SL-1) can induce cough in rodent models, linking bacterial components to the 

initiation of this symptom46. However, whether SL-1 exerts a similar effect in humans remains 

controversial47. Coughing facilitates the aerosolization of Mtb-containing droplets, which can 

remain airborne for prolonged periods and are readily inhaled by new hosts. Experimental studies 

using guinea pig infection models have shown that cough-generated aerosols are sufficient to 

initiate infection and sustain transmission cycles48,49.   

While coughing is the most efficient means of generating infectious droplet nuclei, it is not 

the only one. Other respiratory activities, such as sneezing, shouting, or singing, can also disperse 

viable Mtb bacilli into the air48,49. Once aerosolized, Mtb can survive for extended periods under 

desiccated conditions, maintaining its infectivity until inhaled by a susceptible individual. Upon 



 

 

9 
 

deposition in the alveoli of a new host, the bacilli are phagocytosed by alveolar macrophages, 

initiating a new cycle of infection and disease progression40,49. 

 

1.2 Epidemiology of TB 

Mtb, the causative agent of TB, was responsible for an estimated 1.25 million deaths in 

20231. In the same year, approximately 10.8 million individuals, including 1.3 million children, 

developed TB1. These statistics highlight the resurgence of TB as a leading cause of death from 

infectious diseases following the COVID-19 pandemic. 

 Compared with previous years, the incidence of TB in 2023 increased slightly by about 

0.2%, reflecting ongoing transmission despite intensified control efforts. However, the number of 

TB-related deaths declined, suggesting that expanded access to diagnostics, timely treatment, and 

recovery of health services after the pandemic contributed to improved survival rates1. The 

introduction of rapid molecular diagnostic tools, the increased deployment of shorter drug-

sensitive and drug-resistant TB regimens, and strengthened case-finding strategies may also 

contribute to this positive trend.  

Demographically, adult males accounted for the largest proportion of new TB cases, 

consistent with long-standing epidemiological patterns linked to higher exposure risks, 

occupational factors, and health-seeking behavior disparities1. Asia remained the epicenter of the 

disease, representing nearly 60% of all global cases, with India, Indonesia, China, the Philippines, 

and Pakistan collectively contributing the majority of the global TB burden1.  

Besides, more than 180,000 individuals developed drug-resistant TB (DR-TB) in 2023, 

marking an increase relative to 2022. The rise of multidrug-resistant (MDR) and rifampicin-

resistant (RR) Mtb strains continues to pose a serious public health threat, particularly in regions 
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with limited access to second-line therapies and diagnostic infrastructure. Addressing DR-TB 

requires sustained investment in surveillance systems and novel therapeutic strategies1.  

Although ending the global TB epidemic remains a difficult and long-term goal, positive 

trends in TB mortality reduction, improved case detection, and broader access to effective 

treatments indicate that progress is being made. Continued political commitment, international 

collaboration, and research into host-directed therapies and novel vaccines will be essential to 

accelerate this trajectory toward TB elimination.  

1.3 Immunoprophylaxis and treatment of TB 

1.3.1 Bacillus Calmette-Guérin (BCG) vaccine 

 The BCG vaccine is the only broadly used vaccine for immunoprophylaxis of TB50. It 

contains an attenuated strain of Mycobacterium bovis (Mbo), a member of the Mycobacterium 

tuberculosis complex (MTBC) that is genetically closely related to Mtb. The vaccine was 

developed by Albert Calmette and Camille Guérin through continuous passaging of Mbo for 13 

years51. Compared with its parental Mbo strain and the virulent Mtb strains, Mbo BCG lacks the 

RD1 genomic region, which encodes the ESAT-6 secretion system. The absence of ESAT-6, a 

critical virulence factor responsible for phagosomal rupture and necrosis induction in host cells, 

contributes to the attenuation of BCG52. 

 The protective efficacy of the BCG vaccine is most evident in infants and young children, 

in whom it prevents severe and disseminated forms of TB, such as tuberculous meningitis51. This 

protection is primarily mediated through the activation of Mbo-specific CD4⁺ T cells that provide 

cross-protective immunity against Mtb50. Additionally, infection with BCG has been shown to 

polarize macrophages toward a pro-inflammatory M1 phenotype, which may further limit the 
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intracellular replication of Mtb50. In contrast, in adults and elderly individuals, the vaccine 

provides variable and generally limited protection against pulmonary TB53. Importantly, BCG is 

not a single homogeneous strain. Since its global distribution, different BCG substrains have 

diverged genetically due to continuous in vitro passaging. Variations in genomic composition, 

vaccine production, and storage practices across regions, as well as host physiological factors, all 

contribute to the observed heterogeneity in vaccine efficacy50. Despite this variability, the BCG 

vaccine has an excellent safety record. The most common adverse reaction is regional suppurative 

lymphadenitis, whereas systemic BCG infection occurs rarely and almost exclusively in 

immunocompromised individuals50.  

 The inconsistent efficacy of the BCG vaccine remains one of its major limitations. Multiple 

studies, particularly those that include tropical participants, suggest that frequent exposure to 

environmental mycobacteria enhances host antimycobacterial immunity, which can mask the 

immunizing effect of BCG51. Some clinical observations also indicate that a stronger tuberculin 

skin reaction is associated with an increased risk of developing active TB, possibly because an 

exaggerated antimycobacterial immune response promotes the transition from latent TB (LTB) to 

active TB51.  Another proposed mechanism is that pre-existing immunity against environmental 

mycobacteria restricts BCG replication following vaccination, thereby diminishing its protective 

effect51. Furthermore, comparative studies between developed and developing countries have 

shown that environmental exposure to diverse microorganisms in developing regions induces a 

Th2-skewed immune response, which may further compromise the efficacy of BCG. Interestingly, 

such a Th2 response was not observed in the high-altitude country included in the study53.  

 The limitations of BCG efficacy underscore the urgent need for next-generation anti-TB 

vaccines. Numerous novel vaccine concepts and candidates have been developed, with several 
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currently in clinical trials. These emerging vaccine candidates are discussed in detail in the 

referenced literature, which is recommended for further reading53. 

1.3.2 Treatment of TB 

 According to the guidelines proposed by the U.S. Centers for Disease Control and 

Prevention (CDC) in collaboration with other public health institutions, the most recent 

recommendations permit a shortened regimen for drug-sensitive pulmonary tuberculosis in adults, 

reducing the standard 6-month treatment to a 4-month course under specific conditions. In adults 

aged 12 years and older with pulmonary TB caused by organisms susceptible to isoniazid and 

rifampin, the 4-month regimen of isoniazid, rifapentine, pyrazinamide, and moxifloxacin (given 

as 2 months of isoniazid + rifapentine + pyrazinamide + moxifloxacin, followed by 2 months of 

isoniazid + rifapentine + moxifloxacin) is conditionally recommended 54.  

For rifampin-resistant or multidrug-resistant TB (in people age 14 years and older), the 

guidelines now strongly recommend 6-month regimens using bedaquiline, pretomanid, and 

linezolid (with or without moxifloxacin) under certain criteria rather than the older 15-month or 

longer regimens54.  

1.4 Mtb biology 

1.4.1 General biology of Mtb 

 Mtb belongs to the Mycobacteriaceae family, and its obligate host is the human being55. It 

forms the MTBC together with ten other mycobacterial species capable of causing tuberculosis in 

humans or other animals. These species share more than 99% genetic identity, and since 2018, all 

members of the MTBC have been regarded as synonyms of Mtb56.  
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 Genetically, the Mtb H37Rv strain was the first to be fully sequenced 55. The genome is 

approximately 4.4 megabases in size and encodes over 4,000 genes. Comparative genomic 

analyses further reveal that the lack of horizontal gene transfer during Mtb evolution renders it a 

monomorphic species within the Mycobacteriaceae family55. Evidence suggests that the earliest  

infection of humans by Mtb dates back to around 70,000 years ago57. Over millennia, Mtb and its 

human hosts have co-evolved, leading to mutual adaptations—such as human genetic variants 

associated with TB susceptibility or resistance, and the phylogeographical diversification of Mtb 

lineages57.   

 Physiologically, Mtb is a Gram-positive, acid-fast, and G + C-rich bacterium58. As a slow-

growing mycobacterium, Mtb typically forms visible colonies on solid medium within 10–28 days, 

whereas in vivo studies in murine models have estimated its doubling time to range between 18 

and 54 hours58. 

1.4.2 Mtb membrane structure 

 Mtb bacilli contain cytosol surrounded by a complex cell envelope that encases and 

protects the intracellular components. This envelope is central to bacterial physiology: it 

contributes to cell division, motility, molecular transport, environmental resilience, and host–

pathogen interactions59. Electron microscopy reveals that the mycobacterial envelope is 

structurally atypical compared with canonical Gram-positive and Gram-negative bacteria60.  

Structurally, the Mtb cell envelope comprises four major layers. Closest to the interior is 

the plasma membrane, followed by the cell wall, which consists of an inner peptidoglycan layer 

and an outer arabinogalactan layer. Covalently attached to arabinogalactan via mycolic acids is the 

mycomembrane (also referred to as the outer membrane). The outermost layer is the capsule, which 
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is rich in neutral polysaccharides and only weakly associated with the mycomembrane. It can be 

readily shed into the extracellular milieu60. 

 Although the mycobacterial envelope shares certain features with both Gram-positive and 

Gram-negative bacteria, such as a thick cell wall reminiscent of Gram-positive species and the 

presence of an outer membrane similar to Gram-negative species61. Its overall architecture is 

unique. The mycomembrane forms a highly hydrophobic, waxy permeability barrier that restricts 

the passage of large or hydrophilic molecules61. Mtb belongs phylogenetically to the Gram-

positive phylum Actinobacteria, yet it does not reliably retain the Gram stain. Its distinct 

mycomembrane and lipid-rich envelope confer the characteristic acid-fast property, enabling 

retention of dyes during Ziehl-Neelsen (acid-fast) staining and resistance to decolorization. Thus, 

acid-fast staining has become the most widely used method for identifying mycobacteria. 

 The plasma membrane contains phospholipids and numerous proteins, including members 

of the MmpL family, which mediate lipid transport to the outer membrane and contribute to 

membrane assembly59. The mycomembrane also includes virulence-associated proteins. For 

example, mammalian cell entry (MCE) proteins facilitate bacterial uptake and modulate host 

immune responses60.  Components of the capsule further shape host–pathogen interactions by 

influencing phagocytic uptake and inhibiting phagosome–lysosome fusion. Following entry into 

host cells, Mtb releases a wide array of protein and lipid virulence factors that remodel host 

immunity at both the cellular and tissue levels. Moreover, the capsule’s polysaccharide diversity 

expands Mtb antigenicity, complicating clinical diagnosis and treatment62.  

 A detailed understanding of the Mtb cell envelope is crucial for developing vaccines and 

therapeutics. Several frontline anti-TB drugs, including isoniazid and ethambutol, target key steps 
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in mycomembrane biosynthesis. In the face of rising MDR-Mtb prevalence, novel regimens aimed 

at disrupting envelope biology present a promising therapeutic direction61.  

1.4.3 Mtb virulence factors 

 As a highly successful human-adapted pathogen, Mtb has evolved a broad repertoire of 

virulence factors that modulate diverse host cell activities, including phagosomal function, cell 

death pathways, cytokine signaling, xenophagy, and reactive oxygen species (ROS) production63.  

 Among these virulence factors, ESX-1 is one of the most critical. ESX-1 is a type VII 

secretion system, also known as the ESAT-6 secretion system-1, encoded by the RD1 locus—a 

region deleted in the attenuated M. bovis BCG strain. ESX-1 exports ESAT-6 (EsxA) and EsxB 

as a 1:1 heterodimer63. EsxA binds to host membranes and induces membrane rupture, a function 

essential for phagosomal escape and the initiation of host cell death63. 

 In addition to ESX-1, numerous other protein virulence factors in Mtb modulate host cell 

death pathways, phagosomal biology, cytokine responses, and cellular metabolism. Functions 

specifically relevant to cell death modalities will be introduced in the corresponding section below. 

Several comprehensive reviews are recommended here for further reading7,63,64.  

 Mtb lipids also function as potent virulence factors. Phosphatidylinositol mannosides 

(PIM), lipomannan (LM), and lipoarabinomannan (LAM) are derived from phosphatidylinositol 

and activate TLR2 signaling63. Mannose-capped LAM (ManLAM) binds to DC-SIGN and Dectin-

2 to further modulate immune responses, while both PIM and LAM inhibit phagosomal 

maturation63. 

  Trehalose-based lipids, including trehalose dimycolate (TDM), di-and poly-acyltrehaloses 

(DAT/PAT), and sulfoglycolipid-1 (SL-1), also contribute to virulence by inhibiting phagosomal 

maturation or blocking phagolysosomal fusion63. TDM additionally triggers Mincle-dependent 
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signaling and promotes bacterial cording. SL-1 functions as a TLR2 antagonist and facilitates Mtb 

entry into host cells63.  

Finally, phthiocerol dimycocerosates (PDIMs) and their glycosylated derivatives, PGLs, 

elicit anti-inflammatory responses63. PDIMs also promote CR3-mediated uptake of Mtb and 

enhance the membrane-lytic activity of EsxA65.  

1.5 General defense mechanisms of host macrophages against Mtb invasion 

 1.5.1 Intracellular defense mechanisms 

 Phagosomal maturation is one of the earliest antimicrobial mechanisms macrophages use 

to eliminate Mtb. Following phagocytosis, phagosomes sequester intracellular pathogens and 

undergo a series of membrane fusion events that enable them to acquire enzymes necessary for 

pathogen degradation66,67. This dynamic progression is tightly regulated by Rab GTPases, which 

orchestrate membrane fusion, protein and lipid sorting, and the transition of the phagosome from 

early to late stages. During maturation, phagosomes fuse with lysosomes, acquire hydrolytic 

enzymes, and acidify to a pH of ~566. These coordinated processes are essential for intracellular 

control and killing of Mtb66.  

 However, Mtb has evolved multiple strategies to evade destruction within phagosomes. It 

disrupts both phagosome biogenesis and phagosomal maturation. Mtb LAM and the secreted 

phosphatase SapM inhibit the production of PI3P, a critical regulator of membrane trafficking, 

thereby blocking phagosome–lysosome fusion66. As a result, Mtb-containing vacuoles retain 

characteristics of early phagosomes and lack key lysosomal hydrolases such as cathepsin D (Cat 

D)66. In addition, Mtb actively prevents phagosomal acidification, maintaining a near-neutral pH 

that restricts the activity of hydrolytic enzymes and further enhances bacterial survival66. Early 
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inhibition of phagosomal acidification is also required for subsequent Mtb escape from host 

phagosomes66. 

Once Mtb exits the phagosome, xenophagy becomes another major macrophage defense 

mechanism. Xenophagy is a selective form of autophagy in which host cells target pathogens for 

degradation66. Intracellular Mtb can be ubiquitinated directly, or its phagosomal membrane can be 

tagged with ubiquitin, enabling the recruitment of autophagy adaptors and the delivery of Mtb to 

autophagosomes68. This process depends on ULK1, multiple autophagy-related proteins, selective 

autophagy receptors, and the formation of autophagosomes, which subsequently fuse with 

lysosomes to kill Mtb68,69. Nevertheless, Mtb has also developed mechanisms to inhibit xenophagy. 

For example, recent evidence shows that Mtb PDIM can suppress autophagy in experimental 

mouse models70. Other inhibitory mechanisms are beyond the scope of this dissertation and will 

not be discussed further. 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) constitute two major 

classes of antimicrobial effectors utilized by macrophages to eliminate intracellular Mtb69,71,72. 

Upon pathogen recognition, macrophages initiate a respiratory burst. While mitochondrial reverse 

electron transport and the tricarboxylic acid (TCA) cycle contribute to cytosolic ROS production71, 

the primary oxidative response occurs at the phagosome. Following phagocytosis, the NADPH 

oxidase (NOX2) complex assembles on the phagosomal membrane and transfers electrons to 

oxygen, generating superoxide (O2
·-). This superoxide is subsequently converted into hydrogen 

peroxide (H2O2) and hydroxyl radicals (HO·), agents capable of damaging mycobacterial DNA 

and the cell wall69,71. Beyond direct killing, ROS also modulate host immune signaling and 

contribute to the induction of cell death in infected macrophages71. In parallel, cytokine stimulation, 

particularly by IFN-γ, induces the expression of inducible nitric oxide synthase (iNOS)72. This 



 

 

18 
 

enzyme converts L-arginine into nitric oxide radicals (NO·). While NO· alone is often insufficient 

for bacterial killing in experimental settings, its rapid reaction with superoxide generates 

peroxynitrite (ONOO-). In murine models, peroxynitrite eliminates Mtb more efficiently than 

either ROS or RNS alone72. The role of RNS in human macrophages, however, remains distinct. 

While human macrophages likely utilize NO· as an antimicrobial effector in vivo, robust NOS2 

expression is rarely observed under standard experimental conditions. Consequently, RNS-

mediated killing has historically been difficult to demonstrate in ex vivo human macrophage 

models72. 

To survive this hostile environment, Mtb employs multiple evasion strategies. 

Metabolically, the bacterium can shift between aerobic and anaerobic states to minimize exposure 

to oxidative stress. Mtb also actively neutralizes threats by expressing antioxidant enzymes, such 

as superoxide dismutase (SodA) and catalase (KatG), which degrade host-derived superoxide and 

peroxides to prevent oxidative damage71. Furthermore, specific Mtb virulence factors interfere 

with host TLR signaling pathways to actively dampen the production of ROS71.  

When intracellular survival mechanisms fail, the host macrophage engages programmed  

cell death (PCD) as a final line of defense. Depending on the specific modality, cell death 

(apoptosis) can entrap Mtb bacilli and facilitate their uptake by neighboring cells via efferocytosis. 

Conversely, Mtb actively drives necrotic cell death, contributing to tissue necrosis and the 

progressive loss of lung function characteristic of tuberculosis. During infection, macrophages 

may undergo multiple forms of programmed necrosis, including necroptosis, pyroptosis, and 

ferroptosis. These modalities distinctively shape the immune landscape at the site of infection, 

with varying implications for host protection. The latter sections will first provide an overview of 



 

 

19 
 

PCD pathways relevant to Mtb infection, followed by a detailed discussion of how Mtb activates 

and manipulates these pathways across mouse, human, and zebrafish models. 

1.5.2 Cytokine-mediated defense responses of macrophages 

During Mtb infection, macrophages not only engulf bacilli and deploy intracellular 

antimicrobial pathways but also secrete a broad array of cytokines that shape the immune response 

at the infection site. Macrophages are major producers of TNF-α, interleukin (IL)-1α/β, IL-18, IL-

12, and various chemokines that orchestrate cell recruitment and local immune activation73–76. 

How these cytokines contribute to host protection is discussed below. 

The importance of TNF-α has been demonstrated in multiple in vivo models. TNF receptor-

deficient mice exhibit markedly elevated mycobacterial burdens in the lungs and extrapulmonary 

tissues and succumb to infection within 2–3 weeks, highlighting their profound susceptibility to 

Mtb76. Disruption of TNF-α signaling also impairs granuloma formation, which is considered 

protective in early infection. In addition, TNF-α regulates diverse immune cell subsets and 

contributes to the organization of the inflammatory microenvironment. However, zebrafish studies 

showed that excessive TNF-α drives macrophage necrosis, promoting Mm dissemination77. 

Together, these findings underscore that TNF-α is protective within an optimal range, whereas 

excessive or insufficient TNF-α compromises host control. 

IL-1α, IL-1β, and IL-18 belong to the IL-1 cytokine family and play distinct but 

complementary roles during TB. The protective function of IL-1β is supported by human genetic 

studies, which link IL1B variants to altered TB susceptibility, although population-specific 

differences complicate interpretation73. Murine studies further show that deficiency in IL-1β or IL-

1 receptor signaling exacerbates TB pathology, while carefully timed inhibition of IL-1β can 

reduce late-stage immunopathology, illustrating the need for precise IL-1β regulation73,78. IL-1α, 
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although less extensively studied, is increasingly recognized as an important early alarmin in TB. 

Upon Mtb infection or macrophage membrane damage, IL-1α can be rapidly released to initiate 

inflammation. It has been implicated in driving IL-6 production, promoting neutrophil recruitment, 

and contributing to early containment of bacilli76. IL-18 plays a distinct role by linking 

inflammasome activation to adaptive immunity. Upon Mtb-induced inflammasome signaling, IL-

18 is processed and secreted, contributing to IFN-γ induction in T cells and NK cells, a key 

cytokine for macrophage activation76. 

Macrophages also secrete IL-12, a cytokine that bridges innate and adaptive immunity. 

Human genetic studies have demonstrated that individuals with IL-12p40 deficiency exhibit a 

marked susceptibility to Mtb infection, underscoring its essential role in host defense76. Consistent 

with these observations, in vivo murine studies showed that local delivery of IL-12 to the infection 

site reduces bacterial burden, whereas IL-12 depletion increases bacterial growth during 

infection76. IL-12p40 deficiency also results in compromised antigen-specific IFN-γ production, 

which is attributed to impaired recruitment and activation of IFN-γ–producing memory T cells76. 

In the absence of sufficient IFN-γ, macrophage activation is weakened and deviates toward less 

protective states. Collectively, these findings highlight the critical protective role of macrophage-

derived IL-12 in orchestrating IFN-γ–dependent immunity and controlling Mtb infection. 

1.6 The roles of IFN-β in macrophage-Mtb interactions 

 IFN-β, a member of the Type I IFN family, has long been recognized for its antiviral 

functions. Canonical IFN-β signaling begins with its binding to the two subunits of the IFN-α 

receptor, IFNAR1 and IFNAR279. Engagement of IFNARs triggers the phosphorylation and 

activation of JAK/STAT molecules, including STAT1, STAT2, and STAT3. These STAT proteins 

subsequently form homo- or heterodimers that drive the expression of IFN-stimulated genes 
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(ISGs)80. In total, Type I IFNs regulate an estimated 300–500 genes, and activation of IFNAR 

signaling by IFN-β leads to extensive reprogramming of the host transcriptome. 

It is increasingly appreciated that IFN-β also plays a critical role in the host response to 

Mtb infection81.  During Mtb infection, human and mouse macrophages and myeloid dendritic 

cells are the major producers that express IFN-β, which is driven by the cGAS-STING pathways81. 

In in vivo mouse models, IMs and plasmacytoid dendritic cells (pDCs) have been identified as the 

major IFN-β-responsive populations82. How IFN-β affects the host is context-dependent, 

determined not only by the virulence and genetic background of Mtb but also by the host's immune 

competence. Pioneering studies demonstrated that mice deficient in IFNAR signaling exhibit 

lower bacterial burdens and improved survival following Mtb infection81. Subsequent mechanistic 

research suggested several aspects in which IFN-β may impair host resistance. For example, Type 

I IFNs can suppress IL-1α and IL-1β production, reduce prostaglandin E₂ (PGE₂) synthesis, and 

promote IL-10 expression83. It shifts macrophages toward a less protective state. Type I IFNs have 

also been shown to inhibit the recruitment or activation of IFN-γ-producing lymphocytes, thereby 

weakening classical macrophage activation84. Together, these studies support the idea that IFN-β, 

or Type I IFNs more broadly, can subvert host resistance to Mtb infection, particularly in otherwise 

resistant hosts81.  

 In many circumstances, IFN-β increases macrophage susceptibility to Mtb infection. 

Which specific cell death pathway is activated by IFN-β during Mtb infection remains an 

unanswered question. Addressing this knowledge gap may clarify how the in vivo IFN-β response 

translates into the regulation of cell fate at the single-macrophage level. Currently, the published 

data on this topic are limited.  
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One study performed a genome-wide CRISPR-Cas9 screen in Mtb-infected RAW 264.7 

murine macrophages85. The researchers identified components of the IFN-β signaling pathway as 

key regulators of cell death. However, inhibitor analyses in the same study showed that many 

established pathways—including apoptosis, necroptosis, ferroptosis, pyroptosis, parthanatos, and 

autophagic cell death—were not induced under the experimental conditions85. Another study 

reported that Type I IFN decreases macrophage energy metabolism during mycobacterial infection, 

leading to dissipation of the mitochondrial membrane potential86. This finding may explain how 

IFN-β potentiates macrophage cell death during Mtb infection and suggests that IFN-β could be 

linked to a previously uncharacterized metabolic form of cell death. Nevertheless, a subsequent 

publication from the same group demonstrated that exogenous Type I IFN exacerbates Mtb-

induced cell death in hMDMs, yet hMDMs themselves do not secrete detectable IFN-β during Mtb 

infection87. Moreover, an IFNAR-neutralizing antibody does not block Mtb-induced cell death in 

infected hMDMs. Together, these observations complicate the proposed association between IFN-

β and ex vivo Mtb-induced macrophage death87.  

To date, no defined cell death pathway has been shown to mediate IFN-β-related Mtb-

induced macrophage death.  

  

1.7 General programmed cell death pathways related to Mtb infection 

1.7.1 Apoptosis 
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Fig. 1: Extrinsic and intrinsic apoptosis pathways and their link to secondary necrosis. 

Host cell apoptosis proceeds through two interconnected pathways. In the extrinsic pathway, 
extracellular death ligands, such as FASL or TNF-α, engage death receptors (e.g., FAS, TNFR), 

recruiting the adaptor proteins, e.g., FADD. FADD associates with pro-Casp-8/10, which are 
cleaved to their active forms, Casp-8/10. Active Casp-8/10 directly cleaves and activates 
executioner Casp-3/7, executing apoptosis. The intrinsic pathway regulation hub is the 

mitochondria. Intrinsic stimuli such as high reactive oxygen species (O2
-) exert stress on 

mitochondrial membranes, activating the pro-apoptotic BAX/BAK complex and inducing 

mitochondrial outer membrane permeabilization (MOMP). MOMP releases cytochrome c (cyt c) 
and SMAC/DIABLO. Cyt c binds APAF1 to form the apoptosome, activating Casp-9, which in 

turn activates Casp-3/7. SMAC antagonizes XIAP, a Casp-3/7 inhibitor, further promoting 
apoptosis. In crosstalk with the extrinsic pathway, activated Casp-8/10 also cleaves Bid to generate 
truncated Bid (tBid), which may also activate the BAX/BAK complex. If executioner caspases are 

activated but apoptosis remains incomplete, secondary necrosis can ensue. Casp-3/7 cleaves 
gasdermin E (GSDME), releasing its N-terminal fragment (NT-GSDME), which then 

oligomerizes and inserts into the plasma membrane to form pores, leading to membrane rupture 
and secondary necrosis. 
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Apoptosis is distinguished from necrosis by its unique morphological features88. The 

cellular changes include cytoplasmic shrinkage, nuclear fragmentation, membrane blebbing, and 

apoptotic body formation88–90. Mammalian cell apoptosis can be executed mainly via two signaling 

pathways: the extrinsic and intrinsic pathways (Fig. 1). Although initiated differently, both 

pathways converge on the caspase-3 (Casp-3) activation88–91. The extrinsic pathway is triggered 

when death ligands bind to their corresponding death receptors92,93, prompting the assembly of the 

death-inducing signaling complex (DISC). The DISC, containing the Fas-associated death domain 

(FADD) and pro-Casp-8, facilitates the homodimerization and auto-cleavage of pro-Casp-8 into 

its active p41/p43 forms94–96. After further processing and dissociation from the DISC, active Casp-

8 cleaves executioner caspases, such as Casp-3 and Casp-795. In contrast, the intrinsic apoptosis 

pathway is a mitochondria-dependent process initiated by mitochondrial outer membrane 

permeabilization (MOMP)89,91,97,98. MOMP is triggered by BAX/BAK activation, or stimuli such 

as irradiation, toxins, or mitochondrial reactive oxygen species (mROS), and it causes the release 

of cytochrome c (cyt c)97. In the cytoplasm, cyt c and the adapter protein Apaf1 assemble to form 

the apoptosome. This complex serves as a scaffold for the recruitment of the initiator caspase, pro-

Casp-9. Although the precise mechanism by which Apaf1 activates caspase-9 is debated, the 

dimerization of pro-Casp-9 on the apoptosome is a critical step that promotes the auto-cleavage of 

Casp-999,100 . The activated Casp-9 proceeds to cleave and activate executioner pro-Casp-

3/788,90,97,101. Activated executioner caspases, in turn, cleave crucial cellular substrates such as α-

fodrin, gelsolin, and PARP, which drive the hallmark features of apoptosis, including cell shrinkage, 

membrane blebbing, and DNA fragmentation94 (Fig. 1). 

The Bcl-2 and IAP protein families are critical regulators that fine-tune apoptosis, which 

determines the cell fate102–106. The pro-apoptotic Bcl-2 family proteins BID, BAX, and BAK are 



 

 

25 
 

central to the crosstalk between the extrinsic and intrinsic apoptotic pathways102,107–109. Upon 

induction of extrinsic apoptosis, Casp-8 activation leads to cleavage of BID into its truncated form, 

tBID. This active fragment translocates to the mitochondria, where it binds to and activates BAX 

and BAK109,110. The activated BAX and BAK monomers then oligomerize, causing MOMP and 

initiating the intrinsic apoptosis pathways108. To counteract the induction of apoptosis, the IAP 

family protein XIAP acts as an inhibitor by directly binding to casp-3/7/9105,111. However, 

following MOMP, SMAC (also known as DIABLO) is released from the mitochondria and binds 

to XIAP, which displaces the bound caspases. This relieves their inhibition and allows the apoptotic 

signaling cascade to proceed112 (Fig. 1).   

During apoptosis, a cell exposes phosphatidylserine (PS) on its outer membrane leaflet, 

signaling phagocytes to engulf the apoptotic corpse in a process known as efferocytosis113,114. This 

process is crucial for maintaining tissue homeostasis and downregulating inflammatory immune 

responses115,116. When efferocytosis fails or is insufficient to remove apoptotic cells in a timely 

manner, apoptotic cells undergo secondary necrosis, a regulated process characterized by cell 

swelling and loss of structural integrity. Mechanistically, active Casp-3 cleaves the GSDME 

protein. The resulting N-terminal fragment, NT-GSDME, translocates to the cell membrane and 

forms pores, causing plasma membrane rupture (PMR) and the release of cytoplasmic 

components117–119. PMR also releases damage-associated molecular patterns (DAMPs), which 

typically elicit a pro-inflammatory response117,120. However, some evidence suggests that because 

secondary necrosis is preceded by apoptosis, it can have context-dependent immunosuppressive 

effects, thereby eliciting an immune response that more closely resembles apoptosis than primary 

necrosis121. 

1.7.2 Pyroptosis 
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Fig. 2: Canonical and non-canonical pyroptosis pathways.  

Canonical pyroptosis proceeds through two steps: priming and activation. Priming occurs via TNF-
α, TLR, and IL-1β signaling, which activate NF-κB and IRFs to induce expression of 

inflammasome components (e.g., NLRP3, Casp-4/5/11) and downstream effectors such as 
GSDMD and pro-IL-1β. Activation of the NLRP3 inflammasome is triggered by inflammasome 
assembly in response to stimuli, including K⁺ and Cl⁻ efflux, Ca²⁺ influx, and mitochondrial ROS 

(mROS). The assembled NLRP3 inflammasome (containing NLRP3/ASC/Pro-Casp1) cleaves and 
activates Casp-1, which in turn processes GSDMD. The N-terminal GSDMD fragments 

oligomerize and insert into the plasma membrane, forming pores that promote further K⁺ efflux 
and amplify NLRP3 activity. In the non-canonical pathway, intracellular LPS directly activates 
Casp-4 (Casp-11 in mice), which subsequently cleaves GSDMD. The GSDMD pore drives K⁺ 

efflux and subsequent activation of the canonical pathway NLRP3. Following GSDMD activation, 
NINJ1 oligomerizes to form large membrane pores, ultimately leading to plasma membrane 

rupture and necrotic cell death.  
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 Pyroptosis is a regulated form of necrosis characterized by gasdermin activation and 

subsequent membrane pore formation122–125 (Fig. 2). Pyroptosis signaling pathways are primarily 

classified as canonical and non-canonical pathways122,125–127. Canonical pyroptosis is mainly 

mediated by five inflammasomes: NLRP3, AIM2, NLRP1, PYRIN, and NLRC4128,129. The 

NLRP3 inflammasome is predominantly involved in detecting intracellular Mtb, and consequently, 

its molecular mechanism of activation and signaling will be discussed in more detail. 

NLRP3 inflammasome activation requires two distinct signals. Signal I, the priming signal, 

is initiated by the activation of receptors such as Toll-like receptors (TLRs) or the IL-1 receptor 

(IL-1R). It activates the downstream NF-κB pathway, leading to the transcriptional upregulation 

of NLRP3 and its substrates, such as pro-IL-1β, and involves post-translational modifications that 

prepare the inflammasome for rapid response129,130. Signal II occurs when NLRP3 recognizes its 

activators, triggering the full assembly and activation of the NLRP3 inflammasome131–134. 

Common NLRP3 activators include cellular events such as K⁺ and Cl⁻ efflux, Ca²⁺ flux, 

mitochondrial dysfunction, and lysosomal membrane permeabilization (LMP)131,132.  

The active canonical NLRP3 inflammasome is a protein complex comprising NLRP3, an 

adaptor protein (ASC), and recruited pro-casp-1. In primates, one additional protein, NLRP11, is 

recruited135. Upon stimulation, the inflammasome forms multiple pro-Casp-1 monomers, which 

then undergo proximity-driven auto-cleavage into their active form, Casp-1129,136. Casp-1 proceeds 

to cleave gasdermin D (GSDMD) into its N-terminal (NT-GSDMD) and C-terminal (CT-GSDMD) 

fragments. The hydrophobic NT-GSDMD fragment translocates to the plasma membrane, where 

it oligomerizes to form GSDMD pores. Concurrently, Casp-1 also processes pro-interleukin (IL)-

1β and pro-IL-18 into their mature forms, IL-1β and IL-18, respectively. These pro-inflammatory 

cytokines are subsequently released through the GSDMD pores into the extracellular environment, 
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eliciting a robust inflammatory response122,123 (Fig. 2).     

The non-canonical inflammasomes, which primarily consist of human pro-CASP-4/5 or 

their murine homolog, pro-Casp-11. In primates, NLRP11 also participates in the non-canonical 

CASP-4/-5 inflammasome signaling in response to cytosolic LPS137. Upon binding of LPS these 

pro-caspases oligomerize and become activated via autocleavage to generate active CASP-4, -5, 

or Casp-11 proteases128,138–140. The active inflammatory caspases then directly cleave GSDMD, 

leading to the formation of GSDMD pores in the plasma membrane. GSDMD pores allow for K+ 

efflux, which can activate the canonical NLRP3 inflammasome pathway129,140.  

   The final step is the activation of NINJ1, which results in the generation of larger pores, 

leading to plasma membrane rupture141–143. How precisely NINJ1 is activated remains unclear, but 

following GSDMD pore formation, an osmotic influx of water drives cell swelling and rounding. 

The resulting increase in mechanical stress on the plasma membrane is an activation signal for 

NINJ1 monomers to assemble into pores144. NINJ1 is involved in PMR following pyroptosis, 

necroptosis, and ferroptosis145. 

1.7.3 Necroptosis 
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Fig. 3: Receptor-dependent and -independent necroptosis pathways. 

The receptor-dependent pathway is initiated by the binding of TNF to its receptor, TNFR. This 
recruits TRADD and RIPK1, which then assemble Complex I by recruiting TRAF2/5 and cIAP1/2. 

Within Complex I, RIPK1 is ubiquitinated, which promotes cell survival by activating the NF-κB 
pathway. Under certain conditions, RIPK1 can be deubiquitinated by CYLD or through the 
inhibition of cIAPs. This deubiquitination event leads to a switch from pro-survival signaling to a 

pro-death cascade, resulting in the formation of the cytosolic Complex IIa or Complex IIb. These 
complexes contain pro-Casp-8. If active, Casp-8 cleaves Casp-3 and other executioner caspases to 

trigger apoptosis. However, if Casp-8 is inhibited, RIPK1 kinase activity is unleashed, leading to 
the phosphorylation of RIPK3. Activated RIPK3 then phosphorylates MLKL. Phosphorylated 
MLKL oligomerizes, translocates to the plasma membrane, and forms pores, ultimately causing 

membrane permeabilization and necroptotic cell death. The receptor-independent pathway can be 
triggered by various stimuli that are not receptor-dependent. Pathogenic toxins or chemicals can 

induce ion dysregulation (e.g., Ca²⁺ influx), leading to the activation of RIPK3. Furthermore, 
mitochondrial membrane permeabilization (MMP) and lysosomal membrane permeabilization  
(LMP) cause the release of mitochondrial reactive oxygen species (mROS) and cathepsin B (Cat 

B), respectively. These factors can also indirectly activate the RIPK3-MLKL axis. A positive 
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feedback loop may exist where phosphorylated MLKL exacerbates MMP and LMP, thus 
amplifying the signal to ensure the execution of necroptosis. 
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Necroptosis is a regulated form of necrosis mediated by receptor-interacting 

serine/threonine kinase 3 (RIPK3) and its substrate, mixed lineage kinase domain-like 

pseudokinase (MLKL)146,147 (Fig. 3). Although early studies revealed that necroptosis is triggered 

by the activation of specific receptors147,148, subsequent research has identified other regulators 

that mediate necroptosis independently of this mechanism, such as Z-RNA binding protein 1 (ZBP-

1)149. This receptor-independent induction is often described as non-canonical or non-

classical146,150. As no single term is universally accepted for these pathways, this article will use 

the terms "receptor-independent necroptosis" and "receptor-dependent necroptosis" (Fig. 3).  

The TNF-TNFR signaling pathway plays a central role in immunologic processes and has 

been used to delineate the mechanism of receptor-dependent necroptosis151,152. Upon binding its 

ligand, TNF, TNFR trimerizes. This conformational change allows its intracellular death domain 

(DD) to recruit TNFR1-associated death domain (TRADD), which then forms a larger complex 

by recruiting TNF receptor-associated factor (TRAF) 2/5, RIPK1, and cellular inhibitor of 

apoptosis (cIAP) 1/2. Functioning as ubiquitin E3 ligases, TRAF and cIAP ubiquitinate the 

recruited RIPK1. This modification facilitates the recruitment of additional signaling molecules 

and leads to the activation of the NF-κB pathway, which eventually promotes cell survival and 

proliferation146,150,152,153.  

Complex I serves as a checkpoint between cell survival and regulated cell death. When 

RIPK1 ubiquitination is compromised, for instance by the deubiquitinase CYLD or through the 

inhibition of cIAPs, RIPK1 dissociates from Complex I to form a secondary pro-apoptotic 

assembly, Complex II152–154. The composition of this complex depends on the specific trigger. The 

first scenario is initiated by the deubiquitinase CYLD. It deubiquitinates multiple substrates, 

including TRAFs and RIPK1, causing RIPK1 to be released into the cytosol155. RIPK1 then 
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assembles Complex IIa with TRADD, Fas-associated death domain (FADD), FLICE-like 

inhibitory protein (FLIPL), and pro-Casp-8152,153. Within this complex, pro-Casp-8 heterodimerizes 

with FLIPL, promoting its cleavage and activation, which in turn activates downstream pro-Casp-

3 to induce extrinsic apoptosis156. In the second scenario, the absence or inhibition of cIAPs leads 

to the formation of Complex IIb, which is distinguished from Complex IIa by the absence of 

TRADD. This complex, which can also be triggered by other receptors such as Fas, DR4/5, and 

TLR4, similarly functions as Complex IIa as a platform for pro-Casp-8 activation to induce 

extrinsic apoptosis 152,153. 

Activated Casp-8 also cleaves RIPK1 and RIPK3, a mechanism that inhibits necroptosis 

and promotes apoptosis156. When Casp-8 is absent or inhibited, this suppression of RIPK1/3 is 

removed. This allows RIPK3 to oligomerize with RIPK1, forming Complex IIc (also known as 

necrosome) that recruits MLKL157. Within this complex, a phosphorylation cascade activates 

RIPK1, RIPK3, and MLKL150,152. Finally, the activated and oligomerized MLKL translocates to 

the cell membrane, binding to phosphoinositides and causing PMR150,152,158.  

Receptor-independent necroptosis may bypass the formation of Complex I, IIa, and IIb, 

but it converges with receptor-dependent necroptosis at Complex IIc150. A key mediator of 

receptor-independent necroptosis is ZBP-1, an intracellular sensor of viral Z-RNA and endogenous 

Z-DNA149,159,160. When activated, ZBP-1 undergoes a conformational change that allows it to bind 

RIPK3, forming a unique Complex IIc sufficient to activate the necroptosis executioner, MLKL149. 

In addition, there are other factors known to modulate the necroptosis signaling pathway. Calcium 

ions (Ca2+) can promote necrosome assembly, while reactive oxygen species (ROS/mROS) 

enhance RIPK1 and MLKL activity161,162. A recent study has also shown that MLKL 

polymerization can induce LMP, which in turn creates a positive feedback loop that amplifies 
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necroptosis163.  

Necroptotic cells undergo morphological changes characteristic of necrosis, including cell 

and organelle swelling, and ultimately, membrane rupture. This loss of membrane integrity leads 

to the release of intracellular contents, including damage-associated molecular patterns (DAMPs), 

inflammatory cytokines, and chemokines, which in turn elicit a profound inflammatory 

response148,153. 

 

1.7.4 Ferropotosis 
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Fig. 4: The ferroptosis signaling pathway. 

Ferroptosis is initiated by the accumulation of lipid peroxides, particularly peroxidized 
polyunsaturated fatty acids (PUFA-OOH). The enzyme glutathione peroxidase 4 (GPX4) is the 

central regulator of this process, preventing cell death by reducing PUFA-OOH to its non-toxic 
alcohol form (PUFA-OH). This protective reaction consumes reduced glutathione (GSH), 
oxidizing it to glutathione disulfide (GSSG). Cellular GSH levels are maintained through two key 

mechanisms. First, the glutamine-cystine (Glu-Cys) antiporter (system Xc-) imports cystine, a 
precursor for GSH synthesis. Second, glutathione reductase (GSR) catalyzes the regeneration of 

GSH from GSSG in an NADPH-consuming manner. Lipid peroxidation is accelerated by the 
Fenton reaction, where ferrous (Fe2+) and ferric (Fe3+) ions react with peroxides to generate highly 
reactive hydroxyl (HO•) and hydroperoxyl (HOO•) radicals. These radicals attack PUFAs, creating 

lipid radicals that propagate a chain reaction, leading to the accumulation of PUFA-OOH and other 
lipid peroxides. This widespread lipid peroxidation is believed to disrupt membrane integrity, 

ultimately causing necrotic cell death. Destabilization of organelles, such as lysosomes and 
mitochondria, can occur through membrane permeabilization, which releases ferrous iron (Fe²⁺) 
and reactive oxygen species (ROS). If cellular antioxidant defenses are insufficient to counteract 

this release, the cell will undergo ferroptosis. LP = lipid peroxidation; PP = peroxidation 
propagation. 
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Ferroptosis is a form of regulated necrosis defined by iron-dependent lipid peroxidation164–

168 (Fig. 4). Ferroptosis is an outcome of the imbalance between cellular oxidation and antioxidant 

mechanisms, by which oxidative stress leads to cell death rather than peroxide clearance. The 

induction of ferroptosis is driven by two interconnected mechanisms: the iron-mediated Fenton 

reaction and the subsequent propagated lipid peroxidation166. The process begins with the Fenton 

reaction, in which labile ferrous iron (Fe2+) is oxidized by hydrogen peroxide (H2O2) to generate 

ferric iron (Fe3+) and highly reactive hydroxyl radicals (HO•)169,170. These radicals initiate a chain 

reaction by attacking polyunsaturated fatty acids (PUFAs) to create PUFA radicals (PUFA•), which 

then react with molecular oxygen to form PUFA peroxyl radicals (PUFA-OO•). The resulting lipid 

hydroperoxides (PUFA-OOH) can also undergo a Fenton-like reaction with ferrous iron, producing 

lipid alkoxyl radicals (PUFA-O•) and lipid peroxyl radicals (PUFA-OO•). These reactive species, 

in turn, attack adjacent lipid molecules, thereby propagating and amplifying the lipid peroxidation 

cascade168,170.  

The antioxidant mechanism mediated by glutathione peroxidase 4 (GPX4) is a crucial 

defense against the induction and propagation of lipid peroxidation171. GPX4 detoxifies PUFA 

peroxides by converting them to their non-toxic alcohol forms. This reaction is coupled with the 

GPX4-catalyzed oxidation of reduced glutathione (GSH) to glutathione disulfide (GSSG). To 

maintain this protective cycle, GSSG is reduced back to GSH by glutathione-disulfide reductase 

(GSR) in a reaction that consumes NADPH and produces NADP+164. GSH, an antioxidant thiol 

abundant in all mammalian tissues, is supplied through de novo synthesis, which begins with the 

import of cystine via the SLC7A11 transporter172,173. Consequently, inhibiting key steps in the 

antioxidant mechanisms, including SLC7A11 transportation, GSH synthesis, and GPX4, is known 

to favor the induction of ferroptosis167. 
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Ferroptosis can be directly fueled by several other cellular processes. For instance, the 

mitochondrial TCA cycle can deplete cysteine, thereby sensitizing cells to this form of cell death. 

Mitochondria also contribute by generating reactive oxygen species (ROS) through the electron 

transport chain (ETC), which drives the production of hydroxyl radicals HO •  via the Fenton 

reaction164. Furthermore, lysosomal dysfunction or rupture can cause Fe2+ release, significantly 

amplifying the Fenton reaction and exacerbating ferroptosis174,175. 

At the point of ferroptosis execution, the accumulation of lipid peroxides at the plasma 

membrane increases its tension, a process that culminates in ionic dysregulation, osmotic cell 

swelling, and eventual PMR mediated by NINJ1164,176. While the initial study suggested ferroptosis 

was morphologically distinct from some forms of necrosis based on electron microscopic data, 

subsequent findings reveal clear necrotic phenotypes, including cell and organelle swelling and 

moderate nuclear condensation177,178. Following PMR, dying cells release DAMPs. These 

molecules can then shape the immune response at both the cellular and systemic levels, critically 

affecting outcomes in various contexts, such as infectious disease179,180.  

 

1.8 Manipulation of host cell death pathways in infected macrophages by Mtb 

1.8.1 Mtb and apoptosis 

 Mtb modulates host cell death pathways, directing the infected cell toward either apoptosis 

or necrosis to its own advantage181. Several review articles provide detailed summaries on the 

interaction of Mtb with host cell apoptosis181–183, and consequently, this aspect of Mtb-host cell 

death interaction will be discussed in less detail. Initial studies in ex vivo human alveolar 

macrophages (hAMs) found that both virulent Mtb H37Rv and the attenuated strain H37Ra induce 

the production of TNF-α, a cytokine that promotes both host cell death and survival depending on 
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the context (Fig. 1 and 2)184. Subsequent work using the same host cell model revealed that 

avirulent mycobacterial strains, such as M. kansasii (Mka), and attenuated Mtb strains, including 

M. bovis (Mbo)-derived BCG and Mtb H37Ra, induce significantly higher levels of apoptosis 

compared to virulent strains such as Mtb H37Rv, Mtb BMC 96.1, and Mbo 185. The induction of 

macrophage apoptosis by Mtb and other mycobacteria is a well-documented phenomenon, 

observed across various models, including human ex vivo cells, murine ex vivo and in vivo models, 

and the in vivo zebrafish model184–188.  

The induction of extrinsic apoptosis by mycobacteria in host macrophages is linked to the 

TNF-α production184,185,189. The downstream mechanisms were further elucidated in studies using 

murine RAW 264.7 cells and BMDMs189. In RAW 264.7 cells stimulated with TNF-α, the E3 

ubiquitin ligase c-Cbl phosphorylates and ubiquitinates the short form of cellular FLICE-like 

inhibitory protein (cFLIPs), triggering its degradation. This degradation liberates pro-Casp-8, 

allowing for its activation189. Infection of BMDMs with Mtb H37Rv confirmed that the induction 

of apoptosis is significantly dependent on c-Cbl189. Extrinsic apoptosis can also be induced through 

an ER stress pathway triggered by the Mtb virulence factor Rv0297. When expressed in RAW 

264.7 cells, Rv0297 accumulates in the ER, activating the UPR and inducing stress that results in 

caspase-8-dependent apoptosis190. However, it remains unclear whether these specific signaling 

pathways are involved in human cell models. 

In addition to extrinsic pathways, Mtb is also known to induce intrinsic apoptosis in 

hMDMs and murine macrophages191–194. In hMDMs, Mtb infection can trigger both mitochondrial 

outer membrane permeabilization (MOMP) and mitochondrial permeability transition (MPT)194. 

The attenuated Mtb H37Ra and virulent H37Rv induce MOMP-dependent intrinsic apoptosis; only 

the virulent H37Rv strain significantly induces MPT-driven necrosis194. Further research has 
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explored the molecular regulatory mechanism of this pathway. For instance, the BH3-only protein 

Bim was found to be significantly upregulated in J774 macrophages during Mtb infection, where 

it was shown to be a critical factor in driving intrinsic apoptosis195.  

Specific Mtb virulence factors have also been shown to mediate the intrinsic apoptosis196. 

The essential Mtb virulence lipid, phthiocerol dimycocerosate (PDIM/DIM), modulates ESX-1-

dependent intrinsic apoptosis in hMDMs192. Similarly, a study using recombinant heparin-binding 

hemagglutinin (HBHA) in RAW 264.7 cells showed that this virulence factor can translocate to 

the mitochondrial outer membrane, inducing MPT, BAX-mediated MOMP, and subsequent 

cytochrome c (cyt c)-dependent apoptosis193. Furthermore, several virulence factors from the 

PE_PGRS family have been implicated in apoptosis induction190,191. Among these, PE_PGRS30 

has been shown to bind to host prohibitin 2 (PHB2)191, a protein that normally inhibits intrinsic 

apoptosis197. Ectopic expression of PE_PGRS30 in RAW 264.7 cells and murine alveolar 

macrophages (mAMs) induced apoptosis, an effect linked to the binding of PE_PGRS30 to PHB2 

on the mitochondria191 .  

Mtb virulence factors also inhibit apoptosis, thereby mitigating potential bactericidal 

effects181,198. This inhibitory effect is frequently demonstrated in studies using mycobacterial 

knockout (KO) mutants and their complemented counterparts. Typically, in corresponding research 

contexts, a KO mutant induces a higher level of apoptosis, whereas the wild-type (WT) and 

complemented strains induce a comparably lower level186,199–203.  

The apoptosis inhibitor from Mtb, NuoG, is a subunit of the type I NADH dehydrogenase 

and was discovered through a gain-of-function (GOF) screen using M. smegmatis (Msm) clones 

containing Mtb genomic fragments186. The Mtb ΔnuoG mutant induces significantly higher levels 

of apoptosis compared to Mtb. The absence of nuoG was shown to promote a ROS- and TNF-α-
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dependent extrinsic apoptosis pathway in THP-1 cells and human alveolar macrophages (hAMs)199. 

Similarly, Danelishvili et al. demonstrated that the putative proteins Rv3654c and Rv3655c inhibit 

extrinsic apoptosis in human U937 cells. Pull-down assays and mass spectrometry (MS) analysis 

suggested that Rv3654c and Rv3655c may interact with host proteins PSF and ALO17 to achieve 

this inhibition200. Another study indicates that the Mtb protein tyrosine phosphatase PtpA 

phosphorylates the host201. Since GSK3α is a known regulator of extrinsic apoptosis204, this 

interaction may represent another mechanism by which Mtb inhibits this pathway. 

Mtb virulence factors also interact with and impede mitochondria to inhibit intrinsic 

apoptosis. For example, Mtb Cpn60.2 (GroEL2) can be exported into the macrophage cytosol, 

translocate to host mitochondria, and interact with the anti-apoptotic protein mortalin, thereby 

impeding intrinsic apoptosis202. In another study, RAW 264.7 cells transfected with Mtb Rv3033 

showed reduced apoptosis when infected with Mtb H37Ra or M. bovis BCG. Mechanistically, 

Rv3033 was found to inhibit caspase-9, but not caspase-8, cleavage and the PERK pathway of the 

ER-stress response203. Furthermore, some factors may inhibit both pathways. The Mtb SecA2 

secretion system and superoxide dismutase A (SodA) play important roles in inhibiting apoptosis 

in THP-1 cells205.  

Despite this growing list of virulence factors that inhibit host apoptosis, very few studies 

have extended these findings to in vivo infection models. The nuoG deletion mutant shows 

increased apoptosis in the lungs of infected mice and is attenuated for growth186.  While one study 

showed that M. marinum (Mm) induces apoptosis in zebrafish macrophages in vivo188, the specific 

signaling pathways involved in apoptosis induction or manipulation by Mtb in the zebrafish model 

remain unknown. 

The cell death modality affects the host immune response, which in turn shapes the 
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pathogenesis of tuberculosis121,206. It is well-established that Mtb manipulates this apoptosis-

necrosis switch to modulate the local immune environment and advance its pathogenesis. One 

example of this manipulation is the antagonistic relationship between two lipid mediators: 

Prostaglandin E2 (PGE2) and Lipoxin A4 (LXA4). Research by Chen et al. demonstrated that these 

eicosanoids function as a regulatory switch governing host cell fate during Mtb infection. The 

study revealed that the virulent Mtb strain H37Rv significantly induces LXA4 in hMDMs, whereas 

the avirulent H37Ra strain primarily stimulates the production of PGE2
207. LXA4, produced during 

virulent infection, promotes necrosis by suppressing the host-protective PGE2 pathway through 

the inhibition of cyclooxygenase-2 (COX-2) and by inducing mitochondrial inner membrane 

perturbation. Conversely, the high levels of PGE2 generated during avirulent H37Ra infection were 

shown to inhibit LXA4 production, favoring apoptosis. In summary, virulent Mtb exploits this lipid 

signaling axis by inducing LXA4, which in turn suppresses the pro-apoptotic PGE2 pathway and 

promotes necrotic cell death, thereby creating a microenvironment favorable for its survival and 

proliferation207.  

 

1.8.2 Mtb and pyroptosis 

 While pyroptosis can be a host-protective response during bacterial infections208, the 

interaction between Mtb and the host cell inflammasomes is complex208,209. Initial studies using 

Mm established that its RD1 region and ESX-1 secretion system were essential for triggering the 

release of the cytokines IL-1β and IL-18 in murine BMDMs210,211. This inflammasome activation 

was specifically shown to require the host sensor NLRP3210. Subsequent research extended these 

findings to Mtb, demonstrating that its RD1 region was also necessary for Casp-1 activation and 

the secretion of IL-1β and IL-18 in murine peritoneal macrophages, a process dependent on host 
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potassium+ efflux212. In murine models, the production of IL-1 has long been recognized as a 

protective mechanism against the progression of Mtb infection213. Studies utilizing BMDMs from 

Casp1/11-/-, Asc-/-, and Nlrp3-/- mice established a critical role for the canonical Nlrp3 

inflammasome pathway in mediating IL-1β secretion in response to Mtb during ex vivo 

infections214. Similarly, Dorhoi et al. reported that Mtb activates NLRP3 via the ESX-1 secretion 

system in BMDMs, and that LPS priming further enhances NLRP3-dependent IL-1β secretion215. 

Cat B activity and LMP might be required for ESAT-6-dependent NLRP3 inflammasome 

activation during Mtb infection in BMDMs216 . Beyond NLRP3, other inflammasome pathways 

have been implicated. Studies using Aim2-/- mice revealed their increased susceptibility to Mtb 

infection, with peritoneal macrophages from these mice showing significantly reduced Casp-1 

activation and diminished secretion of both IL-1β and IL-18 217. This suggests that the AIM2 

inflammasome, potentially activated by cytosolic Mtb genomic DNA, is also a key player in the 

murine anti-TB response. 

The host cell inflammasome detects Mtb, but the bacteria strive to inhibit this 

detection208,209. For instance, the Mtb serine/threonine protein kinase, PknF, suppresses NLRP3 

inflammasome activation stimulated by LPS/ATP treatment218. Consistently, murine and human 

macrophages infected with the Mtb ΔpknF Mtb strain exhibit significantly higher levels of IL-1β 

release in a manner dependent on the ESX-1 secretion system, NLRP3, ROS, and K+/Cl- efflux218. 

The tyrosine phosphatase (PtpB) of Mtb interacts with ubiquitin (Ub) and directly interferes with 

the execution of pyroptosis by dephosphorylating host PI4P and PI(4,5)P2, which in turn impairs 

the translocation of the pore-forming NT-GSDMD to the plasma membrane219 . A screen of 

secreted Mtb proteins that are able to inhibit NLRP3 or AIM2 inflammasome identified Mtb 

Protein Kinase G as an inhibitor of NLRP3 inflammasome assembly 220. In the absence of Nlrp3, 
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Mtb can inhibit the AIM2 inflammasome activation triggered by cytosolic DNA in BMDMs and 

bone-marrow-derived dendritic cells (BMDCs)218,221.  

The occurrence of pyroptosis in in vivo murine models was also suggested. Interestingly, 

significant discrepancies exist between ex vivo and in vivo murine studies. While ex vivo findings 

highlight the importance of the inflammasomes, Casp-1, and ASC, in vivo Mtb infection models 

have shown that IL-1β secretion can occur independently of Casp-1/11, ASC, and even 

NLRP3214,215. These findings, coupled with evidence that other proteases can process pro-IL-1β 

into its mature form222, suggest that in the more complex in vivo environment, other cell types or 

alternative proteolytic pathways may contribute to the processing and release of IL-1β214,215. The 

best evidence to date that the inflammasome activation may provide a protective host immune 

response was provided by infecting wild-type and Gsdmd-/- mice with the PtpB deletion mutant of 

Mtb, which induces an increase in inflammasome activation219. The study shows that the PtpB 

mutant is attenuated compared to wild-type Mtb in the wild-type mice but that this phenotype is 

rescued in the Gsdmd-/- mice219. The result that Aim2-deficient mice are more susceptible to Mtb 

infection is somewhat inconclusive, since AIM2 has inflammasome-independent functions217. 

In human macrophage models, using the THP-1 macrophage-like cell line, it was 

established that both Mtb and Mm trigger IL-1β secretion through a CASP-1 and NLRP3-

dependent mechanism223–225. More recent work using electron microscopy (EM) and live-cell 

imaging has visually confirmed the execution of pyroptosis in THP-1 cells during Mtb infection226. 

Further complexity in human cells has been revealed by the discovery of roles for non-canonical 

inflammasomes. The primate-specific protein NLRP11 was found to be essential for NLRP3 

activation during Mtb infection in THP-1 cells227. The non-canonical inflammasome sensor CASP-

4/5 has also been implicated in IL−1β secretion in this context227. The current model suggests that 
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NLRP11/CASP4/5 is involved in the initial sensing of a putative cytosolic Mtb molecule to 

activate the CASP4/5 proteolytic activity, which will result in GSDMD cleavage and pore 

formation. The GSDMD pore will result in K+ efflux, which will activate the canonical NLRP3 

inflammasome227. Studies using primary human cells, including hMDMs and hAMs, show that 

Mtb upregulates AIM2 expression in a PPARγ-dependent manner228. Nevertheless it was PPARγ 

and Nlrp3 rather than AIM2 that are responsible for the induction of IL-1β secretion217,228. This is 

consistent with many studies in BMDMs, which demonstrate the complete abolition of IL-1 

production and cell death after the deletion of Nlrp3215,218. 

1.8.3 Mtb and necroptosis 

Mtb-mediated host cell necrosis induction seems to be context-dependent. The zebrafish 

model, using Mm, shows that in a high TNF-α environment, host macrophages activate a TNF-

αR-RIPK1-RIPK3 signaling cascade that mediates mitochondrial membrane potential dissipation 

through mitochondrial mROS production. This pathway also involves cyclophilin D (CYPD) and 

partially overlaps with the upstream components of the mammal necroptosis signaling229,230. 

Further studies using zebrafish and THP-1 cells revealed that Mm triggers a high-TNF-α-driven 

signaling pathway beginning with mitochondrial ROS generation, followed by LMP, Ca²⁺ release 

by the endoplasmic reticulum (ER), mitochondrial Ca²⁺ uptake, and subsequent CYPD activation. 

This signaling circuit ultimately leads to MPT-driven necrosis231. While ATP depletion was 

suggested as a downstream consequence of MPT, the terminal execution mechanism remains 

unclear, since zebrafish lack an ortholog of human MLKL232. 

In hMDMs, Mtb H37Rv but not Mtb H37Ra induces MPT194. RIPK3 is shown to be 

involved in both mitochondrial regulation and necroptosis in Mtb-infected hMDMs233. During Mtb 

infection, Bcl-xL facilitates the translocation of pro-CASP-8 and RIPK3 to the mitochondria, 
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where they form a complex with RIPK1. Interestingly, RIPK1 was found to be dispensable, as its 

inhibition did not impact complex formation or cell death233. RIPK3 was shown to promote CYPD-

ANT binding and MPT pore (MPTP) opening, leading to mROS-dependent necrosis233. Notably, 

silencing MLKL significantly reduced cell death, highlighting a potential role for MLKL in this 

context 233. These findings suggest that Mtb may induce a hybrid form of necroptosis in which 

both MPT and MLKL are essential. In the human THP-1 cell line, the Mtb virulence factor TNT 

(tuberculosis necrotizing toxin) was shown to drive necroptosis by depleting cytosolic NAD⁺ 

through its glycohydrolase activity during Mtb infection234. This NAD⁺ depletion triggers RIPK3 

and MLKL activation, leading to necroptosis. Furthermore, cytosolic NAD⁺ depletion was found 

to propagate to mitochondrial NAD⁺ pools, leading to MPT, mitochondrial membrane potential 

loss, and ATP depletion234.  

A recent study investigated a human disease-associated mutation, Lrrk2G2019S 235. It reveals 

that in Lrrk2G2019S BMDMs, Mtb-induced cell death occurs via initial activation of the pyroptosis 

signaling pathway, but ultimately culminates in GSDMD-mediated necroptosis. Following AIM2 

activation, GSDMD forms pores on mitochondria, releasing mROS into the cytosol, which 

activates RIPK1, RIPK3, and MLKL. SiRNA-mediated knockdown of ZBP-1 and TRIF did not 

inhibit this process, indicating that this GSDMD-linked necroptotic pathway diverges from both 

known receptor-dependent and -independent necroptosis models235. It remains unclear how 

Lrrk2G2019S correlates with mROS production and RIPK1/RIPK3 activation. Stutz et al. observed 

that Mtb infection upregulates MLKL, ZBP-1, TNFR1, and other necroptosis-related genes in 

mAMs and BMDMs, yet no MLKL phosphorylation or Casp-3/8 activation was detected. 

Moreover, MLKL knockout did not alter TB progression in vivo236, suggesting that necroptosis is 

not universally engaged during infection. 
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In summary, necroptosis induction during mycobacterial infection is highly context-

dependent and remains a subject of debate. Across studies reporting necroptosis in human and 

murine macrophages, mitochondria consistently play a central role, often involving MPT as a 

pivotal event233–235. However, findings such as the dispensability of MLKL in BMDMs236 

challenge the observed necroptosis induction in Mtb pathogenesis. In zebrafish, where no MLKL 

ortholog has been identified, canonical necroptosis models do not apply. Thus, how the Mm-

induced MPT-driven cell death observed in zebrafish translates to human macrophage death 

modalities remains unresolved. 

1.8.4 Induction of ferroptosis by Mtb 

In murine models, Mtb has been shown to induce ferroptosis, a form of iron-dependent cell 

death237–239. Initial studies of BMDMs revealed that Mtb infection triggers necrosis by increasing 

intracellular labile iron, mitochondrial superoxide, and lipid peroxidation237. This necrotic cell 

death was significantly inhibited by Ferrostatin-1, a scavenger of lipid peroxyl radicals, confirming 

the central role of ferroptosis. This process was also associated with reduced levels of glutathione 

(GSH) and glutathione peroxidase 4 (GPX4), directly linking GPX4-regulated ferroptosis to Mtb 

infection 237. Gpx4-/- BMDMS show enhanced, lipid peroxidation-dependent ferroptosis after Mtb 

infection 238. Bach1 regulates the expression of genes associated with the inhibition/suppression 

of ferroptosis during Mtb infection in vivo. The pulmonary cells from Mtb-infected w.t. and Bach1-

/- mice were used to perform scRNA-seq, identifying a cluster of genes associated with 

inhibition/suppression of ferroptosis240. An Mbo strain expressing the Mtb virulence factor, 

Mb3523c, induces ferroptosis in RAW 264.7 macrophages. Mb3523c was found to interact with 

host HSP90, promoting the lysosomal degradation of GPX4 through chaperone-mediated 

autophagy239.  
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Parallel findings have been observed in human macrophage models. An early study showed 

that Ferrostatin-1 rescues hMDMs from necrosis during Mtb infection (Supplementary data)237. 

Although it is still not clear how Mtb induces ferroptosis in human macrophages, with human 

U937 cell lines, Qiang et al. identify that the Mtb virulence factor, PtpA, can enter the host cell 

nucleus and bind to the host methyltransferase PRMT6241. This interaction inhibits PRMT6, 

reducing H3R2me2a levels and subsequently decreasing the transcription of GPX4241. 

Furthermore, analyses of clinical and autopsy samples show a strong correlation between 

pulmonary tuberculosis and global changes in GSH, GPX4, lipid peroxidation, and BACH1 levels 

in TB patients. However, this clinical data is not definitive proof that macrophages undergo 

ferroptosis during Mtb infection in vivo in humans237,238,240.  

In summary, ferroptosis is a critical form of necrosis induced in both murine and human 

macrophages during Mtb infection. Current evidence consistently supports a model where Mtb 

actively triggers ferroptosis. The depletion of GPX4 is a convergent point in both human and 

murine models, though the exact mechanisms driving this reduction are still being explored237–241. 

Two distinct pathways have been proposed based on ex vivo studies: transcriptional repression of 

GPX4 by the Mtb virulence factor PtpA, and post-translational degradation of GPX4 mediated by 

the Mb3523c-HSP90 interaction239,241. 

1.8.5 Induction of other programmed necrosis by Mtb 

Lysosomal-dependent cell death (LDCD) is a form of regulated necrosis initiated by LMP 

and depends on cathepsin activity125. However, LMP is also known to be associated with apoptosis, 

pyroptosis, necroptosis, and ferroptosis242,243. This overlap makes it unclear whether LDCD is a 

distinct pathway with unique executioners and, crucially, how it leads to final plasma membrane 

rupture (PMR). 
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The induction of LDCD in murine macrophages infected with Mtb is studied, with 

conflicting findings from ex vivo macrophage models244,245. One study demonstrated that Mtb 

induces LMP, and an atypical, cathepsin-independent necrosis that requires the Mtb PhoPR 

virulence factor and host lysosomal lipases, but not BAX/BAK or Casp-1244. Morphologically, this 

cell death involves nuclear deformation resembling macrophage extracellular trap cell death 

(METosis), although a direct mechanistic link was not established244. In contrast, a more recent 

study concluded that Mtb triggers LMP and a following cathepsin-dependent necrosis in BMDMs 

and RAW 264.7 cells. Mechanistically, this study proposed that cytosolic ACOD1 depletes HSP70, 

leading to lysosomal destabilization. It remains unknown whether either of these proposed 

mechanisms is relevant to human macrophages or translates to an in vivo context245. 

“METosis” was proposed as another form of regulated necrosis, in which macrophages 

release extracellular trap structures as they die, similar to the well-established NETosis pathway in 

neutrophils 246. Although several molecular hallmarks of “METosis” have been identified, their 

necessity appears to be context-dependent, and none have been proven essential for its induction247. 

Consequently, it remains unclear whether this pathway is analogous to NETosis. Hence, we prefer 

the term DNA-release-associated necrosis (DRAN). To date, no signaling pathway has been 

identified that directly connects the process of DNA release to the lytic event of PMR. Mtb 

infection induces DNA release that is associated with cell death in human monocyte-derived 

macrophages (hMDMs). The DNA expulsion involves peptidyl arginine deiminase 4 (PAD4) and 

is associated with citrullinated Histone 4 (CitH4), a process amplified by IFN-γ 248. Another study 

found that Mtb strains exhibiting a "cording" phenotype induce greater DNA release 249. Many 

questions remain regarding the host cell signaling pathway that mediates DRAN. The extracellular 

DNA (eDNA) of neutrophils generated by NETosis traps and inhibits bacterial growth of some 
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human pathogens, but seems not to affect Mtb250. It is unclear if the extruded DNA of macrophages 

binds to Mtb and has bactericidal effects248,249. Secondly, it remains to be shown whether the DNA 

release is a marker for a novel cell death signaling pathway in macrophages or merely a 

consequence of necrotic cell death, which is also associated with DNA release248,249. 

 

1.9 Importance of cell death pathways for Mtb virulence in vivo 

Granulomas are a hallmark of tuberculosis251,252. Clinical observations of human lungs over 

a long time have established that as TB progresses, the granulomas undergo liquefactive and 

caseous necrosis, leading to tissue destruction and inflammatory pneumonia251,253. This 

macroscopic histological evidence also demonstrates that granuloma necrosis is associated with 

the exit of Mtb and a significant inflammatory response, providing a clear link between TB 

progression and necrosis at the cellular level254.  

Mtb induces both apoptosis and necrosis in vivo. Early evidence from mouse models 

revealed that the extent of apoptosis varies depending on the specific Mtb and mouse strains 

used255,256. This variability in apoptosis level was linked to the bacterial burden in the lungs and 

correlates with the apoptosis induction to TB development256. A more recent study solidified this 

concept, showing that intrinsic apoptosis in mouse myeloid cells is crucial for restricting TB 

progression257. To demonstrate this, researchers used Casp8-/-;Mlkl-/- and BaxLyz2-Cre;Bak-/- mice 

with impaired intrinsic apoptosis pathways257. Compared to control mice, these mutants exhibited 

a higher Mtb load (CFU) in their lungs, indicating a failure to control the infection257. Consistently, 

a mutant of Mtb that is deficient in inhibiting host cell apoptosis is attenuated in the mouse 

model186.  
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Pyroptosis, a form of necrotic cell death, appears to play a partially protective role in mouse 

models of TB. Mice deficient in key pyroptotic components Asc and Casp-1/11 showed decreased 

survival during TB, and Asc-/- mice also had an increased bacterial burden214. Mtb mutants 

deficient in the inhibition of pyroptosis are attenuated in the mouse model219,220. In contrast, 

ferroptosis exacerbates TB progression in vivo237,238. Mice deficient in Gpx4, a key negative 

regulator of ferroptosis, displayed increased tissue necrosis following Mtb infection, while mice 

overexpressing Gpx4 exhibited reduced lung pathology238. Furthermore, Gpx4 deficiency 

specifically in the myeloid compartment resulted in decreased host resistance and increased tissue 

necrosis238. This data strongly suggests that Mtb induces ferroptosis in vivo, which leads to worse 

TB outcomes. 

1.10 Targeting cell death pathways for host-directed therapy (HDT) 

Host-directed therapies for TB are proposed to alter the fate of infected cells toward a cell 

death pathway that initiates a protective immune response258,259. For instance, clofazimine, a 

widely used drug to treat drug-resistant TB260, has been shown to induce CASP-3-mediated 

apoptosis in THP-1 cells, which might synergize with its direct bactericidal activity261,262. A more 

direct way to induce host cell apoptosis was successful by using compounds that antagonize 

inhibitors of apoptosis mediator proteins in order to achieve increased resistance to Mtb infection 

in mice 257.  Navitoclax, a small-molecule Bcl-2 inhibitor, significantly induces apoptosis in lung 

immune cells and improves bacterial clearance in the mouse model of tuberculosis263 . In contrast, 

some therapies aim to inhibit host-detrimental forms of cell death to increase resistance to Mtb 

infections. Drugs inhibiting voltage-gated L-type Ca2+ channels suppress necrosis under high-

TNF-α conditions in the zebrafish model, but their effect on host resistance was not assessed231 . 

Alisporivir and desipramine synergize to suppress necrosis under high-TNF-α conditions and 
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improve zebrafish resistance to Mm infections229. During Mtb infection, PGE2 and LXA4 levels 

regulate the induction of host cell apoptosis versus necrosis, respectively181. Zileuiton is a 

clinically approved medication that decreases the level of LXA4 by inhibiting the activity of 5-

lipoxygenase. Mayer-Barber et al. reported that zileuton, combined with PGE2, significantly 

improves host survival and decreases lung CFUs of Mtb in in vivo mouse models264. A similar 

approach using lipoxygenase inhibitors to decrease levels of the necrosis-inducing eicosanoid 

LTB4 was successful in increasing zebrafish resistance to Mm infections230 . These findings show 

that inhibiting host cell necrosis regulated by eicosanoids is a promising approach to restricting 

TB progression. The ferroptosis inhibitor ferrostatin-1 protects mice against Mtb infection by 

inhibiting macrophage ferroptosis237,238, suggesting that targeting the ferroptosis pathway might 

also be a promising HDT strategy. 

 

1.11 Summary 

 Mtb, the causative agent of TB, remains one of the most serious threats to global health 

among infectious diseases. A defining pathological hallmark of TB is the formation of granulomas 

accompanied by extensive tissue necrosis in the lungs. This destruction of lung tissue reflects the 

substantial levels of host cell death triggered during Mtb infection. 

Alveolar macrophages serve as the first line of defense against inhaled Mtb, whereas 

interstitial macrophages play a critical role during the early phase of infection. These macrophage 

populations employ a range of bactericidal mechanisms to restrict Mtb growth and also present 

antigens to T cells, thereby initiating the adaptive immune responses that culminate in granuloma 

formation. However, if Mtb is not effectively eliminated and replicates beyond a certain threshold, 

it can induce macrophage death. The lysis of infected macrophages facilitates bacterial 
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dissemination to previously uninfected lung regions and even to extrapulmonary sites. 

Understanding how Mtb kills host macrophages is essential for elucidating the molecular strategies 

the pathogen uses to subvert host defenses. Mapping the specific cell death pathways and 

identifying the host targets manipulated by Mtb may ultimately inform the development of 

immunoprophylactic approaches and HDTs for TB. 

This dissertation summarizes my primary research project, titled “Characterization of 

Programmed Cell Death Pathways Activated in Mycobacterium tuberculosis-Infected THP-1 Cells 

and Human Monocyte-Derived Macrophages.” My work centers on determining how the Mtb 

strain H37Rv induces necrotic cell death in THP-1 cells and hMDMs. Although numerous studies 

have examined Mtb-induced cell death in various macrophage models, the mechanisms underlying 

this process, specifically in human macrophages, remain poorly understood. My research aims to 

define the programmed cell death pathways activated in THP-1 cells and hMDMs and to identify 

potential host targets exploited by Mtb during infection. Such targets, if validated, may offer 

promising entry points for HDT development. 

Chapter 2 examines the induction of apoptosis in both macrophage models upon Mtb 

infection. Chapter 3 evaluates the activation of pyroptosis and necroptosis, while Chapter 4 

investigates whether Mtb triggers ferroptosis, another form of regulated necrosis. Chapter 5 

assesses LMP in Mtb-infected THP-1 cells using time-lapse live-cell imaging. Chapter 6 

characterizes a phenomenon of cell-death-associated DNA release, quantifies its occurrence, and 

discusses its potential consequences for both the host and the pathogen, including an exploratory 

analysis of the signaling pathways that may drive this process. Finally, Chapter 7 summarizes and 

integrates the key findings, discusses their implications, and outlines future research directions.  



 

 

52 
 

Chapter 2: Assessment of the role Type I IFN plays in cell death induced 

by Mtb H37Rv in THP-1 cells 

 

2.1 Abstract 

 Type I IFNs are generally regarded as host-protective during viral infections. However, in 

the context of tuberculosis, accumulating evidence indicates that Type I IFN signaling does not 

confer host protection. Instead, it may exacerbate disease progression and contribute to increased 

pathology and tissue damage. Despite these observations, it remains unclear at the cellular level 

whether Type I IFN enhances specific forms of cell death in Mtb-infected macrophages. 

In this chapter, two kinetic assays were performed to define the optimal time points for 

sample collection and downstream analyses for the THP-1 and hMDM infection models, 

respectively. Then, the IFN-β-IFNAR signaling axis is investigated. To demonstrate activation of 

this pathway during Mtb infection, a Western blot (WB) for phosphorylated STAT1 was 

performed. Complementary Enzyme-Linked Immunosorbent Assay (ELISA) data show that ex 

vivo THP-1 cells secrete only marginal levels of IFN-β following Mtb infection. Finally, IFNAR 

neutralization assays reveal that blockade of this pathway does not alter the extent of Mtb-induced 

cell death. Together with published findings in hMDMs, these results indicate that IFN-β and 

IFNAR signaling do not play a significant role in the cell death modalities examined in this study. 

2.2 Materials and Methods 

Cell cultures and differentiation 
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Wild-type (w.t.) THP-1 cells (TIB-202) were obtained from ATCC (American Type 

Culture Collection; VA, USA). Monocytic THP-1 cells were cultured in RPMI 1640 medium 

(ATCC, 30-2001) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, NY, 

USA; A52567-01). The culture medium was refreshed every 2–3 days to maintain a cell density 

between 2×105 and 1×106 cells/mL prior to differentiation. THP-1 cells were pelleted and 

resuspended in complete medium containing 50 ng/mL phorbol 12-myristate 13-acetate (PMA) 

(Sigma, MA, USA; P1585), adjusted to a final density of 1×106 cells/mL. Cells were seeded at 

5×105/well in non-treated 24-well plates (ThermoFisher, MD, USA; 144530). Cells were treated 

with PMA for 2 days, after which they were washed twice with Dulbecco's phosphate-buffered 

saline (DPBS; ThermoFisher, 14190144) and incubated for an additional 2 days in fresh PMA-

free medium before treatment or infection. All cell lines were stored in freezing medium composed 

of 10% dimethyl sulfoxide (DMSO) in 90% FBS for cryopreservation. 

 

ELISA 

The Human IFN-β DuoSet ELISA kit (Bio-techne, DY814-05) was used to quantify 

secreted IFN-β in THP-1 cell supernatants, following the manufacturer’s protocols. Supernatants 

were pooled and aliquoted for analysis, with each condition assessed in four parallel wells. 

Absorbance was measured at 450 and 540 nm (background), and final cytokine concentrations 

were calculated using linear regression in GraphPad Prism. 

 

SDS-PAGE and Western Blotting 

THP-1 cells or hMDMs were lysed in 1% NP-40 lysis buffer (1% NP-40, 0.4 mM EDTA, 

10 mM Tris-HCl, 150 mM NaCl) supplemented with Halt™ Protease and Phosphatase Inhibitor 
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Cocktail (Thermo Scientific, 78442). Lysates were centrifuged, and the supernatants were 

collected. Cell lysates were mixed with 4× Laemmli buffer (Thermo Scientific, J60015.AD) and 

denatured for 30 minutes before gel-loading. 

Total protein concentrations were determined using the Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, 23227). For SDS-PAGE, 20 µg of protein per sample was loaded onto 

SurePAGE Bis-Tris 12% gels (GenScript, M00668). Electrophoresis was performed at 50 V for 

20 minutes, followed by 150 V for 50 minutes. Proteins were transferred to PVDF membranes 

(Thermo Scientific, 88585) using the eBlot™ L1 transfer system (GenScript, L00686). 

Membranes were blocked with SuperBlock™ Blocking Buffer (Thermo Scientific, 37580) 

for 20 minutes and incubated with primary antibodies diluted in TBS-T (2.4 g/L Tris-base, 8.8 g/L 

NaCl, 0.1% Tween-20; pH 7.6) for 2 hours or overnight. After six 2-minute washes with TBS-T, 

membranes were incubated with HRP-conjugated secondary antibodies in TBS-T for 1 hour, 

followed by another series of six 2-minute washes. Signal detection was carried out using 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 34580), and 

membranes were imaged with the iBright™ FL1500 Imaging System (Invitrogen, A44241). The 

information on antibodies is provided in the Appendix Table 1. 

Band intensities were quantified using ImageLab software. Target protein intensities were 

normalized to β-actin levels from the same experiment, and these values were further normalized  

to the untreated or uninfected day 1 control for statistical analysis. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝐵𝐼𝑀𝑡𝑏,𝑡𝑎𝑟𝑔𝑒𝑡

𝐵𝐼𝑀𝑡𝑏,𝛽𝑎𝑐𝑡

𝐵𝐼𝑐𝑜𝑢𝑛,𝑡𝑎𝑟𝑔𝑒𝑡

𝐵𝐼𝑐𝑜𝑢𝑛,𝛽𝑎𝑐𝑡 

, 𝐵𝐼 = 𝐵𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  
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2.3 Results 

2.3.1 Kinetics of cell death induced by Mtb H37Rv in THP-1 cells and hMDMs 

 To systematically investigate the activation of established cell death pathways following 

Mtb infection in human macrophages, we first performed a kinetic analysis of host cell death 

induction (Fig. 5A and B). Adenylate kinase (AK) and lactate dehydrogenase (LDH) release assays 

were used as quantitative readouts of cell lysis after infection with Mtb at MOI:5 for the indicated 

durations. We observed a significant increase in cell death in Mtb-infected THP-1 cells and 

hMDMs beginning at day 1 post-infection, with levels continuing to rise and reaching a peak 

around day 3. Approximately 50–60% of infected THP-1 cells died by day 3, whereas ~30% of 

uninfected (UI) THP-1 cells exhibited cell death at or after day 3. In contrast, UI hMDMs showed 

<10% cell death at most time points, reflecting their overall healthy status without Mtb infection. 

No further increase in AK or LDH release was observed in the Mtb-infected groups at days 4 or 5 

compared with day 3, likely due to degradation of released enzymes at later t ime points. In addition, 

the presence of gentamicin in the chase medium kills extracellular Mtb and helps mitigate any 

additional cell death resulting from secondary infection events. Accordingly, subsequent analyses 

in this study focused on days 1–3 post-infection for both THP-1 cells and hMDMs. Earlier time 

points may also be prioritized to minimize interference from background cell death resulting from 

natural aging or reduced healthiness following PMA differentiation.  

The AK release assay and the LDH release assay both measure the level of plasma 

membrane rupture and can therefore be used interchangeably, with comparable data quality. 

However, the AK release assay exhibited a high background signal due to the presence of FBS in 

the culture medium (data not shown). To mitigate this issue, we subsequently transitioned entirely 
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to the LDH release assay. Representative LDH release data from infected and uninfected THP-1 

cells at 1–3 d post-infection are shown in Fig. 16K. 
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Fig. 5: Kinetics of Mtb-mediated cell death induction.  

THP-1 cells (A) and hMDMs (B) were infected with H37Rv Mtb at an MOI of 5 for 4 h. A Mean 

percentages of AK release relative to the lysis control. Each colored dot represents an independent 
experiment (N = 4). B Mean percentages of LDH release relative to the lysis control. Each dot 

represents an independent experiment, with colors indicating distinct human monocyte donors (N 
= 4). 
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Previous work suggested that Mtb infection induces a cell death pathway dependent upon 

type I IFN signaling 265. To test the correlation between the IFNAR signaling pathway and cell 

death, we performed an IFNAR neutralization assay to determine whether IFNAR inhibition could 

rescue THP-1 cells from Mtb infection. Control experiments assessed the efficacy and duration of 

IFNAR neutralization by stimulating THP-1 cells with IFN-β in the presence or absence of the 

IFNAR-neutralizing antibody (Ab), followed by immunoblotting for phosphorylated STAT1 

(pSTAT1) and total STAT1 (Fig. 6A–D). With the addition of 100 ng/mL IFNAR neutralizing 

antibody, the relative STAT1 phosphorylation level was decreased by 55%–90% at different time 

points in a representative experiment. A dose-response experiment further showed that STAT1 

phosphorylation was reduced by ~70% when the Ab was used at 100 ng/mL. Considering both the 

efficacy and antibody availability, 100 ng/mL was used for the following infection experiments.  

The optimized experimental conditions were then applied to Mtb-infected THP-1 cells. 

THP-1 cells were infected with w.t. H37Rv Mtb at MOI:5, followed by IFNAR neutralization. 

pSTAT1 and total STAT1 (tSTAT1) were immunoblotted to confirm the effective IFNAR 

blockade. The results confirmed that STAT1 is activated during Mtb infection in THP-1 cells and 

that IFNAR neutralization effectively inhibits STAT1 phosphorylation (Fig. 7A–D). Across four 

independent experiments, the ratio of pSTAT1 to total STAT1 did not significantly change (Fig. 

7C), while a significant decrease in the ratio of STAT1 to β-actin (β-act) was observed (Fig. 7D) 

(one outlier was identified and excluded by Grubbs’ test at α = 0.05). This may reflect a 

concomitant reduction in both pSTAT1 and tSTAT1 levels, leading to an unchanged ratio. Despite 

effective IFNAR blockade, no significant decrease in LDH release was observed in Mtb-infected 

THP-1 cells (Fig. 7E), indicating that IFNAR inhibition does not attenuate cell death in them. 

Furthermore, the ELISA result revealed that while IFN-β is produced during Mtb infection (Fig. 
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7F), the absolute levels are low. These findings collectively suggest that type I IFNs are not 

actively involved in THP-1 cell death during ex vivo Mtb infection.  
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Fig. 6: Optimization of the Interferon-alpha/beta receptor (IFNAR) neutralizing assay. 

A Immunoblot images showing STAT1 expression and phosphorylation in THP-1 cells following 
IFN-β treatment and IFNAR neutralization at various time points. Images are from a single 

experiment (N = 1). B Quantification of band intensities shown in A. C, Western blot images 
showing STAT1 expression and phosphorylation in response to increasing concentrations of IFN-
β and IFNAR neutralization. Images are from a single experiment (N = 1). D Quantification of 

band intensities shown in C.  
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Fig. 7: Evaluation of the involvement of IFN-β in Mtb-induced cell death. 

A Representative western blot images showing STAT1 expression and phosphorylation following 

Mtb infection and IFNAR neutralization. Data are representative of four independent experiments.  
B–D Quantification corresponding to A, showing the relative ratio of p-STAT1α to β-actin (B), p-

STAT1α to STAT1 (C), and the normalized STAT1/β-actin ratio (D). For B–D, each colored dot 
represents an independent experiment (N = 4). Welch’s t-tests were used for statistical analysis, 
and p-values are shown on the graphs. For D, Grubb’s test identifies and excludes an outlier at α 

= 0.05. E THP-1 cells were infected with H37Rv Mtb at MOI:5 for 1–3 days. IFN-β secretion was 
measured by ELISA. F Percentages of LDH release relative to the positive control. Each colored 

dot represents an independent experiment (N = 4). Two-way ANOVA was performed for panel F, 
with p-values presented accordingly. 
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2.4 Discussion 

 In this chapter, ex vivo infection models of THP-1 cells and hMDMs are first established. 

Our methods for differentiating THP-1 cells and hMDMs are based on a previous study in which 

the authors demonstrated that THP-1 cells differentiated by PMA (50 ng/mL) for 2 days and rested 

for an additional 2 days transcriptionally resemble hMDMs266. We used THP-1 cells and hMDMs 

to investigate the modalities of cell death associated with Mtb infection. Kinetic assays were 

performed to determine the time window in which an adequate amount of cell death could be 

observed while the extent of material degradation remained limited. THP-1 cells and hMDMs 

undergo significant necrosis within the first 3 days post-infection (Fig. 5A and B). The duration of 

subsequent infection experiments was determined by these kinetic assays, based on the extent of 

cell death induction and material degradation. The first 3 days were therefore selected as the time 

window for harvesting samples for cell death-related analyses. 

Previous work in murine macrophages showed that type I IFN signaling is involved in Mtb-

mediated cell death induction265. Nevertheless, work by the same group demonstrated that Mtb 

infection of hMDMs and THP-1 cells did not induce substantial secretion of type I IFNs, and that 

blocking type I IFN signaling did not affect cell death induction267. Consistent with this study, we 

show that IFN-β signaling is not involved in cell death signaling during the first three days of Mtb 

infection in THP-1 cells (Fig. 7E) and that Mtb infection results in only a minimal increase in IFN-

β production (Fig. 7F), as we also previously showed for hMDM268. Our studies highlight 

differences between murine and human macrophages in the cell death pathways activated 

following Mtb infection. 



 

 

63 
 

Chapter 3: Analysis of apoptosis induction after Mtb infection 

 

3.1 Abstract 

Mtb can induce apoptosis in human macrophage models ex vivo. In general, apoptotic cell 

death is considered host-beneficial, whereas necrotic forms of cell death can exacerbate 

tuberculosis (TB) pathology and tissue damage. The cell death modalities associated with Mtb 

infection are highly context-dependent. Early studies demonstrated that human macrophages 

exposed to specific cytokines, such as TNF-α, exhibit enhanced apoptosis during Mtb infection. 

However, Mtb also employs virulence factors to inhibit apoptosis. For example, our previous work 

identified nuoG as an Mtb virulence factor that suppresses apoptosis in human macrophages.  

In Chapter 2, kinetic assays revealed substantial cell lysis (necrosis) during Mtb infection. 

Chapter 3 builds upon these findings by determining the extent of apoptosis induced in THP-1 

cells and hMDMs under the same experimental conditions established in Chapter 2. In this chapter, 

YO-PRO-1 and Draq7 staining were used to distinguish early apoptosis from necrotic cell death. 

In parallel, activation of the canonical apoptotic signaling pathway was assessed by WB. Our 

results show that Mtb induces only minor levels of apoptosis in THP-1 cells and hMDMs during 

the first 3 days of infection. Secondary necrosis following apoptosis was detected in THP-1 cells 

but not in hMDMs. Collectively, these findings indicate that apoptosis is not a significant form of 

cell death induced by Mtb in human macrophages. 

3.2 Materials and Methods 

Cell cultures and differentiation 
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Human peripheral blood mononuclear cells (PBMCs) were isolated from LeukoPak 

according to the protocol as previously described269. CD14+ monocytes were purified using CD14 

MicroBeads (Miltenyi Biotech, CA, USA; 130-050-201), with the bead volume reduced to one-third of the 

manufacturer’s recommended amount. All other steps were performed according to Miltenyi Biotech’s 

instructions. To obtain human monocyte-derived macrophages (hMDMs), monocytes were pelleted and 

resuspended at 1×106 cells/mL in hMDM growth medium consisting of RPMI 1640, 10% FBS, 5% human 

AB serum (GeminiBio, CA, USA; 100-318-100), and 10 ng/mL human M-CSF (Bio-Techne, MN, USA; 

216-MCC-010). Monocytes were seeded in uncoated 24-well plates at the same density as THP-1 cells. On 

day 3 post-seeding, additional growth medium was added, and the medium was replaced every 3 days 

thereafter. hMDMs were used for the following experiments on day 7 or 9 post-differentiation. 

 

YO-PRO-1 and DRAQ7 staining and analysis 

THP-1 cells or hMDMs were seeded in 8-well chamber slides and infected with dsred 

H37Rv Mtb at an MOI of 5 for pulse-chase experiments or left uninfected. At the indicated time 

points, the culture medium was replaced with 200 μL of staining solution containing 0.5 μM YO-

PRO-1 (Biotium) and 0.3 μM DRAQ7™ (Invitrogen, D15106). Cells were stained at 37 °C for 15 

min and immediately imaged. For each condition and experimental repeat, more than 200 cells 

were analyzed. 

 

Confocal microscopy  

Cells were imaged using a Zeiss LSM 800 laser scanning confocal microscope equipped 

with two gallium arsenide phosphide photomultiplier tube (GaAsP-PMT) detectors and one 

transmitted light photomultiplier tube (T-PMT) detector. A 40×/NA 1.2 water immersion 

objective was used for all imaging experiments. 
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 For time-lapse live-cell imaging, the observation chamber was maintained at 37°C with 

5% CO₂ supplied via a humidified incubator. Z-stacks spanning 10 μm with 1 μm intervals were 

acquired every 10 minutes for up to 20 hours. Each field consisted of 11 optical slices. A total of 

four fields were imaged, with a maximum of two experimental conditions per experiment. Each 

image spanned an area of 319.45 × 319.45 μm, corresponding to 2048 × 2048 pixels. For 

immunofluorescence microscopy, 3-4 fields were imaged with Z-stacks spanning 20 μm with 1 

μm interval. 1 slice with proper signals was selected for MFI quantification. Airyscan confocal 

microscopy and 3D volume rendering were performed using a Zeiss LSM 980 microscope with 

the same 40×/NA 1.2 water objective.  

3.3 Data availability (applied throughout this dissertation) 

Datasets generated from time-lapse live-cell imaging experiments, along with files used 

for image analysis, are publicly available via Mendeley Data270 at DOI: 10.17632/rkbw676zf2.3 

(https://data.mendeley.com/datasets/rkbw676zf2/3). 

 

3.4 Results 

3.3.1 Analysis of apoptosis induction in THP-1 cells and hMDMs during the first three 

days of Mtb infection 

 To ensure that YO/Draq7 double staining accurately distinguishes early apoptotic from late 

apoptotic or necrotic cells, a control experiment was performed. THP-1 cells were treated with 

MG132, an inducer of apoptosis, and then stained and subjected to time-lapse live-cell imaging to 

validate that YO and Draq7 reliably discriminate early apoptotic and necrotic cells (Fig. 8A, also 

see supplementary video (SV) 1). 

https://data.mendeley.com/datasets/rkbw676zf2/3
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After validating this method, the same staining protocol was applied  to THP-1 cells or 

hMDMs infected with dsRed H37Rv Mtb at MOI:5. Fluorescence microscopy showed that more 

than 90% of cells were infected at 1, 2, and 3 d post-infection (Fig. 9B and D), whereas fewer than 

6% of total cells exhibited an early apoptotic phenotype in THP-1 cells and less than 2 % in 

hMDMs (Fig. 9A and C; Fig. 10A and B). 
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Fig. 8: Validation of YO-PRO-1 and Draq7 staining in distinct cell death modalities. 

A Representative confocal fluorescence images of THP-1 cells treated with 10 μM MG132 (N = 
1). Following MG132 addition, cells were stained with YO-PRO-1 (100 nM) and Draq7 (300 nM) 
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for 15 min before initiating time-lapse live-cell imaging. Cells were maintained at 37 °C and 5% 
CO₂ and imaged continuously for 20 h. Z-stack images (11 slices at 1 μm intervals) were captured 

every 10 min. Regions containing cells exhibiting characteristic apoptotic or necrotic morphology 
were selected and enlarged. Fluorescence signals for YO-PRO-1 (cyan), Draq7 (magenta), and 

merged images with transmitted-light overlays are shown. Five representative time points are 
displayed for each condition. The necrotic-cell image layout is identical to that of the apoptotic-
cell panel. Scale bars: 20 μm.  
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A, C Representative confocal fluorescence images of THP-1 (A) or hMDMs (C). THP-1 cells (N 

= 4) or hMDMs (N = 3) were infected with dsred H37Rv Mtb at MOI:5 for 1, 2, or 3 d. Cells were 
stained with YO-PRO-1 and Draq 7 for 15 min at 37 °C prior to imaging. Z-stack images (11 slices 
at 1 μm intervals) were captured for each field of view (FoV). White triangles indicate necrotic 

cells, while asterisks indicate early apoptotic cells. Fluorescence signals for YO-PRO-1 (cyan), 
Draq7 (magenta), dsred (yellow), and transmitted-light signals are merged. Scale bars: 50 μm. B, 

Fig. 9: Assessing early apoptosis by YO-PRO-1 and Draq7 staining in Mtb-infected THP-1 

cells. 
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D Quantification of percentages of infected cells among total cells for THP-1 cells (B) or hMDMs 
(D). 
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Fig. 10: Mtb H37Rv induces marginal CASP3 activation in THP-1 cells but not in hMDMs.  

A, B Percentage of early apoptotic cells among total cells assessed by fluorescence microscopy. 

THP-1 cells were infected with dsRed-expressing H37Rv Mtb at MOI:5 for 4 h, stained with YO 
and Draq7, and imaged at 1, 2, or 3 d post-infection. More than 200 cells were analyzed per time 

point in each replicate (N = 3). Multiple paired t-tests were performed to compare infected groups 
with uninfected groups. and p-values are shown in the graphs. Each colored data point represents 
an independent experiment (A, THP-1, N = 4) or a distinct donor (B, hMDM, N = 3). C–H THP-

1 cells were infected with H37Rv Mtb at MOI:5 for 4 h or left uninfected. Cells were lysed after 
1-3 d. C–F, Representative western blot images showing the cleavage of CASP3 (C and D) and 

GSDME (E and F) in THP-1 cells (C and E) or hMDMs (D and F), respectively. FL: full-length 
target protein. CL: cleaved target protein. STS: Staurosporine (1 μM, 6 h). RAP: Raptinal (10 μM, 
6 h). G and H, bar graphs showing the quantification of normalized band intensities corresponding 

to THP-1 cleaved CASP3 (G), and GSDME (H). Each value in the infected groups was normalized 
to its uninfected counterpart from the same experiment. Band intensities were quantified using 

ImageLab software. One-sample t-tests were performed to compare the normalized values to 1, 
and p-values are shown in the graphs. Each colored data point represents an independent 
experiment (N = 4). 
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To further assess activation of apoptotic signaling pathways during Mtb infection, CASP3 

and GSDME activation were examined by immunoblotting, as they are critical executioners of 

apoptosis and secondary necrosis. In THP-1 cells, cleaved (activated) CASP-3 and GSDME were 

readily detected, indicating significant activation (Fig. 9C, E, G, and H). In contrast, activated 

CASP3 or GSDME bands were not detected in hMDMs (Fig. 10D and F). Given that a significant 

level of CASP-3 activation was observed, the next question was whether the apoptotic signaling 

pathway is fully activated. We therefore analyzed the activation of the upstream initiator caspases 

CASP8 and CASP9 by immunoblotting (Fig. 11A–D), which revealed no detectable activation 

during Mtb infection. Collectively, these data indicate that, in Mtb-infected THP-1 cells, a subset 

of cells undergoes secondary necrosis, whereas early apoptotic events are infrequent and difficult 

to capture. In hMDMs, apoptotic cells are rare (~2%) during Mtb infection and are detectable only 

by single-cell microscopic analysis. 
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Fig. 11: Mtb H37Rv does not induce CASP8 or 9 activation in THP-1 cells. 

A, C Representative western blot images showing the cleavage of CASP9 and CASP8, 
respectively. THP-1 cells were infected with H37Rv Mtb (+) at MOI 5 for 4 h or left uninfected 

(-). Cells were lysed after 1-3 d. STS: Staurosporine (1 μM, 6 h). B, D Bar graphs showing the 
quantification of normalized band intensities corresponding to THP-1 cleaved CASP9 (B), and 

CASP8 (D). Each value in the infected groups was normalized to its uninfected counterpart from 
the same experiment. Band intensities were quantified using ImageLab software. One-sample t-
tests were performed to compare the normalized values to 1, and p-values are shown in the graphs. 

Each colored data point represents an independent experiment (N = 3). 



 

 

75 
 

3.5 Discussion 

Mtb limits the induction of host cell apoptosis to increase its virulence181,182,271. 

Consistently, the attenuated Mtb strain H37Ra induced an increased level of apoptosis compared 

to its virulent isogenic counterpart H37Rv185,272. Several Mtb proteins have been described to 

mediate the inhibition of host cell apoptosis182,271. For example, NuoG is a subunit of the type 1 

NADH dehydrogenase of Mtb and a virulence factor involved in Mtb’s capacity to inhibit 

apoptotic cell death186. Mtb-infected THP-1 cells showed less than a 10% increase in apoptosis 

compared to uninfected controls, even after 5 days of infection185,186,199.  

Consistent with these findings, our YO-PRO-1 and Draq7 staining revealed that fewer than 

6% of THP-1 cells underwent apoptosis during Mtb infection, whereas only ~2% of hMDMs 

exhibited an apoptotic phenotype. Accordingly, our observation of minimal (THP-1 cells) to 

undetectable (hMDMs) CASP3 activation (Fig. 10C, D, and G) aligns well with previous 

reports185,186,199. Notably, substantial GSDME activation was detected in THP-1 cells but was not 

observed in hMDMs. Given that neither CASP8 nor CASP9 activation was detected during Mtb 

infection, as assessed by WB analysis (Fig. 11), THP-1 cells do not appear to engage a canonical 

apoptotic program. Instead, the CASP-3 and GSDME activation observed in THP-1 cells may 

represent a secondary consequence of other cell death pathways. In hMDMs, apoptotic events 

during Mtb infection were rare and detectable only by microscopy at the single-cell level. 

Collectively, these results indicate that apoptosis is not a major form of cell death in ex vivo human 

macrophage models during Mtb infection. 
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Chapter 4: Analysis of pyroptosis and necroptosis after Mtb infection  

 

4.1 Abstract 

 Previous studies have demonstrated that IL-1β and ASC are host-protective in in vivo 

murine models, suggesting that pyroptosis—whether it occurs in macrophages—may limit TB 

pathology. Subsequent studies reported that ex vivo murine and human macrophage models 

undergo pyroptosis during Mtb infection. However, data directly addressing whether Mtb induces 

pyroptosis in hMDMs remain limited. In addition, our previous work demonstrated that Mtb 

attenuates pyroptosis in BMDMs via the virulence factor PknF. In line with our conclusion that 

Mtb can dampen pyroptosis, another group approached this question from a different angle and 

showed that Mtb inhibits pyroptosis through an ubiquitin-dependent mechanism involving the 

secreted phosphatase PtpB, which ultimately restrains GSDMD pore-forming activity at the 

plasma membrane. 

Dr. Robert Watson’s work further identified an interconnection between pyroptotic and 

necroptotic signaling pathways. In murine macrophage models, GSDMD activation precedes and 

is required for necroptosis induction. Thus, if human macrophages undergo pyroptosis during Mtb 

infection, it is plausible that necroptosis may be concurrently engaged. 

In this chapter, we show that Mtb induces a significant increase in GSDMD cleavage in 

THP-1 cells, but not in hMDMs, indicating differential engagement of pyroptotic signaling 

between these two human macrophage models. In contrast, phosphorylation of MLKL was not 

detected in either THP-1 cells or hMDMs during Mtb infection, indicating that necroptosis is not 

induced during Mtb infection in THP-1 cells or hMDMs. 
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4.2 Materials and Methods 

HT-29 cell culture 

 The HT-29 cell line (ATCC, HTB-38; LOT: 70061450) was cultured in the same growth 

medium as THP-1 cells. Accutase (Millipore-Sigma, A6964) was used at 10 mL per 75 cm² flask 

to detach HT-29 cells for passaging or seeding. Cells were seeded at the same density as THP-1 

cells 1 d prior to necroptosis induction. HT-29 cells were passaged every 3–4 d upon reaching 

approximately 80% confluence. 

 

Cell treatments and experimental controls 

For necroptosis induction, THP-1 cells, hMDMs, and HT-29 cells were pretreated with z-

VAD-FMK (Cell Signaling Technology, 60332S) at 20 μM for 1 h, followed by treatment with 

100 ng/mL human TNF-α (R&D Systems, 10291-TA-020) in combination with 10 μM SM-164 

(Cell signaling Technology, 56003S). All treatments were conducted at 37 °C in a humidified 

atmosphere with 5% CO₂.  

 

 Other experimental methods used in this chapter were performed as previously described. 

4.3 Results 

4.3.1 Analysis of pyroptosis induction in THP-1 cells and hMDMs during Mtb infection 

 Given that previous studies have demonstrated pyroptosis induction in various models 

during Mtb infection226,227, we investigated whether pyroptosis constitutes a major form of Mtb-

induced cell death in macrophages. THP-1 cells and hMDMs were infected with H37Rv Mtb at 

MOI:5 for 4 h, and cell lysates were collected at 1, 2, and 3 d post-infection. Western blot analysis 
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revealed significant GSDMD cleavage in THP-1 cells following Mtb infection, whereas no 

detectable cleavage was observed in hMDMs (Fig. 12A–D). Quantification showed that, at 1 d 

post-infection, cleaved GSDMD (CL-GSDMD) levels increased by approximately 2-fold 

compared with the uninfected counterpart. There is no indication that later time points will show 

higher levels of GSDMD cleavage. The limited magnitude and lack of temporal amplification of 

GSDMD cleavage suggest that pyroptosis is not a predominant form of cell death during Mtb 

infection under these conditions. In addition, the rapid collapse of pyroptotic cells and the potential 

for increased inhibition of pyroptosis at later stages of infection may explain the limited 

detectability of this pathway over time.  

Notably, the blots show two bands in the 30–32 kD region (Fig. 12A). We investigated 

whether these two bands represent specific cleaved (activated) forms of GSDMD and whether they 

are associated with Mtb virulence. As shown in Fig. 13A, both bands were detected using two 

independent anti-GSDMD antibodies. Infections with multiple mycobacterial strains showed that 

all tested strains induced GSDMD cleavage and cell lysis, resulting in the same two bands (Fig. 

13B–E). The positive control confirmed that the upper band corresponds to the cytotoxic, cleaved 

form of GSDMD, which is the primary focus of this study. Quantitative analyses suggest that 

different mycobacterial strains may induce alternative forms of GSDMD cleavage (Fig. 15C, D). 

However, since the lower band was consistently present across all infected conditions, it is unlikely 

to be specifically associated with Mtb virulence.  

Another hallmark of pyroptosis induction is the secretion of IL-1β. The ELISA (Fig. 15F) 

results also demonstrated that THP-1 cells secreted significant amounts of IL-1β during Mtb 

infection, reaching approximately 100 pg/mL at days 1 and 3 post-infection. It is well-established  

that the secretion of IL-1β from Mtb-infected cells ex vivo is dependent on inflammasome 
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components and activity215,223,224, although one study showed that the secretion of IL-1β from Mtb-

infected cells ex vivo is independent of GSDMD273. Both our previous findings227 and the data 

presented in this study (Fig. 26E) indicate that IL-1β secretion from infected THP-1 cells is 

mediated by the non-canonical inflammasome CASP4/5. Therefore, the detected IL-1β secretion 

indicates pyroptosis induction in Mtb-infected THP-1 cells.  
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Fig. 12: H37Rv Mtb induces GSDMD cleavage in THP-1 cells but not in hMDMs. 

THP-1 cells (A and B) or hMDMs (C and D) were infected with w.t. H37Rv Mtb at MOI:5 for 4 
h or left uninfected. Cells were lysed after 1-3 d. A, C Representative western blot images showing 

GSDMD cleavage in THP-1 cells (A) and hMDMs (C). FL: full-length target protein. CL: cleaved 
target protein. L/N indicates LPS (100 ng/mL, 4.5 h) plus nigericin (20 μM, 30 min) treatment as 

a positive control. B, D Quantification of band intensities corresponding to cleaved GSDMD (B 
and D), as indicated next to each Western blot. Band intensities were quantified using ImageLab 
software, normalized to the corresponding β-actin bands, and then expressed relative to the 

uninfected counterparts from the same experiment. Bar graphs display the normalized band 
intensities of the infected groups. One-sample t-tests were used to compare normalized values to 

1, and p-values are shown in the graphs. Each colored data point represents an independent 
experiment (N = 4) for THP-1 cells (B) or an individual human donor (N = 3) for hMDMs (D). 
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Fig. 13: Mycobacterial species induce variable GSDMD cleavage, and different cell types 

have distinct sensitivity to necroptosis induction. 

A Immunoblot images showing GSDMD cleavage in THP-1 cells infected with Mtb H37Rv at 

MOI:5 for 4 h and harvested at 1 d or treated with LPS and Nigericin (L/N) or left uninfected (UI). 
Blots were probed using CST and NOV antibodies. Images are from one experiment (N = 1). B 

THP-1 cells were uninfected or infected with Mycobacterium smegmatis (Msm), Mycobacterium 
kansasii (Mkan), and Mtb, all at MOI:5 or treated with L/N. Representative western blot images 
showing GSDMD cleavage induced by different mycobacterial strains in THP-1 cells (N = 4). C, 

D Quantification of normalized GSDMD cleavage band intensities corresponding to B. E 
quantification of LDH release as a percentage of the lysis control, corresponding to B. Each 

colored data point represents an independent experiment (N = 4) for C–E. One-way ANOVA with 
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Brown-Forsythe correction was performed, and p-values are shown in the graphs. F ELISA 
measurement of IL-1β secretion from Mtb-infected THP-1 cells (MOI:5) at 1, 2, and 3 d. Multiple 

unpaired t-tests with Welch’s correction were performed (N = 4). The ELISA was performed by 
Akshaya Ganesh (ORCID: 0000-0002-5432-118X) 
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4.3.2 Analysis of necroptosis induction in THP-1 cells and hMDMs during Mtb infection 

 GSDMD can permeabilize mitochondria, triggering ROS release and subsequent 

necroptosis marked by MLKL phosphorylation235. We next investigated whether necroptosis is 

induced in our cell models as a result of GSDMD activation (THP-1 cells). Despite clear GSDMD 

activation in THP-1 cells, we failed to detect MLKL phosphorylation at any time point (Fig. 14A 

and B), as shown by the pMLKL/β-actin ratio. Ratios of pMLKL to total MLKL (tMLKL) also 

support this statement (Fig. 15E and F).  Similarly, in hMDMs, neither pyroptosis (Fig. 12C and 

D nor necroptosis (Fig. 14C and D) was detected under the experimental conditions.  

The control experiments validate the anti-pMLKL antibody using HT-29 cells, which are 

highly sensitive to necroptosis induction (Fig. 15A). Cells treated with TNF-α, SM-164, and z-

VAD-FMK (TSZ) exhibited at least a 9-fold increase in MLKL phosphorylation compared to the 

untreated control. Inhibition of RIPK1 by necrostatin-1 completely abrogated MLKL 

phosphorylation (N = 1), which further validates the pMLKL band on the WB image. While 

necroptosis inducers robustly activated necroptotic signaling and induced MLKL phosphorylation 

in HT-29 cells, no changes in MLKL phosphorylation were detected in THP-1 cells or hMDMs 

(Fig. 15B–D). To date, we have not identified optimized, practical conditions that induce robust 

necroptosis in THP-1 cells or hMDMs.  
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Fig. 14: H37Rv Mtb does not induce MLKL phosphorylation in THP-1 cells or hMDMs. 

THP-1 cells (A and B) or hMDMs (C and D) were infected with w.t. H37Rv Mtb at MOI:5 for 4 
h or left uninfected. Cells were lysed after 1-3 d. A, C Representative WB images showing MLKL 

phosphorylation in THP-1 cells (A) and hMDMs (C). B, D Quantification of band intensities 
corresponding to phosphorylated MLKL (A and C), as indicated next to each Western blot. Band 
intensities were quantified using ImageLab software, normalized to the corresponding β-actin 

bands, and then expressed relative to the uninfected counterparts from the same experiment. Bar 
graphs display the normalized band intensities of the infected groups. One-sample t-tests were 

used to compare normalized values to 1, and p-values are shown in the graphs. Each colored data 
point represents an independent experiment (N = 3) for THP-1 cells (A) or an individual human 
donor (N = 3) for hMDMs (C). 
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Fig. 15: Validation of anti-pMLKL antibody and quantifications supplement previous WB 

analysis. 

A Western blot analysis of MLKL phosphorylation during necroptosis induction or inhibition in 
different cell types. SV, solvent control (0.3% DMSO); TSZ, TNF-α (100 ng/mL, O/N), SM-164 

(10 μM, O/N), and zVAD-FMK (20 μM, O/N); TSZN, TSZ plus necrostatin-1 (10 μM, O/N). G, 
HT-29 cells were treated with SV, TSZ, or TSZN (N = 1). Band intensities were quantified using 
ImageLab software and normalized to SV for each target protein; normalized values are shown 

above the corresponding bands. B THP-1 cells, hMDMs, or HT-29 cells were treated with SV or 
TSZ. C, D Quantification of normalized band intensities corresponding to phosphorylated MLKL 

is shown. Values from TSZ-treated samples were normalized to their SV-treated counterparts from 
the same experiment. Band intensities were quantified using ImageLab software. One-sample t-
tests were performed to compare normalized values to 1, and p-values are shown in the graphs. 

Each colored data point represents an independent experiment using THP-1 cells or a distinct 
human donor for hMDMs (N = 3). E, F Quantification of normalized band intensities 

corresponding to phosphorylated MLKL from Fig. 12B or D, respectively. One-sample t-tests 
were performed to compare normalized values to 1, and p-values are shown in the graphs. Each 
colored data point represents an independent experiment (N = 3) for THP-1 cells (Fig. 15E) or 

distinct human donors (N = 3) for hMDMs (Fig. 15F).  
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4.4 Discussion 

Our data reveal a divergence in inflammasome activation: while we observe GSDMD 

induction in THP-1 cells (Fig. 12A and B), we detect none in hMDMs (Fig. 12C and D). The IL-

1β secretion from Mtb-infected THP-1 cells was detected (Fig. 13F). However, the concentration 

is substantially lower than that reported in other studies224,273. This induction of pyroptosis is 

consistent with Dr. Trude Flo’s previous study274. While differences in cell culture and 

differentiation conditions, as well as infection protocols, may contribute to this discrepancy, our 

findings suggest that pyroptosis is only modestly induced in THP-1 cells during Mtb infection. 

PMA, a standard agent for differentiating THP-1 cells, induces calcium influx. This increase in 

intracellular Ca²⁺ may potentiate inflammasome activation in THP-1 cells upon Mtb infection. 

Nevertheless, we let PMA-treated THP-1 cells rest for 2 days before infection, so it is unlikely that 

PMA treatment is the primary factor driving increased inflammasome activation. Alternatively, 

THP-1 cells do not express the protein Sterile Alpha And TIR Motif Containing 1 (SARM1), a 

global inhibitor of inflammasomes present in human macrophages, which renders THP-1 cells 

more sensitive to inflammasome activation compared to hMDMs275. Interestingly, while there is 

some GSDMD activation in THP-1 cells (Fig. 12A and B), this does not seem to result in overt 

pyroptosis since there was no effect of CASP4/5 deletion on cell death (Fig. 26). This result is 

consistent with our published data showing that the non-canonical inflammasome pathway is 

essential for inflammasome activation in THP-1 cells but does not affect cell death and lysis as 

measured by LDH release assay and Syt G staining227.  

In addition, MLKL phosphorylation was not detected in either THP-1 cells or hMDMs 

during Mtb infection (Fig. 14A–D), indicating that necroptosis is not induced under our 
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experimental conditions and that GSDMD cleavage does not lead to downstream MLKL 

phosphorylation. 
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Chapter 5: Analysis of GPX-4-regulated ferroptosis after Mtb infection 

 

5.1 Abstract 

 Ferroptosis is a metabolic form of cell death that depends on the accumulation of 

peroxidized PUFAs. GPX4 removes accumulated oxidized phospholipids by reducing them to 

their corresponding alcoholic forms. Extensive studies using in vivo mouse and macaque models 

have demonstrated that ferroptosis plays an essential role in tissue damage during TB progression. 

In ex vivo murine BMDM and human MDM models, work from Dr. Eduardo Amaral’s group 

showed that ferroptosis is the predominant form of cell death induced by Mtb during infection. 

However, data from human ex vivo macrophage models remain limited. Given that murine and 

human cells exhibit distinct oxidative responses and metabolic programs, there is currently no 

consensus on whether Mtb induces ferroptosis consistently in human macrophages. 

In this chapter, GPX4 expression levels were assessed by WB in THP-1 cells and hMDMs 

during Mtb infection. We further stained THP-1 cells with Liperfluo (LF), a probe that reports 

lipid peroxidation levels. Our work demonstrates that ferroptosis is not a predominant form of cell 

death induced by Mtb in these two human macrophage models during the time window assessed. 

5.2 Materials and Methods 

Cell treatments and experimental controls 

For the Liperfluo (LF) assay, THP-1 cells were treated with cumene hydroperoxide (CuPx) 

at 100 μM for 2 h. For ferroptosis induction, THP-1 cells were treated with 10 μM RSL-3 

(MedChemExpress, HY-100218A) for 24 h. Where indicated, ferroptosis was inhibited by co-

treatment with 10 μM ferrostatin-1 (MedChemExpress, HY-100579). 
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Liperfluo Assay 

Liperfluo (Dojindo Molecular Technologies, MD, USA; L248-10) was added to THP-1 

cells at a final concentration of 10 μM, 30 minutes prior to infection. Following incubation, cells 

were washed twice with DPBS to remove excess dye. DRAQ7™ (Invitrogen, D15106) was added 

to the infection medium at a 1:1000 dilution to monitor cell death. As a positive control for lipid 

peroxidation, 100 μM cumyl hydroperoxide (Thermo Scientific, T06I072) was added to uninfected 

cells 2 hours before imaging.  

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐿𝐹 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐿𝐹(𝑅𝑎𝑤𝐼𝑛𝑡𝐷𝑒𝑛)𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑒𝑙𝑙

𝐿𝐹(𝑅𝑎𝑤𝐼𝑛𝑡𝐷𝑒𝑛)̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅
𝑈𝐼

 

 

Image analysis 

For the LF assays, LF fluorescence intensities were quantified across 11 frames. Single-

cell segmentation was conducted using the method and code adapted from “da_tracker.”276 FIJI 

and Cellpose 2.0 were combined to quantify the fluorescent intensities. These modules were run 

in the Python environment. 

Cells were classified as “infected” if z-projection images consistently showed dsRed-

labeled Mtb within the same cell across multiple consecutive frames. For uninfected cells,  

5.3 Results 

5.3.1 Analysis of the involvement of GPX-4 regulated ferroptosis in THP-1 cells and 

hMDMs during Mtb infection 

Ferroptosis is a programmed cell death pathway that is activated after Mtb infection in 

BMDMs and during in vivo infections237,238,240. However, as most supporting studies are derived 

from murine in vivo or ex vivo models, we sought to determine whether ferroptosis is similarly 
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induced in human macrophage models. GPX4 reduction and lipid peroxidation are two key events 

that lead to ferroptosis induction. Immunoblotting analysis of GPX4 revealed that Mtb infection 

did not reduce GPX4 levels in either THP-1 cells or hMDMs at 1–3 days post-infection (Fig. 16A–

D).  

Lipid peroxidation is a defining hallmark of ferroptosis277. To assess lipid peroxidation, we 

performed Liperfluo (LF) staining followed by fluorescence microscopy in Mtb-infected THP-1 

cells. The membrane impermeability dye Draq7 indicated that approximately 15–20% of Mtb-

infected cells were dead at 4 and 24 h post-infection. Despite this level of cell death, LF 

fluorescence intensity remained unchanged, indicating no detectable increase in lipid peroxidation 

during Mtb-induced cell death (Fig. 16E–I). In contrast, THP-1 cells treated with cumene 

hydroperoxide (CuPx) exhibited an approximately fourfold increase in the raw integrated density 

(RawIntDen) of LF fluorescence compared with untreated, uninfected controls, validating both the 

functionality of the LF probe and the Cellpose-FIJI-based image analysis workflow. 

To further evaluate the potential contribution of lipid peroxidation to cell death, we treated 

Mtb-infected THP-1 cells with ferrostatin-1 (Fer-1), a well-characterized ROS scavenger. The 

control LDH assay shows that at 10 μM, Fer-1 significantly reduced cell lysis induced by RSL-3, 

a canonical ferroptosis inducer (Fig. 16J), confirming the inhibitor’s efficacy. We then assessed 

whether Fer-1 could attenuate Mtb-induced cell death at early time points using LDH assays (Fig. 

16K). However, Fer-1 treatment at the same concentration did not reduce LDH release from Mtb-

infected cells. Collectively, these data indicate that ferroptosis does not contribute substantially to 

Mtb-induced cell death in THP-1 cells and hMDMs at the time points examined (Fig. 16E–I). 

Corresponding nested plots of LF RawIntDen are shown in Fig. 17A and B. The same 

dataset was further analyzed at the single-cell level using nested one-way ANOVA, which revealed 
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no significant difference between infected and uninfected cells at either time point. This conclusion 

is consistent with that obtained from the bulk population analysis.
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Fig. 16: Mtb does not induce GPX4-regulated ferroptosis in THP-1 cells or hMDMs at the 

examined time points. 

A, C THP-1 cells or hMDMs were infected with H37Rv Mtb at MOI:5 for 4 h or left uninfected. 
Cells were lysed after 1-3 d. Representative western blot images show the GPX4 levels in THP-1 

cells (A) (N = 4) or hMDMs (C) (N = 6). B,D Band intensities of GPX4 were quantified using 
ImageLab software, normalized to the corresponding β-actin bands, and then expressed relative to 
the uninfected counterparts from the same experiment. Bar graphs display the normalized band 

intensities of the infected groups. One-sample t-tests were performed to compare normalized 
values to 1, and p-values are shown in the graphs. Each colored data point represents an 

independent experiment (N = 4) for THP-1 cells (B) or an individual human donor (N = 3) for 
hMDMs (D). E Representative confocal microscopic images showing the level of lipid 
peroxidation in THP-1 cells (N = 3). Cells were infected with dsRed H37Rv Mtb (yellow) at MOI:5 

for 4 or 24 h, respectively. The control group was treated with cumene hydroperoxide (CuPx) at 
100 μM for 2 h, or left uninfected and untreated. Staining was performed with Liperfluo (cyan) 

and Draq7 (magenta). Scale bars: 50 µm. F–I Quantification of normalized Liperfluo fluorescence 
intensities (F and H), or the percentage of Draq7-positive cells relative to the total cells in each 
field (G and I). Each dot represents the mean measurement from an independent experiment (N = 

3), with 6 fields imaged per condition. Regions of interest (ROIs) were defined using Cellpose 2.0, 
and Raw Integrated Densities (RawIntDen) were calculated using FIJI. Nested One-way ANOVA 

(F and H) or One-way ANOVA with Brown-Forsythe correction (G and I) was performed; p-
values are presented in decimal format. J LDH assay validating the efficacy of Ferrostatin-1. THP-
1 cells were treated with solvent control (SV), RSL-3, or a combination of RSL-3 and Ferrostatin-

1 (Fer-1) at the indicated concentrations. Background-corrected absorbance values for each group 
are shown. K LDH assay measuring cell lysis in infected and uninfected THP-1 cells in the 

presence or absence of Fer-1. THP-1 cells were infected with w.t. H37Rv Mtb at MOI:5 for 1–3 d 
with or without Fer-1 (10 μM) (N = 4). The percentage of LDH release was calculated by 
normalizing background-corrected absorbance values to the lysis control. 
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Fig. 17: Nested plot showing normalized Liperfluo fluorescence intensities in THP-1 cells. 

A, B Corresponding to Fig. 16F and H, Nested plots displaying Liperfluo RawIntDen 

quantification in individual THP-1 cells. Each dot represents a single cell, and each column 
corresponds to an independent experiment (N = 3). The number of cells per experiment ranges 

from 339 to 656. Black bars indicate the mean fluorescence intensity for each experiment. 
Statistical comparisons were performed using nested one-way ANOVA, and  p-values are 
presented in the graphs. 
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5.4 Discussion 

 Previous studies have reported extensive ferroptosis in Mtb-infected murine BMDMs 

(MOI:10, 1 d post-infection) and in vivo animal models237,240. Ferroptosis has also been observed 

in Mtb-infected hMDMs (MOI:10, 4 d post-infection), U937 cells278, and human clinical 

samples238,240. In contrast, our data show that GPX4 levels are not reduced during the first 3 days 

of Mtb infection in THP-1 cells or hMDMs, and that no significant elevation in lipid peroxidation 

is detectable in the infected THP-1 cells (Fig. 16). Importantly, the RSL-3/Fer-1 treatment and the 

LDH release assay (Fig. 16J) confirmed that THP-1 cells exhibit the expected lipid peroxidation 

response and ferroptosis induction, indicating that ferroptosis is regulated and inducible in this 

model.  

These findings suggest that prolonged host–pathogen interactions or more advanced stages 

of TB disease progression may be required to elicit detectable ferroptosis in human macrophages. 

Alternatively, the discrepancy between murine BMDM and human macrophage data may reflect 

underlying biological differences that remain incompletely understood. First, the kinetics of lipid 

peroxidation and its resolution may differ between species. Second, human and murine 

macrophages may vary in their tolerance to lipid peroxidation accumulation. Third, species-

specific metabolic responses to Mtb infection may affect susceptibility to ferroptosis. Collectively, 

these factors may shape the overall cell death phenotype observed in macrophages during Mtb 

infection. 

Taken together with previously published findings, our data suggest that ferroptosis is not 

a predominant early response in human macrophages under the conditions examined , whereas it 

may represent an early cell death pathway in murine macrophages during Mtb infection. 
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Chapter 6: Analysis of Lysosomal Membrane Permeabilization during 

Mtb Infection in THP-1 Cells 

 

6.1 Abstract 

 Lysosomes are membrane-bound cellular organelles that contain a broad spectrum of 

hydrolytic enzymes responsible for degrading proteins, lipids, and other macromolecules. They 

maintain an acidic lumen and frequently fuse with endosomes and phagosomes to degrade 

internalized cargo. Lysosomal enzymes, such as cathepsins and lipases, are sequestered within the 

lysosomal compartment and segregated from the cytosol. Upon LMP, these enzymes, together 

with protons, can be released into the cytosol, where they may cause irreversible cellular damage. 

It is well established that LMP is detrimental to cells and can contribute to multiple forms of cell 

death, including, but not limited to, apoptosis, pyroptosis, and ferroptosis. 

Early studies demonstrated that Mtb induces mitochondrial membrane permeabilization in 

zebrafish macrophage models, and the consequential release of mROS is proposed to permeabilize 

adjacent lysosomes, thereby inducing LMP. In murine BMDMs, published work shows that Mtb 

infection leads to LMP, followed by Cat B release, NLRP3 inflammasome activation, and 

subsequent cell death. 

In this chapter, we investigated whether Mtb infection induces LMP in THP-1 cells. Time-

lapse live-cell confocal microscopy was performed to monitor lysosomal pH and track individual 

Mtb-infected cells during the final two hours preceding plasma membrane rupture (PMR). 

Cellpose-TrackMate combo was used to automate single-cell tracking, enabling continuous cell 

death monitoring and lysosomal integrity analysis. Using this approach, no detectable LMP was 

observed at the bulk-population level. 
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6.2 Materials and Methods 

Cell treatments and experimental controls 

For LMP induction, THP-1 cells were treated with L-leucyl-L-leucine methyl ester 

(LLoMe; BACHEM, 4000725) at 1 μM for at least 1 hour. All treatments were conducted at 37 °C 

in a humidified atmosphere with 5% CO₂. LMP induced by Mtb was assessed using LysoView™ 

633 (LV; Biotium, CA, USA; 70058) in combination with time-lapse live-cell imaging. LV 

(concentration unknown) was reconstituted in 100 μL dH₂O following the manufacturer’s 

instructions and used at a 1:2000 dilution. SYTOX™ Green Nucleic Acid Stain (Syt G; Invitrogen; 

S7020) was added at 0.5 μM (1:10,000 dilution) to detect plasma membrane rupture. 

 

Image analysis 

For infection experiments, time 0 was defined as the frame in which a cell first became 

positive for Syt G. LV fluorescence intensities were quantified across 12 frames preceding this 

event for each cell. The interval between two consecutive frames is set to be 10 min. For control 

experiments, time 0 corresponded to the first frame of image acquisition. Single-cell segmentation 

and tracking were conducted using the method and code adapted from “da_tracker.”276 FIJI and 

TrackMate-Cellpose combo were combined to quantify the fluorescent intensities. 

Cells were classified as “infected” if z-projection images consistently showed dsRed-

labeled Mtb within the same cell across multiple consecutive frames. For uninfected cells, 12 

consecutive data points were randomly selected from each trackable single cell to establish a 

baseline. Curves showing more than 4 data points below the baseline, with statistically significant 

deviation, were considered indicative of LMP. 
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𝐿𝑜𝑔2(𝐹𝐶) = 𝐿𝑜𝑔2 (
∑ 𝑅𝑎𝑤𝐼𝑛𝑡𝐷𝑒𝑛|𝑡𝑧

∑ 𝑅𝑎𝑤𝐼𝑛𝑡𝐷𝑒𝑛|𝑡0𝑧

) ,

𝐹𝐶 = 𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒;  𝑧 = 𝑧 − 𝑠𝑡𝑎𝑐𝑘;  𝑡0 = 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 

 

Statistics  

The modified Chi-square test was used to compare two curves with known or assumed 

means and standard deviations (SDs), and was performed either with the Excel spreadsheet 

provided in a previous publication279 or automated by Python programming for batch analyses. 

 

6.3 Results 

6.3.1 Analysis of LMP induction in THP-1 cells 2 hours prior to cell death 

LMP is a well-characterized event that contributes to lysosome-dependent cell death 

(LDCD)280. Recent studies have reported LMP induction during Mtb-induced cell death in various 

experimental models231,245,281. In this study, time-lapse live-cell imaging was employed to monitor 

single Mtb-infected cells shortly before cell death.  

The LV staining method was combined with dynamic imaging to study LMP induction 

during the 2-hour period preceding PMR. LV enters and accumulates within intracellular 

compartments, exhibiting maximal fluorescence at acidic pH and decreasing fluorescence intensity 

as pH increases. To validate the LV staining and the following quantification methods, THP-1 

cells were treated with LLoMe, a known LMP inducer, and continuously imaged. LV fluorescence 

intensity was quantified using the published “da_tracker” pipeline, which integrates the Cellpose-

TrackMate workflow with Fiji and a Python-based analysis environment (Fig. 18A and C; SVs 2 

and 3).  
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At the single-cell level, a modified Chi-square test was applied to compare each cell’s LV 

fluorescence intensity array with the population mean. If an array contained at least four data points 

below the mean and the array (curve) was significantly different from the calculated mean, the cell 

was classified as undergoing LMP. This analysis revealed a significant reduction in LV signal in 

LLoMe-treated cells compared with solvent-treated or untreated controls. Specifically, 81.25% of 

LLoMe-treated cells exhibited LMP, whereas only 10.25% of DPBS-treated cells met the LMP 

criteria (Fig. 19A–D), validating both the experimental design and analytical approach. 

Following validation, the same procedure was applied to Mtb-infected THP-1 cells 

(MOI:2), which were imaged continuously for 20 hours. Infected cells that became Syt G-positive 

during imaging and could be continuously tracked for 2 h (12 consecutive frames) were selected 

for LV fluorescence quantification. Cell outlines generated by Cellpose and the tracking order 

produced by TrackMate were used to verify tracking accuracy. These cells were used to assess LV 

fluorescence intensity during the 2 h preceding PMR. The modified Chi-square analysis indicated 

no significant difference in relative LV fluorescence intensity between infected cells and either 

bystander (Bys) or uninfected (UI) cells (Fig. 18B and D, SVs 4–6). Interestingly, bystander cells 

showed increased LV intensity, potentially reflecting lysosomal biogenesis or lysosomal 

acidification. At the single-cell level, LMP was observed in 8.57% of infected cells, 8.45% of UI 

cells, and 2.44% of bystander cells (Fig. 19E–J). Collectively, these findings indicate that Mtb 

does not significantly induce LMP in THP-1 cells within 2 hours prior to PMR. 
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Fig. 18: Mtb does not induce detectable LMP in THP-1 cells 2 hours prior to cell death. 

A Representative time-lapse live-cell imaging of THP-1 cells showing changes in Lysoview (LV, 
blue) fluorescence intensity over time. Cells were stained with LV and Sytox Green (Syt G, green), 

then treated with LLoMe or DPBS approximately 25 minutes after imaging began. White 
arrowheads indicate tracked cells. B THP-1 cells were infected with dsRed H37Rv Mtb at MOI:2 

then stained with LV and Syt G. Representative time-lapse live-cell imaging of THP-1 cells shows 
changes in LV fluorescence intensity over time. 0 min is defined as the time when a cell first 
becomes Syt G+. Negative time points indicate the duration (up to 120 min) before time point 0, 

during which LV intensities were quantified. The line graphs next to the confocal microscopic 
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images display the logarithm (log) (base 2) of fold change (FC) over time (A and B). C, D 

Corresponding to A or B, the line graphs show the log2 FC changing over time. In each 

independent experiment, 2 scenes were imaged for each condition, and 4 for the untreated (UT) 
(uninfected) condition. A total of 3 independent experiments were performed  (N = 3). The UT 

dataset is the same as the UI from the infection experiments. 39, 48, and 71 cells were tracked and 
included in the statistical analysis for the DPBS, LLoMe-treated, and UT groups. For D, 4 
biological replicates were conducted for the Mtb and bystander (Bys) conditions (N = 4), and 3 for 

the UI condition (N = 3). 35, 41, and 71 cells were tracked and analyzed for the Mtb, Bys, and UI 
groups. In C and D, each line represents the mean; error bars indicate the SD. Modified Chi-

squared analyses were performed. p-values are shown in graphs. 
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Fig. 19: Single-cell analysis of lysosomal membrane integrity in THP-1 cells during Mtb 

infection. 

A-J The log (base 2) of normalized LV fluorescence intensity was plotted against time. The grey 
curves represent the mean of the UI/UT condition, which served as a baseline for comparison. 

Each data point indicates the fluorescence value at a specific time point for a single cell, with each 
color representing an independent experiment (N = 3). Each curve represents the time course of a 
single cell. The black arrow marks the time of DPBS or LLoMe addition. The number of total 

individual cells tracked in each experiment is shown in the title of each graph. B, D, H, I, and J, 
subsets of the datasets shown in A, C, E, F, or G, respectively, highlighting individual curves 

exhibiting significant differences compared with the baseline. The proportion of descending curves 
relative to the total number in each category was calculated and reported as the percentage of LMP.  
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6.4 Discussion 

 Several studies have reported LMP induction during Mtb infection231,245,281. In contrast, 

our live-cell imaging data revealed no evidence of LMP within the final two hours preceding 

plasma membrane rupture (PMR) in THP-1 cells (Figs. 18 and 19). Importantly, these findings 

also validate the robustness of our experimental design and analytical workflow, which enable 

high-resolution, time-resolved analysis of lysosomal pH dynamics at the single-cell level during 

cell death progression.  

Discrepancies between our observations and previously published studies231,245,281 may 

arise from differences in the timing of analysis, host cell species, and/or multiplicity of infection 

(MOI). Notably, many prior studies assessed LMP at earlier stages of infection or relied on 

population-level readouts that may obscure transient or heterogeneous events. In other cellular 

contexts, LMP has been linked to apoptosis, pyroptosis, and ferroptosis174,242,282. However, our 

data suggest that LDCD does not contribute to necrotic cell death in THP-1 cells during early Mtb 

infection, particularly during the terminal phase immediately preceding PMR. 
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Chapter 7: Analysis of DNA-Release-Associated Necrosis (DRAN) in 

THP-1 Cells and hMDMs During Mtb Infection 

 

7.1 Abstract 

 Neutrophil extracellular trap (NET) formation, commonly referred to as NETosis, is a well-

characterized form of neutrophil cell death associated with the release of eDNA-based structures. 

Neutrophil extracellular traps (NETs) are web-like networks composed primarily of nuclear or 

mitochondrial DNA decorated with histones and neutrophil granule proteins. Among these, 

myeloperoxidase (MPO) and citrullinated histone H3 (CitH3) are widely used markers of NET 

formation. CitH3 reflects PAD4-dependent histone citrullination and chromatin decondensation, a 

key step in NET release, whereas MPO contributes to the antimicrobial activity of NETs and 

participates in reactive oxygen species (ROS)-dependent NET formation. NETs have been shown 

to exert immunomodulatory functions in vivo and ex vivo, physically entangle pathogens, and 

promote microbial killing through the localized concentration of antimicrobial peptides and ROS-

generating enzymes. 

 Extracellular trap-like DNA release has also been reported in macrophages. By analogy to 

NETosis, the term macrophage extracellular trap cell death (METosis) was introduced and 

proposed as a distinct form of macrophage cell death. However, the molecular mechanisms 

underlying METosis remain poorly defined and highly controversial. While proteins such as CitH3, 

MPO, and elastase have been suggested as METosis markers, there is currently no consensus 

regarding their necessity or universality across experimental systems. Moreover, the identity of 

the terminal execution mechanism leading to plasma membrane rupture during METosis has not 

been clearly established. The lack of a defined signaling cascade and the presence of contradictory 
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findings across studies challenge the classification of METosis as a discrete, independent cell death 

pathway.  

Previous studies have reported that Mtb infection can induce the release of extracellular 

trap-like structures from human macrophages ex vivo under specific conditions283,284. However, 

these observations were limited in scope, and the phenomenon was not comprehensively 

characterized. Consequently, it remains unclear whether macrophage DNA release during Mtb 

infection represents a novel cell death pathway or reflects a morphological manifestation of an 

established necrotic process. 

Time-lapse live-cell imaging performed during LMP analysis (Chapter 6) revealed 

frequent DNA release events associated with necrotic PMR. Building on this observation, the 

present chapter demonstrates that DNA release occurs during Mtb infection in both THP-1 cells 

and human monocyte-derived macrophages (hMDMs). We introduce the term DNA-release-

associated necrosis (DRAN) to describe this phenotype, which morphologically resembles 

previously reported METosis. In THP-1 cells, DRAN accounted for approximately 60% of total 

necrotic cell death, whereas only ~30% of necrotic hMDMs exhibited detectable DNA release, 

suggesting that the dominant early necrotic death pathway in hMDMs remains mechanistically 

unresolved. We further show that the released DNA can associate with extracellular Mtb. Genetic 

ablation of CASP4/5 or ninjurin-1 (NINJ1), as well as pharmacological inhibition of GSDMD, did 

not reduce DNA release or necrotic cell death in Mtb-infected THP-1 cells. Collectively, these 

findings establish a strong correlation between DNA release and necrotic cell death during Mtb 

infection in human macrophage models, while indicating that pyroptotic signaling pathways are 

not required for DRAN execution. 
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7.2 Materials and Methods 

Cell cultures and neutrophil acquisition 

THP-1 ninj1-/- mutant cells were generated by Dr. Liron David as described285. The THP-

1 casp4/5-/- strain and its corresponding w.t. control were kind gifts from Dr. Clare Bryant 

(University of Cambridge, UK)286. 

 Human neutrophils were isolated from whole blood using the EasySep™ Direct Human 

Neutrophil Isolation Kit (Stemcell Technologies, Van, CA; 19666). After isolation, neutrophils 

were washed once with THP-1 growth medium to remove residual EDTA and seeded into 8-well 

collagen I-coated imaging chambers (ibidi, 80829). Cells were seeded for at least 1 hour to allow 

adherence before Mtb infection. Refer to Appendix Table 2 for detailed information on materials, 

kits, and reagents. 

 

Image analysis 

Cells exhibiting DNA release were distinguished from cells without DNA release based on 

the z-projection of the Syt G signal. A “sum” projection was generated from the original 11 z-

slices using the Z-Project function in Fiji. If the Syt G signal from an analyzed cell extended 

beyond the cellular outline, the cell was classified as exhibiting DNA release. For clarity of data 

presentation, only the z-projection generated using the “max” method is shown, rather than the 

“sum” projection. 

ZEN 3.6 software was used for 3D volume rendering, image generation, and video creation. 

For 3D visualization, the rendered model was rotated 360° along the Z-axis (as defined by the 

microscope), with one frame captured per degree of rotation. 
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Immunofluorescence microscopy 

Cells cultured in 8-well chambers were first washed once with phosphate-buffered saline 

(PBS), then fixed with 4% paraformaldehyde (PFA) in PBS (Thermo Scientific, J61899.AK) for 

1 hour at room temperature (RT) or overnight at 4°C. After fixation, cells were washed three times 

with 0.1 M glycine in PBS (PBS-G), with each wash lasting 5 minutes. To block Fc receptors, 

Human TruStain FcX™ (BioLegend, CA, USA; 422302) was diluted 1:1000 in 3% BSA, 0.2% 

Tween-20 in PBS (PBS-BT) and applied to the cells for 1 h. Primary antibodies were diluted in 1% 

BSA in PBS (PBS-B) and incubated with the cells for 2 hours at RT or overnight at 4°C. After 

three washes with PBS, secondary antibodies and 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI; 

Thermo Scientific; 62248), also diluted in PBS-B, were added. Cells were washed three additional 

times with PBS after the staining. Information on the antibodies used is listed in Appendix Table 

1. The DAPI and T-PMT channels were used as references to manually define regions of interest 

(ROIs) for mean fluorescence intensity (MFI) quantification in FIJI. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐹𝐼 =  

𝑀𝐹𝐼𝐴𝑏,𝑡𝑎𝑟𝑔𝑒𝑡

𝑀𝐹𝐼𝐷𝐴𝑃𝐼,𝑡𝑎𝑟𝑔𝑒𝑡

𝑀𝐹𝐼𝐴𝑏,𝐼𝑠𝑜

𝑀𝐹𝐼𝐷𝐴𝑃𝐼,𝐼𝑠𝑜

̅̅ ̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅ ,  

𝐹𝐼 = 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦;  𝐴𝑏 = 𝐴𝑛𝑡𝑖𝑏𝑜𝑑𝑦; 𝐼𝑠𝑜 = 𝐼𝑠𝑜𝑡𝑦𝑝𝑒 𝑎𝑛𝑡𝑖𝑏𝑜𝑑𝑦  

 

Confocal microscopy 

Cells were imaged using a Zeiss LSM 800 laser scanning confocal microscope equipped 

with two gallium arsenide phosphide photomultiplier tube (GaAsP-PMT) detectors and one 

transmitted light photomultiplier tube (T-PMT) detector. A 40×/NA 1.2 water immersion objective 

was used for all imaging experiments. 
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For time-lapse live-cell imaging, the observation chamber was maintained at 37°C with 5% 

CO₂ supplied via a humidified incubator. Z-stacks spanning 10 μm with 1 μm intervals were 

acquired every 10 minutes for up to 20 hours. Each field consisted of 11 optical slices. A total of 

four fields were imaged, with a maximum of two experimental conditions per experiment. Each 

image spanned an area of 319.45 × 319.45 μm, corresponding to 2048 × 2048 pixels. 

For immunofluorescence microscopy, 3-4 fields were imaged with Z-stacks spanning 20 

μm with 1 μm interval. 1 slice with proper signals was selected for MFI quantification. Airyscan 

confocal microscopy and 3D volume rendering were performed using a Zeiss LSM 980 

microscope with the same 40×/NA 1.2 water objective.  

 

CFU analysis  

THP-1 cells were infected with w.t. H37Rv Mtb at an MOI of 5 for 4 h, after which the 

infection medium was replaced with fresh growth medium without gentamycin. DNase I (100 

U/mL) was added to the wells either immediately after infection (0 h post-infection) or 1 h prior 

to supernatant collection at 2 or 3 d post-infection. Supernatants were diluted in DPBS at 1:10 and 

1:100, and 100 μL of each dilution was plated in triplicate on 7H11 agar plates. Plates were 

monitored daily to ensure the absence of contamination, and CFUs were enumerated at 24 d post-

inoculation. Only plates containing more than 20 countable colonies were included in the analysis. 

For each experimental condition, the mean CFU value of all technical replicates was used as the 

representative CFU.  
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7.3 Results 

7.3.1 Frequency and kinetics of DNA release induced by Mtb H37Rv in THP-1 cells and 

hMDMs 

Time-lapse live-cell imaging performed for LMP analysis also revealed extensive DNA 

release following PMR (Fig. 20A, SVs 7 and 8). The morphology of the observed DNA release 

resembles that of the previously described METosis246,287. To characterize the frequency and 

dynamics of DNA release, in both Mtb-infected and uninfected conditions, we quantified the 

proportion of DNA-releasing cells among all dying cells within the imaging frame. Approximately 

60% of dead, Mtb-infected THP-1 cells exhibited DNA release, compared with ~20% of dead 

uninfected cells (Fig. 20B). Notably, the overall percentage of necrotic cells relative to total cells 

did not differ significantly between infected and uninfected groups (Fig. 20C). On average, DNA 

release occurred approximately 106 minutes after THP-1 cells became Syt G-positive, marking the 

onset of cell death (Fig. 20D). In hMDMs, time-lapse imaging demonstrated that 32% of dead 

cells released DNA and formed extracellular web-like structures (Fig. 20A and E, SVs 9 and 10). 

Among ~2600 analyzed uninfected hMDMs, only 10 necrotic cells were detected, of which 5 

released DNA. Notably, in 3 of 6 independent repeats, no necrotic cells were observed. 

Consequently, the percentage of DNA release among total Syt G⁺ hMDMs could not be quantified 

in Fig. 20E. During Mtb infection, approximately 22% of hMDMs underwent necrosis (Fig. 20F). 

Zoomed-in images of these trap-like structures and the corresponding time-lapse videos are shown 

in Fig. 21A and SV. 11 (THP-1) and 12 (hMDM). Suicidal NETosis induced by PMA in human 

neutrophils (hNeu) was imaged and used as one of the references to define criteria to distinguish 

DNA-releasing cells from cells without DNA release (Fig. 21B, SV 13). The criteria are described 

in the Materials and Methods section. 
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Fig. 20: Mtb induces DNA release in THP-1 cells and hMDMs during the infection. 

A. THP-1 cell images extracted from the same time-lapse video shown in Fig. 18A and time-lapse 

confocal microscopic images of Mtb-infected hMDMs. THP-1 cells or hMDMs were infected with 
dsRed H37Rv Mtb (blue) at MOI 2 and then stained with Syt G (orange). The white arrowheads 

indicate extracellular, web-like DNA structures, while asterisks label cells that do not exhibit DNA 
release. Scale bars represent 50 μm. B, C Quantification of DNA release or plasma membrane 
rupture (PMR) ratios in uninfected and Mtb-infected THP-1 cells. DNA release events and total 

cell numbers in frame 1 of each video were quantified using FIJI software (the same for E and F). 
Each colored data point represents the average of 4 fields (N = 4 for Mtb; N = 3 for UI) and 

includes over 200 cells. Statistical analysis was performed using unpaired Welch’s t-tests, and p-
values are shown in the graphs. D Quantification of the time duration from PMR to DNA release 
in Mtb-infected THP-1 cells. The number of frames between the two events was manually counted 

and converted to time (in minutes). The black dot line indicates the median, and the white dashed 
lines represent the 25th and 75th percentiles. Each dot represents a single trackable cell. The mean 

(μ) and standard deviation (σ) are indicated ; the same notation is used hereinafter. Each color 
represents an independent experiment (N = 4). E, F Quantification of DNA release or PMR ratios 
in Mtb-infected or uninfected hMDMs. Each data point represents the average of 4 fields from an 

independent experiment (N = 6), with more than 200 cells analyzed per condition. Each color 
corresponds to a distinct human donor (N = 3). μ and σ are shown only for the infected groups. 

N.A.: Not applicable. 
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Fig. 21: Zoomed-in images illustrating the structures of released or expelled DNA. 

A Zoomed-in images corresponding to Fig. 20A showing the structures of released DNA from 

Mtb-infected THP-1 cells or hMDMs. B Time-lapse live-cell imaging of PMA-treated human 
neutrophils (hNeu) (N = 1). Image acquisition began immediately after the addition of 50 ng/mL 
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PMA to hNeu. For A and B, White arrowheads indicate extracellular, web-like DNA structures, 
while asterisks label cells that do not exhibit DNA release. Scale bars represent 50 μm.  



 

 

114 
 

7.3.2 Characterization of the molecular composition and biological relevance of eDNA 

released by Mtb-infected THP-1 cells 

eDNA released from Mtb-infected THP-1 cells and hMDMs exhibits a morphology 

resembling NETs (Fig. 20A). We therefore questioned whether DNA released from infected THP-

1 cells follows mechanisms associated with NETosis. To investigate the mechanisms underlying 

DNA release from THP-1 cells during Mtb infection, we performed a comparative analysis of 

eDNA composition between THP-1 cells and human neutrophils. 

Immunofluorescence microscopy was used to assess the localization of MPO and 

citrullinated histone H3 (CitH3). Notably, the extracellular DNA released by Mtb-infected THP-1 

cells was positively stained with antibodies against MPO and CitH3 (Fig. 22A–C, Fig. 23A), 

indicating their association with the DNA structures visualized by DAPI staining. However, 

compared with Mtb-infected neutrophils, the abundance of MPO and CitH3 on extracellular DNA 

from THP-1 cells was markedly lower (Fig. 22D, E). While neutrophils displayed considerable 

variability in MPO and CitH3 deposition on extracellular DNA, THP-1 cells consistently exhibited 

lower levels of these markers. Airyscan confocal microscopy analysis suggested that the eDNA 

released from THP-1 cells could associate with extracellular Mtb bacilli (Fig. 22F, SV 14).  

We investigated the effects of released DNA on host cells and extracellular Mtb bacilli by 

using DNase I to remove DNA web-like structures during infection. DNase I was used to treat 

uninfected THP-1 cells or THP-1 cells infected with w.t. H37Rv Mtb in the absence of gentamycin 

in the chase medium. Control experiments demonstrate that DNase I neither killed Mtb nor 

inhibited Mtb growth in 7H9 culture medium (Fig. 24A). DNase I in the culture medium 

effectively digested DNA and removed the trap-like structures formed by Mtb-infected THP-1 

cells, as shown in Fig. 24B and C. DNase I treatment significantly reduced LDH release from 
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Mtb-infected THP-1 cells by ~10%, while it had no effect on the viability of uninfected THP-1 

cells (Fig. 24E). CFU analysis indicated that DNase I treatment reduced extracellular bacilli by an 

average of ~75% compared with untreated controls across four independent replicates (Fig. 24F). 

However, this reduction did not reach statistical significance. Collectively, these findings suggest 

that extracellular DNA may modestly exacerbate cell death in infected or bystander cells during 

Mtb infection, while the trap-like structures do not directly kill extracellular Mtb. 
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Fig. 22: Markers of NETosis are detected on the extracellular DNA released by Mtb-infected 

THP-1 cells. 
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A THP-1 cells or human neutrophils (hNeu) (from 1 donor) were infected with dsred H37Rv Mtb 
(red) at MOI 2 for 20 h and fixed and stained with DAPI (blue) to visualize DNA. Alexa Fluor 

647-conjugated antibodies (yellow) were applied to detect myeloperoxidase (MPO) or citrullinated 
Histone 3 (CitH3). White arrowheads indicate extracellular web-like DNA structures. Scale bars 

represent 20 μm. B, C Bar graphs showing the mean fluorescence intensity (MFI) ratios for DAPI 
and antibody staining on extracellular DNA. Intracellular fluorescence signals were manually 
excluded, and the MFI of DAPI or antibody staining on extracellular web-like DNA was quantified 

using FIJI. Paired t-tests were performed; p-values are reported in each graph. Each data point 
represents the average of 3-4 fields from an independent experiment, with each color denoting an 

independent experiment (N = 3). D Airyscan confocal image showing extracellular DNA released 
by infected THP-1 cells interacting with extracellular Mtb (N = 1). The left image is a 0.53 μm 
optical slice with merged signals from brightfield, DAPI (blue), and dsRed Mtb (red). 3D volume 

rendering (on the right) was performed using ZEISS Zen 3.6, showing the X-Y view. Each square 
in the background grid represents a 10 μm × 10 μm area.  
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Fig. 23: Isotype control stainings for anti-MPO and anti-CitH3 antibodies. 

A Representative confocal immunofluorescence images of dsRed H37Rv Mtb-infected THP-1 

cells and hNeu undergoing DNA release. Cells were infected with dsRed H37Rv Mtb (red) at MOI 
2 for 20 h, then fixed and stained with DAPI (blue) to visualize DNA. Alexa Fluor 647-conjugated 

mouse or rabbit IgG isotype control antibodies (yellow) were used to assess background staining. 
White arrowheads indicate extracellular web-like DNA structures. Scale bars: 50 μm. 



 

 

119 
 

 
Fig. 24: Assessment of the effect of eDNA on host THP-1 cells and Mtb bacilli. 

A Comparisons of ODs between DNase I-treated and untreated Mtb 7H9 cultures. Well-grown Mtb 

cultures were diluted to OD600 = 0.2 from different initial ODs. DNase I was added to the cultures 
at 100 U/mL, and the cultures were shaken at 140 rpm at 37 °C. OD600 values were measured at 3 
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and 5 d post-DNase treatment (N = 4). For each repeat, values from DNase-treated cultures were 
normalized to their untreated counterparts. B Analysis of DNase I activity in THP-1 culture 

medium at different time points by agarose gel electrophoresis. DNase I was diluted in THP-1 
growth medium to 100 U/mL and incubated at 37 °C for 0, 1, 2, or 3 days. After the incubation, 

10 μL of the pre-incubated DNase I solutions from all groups were mixed with 10 μg (1 μL) of 
shredded salmon sperm DNA and incubated at 37 °C for 1 hour. Then the reaction mixtures were 
mixed with loading buffer and analyzed by agarose gel electrophoresis (N = 1). C Confocal 

fluorescence images of Mtb-infected THP-1 cells pre- and post-DNase I treatment. THP-1 cells 
were infected with dsRed H37Rv Mtb (blue) at MOI 5. 4 h after bacterial addition (defined as time 

0), cells were washed twice with DPBS and replenished with fresh culture medium. At 24 h post-
infection, cells were stained with Syt G (orange) and imaged, with three random fields of view 
(FoVs) acquired. DNase I (100 U/mL) was then added to the same well, and cells were incubated 

for 1 h at 37 °C under 5% CO₂. Three additional FoVs from the same well were imaged post-
DNase treatment using identical microscope settings (N = 1). D LDH release assay showing the 

percentage of cell death in each group, calculated by normalizing absorbance values to the lysis 
control. THP-1 cells were infected with w.t. H37Rv Mtb at MOI:5 for 4 hours, washed with DPBS 
twice, and replenished with fresh medium. DNase I was added to half of the UI and infected groups 

at 100 U/mL, while the remaining groups were left untreated. Supernatants were collected at 2 and 
3 d post-infection for LDH release analysis (D) and CFU enumeration (E) (N = 4 for both panels). 

E CFU analysis reflecting the number of viable extracellular Mtb bacilli. Supernatants from 
infected groups were harvested and plated on 7H11 agar plates. Samples were diluted 1:10 and 
1:100 prior to plating, and only plates containing >20 colonies were used for quantification. Plates 

were monitored daily to ensure optimal colony size for counting, and CFUs were enumerated at 
21 days post-plating. 
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7.3.3 Assessment of whether pyroptosis induction is required for eDNA release 

To identify potential regulators of eDNA release, we investigated whether known cell death 

executioners are essential for this phenomenon. For instance, vital METosis requires GSDMD 

activation during pyroptosis induction288. Given the significant pyroptosis observed in THP-1 cells 

upon Mtb infection, we examined whether eDNA release results from GSDMD or inflammasome 

activation. 

To assess the involvement of GSDMD in DNA release, we treated infected THP-1 cells 

with Disulfiram (DIS). Time-lapse live-cell imaging indicated that disulfiram, the GSDMD 

inhibitor, did not alter the extent of DNA release during Mtb infection (Fig. 25A and B, SVs 15 

and 16). Furthermore, disulfiram did not inhibit the induction of necrosis, as assessed by Syt G 

staining (Fig. 25C) and the LDH release (Fig. 25D). The control experiment shows that the 

disulfiram still effectively inhibited GSDMD activation in THP-1 cells after 20-hour treatment 

(Fig. 25E). These data indicate that GSDMD is not required for either Mtb-induced cell death or 

DNA release in THP-1 cells. 
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Fig. 25: GSDMD does not promote DNA release. 

A Representative confocal time-lapse images showing Mtb-infected THP-1 cells undergoing DNA 
release in the presence or absence of disulfiram. Cells were infected with dsRed H37Rv Mtb (blue) 

at MOI:2 for 20 h and stained with Syt G (orange) to visualize DNA. Infected THP-1 cells were 
treated with disulfiram (20 μM). UT, untreated. DIS, disulfiram. White arrowheads indicate 
extracellular web-like DNA structures. Scale bars represent 50 μm. B, C Quantification of DNA 

release and the percentage of Syt G⁺ cells. Welch’s t-tests were applied for statistical analysis, with 
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p-values reported in decimal format. D, E Quantification of LDH release expressed as a percentage 
of the lysis control. THP-1 cells were infected with dsRed H37Rv Mtb at MOI:2 for 20 h in the 

presence or absence of disulfiram (20 μM). Two-way ANOVA with Šidák correction was 
performed, and p-values are shown (D). Bar graph showing the control experiment demonstrating 

the efficacy of disulfiram (20 μM). THP-1 cells were untreated or treated with disulfiram at 20 μM 
for 20 h prior to the addition of LPS, followed by stimulation with LPS and NIG as described in 
Methods. SC, solvent control; L/N, LPS and nigericin. F, Bar graph showing the percentage of 

cells with internalized Mtb among total cells in the corresponding frames. Multiple unpaired t -
tests with Welch’s correction were performed to compare the disulfiram-treated and untreated cells.  
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CASP4 and CASP5 have been recently reported to play critical roles in inflammasome 

activation in THP-1 cells during Mtb infection227. To assess their involvement, we employed 

CASP4/5-/- THP-1 cells. Time-lapse live-cell imaging demonstrated an increased frequency of 

DNA release events in CASP4/5-/- cells compared to the wild-type THP-1 cells control (Fig. 26A 

and B, SVs 17 and 18), despite comparable levels of cell necrosis between the two cell lines (Fig. 

26C and D). ELISA revealed markedly reduced IL-1β secretion in CASP 4,5-/- cells during Mtb 

infection (Fig. 26F), and WB confirmed gene deletion (Fig. 26E). The abolishment of IL-1β 

release is consistent with previous findings231. Collectively, these results indicate that CASP4/5-

mediated inflammasome activation is associated with Mtb infection but is dispensable for the 

induction of necrosis and DNA release in THP-1 cells. 
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Fig. 26: CASP4 or 5 does not promote DNA release. 

A Representative confocal time-lapse images showing infected CASP4/5-/- and w.t. THP-1 cells 

undergoing DNA release. THP-1 cells were a kind gift from Dr. Clare Bryant. The cells were 
infected with dsRed H37Rv Mtb (blue) at MOI:2 for 20 h and stained with Syt G (orange) to 

visualize DNA. White arrowheads indicate extracellular web-like DNA structures. Scale bars 
represent 50 μm. B, C Bar graphs showing the quantification of DNA release and PMR 
percentages. Each colored data point represents an independent experiment (N = 3) (the same 

applies to D, E, and G). Welch’s t-tests were performed, and p-values are shown in the graph. D, 

E Bar graphs showing the percentage of LDH release or the concentration of secreted IL-1β. Two-

way ANOVA was used for statistical analysis, with p-values shown in the graphs. The ELISA was 
performed by Akshaya Ganesh (ORCID: 0000-0002-5432-118X) 
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F Immunoblot and Ponceau red staining confirming the genotype of THP-1 cell lines (N = 1). 
THP-1 cells were differentiated and left untreated. G Quantification of the percentage of Mtb 

internalization relative to the total cells in corresponding frames. Welch’s t-tests were performed, 
and p-values are shown in the graph. 
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Finally, we examined NINJ1, a protein implicated in secondary necrosis, pyroptosis, and 

ferroptosis141,176,285,289. Time-lapse live-cell imaging revealed no significant differences between 

NINJ1-/- and wild-type THP-1 cells in either the proportion of necrotic cells or DNA release at 20 

hours post-infection (Fig. 27A–E, SVs 19 and 20). Cell genotypes were validated by WB (Fig. 

27G), and phagocytic capacity was assessed by fluorescence microscopy (Fig. 27H), and no 

difference was observed between the w.t. and NINJ1-/- cells. Notably, NINJ1-/- THP-1 cells did not 

exhibit delayed membrane rupture during Mtb infection as reflected by the Syt G staining (Fig. 

27D). However, LDH release assay suggested that NINJ1 promotes cell lysis during Mtb infection. 

Overall, these data imply that, while initial PMR may occur via NINJ1-independent mechanisms 

in this context, final cell lysis depends on NINJ1. 
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Fig. 27: NINJ1 promotes cell lysis of Mtb-infected THP-1 cells but is not required for DNA 

release.  

A Representative confocal time-lapse images showing Mtb-infected NINJ1-/- and wildtype (w.t.) 
THP-1 cells undergoing DNA release. NINJ1-/- and its w.t. counterpart are kind gifts from Dr. 

Liron David. Cells were infected with dsRed H37Rv Mtb (blue) at MOI:2 for 20 h and stained 
with Syt G (orange) to visualize DNA (N = 3). White arrowheads indicate extracellular web-like 
DNA structures. Scale bars represent 50 μm. B, C Quantification of the percentage of DNA release 

(B) and Syt G+ cells (C). Welch’s t-tests were applied for statistical analysis, with p-values 
reported in decimal format. D Quantification of time durations from Mtb internalization to PMR. 

A nested t-test was performed, and the p-value is shown. E LDH release relative to the lysis control. 
Two-way ANOVA was applied for statistical analysis, with p-values reported in the graph. F 
Immunoblot confirming NINJ1 genotype in differentiated, untreated THP-1 cells (N = 1). G 

Quantification of the percentage of Mtb internalization relative to the total cells in corresponding 
frames (N = 3). Welch’s t-tests were performed. 
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7.4 Discussion 

 Our live cell imaging approach demonstrates the release of DNA from dead, Mtb-infected 

THP-1 cells (Fig. 19). Similar observations have been reported in Mtb-infected hMDMs, where 

METosis was claimed174. Notably, we are the first to directly visualize the dynamic process of 

DNA release from dying, Mtb-infected THP-1 cells and hMDMs using time-lapse live-cell 

imaging (Fig. 19A, SVs 7 and 9). This analysis revealed that Mtb induces PMR preceding DNA 

release, which contrasts with the vital NETosis observed during Mtb infection of neutrophils250. 

This approach also allowed us, for the first time, to quantify the relative contribution of the DNA-

release phenotype to total cell death. We find that ~60% of Mtb-infected THP-1 cells and ~30% 

of hMDMs deaths were associated with DNA release (Fig. 19B, C, E, and F). In addition, we 

observed that the movement of surrounding, live macrophages appears to expand the extracellular 

DNA, forming web-like structures (Fig. 19A and B, SVs 7 and 9), which could not be captured 

using microscopy approaches on fixed cells246,287.  

The importance of eDNA on host cells and Mtb was further assessed, and our data indicate 

that eDNA modestly exacerbates THP-1 cell death during Mtb infection, while not directly killing 

extracellular Mtb bacilli. Whether DNA release in human macrophages represents a distinct cell 

death modality governed by a specific signaling pathway remains unclear. For example, some 

studies have suggested that NETosis is closely linked to neutrophil GSDMD activation and 

pyroptosis290. Our findings indicate that all observed DNA release events occurred only after PMR 

and were independent of the pyroptosis pathway (Figs. 24–26). Moreover, given the minimal 

abundance of MPO and citH3 on the extracellular DNA (Fig. 21A, D, and E), it is unlikely that 

the DNA release in THP-1 cells follows the established NETosis signaling pathway.  
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Chapter 8: Comprehensive Discussion 

 

8.1 Conclusions 

This research project, titled “Characterization of Programmed Cell Death Activated in 

Mycobacterium tuberculosis-infected THP-1 cells and human monocyte-derived macrophages”, 

focuses on systematically analyzing the activation of cell death pathways during Mtb infection. 

Specifically, this study screened known cell death executioners in host cells and characterized a 

previously poorly defined phenomenon associated with Mtb-induced necrosis. Immunoblotting 

(WB) and confocal microscopy were the primary techniques used to investigate cell death 

pathways, supported by LDH release assays, ELISA, and inhibitor-based analyses. 

We first characterized the kinetics of cell death induced by Mtb in THP-1 cells and hMDMs 

and selected the first three days post-infection as the optimal time window for sample acquisition 

and analysis (Fig. 5). We next showed that IFN-β secretion from infected THP-1 cells was minimal 

during Mtb infection, although STAT1 phosphorylation was detectable. However, blocking this 

IFNAR-mediated signaling pathway did not rescue THP-1 cells from cell death (Figs. 6 and 7), 

indicating that IFN-β signaling is not required for cell death induction during ex vivo Mtb infection 

in THP-1 cells. 

We then examined apoptosis, a well-established non-necrotic form of cell death. YO-PRO-

1 staining combined with confocal microscopy revealed minimal apoptosis induction in both THP-

1 cells and hMDMs during Mtb infection. In contrast, bulk population immunoblotting detected 

CASP-3 activation in THP-1 cells but not in hMDMs (Figs. 8–11). Among the programmed 

necrotic pathways examined—pyroptosis, necroptosis, and ferroptosis—only pyroptosis was 

found to be moderately induced in Mtb-infected THP-1 cells (Fig. 12). Our data demonstrate that 
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necroptosis and ferroptosis were not induced in either Mtb-infected THP-1 cells or hMDMs (Figs. 

12–17). 

To further investigate terminal cell death events, we employed time-lapse live-cell imaging 

to assess lysosomal integrity within the final 2 h preceding plasma membrane rupture (PMR). 

Lysosomal membrane permeabilization (LMP) was not detected during the terminal phase of cell 

death execution in Mtb-infected THP-1 cells (Figs. 18 and 19). These largely negative findings 

are either consistent with or contrast with published reports, and such discrepancies may arise from 

differences in host cell types, infection protocols, or kinetic analyses. 

Finally, we identified eDNA release from Mtb-infected THP-1 cells and hMDMs and 

termed this phenomenon DNA release-associated necrosis (DRAN). By focusing on the DNA 

release event, we characterized its kinetics, molecular composition, and biological relevance (Figs. 

20–24). We concluded that DRAN observed in THP-1 cells during Mtb infection does not conform 

to the classical NETosis model, despite morphological similarities between the web-like eDNA 

structures and NETs. 

To determine whether DRAN represents an independent cell death pathway, we examined 

the contribution of key pyroptosis signaling components to DRAN induction. Inhibition of 

GSDMD did not alter PMR or DNA release, indicating that while pyroptosis is induced  during 

Mtb infection in THP-1 cells, it is not required for cell death execution (Fig. 25). Notably, eDNA 

release was significantly increased in the absence of CASP4/5, whereas IL-1β secretion was 

completely abolished (Fig. 26). Finally, the pan-executioner of cell lysis, NINJ1, was shown to 

contribute to Mtb-induced cell lysis but not to DNA release from infected, dying THP-1 cells (Fig. 

27). 
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8.2 Novelty 

  This research is novel in its scope, experimental approaches, and conceptual findings. We 

performed a comprehensive and systematic analysis of multiple established programmed cell death 

(PCD) pathways in the context of Mtb infection in human macrophage models, including THP-1 

cells and hMDMs. In parallel, we characterized DNA release-associated necrosis (DRAN) and 

directly compared this phenomenon with previously proposed METosis and NETosis models. 

Such a broad and integrated evaluation of cell death modalities remains rare in human macrophage 

models of tuberculosis. 

A major methodological innovation of this study is the extensive use of time-lapse live-

cell imaging to analyze LMP and DRAN at the single-cell level. Owing to biosafety constraints 

associated with live Mtb, this type of single-cell, long-term live imaging remains uncommon 

across the field. The resulting 20-h time-lapse datasets capturing Mtb-induced cell death in THP-

1 cells and hMDMs, therefore, constitute a unique resource. This approach enabled precise 

temporal resolution of lysosomal integrity and quantitative assessment of DNA release events, 

information that cannot be obtained from fixed samples or static imaging alone. 

Conceptually, this work advances the understanding of eDNA release in macrophages. In 

the NETosis field, the roles of inflammasome activation, GSDMD, and necrosis remain areas of 

active debate, and METosis research has largely followed conceptual frameworks established in 

neutrophils. However, mechanistic insight into METosis remains limited, and clear molecular 

criteria defining this process are lacking. Our study demonstrates a DNA-releasing necrotic 

phenotype in Mtb-infected THP-1 cells that shares some features with NETosis and METosis but 

exhibits markedly reduced engagement of canonical NETosis markers, including MPO and CitH3, 

and therefore does not conform to the established NETosis models. Importantly, DNase I-mediated 
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removal of extracellular DNA improved host macrophage survival without affecting extracellular 

Mtb growth, revealing a previously unrecognized biological relevance of DRAN in macrophage-

Mtb interactions. 

Furthermore, we demonstrate that DRAN occurs independently of pyroptosis in Mtb-

infected THP-1 cells. Although pyroptosis is modestly induced, inhibition of its key executioner 

does not prevent PMR or DNA release. The relationship between DNA release and other 

programmed necrotic pathways has rarely been examined in macrophage models. 

Finally, we provide novel insight into the role of NINJ1 during Mtb infection. Together 

with a recent, independent report by Dr. Trude Flo291, our study is among the first to identify NINJ1 

as a contributor to macrophage cell lysis during Mtb infection. Importantly, our data show that 

NINJ1 deficiency neither rescues THP-1 cells from early PMR nor inhibits extracellular DNA 

release. These findings exclude NINJ1 as the terminal executioner of Mtb-induced cell death and 

define its role as permissive rather than determinative, a distinction that was previously unknown. 

8.3 Limitations 

This research has several limitations related to experimental models, methodologies, scope, 

and mechanistic depth. 

First, limitations related to experimental models should be acknowledged. THP-1 cells 

were used for most pathway analyses and phenotypic characterizations. Although the 

differentiation protocol employed here has been reported to generate macrophage-like cells that 

transcriptionally resemble unactivated hMDMs, differentiated THP-1 cells are not equivalent to 

primary human macrophages. Genes involved in cell death pathways may be transcriptionally or 

translationally regulated in unexpected ways. A relevant example is that SARM1 is not expressed 

in THP-1 cells but is expressed in hMDMs, highlighting intrinsic differences between the two 
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models. Another limitation of the THP-1 model is the relatively high baseline cell death observed 

in uninfected, untreated differentiated cells (<10% per day). This background cell death is non-

negligible, particularly in experiments where total infection-associated cell death reaches only 

~30–40%. Importantly, this phenomenon was consistently observed not only in our THP-1 cells 

but also in THP-1 cell lines obtained from other laboratories, although it has rarely been reported 

previously. This may reflect variability in differentiation protocols across the field or a lack of 

systematic investigation and reporting. Elevated baseline cell death could partially confound 

interpretations related to novel phenotypes such as DRAN. For hMDMs, monocytes were obtained 

from donors of unknown age and ethnicity, introducing biological heterogeneity that may 

contribute to increased variability, particularly when the number of biological replicates is limited. 

In addition, the characteristics of hMDMs differentiated using PMA in our laboratory were not 

comprehensively characterized, and differences in differentiation protocols may contribute to 

discrepancies observed between THP-1 cells and hMDMs. Notably, some hMDM donor groups 

exhibited strong resistance to Mtb infection, precluding robust cell death analyses (data not shown). 

This suggests that the hMDM infection model could be further optimized. For example, higher 

multiplicities of infection or cytokine priming may amplify differences between infected and 

uninfected groups and potentially enhance clinical relevance. Furthermore, although published 

studies indicate that Mtb can induce ferroptosis at later time points in hMDMs, we did not establish 

a long-term infection model, which may limit conclusions regarding the involvement or biological 

significance of ferroptosis. 

Second, several methodological limitations related to fluorescence microscopy should be 

considered. Fluorophore selection could be further optimized. Syt G, commonly used in NETosis 

studies, has a broad emission spectrum that overlaps with dsRed expressed by Mtb and Lysoview, 
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constraining fluorophore combinations and image processing and presentation. It remains unclear 

whether alternative dyes, such as Draq7 or other nucleic acid stains, could provide eDNA signals 

comparable to Syt G. For Airyscan microscopy, DAPI was used to visualize DNA. However, 

DAPI is cytotoxic and requires ultraviolet excitation, which limits its suitability for live-cell 

imaging. Additionally, we did not systematically evaluate whether alternative fluorophore-labeled 

Mtb strains could provide brighter signals than dsRed-expressing H37Rv without altering bacterial 

virulence. Improved bacterial fluorescence could enhance quantitative analysis and data 

presentation. Quantification methods also have limitations. The percentage of Syt G-positive cells 

was determined by manual scoring, which may introduce subjectivity and variability. In 

comparative imaging analyses involving neutrophils and THP-1 cells, the number of selected ROIs 

was limited. Moreover, normalizing antibody fluorescence intensity to total DAPI intensity rather 

than to the volume of DAPI-positive regions may reduce quantitative precision. Finally, although 

our laboratory has established single-cell tracking and quantification pipelines, we did not 

systematically correlate key phenotypes with bacterial burden at the single-cell level, representing 

an important opportunity for future studies. 

Third, the scope of this study was primarily host-focused. While this work aimed to 

systematically analyze host PCD pathways during Mtb infection, it did not directly investigate 

bacterial virulence factors known to modulate host cell death, such as PDIM, EsxA, or TNT. 

Potential direct interactions between Mtb virulence factors and host PCD machinery were 

therefore not addressed, which may result in the omission of important mechanisms. For example, 

recent work from Dr. Trude Flo and colleagues suggests a novel mode of cell death induction 

during Mtb infection291, raising the possibility that Mtb may directly activate NINJ1 through 

specific virulence factors and induce cell lysis independently of canonical PCD pathways. 
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Additionally, a substantial portion of this study focused on evaluating established cell death 

pathways to contextualize novel findings. While this approach contributes to a broader 

understanding of macrophage cell death during Mtb infection, some results are not fully aligned 

with published data and are not themselves novel. Although discrepancies were discussed, they 

were not experimentally resolved.  

Finally, the mechanistic depth of this work remains limited. Although this study 

systematically examined several established PCD pathways during Mtb infection and identified a 

DNA-release-associated necrotic phenotype, we did not define molecular hallmarks that could be 

used to quantitatively or conceptually delineate this phenomenon. The underlying mechanism by 

which infected macrophages release DNA into the extracellular space remains unresolved. This 

lack of mechanistic insight limits the biological interpretation and broader impact of the findings 

and highlights important directions for future investigation. 

8.4 Biological significance 

 This research provides a systematic analysis of multiple host cell death pathways in THP-

1 cells during Mtb infection, thereby contributing to a more nuanced understanding of this widely 

used human macrophage-like model in tuberculosis and cell death research. The absence or limited 

engagement of certain programmed cell death pathways in both THP-1 cells and hMDMs 

highlights important differences between human macrophage models and murine or zebrafish 

macrophage models, in which distinct cell death modalities have been repeatedly reported. These 

interspecies differences underscore the need for caution when extrapolating mechanistic findings 

across model systems. In the context of eDNA release, the inclusion of primary human neutrophils 

as a comparative model further emphasizes that morphologically similar DNA-release phenomena 

may arise from fundamentally different cellular programs. Understanding these discrepancies 
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across models may advance our knowledge of conserved versus context-dependent principles of 

cell biology. 

A major strength of this work is the application of a recently developed single-cell tracking 

framework that enables longitudinal analysis of individual host cells during Mtb infection. In 

addition, we generated and shared a Cellpose model optimized for THP-1 cell segmentation, 

facilitating reproducibility and reuse. The image analysis and quantification pipelines were 

implemented in Python and released as open-source code by Dr. Jacques Augenstreich276, allowing 

the analytical principles described here to be adapted broadly to other imaging-based studies of 

host-pathogen interactions 

Importantly, this study demonstrates Mtb-induced host cell death using long-duration (20 

h) live-cell imaging, enabling visualization of cell death as a dynamic process rather than a static 

endpoint. This approach captures morphological changes, intercellular interactions, and the 

temporal sequence of events leading from bacterial phagocytosis to terminal plasma membrane 

rupture. Notably, the full DRAN process can be observed, including the partial efferocytosis of 

dying cells and the apparent expansion of extracellular, trap-like DNA structures driven by 

macrophage motility. The ability to visualize these events in real time provides a mechanistic 

context that is not accessible through endpoint assays alone and may improve conceptual 

understanding of infection-induced cell death. 

Furthermore, this work highlights the importance of distinguishing DRAN from previously 

described METosis or NETosis. Studies of NETosis have demonstrated that morphologically 

similar outcomes can be driven by distinct molecular mechanisms and can have divergent 

biological consequences. By demonstrating limited engagement of canonical NETosis markers 

while observing robust DNA release in infected macrophages, this study raises the possibility that 



 

 

138 
 

DRAN represents a mechanistically distinct process. These findings may prompt more rigorous 

definitions of DNA-release-associated phenomena and encourage deeper mechanistic 

investigations in future work. 

Finally, the observed difference in LDH release between untreated and DNase I -treated 

conditions suggests that extracellular DNA may actively contribute to secondary cell damage 

rather than serving solely as a passive byproduct of cell death. This observation supports the 

hypothesis that DNA released from dying cells may amplify tissue injury through additional 

signaling pathways in vivo. Such mechanisms remain poorly explored in TB research and may 

have broader implications for understanding inflammation, tissue pathology, and HDT strategies. 

Further dissection of the mechanisms underlying this phenomenon could identify novel HDT 

targets to pharmacologically augment host defense against Mtb infection. 

 

8.5 Future directions 

Building on the findings of this study, several avenues of investigation could further advance 

understanding of host cell death during Mtb infection. 

First, host cell metabolism represents an important and underexplored dimension of infection-

induced cell death. Ferroptosis is intrinsically linked to cellular metabolic states, including lipid 

metabolism, redox balance, and iron homeostasis. A systematic analysis of metabolic remodeling 

in Mtb-infected macrophages may help explain why ferroptosis was not observed in our human 

cell models but has been reported in murine macrophages. In addition, metabolic profiling may 

uncover the engagement of other metabolism-dependent cell death pathways that were not 

addressed in this study. 
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Second, the involvement of subcellular organelles beyond lysosomes warrants further 

investigation. While this work investigates lysosomal membrane permeabilization, other 

organelles, particularly mitochondria and the endoplasmic reticulum, also play critical roles in 

regulating cell death signaling. The use of macrophage models expressing fluorophore-labeled  

organelles could enable real-time visualization of organelle dynamics during infection and may 

reveal previously unrecognized mechanisms of cell death induction or regulation.  

Third, the direct contribution of Mtb virulence factors to host cell death pathways remains 

insufficiently defined. Several bacterial determinants are known to promote or inhibit macrophage 

death. However, their host targets and mechanisms of action are largely unknown. Elucidating the 

molecular interactions between specific Mtb virulence factors and host cell death machinery, as 

well as identifying additional bacterial factors associated with cell death regulation, would 

significantly strengthen the mechanistic framework of host-pathogen interactions. 

Fourth, further differentiation of DRAN from METosis and NETosis requires deeper 

molecular characterization. Although studies of NETosis and METosis constitute an independent 

research field, applying proteomic approaches to the macrophage models described here may help 

resolve conceptual and mechanistic distinctions. For example, histone citrullination, particularly 

CitH3, is considered a hallmark of NETosis. However, histone citrullination in human cells is a 

complex and heterogeneous process involving multiple histone species and modification sites, 

making targeted, single-epitope analyses insufficient to comprehensively characterize this 

modification landscape. While the analysis of citrullination by MS has historically been 

challenging, recent methodological advances now enable more sensitive detection of histone 

citrullination events292, which are thought to facilitate chromatin decondensation and DNA release. 
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Finally, the downstream and bystander effects of extracellular DNA release require further 

investigation. NETs bind and activate pattern recognition receptors, including TLRs293, thereby 

amplifying inflammatory signaling. By analogy, it will be important to determine whether eDNA 

released during DRAN engages similar receptor-mediated pathways and contributes to 

intercellular communication, inflammation, or tissue damage during infection.    
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Appendices 

Appendix A: Antibodies used in this research  

Primary antibodies 

Target Manufacturer Cat. no. Conc. Application Dilution 

CL-CASP-3 
Cell Signaling 

Technology 
9664S 40 μg/mL WB 1:1000 

FL-CASP-3 
Cell Signaling 

Technology 
9662S 49 μg/mL WB 1:1000 

CASP-8 Enzo 
ALX-804-

242-C100 
1 mg/mL WB 1:1000 

CASP-9 
Cell Signaling 

Technology 
9502S 52 μg/mL WB 1:1000 

GSDMD NOVUS NBP2-33422 
0.15 

mg/mL 
WB 1:1000 

GSDMD 
Cell Signaling 

Technology 
39754S 150 μg/mL WB 1:1000 

GSDME 
Cell Signaling 

Technology 
19453S 100 μg/mL WB 1:1000 

pMLKL 
Cell Signaling 

Technology 
EPR9514 

0.642 

mg/mL 
WB 1:1000 

MLKL 
Cell Signaling 

Technology 
14993S Unknown WB 1:1000 

GPX4 
Cell Signaling 

Technology 
52455S Unknown WB 1:1000 

NINJ1 BD Biosciences 610777 250 μg/mL WB 1:1000 

β-actin 
Cell Signaling 

Technology 
3700S 312 μg/mL WB 1:1000 

STAT1 
Cell Signaling 

Technology 
14994S 53 μg/mL WB 1:1000 

pSTAT1 
Cell Signaling 

Technology 
9167S 59 μg/mL WB 1:1000 

CASP4 
Santa Cruz 

Biotechnology 
sc-56056 100 μg/mL WB 1:200 

MPO 
Santa Cruz 

Biotechnology 
sc-52707 100 μg/mL IFM 1:200 

CitH3 Abcam ab5103 1 mg/mL IFM 1:200 

Rabbit IgG Isotype 

Control 

Cell Signaling 

Technology 
3900S 2.5 mg/mL IFM 1:5000 

Mouse IgG1 Isotype 

Control 

Cell Signaling 

Technology 
5415S 2.5 mg/mL IFM 1:5000 

Neutralization antibodies 

Mouse Mab to 

Human IFN 

Alpha/Beta RC2 

pbl assay science 21385-1 1 mg/mL Neutralization 1:10000 
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Mouse IgG2a kappa 

Isotype 
Invitrogen 14-4724-82 0.5 mg/mL Neutralization 1:5000 

Secondary antibodies 

Alexa Fluor 647-

conjugated Goat anti-

mouse IgG (H+L) 

Jackson 

ImmunoResearch 
115-605-062 1 mg/mL IFM 1:200 

Alexa Fluor 647-

conjugated Goat anti-

rabbit IgG (H+L) 

Jackson 

ImmunoResearch 
111-605-045 1 mg/mL IFM 1:200 

Peroxidase-

conjugated 

AffinityPure Donkey 

anti-sheep IgG (H+L) 

Jackson 

ImmunoResearch 
713-035-003 0.8 mg/mL WB 1:25 000 

Peroxidase-

conjugated 

AffinityPure Goat 

anti-rabbit IgG (H+L) 

Jackson 

ImmunoResearch 
115-035-062 0.8 mg/mL WB 1:25 000 

Peroxidase-

conjugated 

AffinityPure Goat 

anti-mouse IgG 

(H+L) 

Jackson 

ImmunoResearch 
111-035-144 0.8 mg/mL WB 1:25 000 
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Appendix B: Other materials used in this research 

Cell culture materials ("-" represents uncertainty or not applicable) 

Material Manufacturer Cat. no. Final Conc. Dilution Factor 

RPMI ATCC 302001 - 85-90% 

FBS Gibco A52567-01 - 10% 

Human Serum GeminiBio 100-110 - 5% 

human Serum off the clot GeminiBio 100-318 - 5% 

DPBS Gibco 14190144 - - 

Gentamicin Corning 30-005-CR 500 μg/mL 1:100 

PMA Invivogen tlrl-pma 50 ng/mL - 

hMCSF R&D Systems 216-MC-010 10 ng/mL - 

Bacterial culture materials 

7H9 BD 271310 - ~88% 

7H11 Sigma-Aldrich M0428-500G - - 

OADC BD 212351 - 10% 

Tween-80 Fisher Scientific BP338-500 - 0.05% 

Zeocin Invivogen ZEL-45-05 100 μg/mL 1:1000 

Glycerol Fisher Scientific G33-4 - 0.2% 

 Kits, reagents, and dyes 

YO-PRO-1 (Oxazole 

Yellow) 
Biotium 40089 0.5 μM 1:2000 

CytoTox 96 Non-

Radioactive Cytotoxicity 

assay 

Promega G1782 - - 

ToxLight BioAssay Kit Lonza LT07-217 - - 

Pierce BCA Protein Assay 

Kit 
ThermoFisher 23225 - - 

SuperSignal West Pico 

PLUS Chemilumminescent 

Substrate 

ThermoFisher 34577 - - 

PVDF Transfer Membrane 

0.45 μM, 26.5 cm x 3.75 m 

roll 

ThermoFisher 88518 - - 

SuperBlock Blocking Buffer 

- Blotting in PBS 
ThermoFisher 37537 - - 

SurePAGE, Bis-Tris, 10x8 GenScript M00668 - - 

Halt Protease & Phosphatase 

Single-use Inhibitor Cocktail 

(100X) 

ThermoFisher 78442 - - 

Tween-20 Fisher Scientific BP337-500 - 
0.1% (WB)/0.2% 

(IFM) 
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Paraformaldehyde Solution, 

4% in PBS 
ThermoFisher J19943-K2 - - 

Goat Serum Gibco 16210-064 - 10% 

Bovine Serum Albumin 

Solution 
SIGMA A9576 - 

3% 

(blocking)/1% 

(staining) 

Human IFN-beta DuoSet 

ELISA 
R&D Systems DY814-05 - - 

Human IL-1 beta/IL-1F2 

DuoSet ELISA 
R&D Systems DY201 - - 

EasySep Direct Human 

Neutrophil Isolation Kit 
Stemcell 19666 - - 

CD14 MicroBeads human Miltenyi 130-050-201 - 
1/3 of the 

instructed conc. 

SYTOX™ Green Nucleic 

Acid Stain - 5 mM Solution 

in DMSO 

Invitrogen S7020 100 nM 1:50 000 

Draq 7 Invitrogen D15105 0.3 mM 1:1000 

Liperfluo Doujindo L248 20 μM - 

Lysoview Biotium 70058-1 - 1:2000 

DAPI (1 mg/mL) Invitrogen 62248 1 μg/mL 1:1000 

Cell treatments 

Staurosporine Sigma-Aldrich S6942 1 mM 1:500 

LPS-EB (Standard) Invitrogen tlrl-eblps 100 ng/mL - 

Nigericin Invitrogen tlrl-nig 20 μM - 

Raptino Sigma-Aldrich SML-1745 10 μM - 

MG132 
Cell signaling 

Technology 
2194S 1 μM - 

Cumyl hydroperoxide, tech. 

80% 
ThermoFisher L06866.22 100 μM - 

LLoMe BACHEM 16689-14-8 1 μM - 

RSL-3 MedChemExpress HY-100218A 10 μM - 

Ferrostatin-1 MedChemExpress HY-100579 10 μM - 

hTNF-α R&D Systems 10291-TA-020 100 ng/mL - 

SM-164 
Cell signaling 

Technology 
56003S 10 μM - 

z-VAD-FMK 
Cell signaling 

Technology 
60332S 20 μM - 

Necrostatin-1 Sigma-Aldrich 480065 10 μM - 

Disulfiram MedChemExpress HY-B0240  20 μM - 

Dnase I Invitrogen 90083 2,500 U/mL 1:25 
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Appendix C: Video labeling 

SV Description 

1 THP-1 cells treated with MG132 

2 Uninfected and untreated THP-1 cells 

3 Uninfected and LLoMe-treated THP-1 cells 

4 dsRed Mtb-infected THP-1 cells exhibiting increased LV intensity 

5 dsRed Mtb-infected THP-1 cells exhibiting unchanged LV intensity 

6 dsRed Mtb-infected THP-1 cells exhibiting decreased LV intensity 

7 dsRed Mtb-infected THP-1 cells undergoing DNA release 

8 Uninfected THP-1 cells undergoing DNA release 

9 dsRed Mtb-infected hMDMs undergoing DNA release 

10 Uninfected hMDMs does not undergoing DNA release 

11 Zoomed-in region (Corr. SV7) 

12 Zoomed-in region (Corr. SV9) 

13  hNeu treated with PMA 

14 3D rendering of Airyscan microscopic imaged infected THP-1 cells 

15 untreated dsRed Mtb-infected THP-1 cells, (Corr. SV16) 

16 DIS-treated dsRed Mtb-infected THP-1 cells 

17 w.t.THP-1 cells infected with dsRed (Corr. SV18) 

18 CASP4/5-/- THP-1 cells infected with dsRed Mtb 

19 w.t. THP-1 cells infected with dsRed Mtb (Corr. SV20) 

20 NINJ1-/- THP-1 cells infected with dsRed Mtb 
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