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ABSTRACT 
 
Despite efforts to eradicate Tuberculosis (TB), Mycobacterium tuberculosis (Mtb), a causative 

agent for TB, can persist, and the emergence of drug resistance, emphasizes a dire need for new 

effective treatments and vaccine candidates. Recent understanding of TB immunology has shown 

hyperinflammatory responses causing damage to lung tissue structure and function, increasing 

pathology and severity of disease. This has sparked a search for anti-inflammatory modulators for 

Host Directed Therapies (HDT) to attenuate the effects of prolonged inflammation during chronic 

TB and persist after the completion of the therapy. Using Cap Analysis of Gene Expression 

(CAGE) transcriptomics, we identified a family of genes, Sestrins (Sesn 1 and Sesn 2), which 

showed differential expression after Mtb infection, particularly in Sesn1 where expression was 

significantly reduced, alluding to a possible role of Sestrins during TB disease. Sestrins are a 

family of antioxidant genes that have shown anti-inflammatory and metabolic modulatory roles in 

various disease models including cardiomyopathy, mitochondrial dysfunction, insulin resistance, 

and neurodegenerative diseases. However, the potential role of these genes remains unknown in 

TB, and conducting infection studies would contribute novel information to the TB field. By 

generating Sesn2 and macrophage-specific Sesn1 knockout mouse models, we uncovered the role 

of these genes for the first time in inflammation and TB disease. Here, we have shown that the 

deletion of Sesn1 (macrophage-specific) and Sesn2 (null) mice were undistinguishable from 

control animals at a naïve state. During TB disease, we demonstrate that global ablation of Sesn2 

results in a significant increase in inflammation at later stage of Mtb infection and increased 

mortality. The increased inflammation was associated with enhanced total lung and lymph node 

cells, immune cell recruitment and lung tissue pathology. In contrast, macrophage-specific 

deletion of Sesn1 had no effect on the outcome of Mtb infection. To understand the mechanism, 

we found Sesn1- and Sesn2- deficient macrophages showed increased bacterial growth, pro-

inflammatory response, and higher levels of cell death. We found reactive oxygen species, known 

to potentiate tissue damage, are associated with Sestrin ablation. Moreover, Sestrins are closely 

linked to metabolic regulation, Seahorse analysis showed that the absence of Sesn1 or Sesn2 

hinders the ability of macrophages to regulate energy metabolism in the presence of stress, with 

higher ATP production rate and consistent energetic state, may result in elevated ROS levels. 

While our findings do not directly establish ROS as the primary driver of pathology in Sesn2 

knockout mice, they suggest modulating inflammatory responses during TB disease. 
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CHAPTER 1: LITERATURE REVIEW 
 

1.1. Epidemiology of Tuberculosis 
 

Tuberculosis (TB) disease has plagued us for centuries, and barring the advent of COVID-19 

remains the leading infectious cause of death globally (1). Mycobacterium tuberculosis (Mtb) is 

the bacterial agent responsible for TB disease prevalent in low-to-middle income countries (Figure 

1.1) (2). Despite desperate attempts to eradicate TB, our efforts remain modest. Though there is 

no precise method to measure the latent infection rate of TB, it is estimated that Mtb manages to 

infect roughly a quarter of the world’s population (3). In 2022, 10.6 million infections were 

recorded with 1.3 million people dying from the disease (4). Even with global organizations 

committing to the End TB goal by 2035, reaching milestones has been tenuous. Furthermore, the 

current COVID-19 pandemic has reversed the progress made in the fight against TB due to missed 

diagnoses, untreated cases increasing TB-related deaths and increasing its spread to the community 

(3). The World Health Organization’s most recent report shows the dramatic impact that COVID-

19 has had, with the number of TB cases increasing during 2019-2021 as opposed to its previous 

declining trend, taking the lives of 1.6 million people in 2021 (4) 

 

                         
 
Figure 1.1: Distribution of TB disease incidence. Shown globally, emphasizing the burden on low-to-
middle income countries and exempting first-world nations (2). 
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1.2. Problem Statement 
 

Even though TB can be treated and cured with the current antibacterial therapies, there have been 

multiple factors impeding our efforts to treat the disease effectively. Despite the introduction of 

directly observed therapy short course (DOTS), treatment strategies are long and still lead to poor 

adherence which gives rise to drug resistance. The emergence of multidrug-resistant TB (MDR-

TB), extensively drug-resistant TB (XDR-TB) and drug-resistant TB (TDR-TB) have rendered our 

first-line treatments, and therapies ineffective, leaving patients with poor prognoses. Secondly, the 

TB crisis is exacerbated by co-morbidities and other co-infections, particularly affecting 

immunocompromised people (Figure 1.2) (3,5). Another cause for concern is that Mtb has evolved 

several immune evasion mechanisms that favor its persistence in the host, facilitating its further 

spread and contributing to the growing reservoir of TB latency. Research has come a long way in 

the fight against TB, however, to reach our End TB goal by 2035, we need a multifaceted approach 

towards this disease. Consequently, there is a call for more efficacious vaccines, drugs and 

treatment regimens that will result in better disease outcomes and promote cure.  

 

              
 
Figure 1.2: Distribution of TB disease, compounded with HIV and multidrug-resistant TB cases. South 
Africa is among 14 countries burdened with MDR and HIV cases, highlighting our country’s dire need for 
more effective treatment strategies (5) 
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1.3. History of Tuberculosis  
 

Tuberculosis (TB) is characterized as being an ancient disease that dates as far back as 150 million 

years ago (6). Since then, many advancements have been made in understanding the 

pathophysiology of this disease in the fight against these bacilli. Throughout history, TB has been 

described and recorded in many cultures as it transcends across borders and spreads globally.  

 

Human tuberculosis is caused by the infectious agent, Mtb, however, the Mycobacterium genus 

includes a range of related species and might explain the introduction of human TB through 

zoonotic genesis. To support this, traces of TB have been discovered in bone remains of extinct 

bison in Wyoming from 17,000 years ago (7). The earliest evidence of human tuberculosis was 

identified in remains from two subjects, where early domestication of animals was evident 9000 

years ago, further supporting the theory that Mtb spilled over into human hosts from 

Mycobacterium bovis-infected animals (8,9). Another study looking at Peruvian human skeletons 

revealed genomes distinct from human-human strains and were more like strains adapted to sea 

lions and seals (10). Dating approaches suggested a Mtb common ancestor to under 6000 years, 

and implicated sea mammals in possibly transmitting TB to humans (10). 

 

Early evidence of TB was found in paleontological samples of ancient Egyptian mummies from 

the predynastic era (11). During Ancient Greek times in 460 BC, Hippocrates classified pulmonary 

TB as ‘phthisis’ which he described as the weakness of the lung, associated with fever and a cough 

(12,13). It was Girolamo Fracastorius who in 1546, implied that TB was a contagious disease, 

spreading through small particles, and in 1680 Franciscus Sylvius, who studied TB patients with 

pulmonary lesions and termed them as resembling small knots, or in Latin, ‘tubercula’, a term that 

gave TB its historical name (12,13).  

 

In the 1700s, Benjamin Martens built on the preliminary idea of TB being contagious by these 

infectious particles that were believed to be minute living creatures and were hypothesized to 

spread through the air. After studying tubercula, in 1834, Johann Lukas Schonlein finally termed 

the elusive disease ‘Tuberculosis’, the globally accepted name. The proof of concept of TB being 

contagious ensued shortly after in 1865, when Jean-Antoine Villemin proved transmission of TB 
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from humans to animals and animals to animals, thereby confirming the transmissibility of TB 

(12,13). This disease soon caused devastating epidemics throughout the 17th and 19th centuries, 

fast becoming the leading killer amongst microbial pathogens, a title that still holds today (14).  

 

The most notable milestone in the history of TB took place in 1882 by Robert Koch, who 

discovered the causative agent of pulmonary TB, terming it the ‘tuberkel virus’ or tubercle 

bacillus. His method of culturing and microscopy techniques to identify the pathogen later earned 

him the Nobel Prize in Medicine, in 1905. Paul Ehrlich later improved on Koch’s staining method, 

laying the foundation for the development of the Ziehl-Nielsen staining method. Robert Koch’s 

method of observing the bacillus showed that this pathogen grew in a mould-like fashion and 

appeared under the microscope as small rods. It was this resemblance to a fungus that encouraged 

them to name the agent Mtb, with the Greek prefix ‘myco’ meaning fungus (15).  

 

In 1896, Theobald Smith showed the variation of strains within the Mycobacterium genus, 

observing that bovine TB had a distinct causative agent to human TB, and was termed 

Mycobacterium bovis. This was an important turning point and paved the way for the later 

discovery of the BCG vaccine. Leon Charles Albert Calmette first extracted a protein, tuberculin, 

from culturing the bacillus to use as therapy, termed, ‘tuberculinisation’. Although efforts of this 

treatment were unsuccessful, this method was later adopted in 1908 by Charles Mantoux, who 

used tuberculin to diagnose TB through an intradermal skin test (13).  

 

In the years after 1908, Calmette and Camille Guerin discovered that after 39 passages through a 

guinea pig, Mtb seemed to lose its virulence, and after 231 passages later, it was administered 

orally for the first time, sparking the era of vaccination studies. It took thirteen years to passage 

the bacterium to the point where it was first administered to a human and has since been named 

the Bacille Calmette-Guerin vaccine (BCG) (11). To this day it is the only effective vaccine we 

have in our ammunition to prevent childhood TB and is administered in its live attenuated form. 

Our next major advancement was only in 1943 when Albert Schatz and Selman Waksman found 

that streptomycin had antitubercular properties (16). This catalyzed the discovery of various other 

chemotherapies such as ethambutol, rifampicin and p-aminosalicylic acid, to name a few. 
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1.4. Pathogenesis of TB 
 

At the onset of infection, Mtb is recognized and phagocytosed by alveolar macrophages resident 

in the lungs (17). After this, these infected macrophages trigger the recruitment of other immune 

cells into the infected region by releasing chemotactic signals, ultimately resulting in the formation 

of a granuloma (18). The granuloma, a hallmark of TB pathology, is comprised of an array of 

innate and adaptive immune cells that aggregate to contain the bacilli. At the start of innate 

immunity, immune cells including various macrophages, dendritic cells (DC), giant cells, and 

neutrophils form an inner cellular sphere. Upon adaptive immune induction, this sphere becomes 

surrounded by a lymphocytic cuff comprised of B and T cells. In this state, granulomas are in a 

solid form and can restrict growth and contain the bacteria at their center. However, during disease 

progression, these granulomas undergo structural changes and accumulate caseum that result in 

cavitation and necrotic breakdown of the structure. In this state, granulomas are no longer in a 

solid form, and collapse, releasing the bacilli into the airway and facilitating the cycle of 

transmission (19,20). 
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Figure 1.3: Transmission of airborne Mtb and progression of TB disease. a) Mtb is inhaled and reaches 
the alveolar space in the lungs where it encounters the first line of defense, resident alveolar macrophages. 
If these macrophages are not capable enough to eliminate the Mtb, the bacteria can migrate into the 
interstitial tissue by two different methods; either by infecting the alveolar epithelium or by infecting the 
alveolar macrophages which then migrate to the lung parenchyma. Thereafter, dendritic cells or monocytes 
transport the phagocytosed Mtb to the pulmonary lymph nodes to prime T cells. Subsequently, more 
immune cells are recruited, and T and B cells filter into the lung parenchyma contributing to the formation 
of a granuloma that will contain the bacilli. b) Within the granuloma, Mtb begins to replicate, in some cases, 
if the bacterial load becomes overwhelming, the granuloma will collapse, and release the bacteria, 
disseminating the infection to the bloodstream, and other organs, or enabling re-entry to the lungs to be 
released into the air facilitating the cycle of infection. The host at this stage is infectious, symptomatic and 
is characterized as having active TB disease (17).  
 

1.5. The role of macrophages in Mycobacterium tuberculosis infection 
 

Mycobacterium tuberculosis infection occurs upon inhalation of viable bacteria into the airway of 

the host. This triggers an intricate interaction between the bacterium and the host through a wide 

range of activation and stimulation of the immune system signaling cascades. Mtb is exquisitely 

adapted to being an intracellular pathogen of the phagocytic macrophages, with alveolar 

macrophages (AMs) being the primary channel of infection (21).  

 

The bacilli are recognized by pathogen-associated molecular patterns (PAMPs) and phagocytosed 

by the first responding resident AMs, triggering a cytokine response. These Mtb-infected 

macrophages can disseminate from the alveolar space into the lung interstitium and further through 

the lymphatic system to other organs (22). Under certain conditions, the bacilli can grow 

unimpeded inside these phagocytes, leading to disease or a short period of latency followed by 

reactivation of the disease (23). Ideally, the growth of the bacilli is controlled and restricted within 

cellular granulomas, and latent infection is established. Latency can persist for decades in 

otherwise healthy hosts, until immune control of the bacilli fails, for example in the case of HIV 

infection (23).  

 

Traditionally in a restrictive environment, Mtb is faced with a pro-inflammatory response, with 

increased phagosomal acidification, lysosomal degradation and release of nitric oxide, reactive 

oxygen species (ROS) and cytokines that combat the bacilli effectively and further augment 
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immune responses. However, these protective responses are dependent on the initial recognition, 

and the pathogen-associated molecular pattern-pathogen recognition receptor (PAMP-PRR) 

interaction between the bacilli and the host immune cell (24,25).  

 

Macrophages express various receptors on its surface aiding in the recognition, binding and 

internalization of Mtb and consequently, triggering a cascade of events that lead to the release of 

antimicrobial and innate immune mediators promoting control of the infection. Studies have shown 

that the initial milieu of inflammatory mediators determines the functionality of these cells, while 

other studies suggest that macrophages show plasticity toward environmental changes. These 

findings may explain why the macrophage-Mtb interaction varies to such a large degree depending 

on the microenvironment (26–31).  

 

There are numerous PAMPs that are recognized by PRRs on immune cells and Mtb encompasses 

a wide range of these antigens, thereby facilitating a strong response to Mtb preceding the adaptive 

immune response. The structure of Mtb contains distinct antigens such as mannosylated 

lipoarabinomannan (ManLAM), lipomannan (LM), lipoproteins and mycolic acids. All of which 

are recognizable by immune cell PRRs namely TLRs, NOD-like, and C-type lectin receptors (24). 

Additionally, Mtb may secrete proteins via its type VII secretion systems, for example the ESX-1 

secretion system which includes ESAT-6 (32).  

 

The C-type lectin receptor expressed on AMs, CD206, also known as the mannose receptor, is 

most commonly expressed in non-activated macrophages and binds with high affinity to mannans 

(33,34). However, these receptors are also able to interact with and bind mannosylated PAMPs 

found on pathogens including Mtb (35). It is possible that Mtb evolved to camouflage as a 

glycoprotein found within the host itself, using molecular mimicry and its mannosylated PAMPs 

(21). The MR binds to the mannose caps of ManLAM in Mtb, inducing PPARγ, which functions 

to limit pro-inflammatory responses and instead triggers the release of anti-inflammatory cytokines 

(36). Mtb is also able to block phagosomal acidification and lysosomal fusion (37). However, the 

interaction between the MR and mannosylated PAMPs still facilitates Mtb granuloma formation 

through the involvement of multinucleated giant cells (37,38).  
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Macrophage-inducible C-type lectin, or Mincle, is also a C-type lectin receptor and is expressed 

on myeloid cells at low levels before activation but is upregulated upon exposure to TLR ligands 

and cytokines. This protein is receptive to trehalose dimycolate (TDM), an antigen of Mtb, but is 

inessential for controlling TB infection in mouse models (39,40).  

 

Perhaps the most critical immune mediators are the family of toll-like receptors (TLR). These 

receptors are present on lymphocytes, AMs, DCs, neutrophils and even on non-immune alveolar 

epithelial cells (41–44). TLRs respond to a variety of ligands, and are diverse, with at least twelve 

known mammalian variants (45–49). These receptors respond to a variety of pathogens, Mtb 

included, and are expressed either on the cell surface (TLR2 and 4) or are expressed intracellularly 

(TLR8 and 9) (50–52). Once TLRs are bound, an intracellular signalling cascade is initiated, 

leading to differential activation of inflammatory responses often including NF-κB involvement. 

Many antigens of Mtb are recognized by TLR1, TLR2, TLR4, TLR6 and TLR9, and the expression 

and functionality of these receptors are influenced by the pulmonary microenvironment (53–57). 

For example, surfactant protein A (SP-A) upregulates human macrophage expression of TLR2, 

while simultaneously inhibiting the intracellular TLR2 and TLR4 signaling, resulting in an 

attenuated pro-inflammatory response (58). To add complexity, TLRs interact with additional cell 

surface receptors which help to regulate and fine-tune the inflammatory response (59). 
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Figure 1.4: Host cell receptors involved in Mtb signaling pathways. Schematic of a host cell, containing 
various pattern recognition receptors (PRRs) and their associated mycobacterial PAMPs that are recognized 
before triggering immune signaling pathways (24).  
 

1.6. Current tools and therapies for tuberculosis 
 

Thus far, ten drugs have been approved by the United States Food and Drug Administration (FDA) 

federal agency. The first line TB treatment regime consists of rifampicin, isoniazid, ethambutol, 

pyrazinamide and streptomycin (60,61). The regimen includes an intensive two-month period on 

pyrazinamide, isoniazid and rifampicin, after which, the treatment course can last as long as six to 

nine months comprising isoniazid and rifampicin only (60). For patients who develop severe 

disease, ethambutol and streptomycin are prescribed additionally. In addition, drug resistance has 

been the biggest hindrance in the eradication of TB. Resistance to the first-line drugs isoniazid and 

rifampicin is classified as multi-drug resistance (MDR). Patients infected with these strains of Mtb 

have a longer treatment period of 18 months. This regime consists of fluoroquinolones 

(moxifloxacin, ciprofloxacin, levofloxacin and ofloxacin), aminoglycosides (amikacin, 

capreomycin, and kanamycin), ethionamide, p-amino salicylic acid and cycloserine (62,63). 

Strains that have been classified as extensively drug-resistant (XDR) are additionally resistant to 
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fluoroquinolone and an injectable (amikacin, kanamycin or capreomycin) used for second-line 

treatment. Treatment of drug-resistant strains is more challenging and needs to be tailored (63).  

 

Even though there has been progress in the last decades, the development of newer, more effective 

drugs has been modest. Only three new drugs have been approved for the treatment of MDR and 

XDR anti-TB regimes, these are bedaquiline, delamanid, and pretomanid (60,64). Additionally, 

TB treatments continue to be lengthy, come with a wide range of side effects, and are a massive 

economic burden. These challenges emphasize the need for new strategies and treatments and have 

led the path to a new school of thinking. In more recent years, we have broadened our 

understanding of host-pathogen interactions, immunology and TB pathogenicity. The leaps in 

research have paved the way for innovative strategies termed host-directed therapies, which may 

provide highly rewarding results in TB treatment (65).  

 

1.7. Host-directed therapies targeting the inflammatory balance in TB. 
 

Initially, susceptibility to TB was thought to be caused by an insufficient immune response (66). 

Since then, recent research has shown that it is both an inadequate immune response and excessive 

inflammation that contribute to exacerbated TB outcome, the latter of which, by promoting lung 

tissue injury (67). Adding an adjunctive therapy alongside conventional TB drugs may therefore 

provide the headway for novel approaches. As a result of this new school of thought, a whole 

spectrum of clinical trials has been underway examining the effects of repurposed drugs to see 

whether there is an improvement in disease outcome either through immunomodulation and/or 

immune augmentation to promote cure (20,68). 

 

The main ways in which these host-directed therapies work are (i) controlling hyperinflammatory 

responses and the tissue pathology associated with them, (ii) augmenting the efficacy and 

strengthening of the host immune and memory responses, (iii) promoting host-driven bactericidal 

mechanisms and reducing the growth of the bacilli, and (iv) rendering the granuloma permeable 

to anti-TB drugs to increase the exposure to the bacilli. With these concepts in mind, the 
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approaches to discover HDTs are expansive, exploring a broad spectrum of drug classifications 

and mechanisms (68).  

 

 
 
Figure 1.5: Main strategies of repurposing adjunctive therapies for use in TB alleviation. i) 
Strengthening the host immune response to augment efficacy and memory response, ii) modulation of 
inflammatory mediators to reduce hyper-inflammatory responses and augment lung integrity, iii) 
penetrating the granuloma to maximize exposure of the bacilli to drugs, iv) promote host bactericidal 
mechanisms and Mtb killing functions ultimately reducing growth of the bacilli. All approaches aim to 
maintain a balanced inflammatory state within the host while optimizing a bacilli-restrictive environment 
(68). Figure generated using BioRender. 
 

One of the well-studied HDT candidate drugs is metformin. Metformin is an anti-hyperglycemic 

drug and has shown immunomodulatory effects. It promotes autophagy of macrophages by 

activating AMP-activated protein kinase (AMPK) to reduce inflammation. Metformin also reduces 

hyperglycemia-induced reactive oxygen species (ROS) production and inhibits the growth of the 

Mtb (69). While excessive ROS production can be detrimental to the host, it is still important for 

Mtb-killing functions. ROS is required for the fusion of the phagosome-lysosome complex that 

aids in the killing of Mtb. Metformin has been shown to promote phagosome-lysosome fusion 

while also reducing chronic inflammation (70,71). Murine in vitro and in vivo studies using 



 27 

metformin have also shown the expansion of anti-inflammatory cell types, particularly, the 

alternatively activated macrophages, promoting tissue repair (72–75). Another promising aspect 

of this drug is the data from various preclinical trials which showed synergistic effects of 

metformin and the antimicrobial rifampicin in reducing the intracellular growth of Mtb. This 

occurs by inhibiting the proliferation of pro-inflammatory cell types in an AMPK-dependent 

manner (71,76). While most studies have been conducted on diabetic participants, recent pre-

clinical evidence from healthy subjects showed that metformin was able to modulate cellular 

metabolism, as well as innate immune response changes at a transcriptomic level (77).  

 

Other examples of possible HDTs include eicosanoid-modulating drugs such as NSAIDs and 

lipoxygenase inhibitors (68). Zileuton, currently approved for the treatment of asthma, is an 

interesting, repurposed drug as an HDT. Lipoxygenase inhibitors, specifically 5-LOX inhibitors, 

were shown to restrict lung pathology, reduce the production of type-I IFN, lower replication of 

Mtb and exhibit a greater percentage of survival in a TB-susceptible murine study (78,79). Another 

example being explored is statin therapy which is used conventionally to treat 

hypercholesterolemia but has also shown immunomodulatory and anti-inflammatory effects (68). 

Statins inhibit β-Hydroxy β-methylglutaryl-CoA reductase enzymes thus preventing important 

steps in lipid metabolism and inflammation (68). Mtb thrives in a lipid-rich intracellular 

macrophage environment, thus statins’ ability to reduce this lipid-rich environment limits bacterial 

growth instead of favoring persistence. Another study showed that phagosome maturation and 

autophagy improved by statin therapy, making it a promising HDT (80). Currently, ongoing trials 

are delineating the safety, tolerability, pharmacokinetics and effectivity of statin therapy in 

conjunction with standard TB drugs (81–83).  

 

A broader group of HDTs are immune-modulating drugs that include corticosteroids such as 

dexamethasone. A study looking at optimizing the inflammatory response showed that zebrafish 

that carried a mutation in the leukotriene A4 hydrolase (LTA4H) gene had increased susceptibility 

to M. marinum (84). The LTA4H gene plays an essential role in facilitating the balance between 

pro- and anti-inflammatory eicosanoids through control of the downstream TNF effector molecule. 

In theory, control of this gene mechanism could balance the hyper-inflammatory TNF response 

that leads to increased susceptibility. In a Vietnamese clinical trial, dexamethasone was used to 
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dampen hyperinflammatory immune responses in patients suffering from TB meningitis (84). 

Dexamethasone is a glucocorticoid with broad anti-inflammatory effects, able to reduce pro-

inflammatory eicosanoids, however, not all patients benefited from this treatment, in fact, many 

had a detrimental outcome. The study showed that those who were homozygous for the high 

expression variant of LTA4H had an improved prognosis from treatment. Conversely, patients 

homozygous for the low expression of the variant resulted in worsened outcomes and fatalities. 

The study showed how it can be critical to evaluate the genotype of patients before prescribing a 

broad anti-inflammatory as an adjunctive therapy. Heterogeneity is a running theme within the 

scope of TB disease, with Mtb itself and the spectrum it presents, as well as between individuals 

who suffer from the disease highlighting the importance of precision medicine. Genotyping 

patients to detect the high expression variant of LTA4H would identify those who would benefit 

from the dexamethasone treatment. Personalized medicine may be a high aspiration currently, but 

what this study highlighted was the importance of balancing the immune response to TB and how 

it can improve disease outcomes in a targeted manner. Therefore, there may be great value in 

investigating the role of these genes involved in inflammatory pathways and it may just lead us to 

our next breakthrough in the fight against TB.  
 

1.8. The Sestrin family of proteins 

 
Sestrins (SESNs) are a family of antioxidant proteins with regulatory and anti-inflammatory roles 

in immunity (85). Invertebrates possess a single variant of the gene while vertebrates express three 

paralogues, Sestrin 1 (Sesn1), Sestrin 2 (Sesn2) and Sestrin 3 (Sesn3) (86). Sestrins are conserved 

proteins that accumulate within cells during stress responses to various stimuli including DNA 

damage and oxidative stress and have shown anti-inflammatory effects in several ways (87). The 

role of Sestrins has been overlooked in infectious diseases but they are gaining attention due to 

their role in aging and other disease models suggesting they may be a key player in reducing and 

regulating inflammation. The established roles of Sestrins are their ability to reduce cellular 

damage and protect against age- and diabetes-related pathologies (88). Some of these pathologies 

include cardiac malfunction, mitochondrial dysfunction, triglyceride accumulation, insulin 

resistance, muscle degeneration, and neurodegenerative diseases (88,89). There have been 
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multiple studies looking at its involvement with slowing the progression of carcinomas, and 

tumorigenesis (89).  

 

 
Figure 1.6: Sestrins as master regulators of antioxidant defenses. Sestrin may be induced during some 
level of oxidative stress, or ROS, by being stimulated by a host of transcription factors including but not 
limited to p53, Nrf2, AP-1 and the FoxOs. Once Sestrin is activated it can attenuate oxidative stress and 
ROS via multiple mechanisms ultimately restoring oxidative homeostasis, therefore playing a functional 
role in age-related diseases where high ROS is a driving force (89). 
 
Although all three paralogues have sequence homology, and common origin, each of the three 

genes maps to a different chromosome in the human genome: Sesn1 to 6q21, Sesn2 to 1p35.3 and 

Sesn3 to 11q21 (89,90). The crystal structure of the human Sesn2 protein showed that there are 

three subdomains, two of which are structurally similar, SESN-A and SESN-C, connected by 

SESN-B, a helix-loop-helix domain (89) (See Figure 1.7). Intriguingly, both subdomains share 

homology with other proteins that belong to the alkyl hydroperoxidase family, with emphasis on 

AhpD, the M. tuberculosis protein (91,92). Analyzing the structure of Sesn2 leads to the 

identification of three separate functional domains. The first permits the antioxidant properties of 

Sesn2 and depends on three amino acid residues, catalytic cysteine (C125), Y127 and H132 

contained in the oxidoreductase active site within SESN-A (89). Only Sesn2 has been described 

to have alkyl hydroperoxidase activity, able to reduce peroxiredoxins. The second domain is a 

GATOR2-interacting plane, with an aspartate-aspartate (DD) motif, crucial for the direct physical 

interaction between Sesn2 and GATOR2 facilitating its mTORC1-regulating functions (89). 
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Within this domain is also a leucine-binding site, suggesting the function of Sesn2 to directly sense 

the cellular level of leucine, a key amino acid involved in the lysosome-mTORC1 system used to 

sense the overall nutritional level of amino acids (93). The structure of Sesn2 allows it to interact 

with Kelch-like ECH-associated protein 1 (Keap1), Unc51-like 1 (ULK1) and p62/sequestosome-

1 (SQSTM1) and thus contributes to the impact it has in suppressing oxidative damage and its role 

in autophagy (89,90).  

 
    
Figure 1.7: Structure of the Sestrin 2 protein. a) Shows the full-length protein structure of Sestrin 2 from 
the N-terminal to the C-terminal, and shows the division into its three functional domains, SESN-A, SESN-
B, and SESN-C. b) Representation of Sesn2 based on the structure analysis by Ho et al. The schematic 
shows the position of the catalytic cysteine (C125) and the conserved Y127 and H132 residues associated 
with the proton relay system. These three residues are in the SESN-A region, depicted in blue. In the SESN-
C domain the characteristic aspartate-aspartate (DD) motif and the leucine binding site depicted in green. 
c) schematic showing the direct interacting partners of Sestrin 2, and the pathways involved (89). 
 

Sestrin has two well-known functions, these are, a) decreasing oxidative stress levels, and b) 

regulating the mammalian target of rapamycin (mTOR) (94). Both Sesn1 and Sesn2 have been 

shown to decrease levels of ROS and suppress the activity of mTORC1 in primary cells and 
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cultured cell lines, as well as play an important role in autophagy (89,95,96). Silencing all three 

paralogues of the Sestrin gene blunts the antioxidant response when challenged by various 

oxidative stresses whereas ectopic expression has a protective impact, however, the molecular 

basis for this occurrence and the extent of Sestrin’s anti-inflammatory ability is still not fully 

understood (97,98).  

 

Sesn1 and Sesn2 are strongly induced by the upstream p53, whereas Sesn3 is activated by the 

Foxo3 transcription factor (97). Nuclear factor erythroid 2-like 2 (Nrf2), (JNK)/c-Jun pathway, 

and hypoxia-inducible factor-1α (HIF-1α) are other transcription factors involved in the expression 

of Sesn2 (99–101). Sesn2 also contains three conserved phosphorylation sites, promoting its 

interaction with GATOR2, and repressing mTORC1 thus supporting the role of Sesn2 as a negative 

regulator of mTOR (102). However, more is to be discovered with Sestrin since its physiological 

ROS substrate is still unknown. Due to its sequence homology with AhpD, it was thought that 

maybe Sestrin could reduce AhpD substrates such as peroxiredoxins. As expected Sestrin can 

reduce peroxiredoxins, but no catalytic activity is required to do so, moreover, it can promote the 

activity of sulfiredoxin, in turn regenerating peroxiredoxin in positive feedback involving Nrf2 

(98,103). In the context of TB, where inflammatory responses lead to increased pathology and 

bactericidal effector functions such as autophagy are crucial, the roles that Sestrin play in ageing 

and other disease models become of interest. 

 

1.9. The role of Sestrins in inflammation 

 

1.9.1. AMPK 

 

Sestrin’s ability to augment AMPK activity is one mechanism through which Sestrin leads to anti-

inflammatory and anti-oxidative effects (104). Knockdown of Sesn2 in HUVECs, THP-1 cells and 

aortic tissue from C57BL/6 mice resulted in increased NFκB phosphorylation and pro-

inflammatory cytokine secretion when stimulated with LPS (104). Sesn2 knockdown was also 

associated with decreased AMPK activation causing atherosclerosis in mice treated with LPS 

(104). Moreover, knockdown in HUVEC cells displayed elevated levels of LPS-induced ROS, cell 
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toxicity and endoplasmic reticulum (ER) stress (104). The study showed that the pro-inflammatory 

effects were nullified upon treatment with an AMPK activator, suggesting that Sesn2 knockdown 

aggravates pro-inflammatory responses via an AMPK-dependent pathway and Sesn2 could 

provide therapeutic relief in balancing inflammation (104).   

 

A study by Hwang et al. showed a similar result when looking at the role of Sesn2 in 

cardiomyopathy. The Sesn2 knockdown in H9c2 cells resulted in decreased levels of AMPK 

phosphorylation. Antioxidant genes such as catalase and superoxide dismutase (SOD2) were 

downregulated, and the production of ROS was increased when cells were stimulated with LPS 

(105). Furthermore, the expression of matrix metalloproteinase (MMP) 2 and MMP9, which are 

activated by ROS, were increased in the Sesn2-depleted H9c2 cells, and LPS-induced cell death 

increased. Once again, when treated with an AMPK activator, 5-aminoimidazole-4-carboxamide 

ribonucleotide (AICAR), these increased patterns vanished, showing a regulatory effect of Sesn2 

in an AMPK-dependent manner (105). An important factor in TB disease progression is lung tissue 

pathology, where increased fibrosis is associated with a poor prognosis. Additionally, it was shown 

that the knockdown of Sesn2 led to the expression of cardiac fibrotic factors, such as collagen type 

I and II in the heart tissue of C57BL/6 mice (105). These results suggest the Sesn2 is a potential 

novel therapeutic target for diseases exacerbated by inflammatory conditions.  

 

1.9.2. NLRP3 

 

A recent study by Min-Ji Kim et al showed that Sestrin 2 enabled the suppression of prolonged 

NLRP3 inflammasome activation, a key pro-inflammatory pathway, by stimulating mitophagy in 

macrophages to clear damaged mitochondria (106). Sesn2 knockout mice, on the other hand, 

exhibited defective mitophagy resulting in inflammasome hyperactivity and increased mortality in 

two separate sepsis models (106).  

 

In diabetic nephropathy, it was found that treatment with Icariin (ICA), an antifibrotic drug, was 

able to improve physiological index in rats (107). Moreover, the treatment with ICA increased 

Nrf2, and decreased NRLP3 and Keap1 through Sesn2-dependant mitophagy. Using Sesn2 siRNA 

knockdown, treatment with ICA no longer showed suppression of NLRP3, suggesting its 
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dependence on Sesn2-induced mitophagy to regulate NLRP3 activity. Thus, the protective effect 

of ICA treatment in diabetic nephropathy may be facilitated by Sesn2’s link to NLRP3 (107). 

 

Another study showed the role of Sesn2 in ameliorating hepatotoxicity and liver fibrosis in 

cholestatic liver disease. Sesn2 deficiency promoted pyroptosis through activation of the NLRP3 

inflammasome, and knockout mice showed exacerbated liver fibrosis (108). Deficiency of Sesn2 

also increased hepatic ER stress, and overexpression of Sesn2 reversed this effect. Moreover, 

inhibition of mTOR using rapamycin, and activation of AMPK using AICAR, was able to reverse 

the increased ER stress in Sesn2-deficient cells, suggesting that Sesn2 acts in an mTORC1/AMPK-

dependent manner. This result advocates for the potential role of Sesn2 in regulating NLRP3, and 

ER stress to attenuate liver injury (108). 

 

1.9.3. ROS 

 

Reactive oxygen and nitrogen species (ROS and RNS), which are by-products of metabolism, are 

usually counterbalanced by antioxidant systems, but also play an important role in signaling, 

affecting proliferation and cell death (98). Appropriate levels of ROS are necessary for maintaining 

physiological homeostasis, however, accumulation of ROS in excessive amounts leads to DNA 

and protein damage which has been implicated in aging (86,88). These by-products, therefore, 

need to be tightly regulated, as to ensure signalling and prevent oxidative damage. Peroxiredoxins 

are a group of enzymes that metabolize peroxides, and Sestrins, modulated by p53 are important 

facilitators of peroxiredoxin recycling (98). In this way, Sestrins employ the antioxidant firewall 

providing great potential as therapeutic targets (98).  

 

One example of cellular stress is glucose limitation. In such a scenario, p53 is activated as a method 

of maintaining cell survival (109). However, p53 is frequently deleted or mutated in cancerous 

tumors, yet cancer cells can survive metabolically challenging environments (109). Suggesting the 

presence of other mechanisms of cell survival. This study showed Sesn2 as a downstream target 

of p53 and the role it plays in protecting cells when challenged by genotoxic, energetic or oxidative 

stress (ROS). Although Sesn2 is understood to be regulated by p53, the Sesn2 transcript was shown 
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to be post-transcriptionally stabilized regardless of the p53 status, when metabolically challenged 

(109). Indicating a level of p53-independent function of Sesn2 in cell survival.  

 

Other studies have shown that while Sesn1 is found to be induced by hydrogen peroxide in a p53-

dependant manner, Sesn2 is not fully dependent on p53 but instead can be directly induced by 

levels of increased ROS, and even through the activation of Nrf2 and through the JNK/AP-1 

pathway (99,110,111).  

 

1.9.4. TLR  

 

A recent study that explored the regulation of TLR-mediated inflammation by Sesn2 showed that 

Sesn2 inhibited LPS-induced nitric oxide (NO) release and iNOS expression in RAW264.7 cells 

(85). Sesn2 expression was able to suppress the release of pro-inflammatory cytokines (TNF- α, 

IL-6, and IL-1 β amongst others) and suppress the production of LPS-induced ROS by inhibiting 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (85). More specifically, 

overexpression of Sesn2 was shown to regulate c-Jun, JNK and p38 phosphorylation induced by 

LPS. This regulation led to decreased AP-1 binding, thus reducing the pro-inflammatory responses 

(85). By introducing recombinant Sesn2 into mice via an adenovirus, the effects of severe hepatic 

injury were attenuated, as seen by the decreased ALT, AST and hepatocyte degeneration (85).  

 

In another study assessing acute lung injury (ALI) and acute respiratory distress syndrome 

(ARDS), where lung pathology is a hallmark of the disease, authors explored the complex role that 

Sestrin 2 plays in oxidant defense. Using an LPS-induced model, they found that Sesn2 knockouts 

exhibited enhanced ALI, with increased lung NLRP3 inflammasome activation, pyroptosis, and 

elevated IL-1β and IL-18 in serum and bronchoalveolar lavage fluid. Alveolar macrophages (AMs) 

from KO mice showed reduced mitophagy whereas ROS, mitochondrial damage, and pyroptosis 

were elevated. Furthermore, Sesn2 facilitated the expression of the Sequestosome1 (SQSTM1) 

gene, and induced mitophagy via the Pink1/Parkin pathway. Therefore, Sesn2 may be protective 

and a potential target for treatment during ALI. These results are of particular interest, given that 

lung pathology is also a TB disease hallmark (112). 
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1.9.5. Autophagy 

 

Autophagy is an important bactericidal process in TB disease and plays an important part in cell 

pathophysiology. Mitophagy is a specialized form of autophagy and is closely linked to the level 

of ROS in a cell. It is important for maintaining the integrity of mitochondria and can lead to 

pathological ROS levels if dysregulated (113–115). Another function of Sestrin is to regulate 

autophagy, thus protecting cells from metabolic and oxidative stress, hypoxia and DNA damage 

(89). Sestrin could promote autophagy by inhibition of mTOR, which in turn enhances ROS 

production via inhibiting the autophagy. Multiple studies have shown Sestrin to be a positive 

regulator of autophagy (116,117). One example involves p62/SQSTM1 and ULK1, which are 

important players in this process. Sesn2 can bind p62 in turn promotes degradation of its 

autophagic targets like Keap1 (inhibitor of Nrf2), damaged mitochondria and ubiquitinated 

proteins, restoring ROS homeostasis and even upregulating the transcription of antioxidant genes 

(118,119). Sesn2 can target mitochondria to the autophagic machinery and has demonstrated an 

intrinsic ability to increase ULK1 levels, potentiating its autophagy role. It is suggested that this 

could also lead to the attenuation of NLRP3 hyperactivation, and immunological homeostasis 

(106). 

 

1.9.6. mTOR 

 

The role of Sestrin 2 has been implicated in myocardial infarctions (MI), which similarly to TB, 

is a highly inflammatory process that is detrimental to the host. Sesn2 was found to be upregulated 

following MI, and overexpression of Sesn2 both in mice and in vitro, was able to suppress 

inflammation in classically activated (M1) macrophages. Furthermore, the authors showed that 

Sestrin 2 acted predominantly by inhibiting mTORC1 signaling and suppressing M1 macrophages 

and thus had an anti-inflammatory and repair-promoting effect (120).  

 

Lee et al. showed that an accumulation of ROS leads to chronic activation of the target of 

rapamycin (TOR), activating c-Jun N-terminal kinase (JNK) and FoxO transcription factor 

resulting in Drosophila Sestrin (dSesn) levels increasing (88).  In contrast, dSesn depletion 
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contributed to age-related pathologies that were reversed when AMPK was pharmacologically 

activated, or TOR was inhibited (88). The study illustrated Sestrin as a negative feedback TOR 

regulator, induced by stress, and preventing pathology related to chronic TOR activation possibly 

caused by reduced autophagy (88).  Although these results were demonstrated in a Drosophila 

model, a similar principle may be relevant in the mammalian target of rapamycin (mTOR) system 

since TOR is a highly conserved regulator of cellular growth. 

 

                                   
 
Figure 1.8: Regulation of mTORC1 by Sestrin. A) In the absence of stress, Sestrin levels are low, 
GATOR1 and GATOR2 can form a complex with each other (inhibiting GATOR1) and as a result, 
mTORC1 is activated with activated RagA/B RagC/D localizing it to the lysosomal membrane and a GTP-
loaded Rheb activating its kinase activity. B) Once stress is introduced, Sestrin becomes upregulated and 
binds to GATOR2, freeing GATOR1 and allowing it to act as a GAP for the RagA/B. As a result, the 
RagA/B RagC/D becomes unable to localize mTORC1 to the lysosome and instead, it is released into the 
cytosol. Additionally, the Sestrin GATOR2 complex promotes the activation of AMPK, and although the 
biochemical mechanism is unclear, the interaction could involve LKB1. The activated AMPK then 
phosphorylates TSC2 which acts as a GAP for Rheb, leaving it in an inactive GDP-loaded state. In a 
separate arm of this pathway, a regulatory subunit of mTORC1 called Raptor is also phosphorylated by 
AMPK, once again inhibiting mTORC1 activity. Lastly, Sestrin may also play a role in the regulation of 
RagA/B proteins acting as a GDP dissociation inhibitor or GDI. The broken lines in this diagram represent 
biochemical mechanisms that still require further clarification, whereas the solid lines represent interactions 
already established (121).   
 

Sestrin 2 inhibits mTORC1 activity by interacting with the GATOR2 protein. This interaction with 

GATOR2 releases its inhibition of the GATOR1 complex which in turn inhibits mTORC1. 

However, Sestrin may regulate mitochondrial function, as a recent paper showed that Sestrin 2 
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was localized in the mitochondria and may directly be involved in controlling mitochondrial 

function and cell death through mTORC1-independent means (122). 

 

1.9.7. Sestrins; potential role in vaccines 

 

Tailoring the immune system to enhance drug effectiveness is not the only strategy, it may be 

beneficial to use adjunct therapies to enhance the current BCG vaccine as well. BCG is an 

important preventative tool against childhood forms of TB, showing effectiveness against TB 

meningitis, which is fatal to children. However, the same vaccine translates to modest protection 

in adulthood, and with little understanding of the mechanism (68). A recent study showed that 

Sestrin 1 and Sestrin 2 expression increases during old age, and inhibition of these genes may 

enhance the amount of influenza-specific CD4T cells after influenza vaccine administration in vivo 

(123,124). Therefore, this may be a strategy to enhance the response of other vaccines. It should 

be noted that Sestrins provide important roles in reducing inflammatory-associated damage, and 

long-term blockade of these proteins could result in the proliferation of senescent-like T cells that 

cause DNA damage. To be a viable treatment option, Sestrin would have to be transiently inhibited, 

for the duration of the vaccine period to boost its effectivity (123).  

 

1.10. The search for novel Targets for Host Directed Therapies in TB 
 

With the rapid increase in the search for host factors as potential therapeutic targets for TB, 

scientists have explored many ways to identify them. One particularly powerful method is host 

transcriptomics coupled with host-pathogen dynamics (125). This method enables the 

identification of differentially expressed genes that may be exploited or involved in TB disease 

progression or protection that could be linked to an Mtb eradication strategy (126). High-

throughput screening, such as microarrays and RNA-sequencing have been tools previously used 

to distinguish potential targets and are constantly being improved to be more robust. These tools 

can be used to better identify genes possibly involved in disease (127). Large databases have been 

generated by consortiums such as the Functional Annotation of Mammalian Genome (FANTOM) 
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expression profiles, and this helps with the search for interesting trends in gene expression(128–

130). 

 

The FANTOM5 study by the international genomics consortium based at RIKEN, Japan used next-

generation sequencing to generate comprehensive genome data. In collaboration with Prof. 

Brombacher (University of Cape Town), we generated a transcriptomic landscape using Cap 

Analysis of Gene Expression (CAGE), a technique that sequences the 5’ capped end of RNA, to 

demonstrate the gene expression of stimulated and Mtb-infected macrophages. Macrophages were 

stimulated into classically activated M1 state using IFN-g and alternatively activated M2 

macrophages using IL-4 and IL-13. These antagonistic macrophages were infected with the 

hypervirulent clinical Mtb strain HN878, and the expression kinetics were determined over time. 

In collaboration with bioinformatician, Dr. Sebastian Schmeier at Massey University, this large 

transcriptomic dataset was analysed, with potential top hits of genes that showed interesting trends 

in expression, that could potentially be implicated in host responses to Mtb infection. Using 

algorithms like DESeq2 to analyse the differential expression patterns we were successfully able 

to identify potential protein targets.  

 

The data generated from this study was published (128,129). Graphically represented in Figure 

1.9, where we identified Sestrin genes, which exhibited interesting patterns post-infection. Of 

particular interest was Sestrin 1 which significantly decreased upon Mtb-infection, highlighting its 

potential importance in TB disease whilst Sestrin 2 and Sestrin 3 showed inconsistent and subtle 

changes. These findings may suggest the use and importance of Sesn1 as potential therapeutic 

targets or as biomarkers for protective immunity. 
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Figure 1.9: Expression patterns of Sestrin 1, 2 and 3 over time in stimulated and infected macrophages, 
plotted using the data retrieved from the FANTOM5 consortium. a-b) mRNA levels of Sesn1 are 
reduced significantly during infection. c-d) Sesn2 levels have a more subtle upregulation upon Mtb infection 
compared to its counterparts. e-f) Sesn3 expression levels decrease with infection.    
 
The role of Sestrins has not been studied in infectious diseases, however, their role in other disease 

models, innate immunity and inflammation gives us a good indication that they may have an 

important role to play (87). 
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1.11. Hypothesis 
We hypothesize that Sestrins protect against TB disease by counteracting the host detrimental 

inflammatory immune response. 

 

1.12. Aims 
The main aim of this project is to investigate the role of Sestrins in tuberculosis progression and 

disease outcome and to determine its potential as a candidate for HDT. Given Sesn2’s anti-

inflammatory and repair-promoting effects in various diseases, we prioritized Sesn2 for our study. 

Based on the significant reduction in Sesn1 expression observed in CAGE data and considering 

the pivotal role macrophages play in tuberculosis (TB) pathology, we aim to study the 

macrophage-specific role of Sesn1 in preclinical models of tuberculosis. The previous literature 

showed that Sestrins have value as anti-inflammatory proteins, and we intend to elucidate their 

potentially beneficial role by performing the following objectives: 

1.13. Objectives 
1. Characterization of the Sesn2-/- global knockout mice 

2. To determine the role of Sestrin 2 in host immunity during Mtb infection using the  

Sesn2-/- mouse model. 

3.  Mechanistic studies to determine pathways and the regulation of Sestrin 2 in macrophages 

using the Sesn2-/- mouse model. 

4. Characterization of the LysMcreSesn1flox/flox macrophage-specific knockout mice. 

 

5. To determine the role of Sestrin 1 in macrophage host immunity during Mtb infection 
using the LysMcreSesn1flox/flox mouse model. 
 

6. Mechanistic studies to determine pathways and the regulation of Sestrin 1 in 
macrophages using the LysMcreSesn1flox/flox mouse model   
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CHAPTER 2: MATERIALS AND METHODS 

2.1. Mice 

 
The mice models used for this study were housed in individually ventilated cages under specific 

pathogen-free (SPF) conditions in the BSL3/BSL2 facilities in the Research Animal Facility 

(RAF) at the University of Cape Town. Basic requirements for husbandry and housing followed 

the guidelines stated in the National Centre for the Replacement, Refinement and Reduction of 

Animals in Research (NC3Rs). All experiments used mice between the ages of 8-12 weeks old 

and were sex-matched. Mice were monitored regularly and supplied with a normal-chow diet and 

drinking water. All in vivo procedures were performed within the RAF BSL2 and BSL3 facilities. 

For a baseline reading, mice were weighed before experimentation and thereafter monitored daily 

and weighed weekly to monitor disease progression. Disease progression was also monitored 

according to the mouse grimace scale (NC3Rs) which was a determinate of stress and discomfort. 

Mice were euthanized when the humane endpoint was reached, or at the timepoint of the specified 

experiment using halothane and cervical dislocation. For anesthesia, mice were given 200μl 

Phosphate buffered saline (PBS) (137mM sodium chloride, 2.7mM potassium chloride, 8mM 

disodium phosphate, and 2mM potassium dihydrogen phosphate in ddH2O) with10mg/kg 

Rompun® xylazine (Bayer, Leverkusen, Germany) and 100mg/kg Anaket-V ketamine (Centuar 

Labs, Massachusetts, United States) via intraperitoneal injection. 

 

2.2. Ethics Statement 
 

Experiments performed in this study adhered to the guidelines of the South African National 

Standard for the Care and Use of Animals for Scientific Purposes (SANS 10386:2008) and were 

carried out according to the approved protocol by the Animal Research Ethics Committee (AREC) 

of the Faculty of Health Science, UCT (Protocol number: 019/023, 019/031 and 022/024). The 

animal ethics and training were conducted to ensure competency and compliance, SAVC 

authorization number, AR19/17613. 
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2.3. Sestrin Mouse Models  
 

The Sestrin 2 global knockout mouse model was obtained from the Ming O. Li lab where Sesn2-/- 

mice were generated using ES Sesn2tm1a(KOMP)Wtsi cells from EUCOMM (clone number: 

EPD0524_3_B11). By generating loxP sites, introns 3-6 were deleted and Sesn2 knockout was 

confirmed through PCR analysis using ear clips (Figure 2.1a) (131). The global Sestrin 2 (Sesn2) 

knockout mouse model, was readily available and is characterized by the complete ablation of 

Sesn2 expression across all cell types in the organism. 

 

The Sestrin 1 cell-specific transgenic mouse line was generated using the Cre-loxP deletion system 

by the Ming O. Li lab. The authors generated a murine model by introducing FloxP sequences at 

sites in intron 1 and 6 through homologous recombination with the target vector. A cell-type 

specific null allele mouse was generated after crossing with a Cre-expressing mouse. This system 

specifically targets macrophages and neutrophils by driving Cre recombinase expression under the 

control of the LysM gene promoter, which is active in monocytes, macrophages, and neutrophils. 

(Figure 2.1b) (131). We imported Sesn1-floxed mice which were crossed with LysMcre mice to 

generate macrophage specific knockout of Sesn1 (LysMcreSesn1flox/flox). Due to practical 

considerations, and availability, the initial experiments were conducted using this macrophage-

specific model, which preserved the intact expression of Sesn1 in other cell types. Conversely, the 

Sesn2 null mouse exhibits global ablation of Sesn2 expression across all cell types. This explains 

the absence of mRNA for Sesn2 in the global knockout compared to the reduced mRNA levels for 

Sesn1 in the LysMcreSesn1flox/flox model, attributable to the incomplete and cell-specific Cre-

mediated deletion. We did not prioritize Sesn3 due to its very low expression compared to Sesn1 

and Sesn2 in Mtb infection.  
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Figure 2.1: Schematic showing gene deletion of Sestrin 1 and Sestrin 2. Regions between the floxed/ 
loxP sites, indicated here by the red arrows, were deleted on expression of the Cre enzyme, a) to generate 
Sestrin 2 null mice, or b) in a cell-specific manner with Sestrin 1 (131). 
 

2.4. Characterization experiments 
 

Sestrin (Sesn) wildtype and knockout mice on C57BL/6 background were obtained from Ming Li 

lab and backcrossed to three generations to in-house C57BL/6 mice. Each group contained 5-6 

mice which were euthanized by inhalant halothane. Thereafter, mice were dissected aseptically to 

collect the lung and spleen, for further processing and analysis of immune cell populations, 

cytokine responses and pathology.  

 

2.5. Tissue sample processing 
 
2.5.1. Lung 

 



 44 

The lung tissue was finely processed with a scalpel and transferred to tubes containing digestion 

buffer (DMEM containing 0.18 mg/ml Collagenase Type 1 and 0.02 mg/ml DNAse1). After an 

hour of incubation at 37 °C in a rotator, cells were passed in tandem through 100µm and 70µm 

sieves and spun down at 400 x g for 5 minutes at 4 °C. Red cell lysis buffer was made up using 155 

mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA and was added to samples to lyse erythrocytes. The 

cells were then spun down and resuspended in complete media and counted by Trypan Blue 

exclusion method to determine the total number of cells. 

 

2.5.2. Spleen and Lymph Node 

 

The spleen, or tracheobronchial lymph node samples were meshed using a 70µm sieve; after 

centrifuging for 5 minutes at 400 x g, the samples were then incubated with red cell lysis buffer 

for 2 minutes. An equal volume of DMEM+10%FBS was then added to deactivate the RCL (red 

cell lysis) buffer, cells were passed through a 40µm sieve and centrifuged once again under the 

same conditions. The pellet was then resuspended in 5ml DMEM supplemented with 10% heat-

inactivated fetal bovine serum (FBS), in preparation for counting. 

 

2.6. Culturing of Mycobacterium tuberculosis (Mtb) 
 

All manipulation with Mtb was conducted in either the RAF BSL3 or UCT FHS BSL3 facilities 

in adherence to the Health and Safety Committee. Mtb strain HN878 was predominantly used as 

the clinically hypervirulent strain(132). Mtb was cultured in Middlebrook 7H9 liquid medium 

enriched with 10% oleic acid-albumin-dextrose-catalase (OADC) and 0.5% glycerol. The growth 

of cultures was measured using optical density (OD) readings at 600nm on the Biowave Cell 

Density Meter CO8000 (Biochrom Limited, Cambridge, United Kingdom). Cultures were deemed 

ready when the OD reading reached between 0.6-0.8, after which its concentration was determined 

by plating for colony forming unit (CFU) assays. After confirmation, stocks were prepared into a 

1ml aliquots in 15% glycerol and stored at -80°C until needed.  
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2.7. In vitro and in vivo infection with Mycobacterium tuberculosis 
 

For in vitro experiments, Mtb vials were thawed at room temperature. The stock was centrifuged 

at 10 000x g for 5 minutes, and the pellet was washed and resuspended with 1x PBS. The wash 

step was repeated to remove any residual glycerol and was resuspended in 1ml cell culture medium 

lacking penicillin G and streptomycin. The inoculum was then made up to a multiplicity of 

infection (MOI) of 0.5, was added to wells for infection, and incubated at 37°C and 5% CO2 for 

the specified time point. An MOI of 1 was lowered to 0.5 to reduce cell death and cell detachment 

for 3 and 6 days after infection. 

 

For in vivo experiments, vials were thawed, and Mtb was washed as mentioned above. During the 

final resuspension step, the pellet was resuspended in sterile 1x PBS. The final inoculum is diluted 

into sterile saline for intranasal infection of mice to obtain 100-150CFU per animal. The inoculum 

is also plated for CFU assays before and after the infection, to confirm dosage. 

 

2.8. Mycobacterium tuberculosis infection of mice 

 
To ensure accuracy, an inoculum was made up of a maximum of 10 mice. The mice were weighed 

prior to infection to record baseline levels and were monitored and numbered to ensure they were 

healthy and recorded individually. Mice were anesthetized via intraperitoneal injection with 

xylazine and ketamine. The mice were then carefully infected intranasally with 25μl per nostril, 

for the desired concentration of 100-150CFU. To validate consistent infection, uptake mice were 

infected first and last in each round of infection. Uptake mice were used as a measure of effective 

inoculation and were euthanized 24 hours after the infection; lungs were dissected out 

homogenized and plated for CFUs to be determined. After infection, mice were monitored 

regularly for signs of stress or discomfort. For mortality experiments, mice were euthanized using 

halothane at their humane endpoint, determined by loss of 20% weight loss and a grimace scale of 

3. For time-course infection studies, mice were euthanized at the indicated time points. An initial 

infection timepoint was set at 6-weeks and lengthened to 12-weeks of infection to determine the 

effect of Sestrin ablation on immune responses and lung pathology. This was in agreement with 
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previous literature examining TB at chronic stages in mice, which set an acute timepoint to 2-

weeks and murine chronic infection to 12- weeks (133–135) 

2.9. Determination of Bacterial Burden in tissue and macrophages 
 

For in vivo experiments, 1x PBS was filtered using a 0.2μm filter to prepare dilutions. Lung and 

spleen samples were homogenized, in 2ml Tween-Saline and diluted using PBS to plate 100μl on 

7H11 agar plates supplemented with 10% OADC and 0.5% glycerol. Colonies were counted 2-3 

weeks after incubation at 37oC to determine bacterial burdens for time-course infection 

experiments. 

 

For in vitro assays, at the specified time point the supernatant was removed and stored for further 

ELISA experiments. The cells were washed with 1x PBS and 0.1% Triton X-100 is added to lyse 

cells and release the intracellular bacteria. Serial dilutions were plated as above to determine the 

bacterial growth.  

 

2.10. Flow Cytometry Analysis 
 

A single-cell suspension of cells was seeded at a density of 1.5x106 per well in a 96-well V-bottom 

plate. The plate was centrifuged at 500 x g for 5 minutes, the supernatant was removed, and cells 

were resuspended in 200μl 1x PBS. The cells used as controls for the Viability stain were 

resuspended in 200μl ethanol, to induce cell death as a positive signal for the stain. After repeating 

the centrifugation step, cells were resuspended in 50μl BD 575V viability dye (1:2000 diluted in 

1x PBS) and incubated at room temperature for 15 minutes in the dark. After incubation, 150μl 

FACS buffer (0.1% BSA 0.1% NaN3 in PBS) was added to the wells, and the plate was centrifuged 

once again at 500g for 5 minutes to remove unbound antibodies. The cells were resuspended in 

50μl of the myeloid or lymphoid antibody cocktails (Table S1). The samples were incubated for 

20 minutes in the dark at 4°C. After the incubation 150μl FACS buffer was added to the wells and 

the plate was centrifuged, the supernatant was discarded and resuspended in 50μl of streptavidin 

mix if a biotinylated antibody was used in the myeloid or lymphoid mix. The streptavidin was 

incubated for 20 minutes at 4°C in the dark, after which 150μl FACS buffer was added, the plate 
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was centrifuged, the supernatant was discarded and resuspended in 100μl PBS. For fixation of 

cells, 100μl 4% paraformaldehyde was added to the wells and was incubated for 20 minutes in the 

dark at 4°C. After the incubation, the plate was centrifuged once again, the supernatant was 

discarded and resuspended in 100μl FACS buffer and samples were acquired on the BD Fortessa, 

LSR II, or the FACSymphony and analyzed using FlowJo™ Software.  

 

2.11. Enzyme-Linked Immunosorbent Assay (ELISA) 
 

Lung samples either Mtb-infected or naïve were homogenized and centrifuged at 2095 x g for 5 

minutes to remove tissue debris and collect supernatants. Homogenates were filtered twice with a 

0.2 µm filter before conducting the ELISA and were stored at -20°C until further use.  We then 

analyzed levels of a range of chemokines, cytokines, growth factors and antibodies using the 

standard sandwich ELISA protocol. The primary and secondary antibodies, as well as recombinant 

mouse protein standards, were obtained from BD Biosciences (New Jersey, United States), 

BioLegend (California, United States) and R&D Systems (Minnesota, United States). The 

cytokines, chemokines and growth factors included IL-17, IFNβ, IFNγ, MCP-1/CCL2, 

Mip1α/CCL3, CCL5, KC/CXCL1, Mip2/CXCL2, CXCL5, CXCL10, IL-2, IL-10, IL-4, IL-6, IL-

12p40, IL-12p70, IL-1α, IL-1β, G-CSF, GM-CSF, IL-23, IL-5, IL-13, IGF-1, TNFα, and TGF. To 

perform the ELISA, 96-well plates were coated with 50μl primary antibody in 1x PBS per well 

and incubated at 4°C overnight. After washing thrice with wash buffer and 0.05% tween-20) the 

plates were blocked with 200μl blocking buffer (2% BSA in 1x PBS) and incubated for 3 hours at 

37°C. The wash step was repeated and 50μl of sample supernatant was added to the respective 

wells. To generate a standard curve, we serially diluted a standard using recombinant protein in 

dilution buffer (1% BSA in 1x PBS). Once diluted, 50μl was added to the standard wells and 

incubated overnight at 4°C. The plates were washed as before, and 50μl biotinylated secondary 

antibody in dilution buffer was added to each well and incubated for 3 hours at 37°C. After washing 

3 times, 50μl horseradish peroxidase (HRP)-streptavidin or alkaline phosphatase (AP)-streptavidin 

was added and incubated for an hour at 37°C. Following this incubation, the plates were washed, 

and 50μl of either substrate was added. For the HRP plates, KPL TMB 2-component Microwell 

Peroxidase Substrate (SeraCare Life Sciences Incorporated, Massachusetts, United States) was 
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used. For the AP plates, p-nitrophenyl phosphate disodium salt hexahydrate was used (5 mg/ml 4-

nitrophenyl disodium salt hexahydrate) (Sigma-Aldrich®, Merck, Darmstadt, Germany) in AP 

substrate buffer (1 M diethanolamine, 0.5 mM magnesium chloride, pH 9.8). The plates were 

incubated at room temperature in the dark to develop for 10-30 minutes. The reaction for HRP 

plates was stopped using 50μl 1M phosphoric acid to prevent saturation and were read at 450nm 

with a reference of 540nm. The AP plates was measured at 405nm with a reference of 495nm. The 

absorbances were taken using the Versamax™ Tunable microplate reader and software analyzer 

Softmax Pro version 6.3. We consistently collected the same lung lobes for the preparation of lung 

homogenates, thereby reducing the variance between and within groups. In addition, we performed 

a head-to-head comparison of cytokines from lung homogenates versus normalized to protein 

concentrations. This comparison showed that in our experiments, differences in protein 

concentration didn’t affect the overall conclusion on immune response. 

 

2.12. Quantification of Nitric Oxide 
 

A Griess assay was performed to quantify the level of nitric oxide (NO) by measuring nitrite 

present in cell culture supernatant and lung homogenate samples. Since NO is metabolized to 

nitrite when oxygen is present, its measure is often used to evaluate the level of NO production 

(136). To detect levels of NO, a standard curve was generated, using a 1mM sodium nitrite solution 

serially diluted in DMEM media. The sample supernatants that were previously collected and 

stored at -20°C were added to a 96-well plate in a 1:1 ratio with 50μl 1% sulfanilamide in 2.5% 

phosphoric acid. After a 10-minute incubation at room temperature in the dark, 25μl of 0.1% 

naphthyl-ethylene-diamine in 2.5% phosphoric acid solution was added and incubated again under 

the same conditions to measure absorbance at 540nm using a reference wavelength of 690nm, with 

the Versamax™ Tunable microplate reader and Softmax Pro version 6.3 software. 

 

2.13. Histopathological analysis 
 

Lung lobes were fixed in 10% neutral buffered formalin. The tissue was processed using the Leica 

TP 1020 Processor for 24 hours and subsequently embedded in paraffin wax. The Leica Sliding 
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Microtome 2000R was used to cut 2 µm-thick sections of the embedded tissues. Three sections 

with 30µm distance apart per tissue were cut, deparaffinised, and subsequently stained with the 

hematoxylin/eosin stain. The images were acquired in Nikon Eclipse 90i microscopes and analysed 

with NIS-Elements AR software (Nikon Corporation, Tokyo, Japan) to determine the 

granulomatous area and alveolar space as a percentage of the total lung tissue. Alternatively, 

scanned slides were analyzed using QuPatth Software.  

 

2.14. RNA from Tissue and Cells 
 

Lung lobes were washed once with cold PBS and immersed in 500μL of RNAlater. Alternatively, 

samples were collected and stored in 350μL RLT buffer supplemented with 1% β-

mercaptoethanol. Samples were stored overnight in the fridge at 4oC as per instructions and 

thereafter at -80oC until homogenization in 500μL of Trizol or the RLT buffer depending on the 

storage medium. RNA from cells was collected by lysing 5x106 BMDM sample by adding 350μl 

Trizol or RLT buffer, cells were stored at -80oC until RNA extraction.  

 

2.15. RNA Extraction 
 

Tissue or cell samples that were collected in 500μL Trizol were transferred to gel phase tubes and 

100μL chloroform: isoamyl alcohol was added in a ratio of 49:1. Samples were mixed vigorously, 

incubated on ice for 2 minutes and centrifuged at 4oC for 10 minutes at 18000rpm. A volume of 

250μL chloroform: isoamyl alcohol was added again, vigorously mixed, incubated on ice and 

centrifuged as before. The aqueous phase was transferred to a new Eppendorf, and 1/10 volume of 

3M sodium acetate, 0.5μL linear polyacrylamide and 250μL isopropanol (half the original volume 

of Trizol) was added, mixing after each addition. To precipitate the RNA, the samples were 

incubated overnight at -20oC. Samples were centrifuged at 4oC for 20 minutes at maximum speed, 

and the supernatants were removed without disturbing the pellet. The RNA pellet was then washed 

using 500μL cold 70% ethanol and was vortexed to resuspend the pellet. The samples were washed 

by centrifuging at 7000 x g for 10 minutes at 4oC, removing the supernatant and repeating the wash 

step to remove any excess salts. The pellets were then airdried and resuspended in RNAse-free 
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water, before incubating at 60oC for 10 minutes. The concentration and purity of the RNA was 

then measured by the ThermoFisher Nanodrop One UV Spectrophotometer. Alternatively, RNA 

was extracted using the RNeasy Mini Kit (Qiagen), according to the manufacturer’s instructions.  

 

2.16. cDNA Synthesis  
 

We synthesized cDNA using the Transcriptor First Strand cDNA Synthesis Kit from Roche which 

used Anchored-oligo(dT)18 Primers and Random Hexamer Primers according to the 

manufacturer’s instructions. 

 

2.17. qRT-PCR analysis to quantify mRNA expression. 
 

qRT-PCRs were run using Roche SYBR Green I mix to confirm knockout and determine the 

expression of the Sestrin family and related genes using the primers specified in Table S2.2. 

 

2.18. BMDM Generation 
 

Mice were euthanized and aseptically dissected to collect the tibia and femur bones. We extracted 

bone marrow-derived macrophages (BMDMs) by flushing the bone marrow precursor cells from 

the tibia and femur bones using complete DMEM media. Cells were washed and filtered with a 

100μm sieve to remove any remaining tissue. Thereafter cells were centrifuged at 1200rpm for 10 

minutes and resuspended in 5ml complete media to prepare for counting. The cell concentration 

was determined by using 4% trypan blue and counted on a hemocytometer (Neubauer chamber, 

Paul Marienfield, Lauda-Königshofen, Germany) under a light microscope (Eclipse TS100 

inverted microscope, Nikon, Tokyo, Japan). Alternatively, cells were counted using the Biorad 

TC20 Automated Cell Counter. Cells were seeded and cultured in 150cm2 tissue culture grade 

CellStar (Greiner Bio-One International, Kremsmünster, Austria) petri dishes at a concentration 

of 13x106cells/culture dish using 25ml PLUTZNIK media. PLUTZNIK media was made using 

DMEM, 10% heat-inactivated fetal calf serum, 5% heat-inactivated horse serum, 30% M-CSF or 
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L929 conditioned media, 2 mM L-glutamine, 1 mM sodium pyruvate 100μg/ml penicillin-

streptomycin and 50μM β-mercaptoethanol. The isolated cells were incubated at 37°C and 5% 

CO2 for 7-10 days until differentiated. An additional 25ml PLUTZNIK media was supplemented 

on day 5. The L929 conditioned media used in PLUTZNIK contains macrophage colony-

stimulating factor (M-CSF) which permits the differentiation of the cells into macrophages. After 

7-days of differentiation, the morphological changes of the cells can be confirmed under a light 

microscope by their elongated appearance. Once this differentiation had been confirmed, the 

supernatants were discarded, and cells were washed with 1x PBS to remove any non-adherent cells 

and debris. The remaining adherent cells were lifted using 0.25mg/ml lidocaine-5mM 

ethylenediaminetetraacetic acid (EDTA) in 1x PBS and incubating for 5 minutes at 37°C. To 

ensure detachment, cells were gently scraped using a cell scraper. The cells were collected and 

centrifuged for 10 minutes at 4°C and 1200rpm and resuspended in complete media. The cells 

were counted as described above and were seeded accordingly. After incubation for 24 hours at 

37°C under 5% CO2, various downstream assays were performed. 

 

2.19. Cell Cytotoxicity Assay  
 

To measure levels of cytotoxicity in cells, we used lactate dehydrogenase (LDH) as a marker. The 

samples used were infected with Mycobacterium tuberculosis at an MOI of 0.5. For this assay, the 

Cytotoxicity Detection Kit, LDH (Roche, Sigma-Aldrich) was used according to the 

manufacturer’s instructions. Cells were seeded in a 96-well plate at a concentration of 1.0x105 in 

100μl phenol-free complete media. At the specified time point, the plate was centrifuged at 300 x 

g and 50μl of the supernatant was removed and added to a separate flat bottom plate. The 

Cytotoxicity Detection Reagent was made up using the enzyme and dye accordingly, and 50μl was 

added to each well. The plate was incubated for 30 minutes protected from light at 25°C, after 

which the results were read at 490nm with a reference wavelength of 600nm, using the 

Versamax™ Tunable microplate reader and data was analysed using SoftMax Pro 6.3 software 

(Molecular Devices, California, USA). 
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2.20. Cell Viability Assay 
 

To measure cell viability, we used the CellTiter-Blue® Cell Viability Assay kit (Promega, 

Wisconsin, United States) and followed the manufacturer’s recommendations. 1.5x105 cells were 

seeded in a 96-well clear bottom black plate, 20μl CellTiter-Blue® Reagent was added per 100μl 

complete media and was incubated for 1-4 hours at 37°C and 5% CO2. After the incubation, the 

absorbance was measured at 540nm with 600nm as the reference wavelength, using the 

Versamax™ Tunable microplate reader and data was analyzed using Softmax Pro 6.3 software 

(Molecular Devices, California, USA). 

 

2.21. CellROX™ ROS Assay 
 

To determine the level of oxidative stress intracellularly, a CellROX® Oxidative Stress Assay 

(Invitrogen) was used according to the manufacturer’s instructions. WT and KO Sesn BMDMs 

and infected with the HN878 strain of Mtb. For this assay, we used the CellROX® Green Reagent 

Cells were seeded at a concentration of 1.5x105 in a 96-well plate in 150μl of phenol-free complete 

DMEM media. At the specified time point, the cell supernatant was removed and CellROX® 

Reagent was made up to a concentration of 5μM in phenol-free complete media, of which, 50μl 

was added to each well. The plate was incubated for 30 minutes protected from light at 37°C and 

5% CO2. After the incubation, the dye was removed and 100μl PBS was used to wash the excess 

dye from the cells. The wells were then supplemented with 100μl phenol-free complete media. 

The plate was read with an excitation wavelength of 485nm and emission wavelength of 520nm 

using the Versamax™ Tunable microplate reader and data was analysed using Softmax Pro 6.3 

software (Molecular Devices, California, USA). 

 

2.22. Metabolic Analysis of Macrophages 
 

To analyze the influence of Sestrins on macrophage metabolic functions during infection and 

homeostasis, we used the Seahorse Bioanalyzer. The ATP Rate Assay kit was purchased from 
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Agilent and the protocol was followed as per the manufacturer’s instructions. For naïve 

experiments, we seeded 5x104 cells in the Seahorse cell plate, and for infection experiments 8x104 

cells were seeded in PDL-coated Seahorse plates in complete phenol-free DMEM. The cells were 

allowed to attach for 2-24 hours, and appropriate wells were infected with HN878 Mtb at an MOI 

of 0.5. Prior to starting the assay, the Seahorse cartridge was hydrated using a prewarmed XF 

Calibrant and was stored for at least 1 hour at 37°C in CO2-free conditions. Cells were washed 

with 100μl XF Assay media, comprising of Seahorse XF DMEM pH 7.4, 10mM Seahorse XF 

Glucose, 1mM Seahorse XF Pyruvate, and 2mM Seahorse XF L-Glutamine. Thereafter, 180μl XF 

Assay Media was added gently, and incubated at 37°C in a CO2-free incubator for 45 minutes. 

Oligomycin and Rotenone/antimycin A were loaded into ports A and B respectively, in the 

hydrated sensor cartridge and the cartridge was calibrated in the Seahorse analyzer under the Real-

Time ATP Rate Assay Protocol. Once calibrated, the cartridge was replaced with the cell plate and 

the assay protocol was run. Data was analyzed using Seahorse Analytics software and plotted using 

GraphPad Prism.  

 

2.23. Statistical analysis 
 
The data generated during this study were analyzed using GraphPad Prism version 10. Unless 

otherwise specified in figure legend, an unpaired student t-test was used with appropriate Welch 

correction if applicable, when comparing two groups (wildtype and knockout animals), to 

determine statistical significance. 
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CHAPTER 3: RESULTS 
 

Objective 1: Characterization of the Sesn2-/- global knockout mice. 

3.1. Characterization of the Sesn2-/- global knockout Mouse 
 
The deletion of Sesn2 had no morphological and immunological effect in naïve mice. 

Mice were generated and gifted by the Ming O. Li lab. Since a full immunological characterization 

of this mouse had not been done prior, we performed characterization of mice at the naïve state. 

This is done to establish a baseline and confirm that the gene deficiency does not cause any 

significant change at the naïve state. We characterized 8-12-week-old Sesn2 Wildtype (Sesn2+/+) 

and Knockout (Sesn2-/-) mice on a C57BL/6 background and collected the lung and spleen tissues 

for downstream analysis by flow cytometry, ELISAs, histology and qRT-PCR experiments. 

 

 
Figure 3.1.1: Sesn2 knockout had no effect on baseline measurements in mice. Lung lobes were 
collected, and RNA was extracted for qRT-PCR analysis of the expression of Sesn2 using Hprt as the 
housekeeping gene. Tissues were processed into single-cell suspensions for cell counts. a) qRT-PCR 
analysis of RNA from naïve lung samples of Sesn2+/+ and Sesn2-/- mice, confirming Sesn2 knockout. b) 
Total body weights of mice. c) Total lung and spleen organ weights. d) Total lung and spleen cell numbers. 
Data show mean ± of n=10-12mice/group of two pooled independent experiments. For statistical analysis, 
an unpaired student t-test was performed comparing baseline measurements in control versus knockout 
mice, with the following p-values to denote significance ** p <0.01. 
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or lung and spleen organ weights between mice. There was no difference in lung and spleen cell 

numbers between mice at a naïve state (Figure 3.1.1b-c). Indicating that deletion of Sesn2 has no 

effect on baseline measurements in mice.   

 

To determine the baseline immune responses of this mouse model, we first analyzed a range of 

pro-inflammatory, anti-inflammatory, and regulatory cytokines and chemokines as well as growth 

factors. These included IFN-γ, IL-12p40, IL-6, IL-17, IL-1α, IL-1β, TNFα, IL-2, IFNβ, IL-10, 

TGFβ, IL-4, IL-5, IL-13, GMCSF, CXCL2, CCL2, CCL3, CCL5, and CXCL1. We found no 

significant difference in the cytokines, chemokines and growth factors in the absence of Sesn2 in 

the lungs (Figure 3.1.2a-c). This indicates that at a naïve state, levels of inflammatory mediators 

are comparable between mice. 

 
Figure 3.1.2: The Sesn2 knockout had no effect on immune responses in the lungs at a naïve state. 
Lung homogenates were prepared to collect supernatants for the analysis of cytokines, chemokines and 
growth factors by ELISA. a) Pro-inflammatory cytokine panel. b) Anti-inflammatory cytokine panel. c) 
Growth factor and chemokine panel. Data show mean ± SEM of n=10-12mice/group of two pooled 
independent experiments. For statistical analysis, an unpaired student t-test was performed for comparison 
of cytokines, chemokines, and growth factor levels in control versus knockout mice. 
 
  

To further characterize, we analyzed the myeloid and lymphoid immune cell populations using 

flow cytometry in both the spleen and lungs of these mice. We found no differences in the 

percentage and absolute cell numbers of the lung lymphoid populations (Figure 3.1.3a and b). The 

lung CD4 T cell subsets also showed no differences (Figure 3.1.3c). However, we found a higher 

number of central memory amongst CD8 T cell populations in Sesn2-/- animals (Figure 3.1.3d). 
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We observed more PD1- KLRG1+ CD4 T cell exhaustion markers but no difference was seen in 

CD8 T in the Sesn2-/- mice (Figure 3.1.3d and e). Percentage and absolute lung myeloid cells 

showed no differences (figure 3.1.3g and h). Although CD8 memory and cDC1 sub-populations 

showed significant differences, there were no major changes in other immune cell lineage 

recruitment in the lungs of Sesn2-deficient mice at the naïve state.  

 

In the spleen, we observed no differences in lymphoid immune cell recruitment in the absence of 

Sesn2 in mice (Figure 3.1.4a and b). Additionally, CD4 and CD8 T cell subsets and exhaustion 

markers remained unchanged (Figure 3.1.4c-f). Spleen myeloid populations showed only 

decreased cDC1 cells in both percentage and absolute cell numbers in Sesn2-/- mice (Figure 3.1.4g 

and h). Overall, these differences were too small to exert a biological difference and more of 

statistical significance due to the small variance, hence we conclude, that overall, there were no 

major differences in immune populations and the activation/exhaustion of lymphocytes at a naïve 

state. 
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Figure 3.1.3: The deletion of Sesn2 showed comparable lung immune cell populations at a naïve state. 
Tissues were processed into single-cell suspensions, seeded and stained for either a Myeloid or Lymphoid 
panel, and acquired on a flow cytometer. a) Percentage of lung lymphoid populations. b) Absolute lung cell 
number of lymphoid immune cell populations. c) Lung CD4 T cell subsets. d) Lung CD8 T cell subsets. e) 
Lung CD4 T cell exhaustion profile. f) Lung CD8 T cell exhaustion profile. g) Percentage of lung myeloid 
cell populations. h) Absolute lung myeloid cell numbers. Data show mean ± SEM of n=10-12mice/group 
of two pooled independent experiments. For statistical analysis, an unpaired student t-test was used for 
comparison of immune cell abundance in control versus knockout mice, with the following p-values as 
significance, *p <0.05, **p <0.01.  
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Figure 3.1.4: The Sesn2 knockout showed comparable spleen immune cell populations at a naïve state. 
Tissues were processed into single-cell suspensions, seeded and stained for either a Myeloid or Lymphoid 
panel, and acquired on a flow cytometer. a) Percentage of spleen lymphoid immune cell populations. b) 
Absolute spleen lymphoid cell numbers c) Spleen CD4 T cell subsets. d) Spleen CD8 T cell subsets. e) 
Spleen CD4 T cell exhaustion profile. f) Spleen CD8 T cell exhaustion profile. g) Percentage of spleen 
myeloid immune cell populations.  h) Absolute spleen myeloid cell numbers. Data show mean ± SEM of 
n=10-12mice/group of two pooled independent experiments. For statistical analysis, an unpaired student t-
test was used for comparison of immune cell abundance in control versus knockout mice, with the following 
p-values denoting significance, *p <0.05, **p <0.01.  
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Hematoxylin & Eosin (H&E) staining and microscope analysis by analyzing the percentage of free 

alveolar space. The histology analysis revealed that there was no significant difference between 

the Sesn2+/+ and Sesn2-/- mice (Figure 3.1.5a-c). This suggests that the knockout of Sesn2 caused 

no defect in lung structure at the naïve state. 

 

 
Figure 3.1.5:  The absence of Sesn2 had no effect on lung histology at a naïve state. Lung sections were 
stained with H&E and were scanned at 20x magnification. a) Quantitative analysis of percentage free 
alveolar space. b) Representative image of Sesn2+/+ and c) Sesn2-/- lung. Data show mean ± SEM of 
n=10mice/group. For statistical analysis, an unpaired student t-test was performed for comparison of lung 
tissue pathology in control versus knockout mice. 
 
 

Collectively, these data showed no significant biological differences in Sesn2-/- mice compared to 

Sesn2+/+ control animals. There were no major differences in inflammatory phenotype, and this 

was reflected in the histology analysis, where the percentage of alveolar space between murine 

lungs was comparable with no apparent tissue pathology. Overall, we showed that the global 

deletion of Sesn2 had no impact on the baseline condition in mice.  

 

Objective 2:  To determine the role of Sestrin 2 in host immunity during Mtb 

infection using the Sesn2-/- mouse model. 

 

3.2. 6-week time course infection in the Sesn2 Knockout Mouse 
 
The absence of Sesn2 increased lung myeloid cell populations and tissue pathology in mice. 
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TB has a chronic disease progression, and therefore time course studies need to be conducted 

appropriately. To determine the effect of Sesn2 deficiency and its role in disease progression, we 

set the minimum infection duration to 6 weeks after infection. Sesn2-/- and Sesn2+/+ littermate 

controls were infected with 100CFU HN878 intranasally. The mice were monitored for 6 weeks 

after which they were euthanized and lungs, lymph nodes, and spleen, were sampled for further 

analysis.  

 

After 6 weeks of infection, we found no differences in body weight change, lung or spleen weight, 

as well as lung weight index (figure 3.2.1a-c). There were no differences in lung bacterial burdens, 

however, the burden was increased in the spleen of Sesn2-/- mice (figure 3.2.1d). No differences 

were observed in LN cell numbers, or lung cell numbers in the Sesn2-/- mice when compared to the 

littermate control animals (Figure 3.2.1e and f). This suggests that after 6-weeks of infection, 

measurements between mice are still comparable with exception of increased dissemination of Mtb 

in the spleen of Sesn2-/- mice.  

 
Figure 3.2.1:  The deletion of Sesn2 increased dissemination of Mtb in the spleen of mice at 6-weeks 
post infection. Mice were infected with 100 CFUs of HN878 and were sacrificed. The lung and LN were 
processed into single-cell suspensions to determine cell numbers. The lung and spleen samples were 
homogenized in tween-saline and plated on 7H11 agar plates to measure bacterial growth.  a) Body weight 
change. b) Total lung and spleen weight.  c) Lung weight index. d) Lung and spleen bacterial burdens. e) 
Total lung cell numbers. f) Total lymph node cell numbers. Data show mean ± SEM of n=12mice/group of 
two pooled independent experiments. For statistical analysis, an unpaired student t-test was used, for 
comparison of body weight change, organ weight, CFUs and organ cell numbers in control versus knockout 
mice, with p-values considered accordingly *p <0.05.  
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We then analyzed the lung homogenates to determine the immune responses by ELISA. We 

assessed the following chemokines, pro- and anti-inflammatory cytokines, and growth factors: 

IFN-γ, IL-12p40, IL-12p70, IL-6, IL-17, IL-1α, IL-1β, TNF, IL-23, IFNβ, TGFβ, IL-4, IL-10, 

GMCSF, GCSF, CXCL2, CXCL5, CCL2, CCL3, CCL5, CXCL10 and CXCL1. Our analysis 

revealed no significant differences between the Sesn2+/+ and Sesn2-/- animals at 6-weeks post 

infection (Figure 3.2.2a-c). Suggesting that at 6-weeks post infection, Sesn2 deletion does not alter 

the immune response profile. 

 

 
Figure 3.2.2: Sesn2 deficiency did not alter immune responses in the lungs at 6-weeks post Mtb 
infection. Lungs were homogenized to collect supernatants for ELISAs. a) Pro-inflammatory cytokine 
panel. b) Anti-inflammatory cytokine panel. c) Chemokine and growth factor panel. Data show mean 
± SEM of n=12 mice/group of two pooled independent experiments. For statistical analysis, an unpaired 
student t-test was performed for comparison of cytokines, chemokines, and growth factor levels in control 
versus knockout mice. 
 
 

In addition to lung immune responses, we assessed the immune cell recruitment in the lungs of 

Sesn2 knockout animals. The analysis of the immune cell populations by flow cytometry showed 

no significant differences in lung lymphoid populations (Figure 3.2.3a and b) and lymphoid subsets 

and exhaustion markers (Figure 3.2.3c-f). However, percentage of lung myeloid populations 

showed increased neutrophils and monocytes and decreased CD103+ DCs in the Sesn2-/- mice but 

absolute cell numbers mirrored the increase in neutrophils and monocytes (Figure 3.2.3g and h). 

This indicated that after 6 weeks of infection, Sesn2 deletion had a greater impact on myeloid cell 

recruitment than on lymphoid populations.  

 

a. c.b.

0

1

2

3

4

(n
g/
m
L)

IFN
γ

IL-1
2p4
0

IL-1
2p7
0 IL-6 IL-1

7
TN
F

IL-1
α

IL-2
3

IFN
β

IL-1
b 0

5

10

15

20
(n
g/
m
L)

IL-1
0

TG
Nβ IL-4

0.0

2.5

5.0

6

7

8

9

10

(n
g/
m
L)

GM-CSF
CXCL10

CXCL2
CXCL5

CCL2
CCL3

CXCL1
CCL5

G-CSF

Sesn2 +/+
Sesn2 -/- 



 62 

 

 
Figure 3.2.3: Sesn2 knockout mice showed increased myeloid cell populations in the lungs at 6-weeks 
post Mtb infection. Lung tissues were harvested to prepare single-cell suspensions, and stained with either 
a Myeloid or Lymphoid panel, before acquiring cell populations by flow cytometry. a) Lung lymphoid 
immune cell populations represented as percentages. b) Lung lymphoid populations, represented as absolute 
cell numbers. c) Lung CD4 T cell subsets. d) Lung CD8 T cell subsets. e) Lung CD4 T cell exhaustion 
markers. f) Lung CD8 T cell exhaustion markers. g) Lung myeloid immune cell populations represented as 
percentages. h) Lung myeloid cell populations represented in absolute cell numbers. Data show mean 
± SEM of n=12 mice/group of two pooled independent experiments, and statistical analysis was performed 
using an unpaired student t-test for comparison of immune cell recruitment in control versus knockout mice, 
with the following p-values as indicators of significance, *p <0.05, **p <0.01. 
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Besides lungs, lymph nodes were also analyzed for immune cell recruitment by flow cytometry. 

The results showed an increase in the percentage of NK cells in the Sesn2-/- mice, but not absolute 

cell numbers (figure 3.2.4a and b). Higher CD4 naïve cells and CD8 central memory T cells were 

observed in the Sesn2-/- mice, however, no differences were seen in CD4 and CD8 T cell exhaustion 

(Figure 3.2.4c-f). Myeloid cell population analysis showed higher percentages of macrophages but 

lower CD11b migratory DCs and lower MHCII high and low monocytes in the Sesn2-/- mice (figure 

3.2.4g). In absolute cell number, we found that only the decreased MHCII high and low monocytes 

were maintained in the Sesn2-/- mice (figure 3.2.4h). Overall, we found a decrease in myeloid 

inflammatory cell recruitment in the lymph nodes of Sesn2-/- mice at 6wpi. However, at the same 

timepoint we observed an increase in lung myeloid populations in the Sesn2-/- mice (neutrophils 

and monocytes) (Figure 3.2.3g and h). Here the difference can perhaps be explained by immune 

cell compartmentalization between the lungs and LN. 

 



 64 

 
Figure 3.2.4: Sesn2 knockout mice showed decreased myeloid cell populations in the lymph nodes at 
6-weeks post Mtb infection. Lymph nodes were processed into single-cell suspensions, and stained with 
either a Myeloid or Lymphoid panel, before acquiring cell populations by flow cytometry a) Lymph node 
lymphoid immune cell populations represented as percentages. b) Lymph node lymphoid populations, 
represented as absolute cell number. c) Lymph node CD4 T cell subsets. d) Lymph node CD8 T cell subsets. 
e) Lymph node CD4 T cell exhaustion markers. f) Lymph node CD8 T cell exhaustion markers g) Lymph 
node myeloid immune cell populations represented as percentages. h) Lymph node myeloid cell populations 
represented in absolute cells. Data show mean ± SEM of n=12mice/group of two pooled independent 
experiments. For statistics, an unpaired t-test was used, for comparison of immune cell recruitment in 
control versus knockout mice, and the following p values as significant, *p <0.05, ***p <0.001, ****p 
<0001.  
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Lastly, we analyzed lung tissue pathology at 6-weeks post-infection, as fibrotic breakdown of lung 

tissue is a hallmark of TB disease. Histological analysis showed that Sesn2-/- mice had significantly 

decreased free alveolar space compared to their Sesn2+/+ counterparts (Figure 3.2.5a). As TB 

progresses, lung tissue becomes fibrotic and breaks down forming caseum and necrotic regions, 

which decreases lung capacity and function and is represented by a decreased percentage of free 

alveolar space. This is visible in representative images of Sesn2+/+ and Sesn2-/- lungs (Figure 3.2.5b 

and c).  

 
Figure 3.2.5: The absence of Sesn2 increased lung pathology after 6-weeks of Mtb infection. Lung lobes 
were collected and fixed in 10% neutral buffered formalin, stained with H&E and scanned at 20x 
magnification. a) Quantification of percentage free alveolar space. b) Representative image of Sesn2+/+ and 
c) Sesn2-/- lung. Data show mean ± SEM of n=12mice/group of two pooled independent experiments. For 
statistical an unpaired student t-test was used, for comparison of lung tissue pathology in control versus 
knockout mice, with the following p values denoting significance, ***p <0.001. 
 

Overall, despite comparable bacterial burdens in the lungs, and immune responses, we found 

increased neutrophilia and monocytes in the lungs of Sesn2-/- mice, which may be a contributing 

factor to the increased lung tissue pathology observed. The most notable result of the 6wpi data, 

is the increased lung tissue pathology in Sesn2-/- mice, as lung pathology is a hallmark of poor 

disease outcome. These data show that at 6-weeks post-infection, the deletion of Sesn2-/- leads to 

lung pathology in TB infection. 

3.3. 12-week time course infection in the Sesn2 Knockout Mouse 
 
The absence of Sesn2 increased myeloid and lymphoid cell populations in both lung and 

lymph nodes and tissue pathology in mice. 
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Given increased lung tissue pathology in the Sesn2-/- mice after 6wpi, we further extended the time 

point to 12wpi, to assess whether the magnitude of differences increase. To determine the effect 

Sesn2 deletion has during a longer infection timepoint, we infected Sesn2+/+ and Sesn2-/- mice with 

HN878 Mtb intranasally with 100 CFU. Mice were monitored for the 12-week duration of the 

experiment after which they were euthanized, and lungs, spleen and lymph nodes were collected 

for further analysis.  

 

At 12wpi, we found no significant change in body weight difference, lung and spleen weights, 

lung weight index, and bacterial burdens, however, there were significantly increased lung and 

lymph node cell numbers in the Sesn2-/- mice compared to the Sesn2+/+ controls (Figure 3.3.1a-f). 

This indicated that deletion of Sesn2 increased total cell numbers in lung and lymph nodes during 

prolonged infection (12 weeks). 

 
Figure 3.3.1: The deletion of Sesn2 increased lung and lymph node cell numbers after 12-weeks of 
Mtb infection. Mice were infected with 100 CFUs of HN878 and were sacrificed. The lung and LN samples 
were processed into single-cell suspensions before counting. To measure bacterial growth, the lung and 
spleen samples were homogenized in tween-saline and grown on 7H11 agar plates. a) Body weight change. 
b) Total lung and spleen weight.  c) Lung weight index. d) Lung and spleen bacterial burden. e) Total lung 
cell numbers. f) Total lymph node cell numbers. Data show mean ± SEM of n=11mice/group of two pooled 
independent experiments. For statistical analysis, an unpaired student t-test was used, for comparison of 
body weight change, organ weight, CFU and organ cell numbers in control versus knockout mice, with p-
values considered accordingly, **p <0.01, ****p <0001. 
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We further analyzed immune responses in the lungs, which showed that there were no significant 

differences across the pro-inflammatory and anti-inflammatory cytokine panel, nor the 

chemokines or growth factors that were investigated as indicated (figure 3.3.2a-c). This suggests 

that even during 12-weeks of infection, Sesn2 deletion has an insignificant effect on immune 

response in vivo. 

 
Figure 3.3.2: Sesn2 deficiency did not alter immune responses in the lungs after 12-weeks of Mtb 
infection.  Lung lobes were homogenized, and supernatants were collected for ELISA analysis. a) Pro-
inflammatory cytokine panel. b) Anti-inflammatory cytokine panel. c) Chemokine and growth factor panel. 
Data show mean ± SEM of n=11mice/group of two pooled independent experiments. For statistical 
analysis, an unpaired student t-test was performed for comparison of cytokines, chemokines, and growth 
factor levels in control versus knockout mice. 
 
 

Using flow cytometry to distinguish inflammatory immune populations we noticed that overall 

lung lymphoid populations were increased in the Sesn2-/- mice. Significant alterations were 

observed with B cells and gamma delta T cells exhibiting a robust increase in Sesn2-/- mice (Figure 

3.3.3a). Absolute cell numbers had a consistent trend with a significant increase in all lymphoid 

subpopulations in the Sesn2-/- mice (Figure 3.3.3b). However, T cell subsets and exhaustion 

markers showed no significant differences (Figure 3.3.3c-f). The increased numbers of myeloid 

cells in the lung were not observed when comparing cell percentages (Figure 3.3.3g). However, 

absolute myeloid cell numbers showed significantly increased neutrophils, interstitial 

macrophages, eosinophils, alveolar macrophages, and CD11b DCs in the Sesn2-/- mice (Figure 

3.3.3h). These results strongly suggest that the absence of Sesn2 drives an increase in lymphoid 

and myeloid cell populations.  
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Figure 3.3.3: Sesn2 knockout mice showed increased lymphoid and myeloid cell populations in the 
lungs after 12-weeks of Mtb infection. Lung tissues were processed into single-cell suspensions and 
stained with either a Myeloid or Lymphoid panel, before acquiring cell populations by flow cytometry. a) 
Lung lymphoid immune cell populations represented as percentages. b) Lung lymphoid populations, 
represented as absolute cell numbers. c) Lung CD4 T cell subsets. d) Lung CD8 T cell subsets. e) Lung 
CD4 T cell exhaustion markers. f) Lung CD8 T cell exhaustion markers. g) Lung myeloid immune cell 
populations represented as percentages. h) Lung myeloid cell populations represented in absolute cell 
numbers. Data show mean ± SEM of n=11mice/group of two pooled independent experiments. Statistical 
analysis was performed using an unpaired student t-test for comparison of immune cell abundance in control 
versus knockout mice, with the following p-values denoting significance, *p <0.05, **p <0.01, ***p 
<0.001, **** p <0001. 
 

Similar, analysis was performed in lymph nodes. We found no significant differences in the 

percentages of lymphoid subpopulations in the draining lymph nodes, however, absolute cell 

numbers showed significantly higher lymphocyte populations such as B cells, CD4 and CD8 T 

cells, and gamma delta T cells in the Sesn2-/- mice (Figure 3.3.4a and b). Within T-cell populations, 
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however, memory and exhaustion phenotypes did not differ between mice (Figure 3.3.4c-f). This 

suggests that deletion of Sesn2 drives increased lymphoid cell recruitment, but not percentages, in 

the lymph nodes, consistent with the increased total lymph node cell numbers (Figure 3.3.1f) in 

the Sesn2-/- mice. 

 
Figure 3.3.4: Sesn2 knockout mice showed increased lymphocyte cell numbers in the lymph nodes 
after 12-weeks of Mtb infection.  Lungs were processed into single-cell suspensions and stained with a 
Lymphoid panel, before acquiring cell populations by flow cytometry. a) Lymph node lymphoid immune 
cell populations represented as percentages. b) Lymph node lymphoid populations, represented as absolute 
cell number. c) Lymph node CD4 T cell subsets. d) Lymph node CD8 T cell subsets. e) Lymph node CD4 
T cell exhaustion markers. f) Lymph node CD8 T cell exhaustion markers. Data show mean ± SEM of 
n=11mice/group of two pooled independent experiments. Statistical analysis was performed using an 
unpaired student t-test for comparison of immune cell abundance in control versus knockout mice, with the 
following p-values denoting significance, *p <0.05, **p <0.01. 
 
To investigate whether extended infection (12 weeks) influences lung pathology, we determined 

the lung tissue damage and quantified the percentage of free alveolar space. Lungs with less 

alveolar space are indicative of more damage and fibrotic tissue. Sesn2 deficient mice had 

significantly less free alveolar space, in agreement with the increased lung cell numbers and 
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pathology (Figure 3.3.5a-c). This indicates that the ablation of Sesn2 drives lung tissue pathology 

after 12-weeks of Mtb infection.  

 

 
 
Figure 3.3.5:  The absence of Sesn2 increased lung pathology after 12 weeks of Mtb infection. Lung 
lobes were collected and fixed in 10% neutral buffered formalin, stained with H&E and scanned at 20x 
magnification. a) Quantification of percentage free alveolar space. b) Representative image of Sesn2+/+ and 
c) Sesn2-/- lung. Data show mean ± SEM of n=11mice/group of two pooled independent experiments. For 
statistical analysis, an unpaired student t-test was used, for comparison of lung tissue pathology in control 
versus knockout mice, with the following p values representing significance, **p <0.01. 
 
Overall, these data show a distinct profile in Sesn2-deficient mice after 12-weeks of infection. 

Specifically, increased lung and LN total cell numbers, increased immune cell recruitment and in 

concordance, increased lung tissue pathology in the Sesn2-/- mice. Demonstrating the potential role 

of Sesn2 in regulating immune cell recruitment and host lung tissue pathology during 12-weeks of 

infection with Mtb. 

 

 

3.4. To determine the effect of the absence of Sestrin 2 on survival of mice during 

TB disease. 
 
Sesn2-deficient mice showed enhanced mortality to Mtb infection. 

 

To understand the Sesn2 ablation influence the survival of mice in TB disease, we infected Sesn2+/+ 

and Sesn2-/- mice with 100 CFU of HN878 Mtb intranasally, monitored daily and were euthanized 
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when they reached the humane endpoint. The survival study showed that Sesn2-/- mice succumbed 

to infection earlier than their Sesn2+/+ counterparts. The mean survival of the Sesn2-/- mice, at 

which 50% of the animals remain, is 26 weeks, compared to the Sesn2+/+ mice which reach their 

50% survival at 33 weeks (Figure 3.4.1). Overall, this finding showed that the absence of Sesn2 

results in increased mortality to TB disease.  

 

 
 

Figure 3.4.1: Deletion of Sesn2 increased mortality during TB disease in mice. Mice were infected with 
100 CFU Mtb HN878 and monitored closely. At individual humane endpoints, each mouse was euthanized, 
and the time point was recorded. Data show mean ± SEM of n=18-19mice/group of two pooled independent 
experiments. For statistical analysis, survival curve comparison was done using the Mantel-Cox test 
between control versus knockout mice, with the following p values for significance *p <0.05. 
 

Objective 3: Mechanistic studies to determine pathways and the regulation of Sestrin 

2 in macrophages using the Sesn2-/- mouse model. 

 

3.5. In vitro studies to determine the mechanistic role of Sestrin 2 in macrophages. 
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Sesn2-deficient macrophages increased bacterial growth, ROS production, cell death, pro-

inflammatory cytokine responses and glycolysis. 

 

We have shown that the Sesn2-/- mice have increased lung pathology and reduced survival during 

TB disease in vivo produced by Mtb HN878. However, the molecular mechanisms or contributing 

factors that drive the susceptibility remain elusive. We, therefore, conducted in vitro macrophage 

infection experiments where we harvested BMDMs from Sesn2+/+ and Sesn2-/- mice and infected 

them with HN878 Mtb (MOI of 0.5). Thereafter, we investigated bacterial burden, cytotoxicity, 

cell viability, pro-inflammatory cytokines and ROS production, as inflammatory markers which 

may be contributors to pathology at a cellular level. 

 

Interrogating the Sesn2-/- mice in vivo showed similar bacterial burden except increased at 6wpi in 

the Sesn2-/- spleen. Macrophages are essential innate cells in TB hence we compared bacterial 

growth at a cellular level. Concurrently, searching for other inflammatory factors that could be 

driving the increased susceptibility. To measure bacterial burden in macrophages, we set 3dpi and 

6dpi time points. At 3dpi, we found that CFUs were significantly increased in the Sesn2-/- 

macrophages compared to the Sesn2+/+ cells, however, at 6dpi this difference was abolished (Figure 

3.5.1a). Indicating that Sesn2 deficient macrophages are less capable of controlling Mtb early after 

infection. 

 

Our in vivo results also established increased lung tissue pathology during infection in the absence 

of Sesn2, we therefore investigated cell death in macrophages in vitro using the release of cytosolic 

LDH as a marker of cytotoxicity. Our data showed that at 1dpi and 2dpi the Sesn2-/- macrophages 

had a higher level of cytotoxicity when compared to control macrophages (Figure 3.5.1b).  

 

To understand drivers contributing to increased cell death and lung tissue pathology, we assessed 

various inflammatory markers. Since Sesn2 has known antioxidant properties and regulates ROS 

through multiple mechanisms, we measured ROS levels in macrophages, knowing its damaging 

effect on cells. To assess whether ROS could be a driver of cell death, we set corresponding time 

points at 1- and 2dpi, as ROS has a short half-life, and its effects can be detected earlier than Mtb 

killing. Here, we showed at 1- and 2dpi, ROS was significantly elevated in the Sesn2 deficient 
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macrophages compared to their controls, suggesting that ROS may be involved in the increased 

cell death. Interestingly, to validate our cell death data, we conducted cell viability analysis using 

CellTiter Blue dye, which showed increased viability in the Sesn2-/- mice despite the increased 

cytotoxicity (Figure 3.5.1b and d). CellTiter Blue dye fluorescently measures the reduction of 

resazurin dye in metabolically active cells, instead of a direct measure of viability (137). 

Suggesting a closer look into metabolomics may be necessary to understand the interplay between 

Sesn2, ROS and cell death.  

 

Cytokine environment during TB disease is a crucial factor in immune control and protection. We 

measured a panel of cytokines. The culture supernatants were collected at 3- and 6dpi to determine 

immune response. Pro-inflammatory cytokine analysis showed increased IL-1b at 3- and 6-days 

post infection and increased TNF at 3 days post infection in Sesn2-/- macrophages (Figure 3.5.1e 

and f). In contrast, IL-6 levels showed a decrease in the Sesn2-/- macrophages at 3- and 6-days post 

infection (Figure 3.5.1g and h). No differences were seen in nitrite levels between macrophages 

(Figure 3.5.1i). Apart from IL-6, there was a general increase in pro-inflammatory markers in the 

Sesn2 deficient macrophages.  
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Figure 3.5.1: Sesn2-deficient macrophages showed increased bacterial growth, ROS production and 
pro-inflammatory cytokine responses in vitro. BMDMs were harvested and generated, after which, 1x105 
cells were seeded, and infected with Mtb HN878 at an MOI of 0.5. a) Total bacterial burden at 3 days and 
6 days post infection. b) Cytotoxicity measured by LDH Assay at 1- and 2-days post infection. c) ROS 
detection at 1- and 2-days post infection, measured by using the CellROX Assay kit. d) Cell Viability at 2 
days post-infection, measured by using Cell Titer Blue dye. e) IL-1b, f) TNF, g) IL-6 and h) TGFβ cytokine 
secretion measured by ELISA at 3- and 6-days post infection. i) Measurement of nitrite as a proxy of nitric 
oxide levels using the Promega Griess Reagent. Data shown as mean ± SEM of representative of 2-3 
independent experiments. An unpaired student t-test was used for comparison of CFUs, cytotoxic, viability, 
ROS and cytokine levels in control versus knockout mice, with the p values for significance, *p <0.05, **p 
<0.01, ***p <0.001, ****p<0.0001. 
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To elucidate any compensatory or regulatory roles of the Sestrin genes, we extracted RNA at 0-, 

4-, 8- and 24-hours post-infection in BMDMs. We conducted qRT-PCR to detect differential 

expression of the Sestrin family and associated genes. Analysis of Sesn2 expression confirmed 

successful knockout, where Sesn2 expression was not detectable in the Sesn2-/- macrophages 

(Figure 3.5.2a). There were no significant differences in Sesn1 expression post-infection, however, 

at a naïve state, Sesn1 expression was increased in Sesn2-/- macrophages (Figure 3.5.2b). Moreover, 

the expression of Sesn1 generally decreased during Mtb infection (Figure 3.5.2b).  Sesn3 

expression was increased in Sesn2-/- macrophages prior to infection (0 hours) and at 8 hours post 

infection. Nevertheless, Sesn3 expression, in general, was detected at a very low level compared 

to Sesn1 and Sesn2 (Figure 3.5.2c). Foxo3, a transcription factor of Sesn1 and Sesn3, showed no 

significant differential expression in Sesn2-/- macrophages (Figure 3.5.2d). Given that ROS levels 

were elevated in the Sesn2-/- macrophages, we assessed the expression of the Cybb gene, which 

encodes the cytochrome b-245 beta chain, that forms a subunit of the enzyme complex NADPH 

oxidase. In turn, NADPH oxidase catalyzes the transfer of electrons to O2 thus generating 

superoxides and H2O2 (138). Our analysis showed that Cybb was only elevated in the Sesn2-/- 

BMDMs at a naïve state, but not during Mtb infection (Figure 3.5.2e). These gene expression 

kinetic assays showed us that there is minimal genetic compensation from other members of Sesn 

family in the absence of the Sesn2 in macrophages during Mtb infection. 
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Figure 3.5.2: The expression of other Sestrin family gene members in Sesn2-/- BMDMs. BMDMs were 
generated and harvested, after which cells were infected with an MOI of 0.5. RNA was collected and 
extracted from the cells using Trizol, described in Methods. cDNA was synthesized, and qRT-PCRs 
performed for each gene of interest, using Hprt as the housekeeping gene. a) Sesn2 expression. b) Sesn1 
expression. c) Expression of Sesn3 in Sesn2+/+ and Sesn2-/- BMDMs. d) Expression of transcription factor 
Foxo3 and e) Expression of ROS associated gene Cybb in Sesn2+/+ and Sesn2-/- BMDMs. Data show mean 
± SEM of n=4/group. For statistical analysis, an unpaired student t-test was used to compare gene 
expression between control versus knockout mice, and p values were referred to for significance, *p <0.05. 
 
Given the role of Sesn2 in cellular metabolism, and our increased cell viability and ROS in Sesn2-
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how Sesn2 affects macrophage energy metabolism during Mtb infection (122). Using the Real-

Time ATP Rate Assay, we quantified the ATP production rate between Sesn2+/+ and Sesn2-/- 

BMDMs at a naïve state and 1-day post-infection. Moreover, the Seahorse Assay allowed us to 

quantify the total ATP production rate, which could be divided between glycolytic and 

mitochondrial ATP production (oxidative phosphorylation). The Real-Time ATP Rate Assay uses 

the combination of metabolic inhibitors, oligomycin and rotenone/antimycin A, which are injected 

at specific points in the assay to inhibit ATP synthase and complex I and III in the electron transport 

chain. Simultaneously, the Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate 

(ECAR) are measured dynamically in real-time. Since glycolysis and oxidative phosphorylation 

are the predominant methods of ATP production, by sequential inhibition, the assay can distinguish 

between the two methods and provide insight into the cell’s metabolic state and ability to transition 

during stressful conditions (139).  

 

Our primary comparison was the total ATP production rate between the Sesn2+/+ and Sesn2-/- 

macrophages, to gauge the metabolic activity of the cells. At a naïve state Sesn2-/- cells showed a 

significantly increased total ATP production rate compared to control macrophages (Figure 3.5.3). 

This trend was consistent during infection, where the total ATP production rate was significantly 

increased in the Sesn2-/- macrophages (Figure 3.5.3). This suggests that Sesn2-deficient 

macrophages consistently show elevated metabolic activity compared to control macrophages.  
 

Interestingly, at 1dpi, the total ATP production rate significantly increased in both Sesn2+/+ and 

Sesn2 -/- macrophages compared to their respective naïve state. Sesn2+/+ macrophages, at a naïve 

state elicited an ATP rate of 24.48 pmol/min which increased to 50.3 pmol/min during infection, 

and Sesn2-/- cells increased from 40.92 at a naive state to 66.01 pmol/min post infection (Figure 

3.5.3). Moreover, the mode of ATP production showed that both Sesn2-/- and Sesn2+/+ macrophages 

favored glycolysis over mitochondrial respiration, but Sesn2-deficient macrophages displayed 

glycolytic dependency to a greater extent than control macrophages, at naïve and infected state. 

(Figure 3.5.3). Notably, Mtb infection exaggerated the glycolytic shift in Sesn2-/- and Sesn2+/+ 

macrophages. This indicates that Mtb may influence increasing metabolic activity and 

reprograming energetics of macrophages, and Sesn2 deficiency potentiates glycolysis in 

macrophages.  
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Figure 3.5.3: Deletion of Sesn2 increased total ATP production rate and glycolysis in BMDMs. After 
BMDMs were generated, harvested, and seeded, they were infected with HN878 at an MOI of 0.5. Using 
the Real-Time ATP Rate Assay and Seahorse Analyzer, we quantified the ATP production rate at a naïve 
state and 1-day post-infection. Data from naïve and 1dpi experiments showed the total ATP production rate 
and distinguished between mitochondrial versus glycolytic production of ATP. a) Metabolic state of 
Sesn2+/+ and Sesn2-/- BMDMs at naïve and 1dpi. Data show mean ± SEM of n=2-3 replicates and 
representative of three independent experiments. For statistical analysis an ANOVA was performed 
comparing ATP production rate control versus knockout mice, and corrected for multiple comparisons, 
with the following p values for significance, *p <0.05, **p <0.01, ***p<0.001.   
 
The Seahorse Analyzer also facilitates a measure that reflects the bioenergetics of the cell using 

the OCR and ECAR values. A further look into bioenergetics using the XF Real-Time ATP Rate 

Assay showed that at a naïve state, Sesn2+/+ macrophages leaned towards a more 

energetic/glycolytic state and were closely associated with the Sesn2-/- macrophages (Figure 

3.5.4a). However, after Mtb infection, Sesn2+/+ macrophages transitioned to a more quiescent state, 

and in contrast, Sesn2-/- macrophages remained in an energetic state (Figure 3.5.4b). Sesn2-/- 
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macrophages have therefore displayed both an increase in total ATP production rate compared to 

their wildtype counterparts, increased glycolysis, and a distinct energetic profile during infection 

(Figure 3.5.3 and Figure 3.5.4a and b). Indicating the role of Sesn2 in regulating metabolism and 

proposing a link with dysregulated metabolism during Mtb infection.  

 

 
 
Figure 3.5.4: Sesn2-deficient BMDMs remained in an energetic state after Mtb infection. BMDMs were 
infected with HN878 at an MOI of 0.5. Using the Real-Time ATP Rate Assay and Seahorse Analyzer, we 
analyzed the energetic profile of Sesn2+/+ and Sesn2-/- BMDMs at a naïve state and after 1-day of infection. 
a) Bioenergetic state of naïve Sesn2+/+ (blue) and Sesn2-/- (green) BMDMs. b) Bioenergetic state of infected 
Sesn2+/+ (blue) and Sesn2-/- (green) BMDMs. Data representative of 2-3 experiments and analyzed using 
Seahorse Analytics online software. 
 

Here, we have shown that Sesn2 deletion in macrophages potentiates a more inflammatory 

phenotype, with increased pro-inflammatory markers that may be contributing to increased cell 

death in macrophages, and subsequent increased bacterial burden. Moreover, we have shown that 

Sesn2 deletion led to increased metabolic activity. Since ROS is a natural byproduct of 

metabolism, we propose a possible explanation for the increased ROS in Sesn2-/- macrophages. 

With ROS having known harmful effects on cells, these data are consistent with our hypothesis of 

ROS-mediated cell death, which is driven by dysregulated increased metabolism in the absence of 

Sesn2. Collectively, these data have shown at a cellular level, the potential role of Sesn2 as a 

regulator of inflammatory responses that contribute to TB disease severity. 
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Objective 4: Characterization of the LysMcreSesn1flox/flox macrophage-specific 

knockout mice. 

 

3.6. Characterization of the LysMcreSesn1flox/flox Mouse 
 
The macrophage-specific deletion of Sesn1 had no major effect on immune response and lung 

pathology in naïve mice. 

 
Given the important role of macrophages in tuberculosis, we investigated whether a macrophage-

specific deletion of Sestrin 1 would alter the outcome of TB disease. To this end, the macrophage-

specific Sesn1 knockout (LysMcreSesn1flox/flox) mouse was generated. Naïve LysMcreSesn1flox/flox 

and Sesn1flox/flox littermate control mice, aged 8-12 weeks old were euthanized, and organs 

collected for characterization, to determine whether the deletion of Sesn1 in macrophages caused 

any baseline defect.  

 

From each tissue (lung, spleen, thymus and liver), we extracted RNA to confirm the knockdown 

of the Sesn1 gene. Our qRT-PCR analysis showed significantly lower expression of Sesn1 gene 

expression in the lung, spleen and liver tissue (Figure 3.6.1a), confirming a successful knockdown 

of Sesn1 (Figure 3.6.1a). We also measured the expression of the Sesn2 gene in these 

LysMcreSesn1flox/flox mice and their littermate controls at a naïve state in vivo. This would reveal 

any compensatory effects Sesn2 may have when expression of Sesn1 is reduced. Interestingly, we 

saw significantly reduced expression of Sesn2 in the spleen, thymus and liver tissue in the 

LysMcreSesn1flox/flox mice (Figure 3.6.1b). Although there was no significant reduction of Sesn2 

expression in the lung tissue (Figure 3.6.1b), a primary site for Mtb infection. Overall, Sesn1 

depletion in macrophages also reduced the expression of Sesn2 in vivo, suggesting that Sesn1 is 

linked to Sesn2 via a common regulatory factor.  
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Figure 3.6.1: The Sesn1 knockdown in LysMcreSesn1flox/flox mice showed comparable baseline 
measurements. Naïve mice were euthanized, and organs were collected for analysis (n=6). Tissue samples 
were dissociated into single-cell suspensions for cell counting, alternatively, tissue was homogenized, and 
RNA extracted, after which qRT-PCRs were run using Hprt as the housekeeping gene. a) Sesn1 RNA 
expression in lung, spleen, thymus and liver tissue in LysMcreSesn1flox/flox samples compared to littermate 
controls. b) Sesn2 RNA expression in lung, spleen, thymus and liver tissue in LysMcreSesn1flox/flox samples 
compared to littermate controls. c) Body weights. d) Lung and spleen organ weights. e) Total lung and 
spleen cell numbers. Data show mean ± SEM of n=6mice/group, an unpaired student t-test was used for 
statistical analysis for comparison of gene knockout, and baseline measurements in control versus knockout 
mice, with the following p-values denoting significance *p <0.05, **p <0.01, ***p <0.001.   
 
At a naïve state, we found no significant differences in body weight, or lung and spleen weight 

and cell numbers between the LysMcreSesn1flox/flox mice and their littermate controls (Sesn1flox/flox) 
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(Figure 3.6.1c-e). The absence of Sesn1 in macrophages had no major effect compared to the 

controls at the naïve state.  

 
 

 
Figure 3.6.2: Immune responses in the macrophage-specific Sesn1-deficient mice are comparable at a 
naïve state. Lung homogenates were collected for analysis of cytokines, chemokines and growth factors 
by ELISA. a) Pro-inflammatory cytokine. b) Anti-inflammatory cytokine. c) Chemokine and growth factor 
panels. Data show mean ± SEM of n=6 mice/group. For statistical analysis, an unpaired, student t-test was 
performed for comparison of cytokines, chemokines, and growth factor levels in control versus knockout 
mice, where *p <0.05 versus control group. 
 
To further characterize the inflammatory profile of the LysMcreSesn1flox/flox mouse, we analyzed 

lung homogenates, at a naïve state by ELISAs. The following pro-inflammatory, anti-

inflammatory, and regulatory cytokines, chemokines and growth factors were analyzed; IFN-γ, IL-

12p40, IL-6, IL-1α, IL-1β, TNF, IL-2, IL-10, IL-4, IL-5, IL-13, GMCSF, and CCL5. We found 

that the cytokine milieu between lungs was largely similar, with a minor significance in IL-12p40 

production in the LysMcreSesn1flox/flox lung homogenates (Figure 3.6.2a-c), however, given the 

small difference in the magnitude, it may not be biologically relevant. Overall, macrophage-

specific deletion of Sesn1 did not result in gross differences in immune response at a naïve state. 
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Figure 3.6.3: The macrophage-specific deficiency of Sesn1 did not affect lung pathology at a naïve 
state. Lung sections were stained with H&E and scanned at 20x magnification. a) Quantification of 
percentage free alveolar space represented graphically. b) Representative image of Sesn1-/- compared with 
c) representative image of LysMcreSesn1flox/flox lung. Data are represented as mean ± SEM of n = 5-6 
mice/group. For statistical analysis an unpaired student t-test was used to compare lung tissue pathology 
between control versus knockout mice. 
 
 
Since TB is associated with severe pulmonary pathology, it was necessary to compare the lung 

tissue structure between these mouse models, in the absence of infection, to determine the 

condition at a naïve state. Using hematoxylin & eosin staining and microscope analysis, we 

analyzed the percentage of free alveolar space as a measurement of lung tissue pathology. As 

expected, microscopy analysis demonstrated that there were no significant differences in lung 

inflammation between the Sesn1flox/flox and LysMcreSesn1flox/flox mice (Figure 3.6.3a-c). Indicating 

that the macrophage-specific deletion of Sesn1 has no effect on lung inflammation at a naïve state.  

 

Overall, there were no significant biological differences, or inflammatory changes and is consistent 

with no difference in lung tissue pathology at a naïve state in the LysMcreSesn1flox/flox mice. 
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Objective 5: To determine the role of Sestrin 1 in macrophage host immunity during 

Mtb infection using the LysMcreSesn1flox/flox mouse model. 

 

3.7. 6-week time course infection of the LysMcreSesn1flox/flox Mouse 

 
The macrophage-specific deletion of Sesn1 increased lung neutrophilia but had no effect on 

lung tissue pathology after 6-weeks of Mtb infection. 

 
To determine the effect of Sesn1 deletion in the macrophage-specific knockout mouse model, 

LysMcreSesn1flox/flox, we assess these at 6-week infection time point. We used littermate animals as 

controls, and infected mice intranasally with 100CFU HN878. During the 6-week course of 

infection, the mice were monitored closely by the grimace scale. After 6-weeks, mice were 

euthanized, and the lungs, lymph nodes, and spleen were collected for downstream analysis. 

 

No differences were observed in body weight change, lung or spleen weight, or lung weight index 

after 6-weeks of infection (Figure 3.7.1a-c). Lung and spleen bacterial burden also showed no 

differences between mice (Figure 3.7.1d). We observed no differences in LN cell counts in the 

LysMcreSesn1flox/flox mice (Figure 3.7.1f). Interestingly, we found significantly higher lung cell 

numbers in the LysMcreSesn1flox/flox mice compared to their littermate controls (figure 3.7.1e). 

Suggesting that the macrophage-specific deletion of Sesn1 facilitates increased lung cell numbers 

after 6-weeks of infection.  
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Figure 3.7.1: The macrophage-specific deletion of Sesn1 showed increased lung cell numbers at 6-
weeks post infection. Mice were infected with 100 CFUs of HN878 and were sacrificed. The lung and LN 
were processed into single-cell suspensions to determine cell counts. Lung and spleen samples were 
homogenized and plated on 7H11 agar plates to determine bacterial growth. a) Absolute body weight over 
6-weeks of infection. b) Total lung and spleen organ weight.  c) Lung weight index. d) Lung and spleen 
bacterial burden. e) Total lung cell numbers. f) Total lymph node cell numbers. Data show mean ± SEM of 
n=11-12mice/group of two pooled independent experiments. For statistical analysis, an unpaired student t-
test was used for comparison of body weight, organ weight, CFUs, and organ cel numbers in control versus 
knockout mice, with p-values considered *p <0.05. 
 
 

To elucidate the inflammatory profile of the LysMcreSesn1flox/flox mice at 6-weeks post 

infection, we analyzed the following cytokines, chemokines and growth factors by ELISAs: IFN-

γ, IL-12p40, IL-12p70, IL-6, IL-17, IL-1α, IL-1β, IL-23, IFNβ, TGFβ, IL-4, IL-10, GMCSF, 

CXCL2, CXCL5, CCL2, CCL3, CCL5, CXCL10 and CXCL1. We found that the pro- 

inflammatory cytokines, IL12p70 and IL-23 were reduced in the LysMcreSesn1flox/flox mice 

(Figure 3.7.2a). However, the anti-inflammatory cytokines showed no differences in the lungs 

(Figure 3.7.2b). Amongst chemokines, CXCL5 (which attracts neutrophils) was increased in the 

LysMcreSesn1flox/flox mice compared to their littermate controls (Figure 3.7.2c). In TB disease 

progression, increased neutrophilia has been associated with tissue destruction and lung pathology. 

Suggesting that after 6-week infection, the macrophage-specific deletion of Sesn1 alters immune 

mediators that could contribute to increased pathology. Additionally, deletion of Sesn1 altered pro-
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inflammatory, or chemokine mediators but had no effect on anti-inflammatory cytokines. This 

suggests a role for Sesn1 in regulating pro-inflammatory responses at 6-weeks post infection. 

 
Figure 3.7.2: The macrophage-specific deletion of Sesn1 altered immune responses in the lungs after 
6-weeks of Mtb infection. Lung samples were homogenized to collect supernatants for ELISA experiments.  
a) Pro-inflammatory cytokine panel. b) Anti-inflammatory and regulatory cytokine panel. c) Chemokine 
and growth factor panel. Data show mean ± SEM of n=11-12mice/group of two pooled independent 
experiments. An unpaired student t-test was used for comparison of cytokines, chemokines, and growth 
factor levels in control versus knockout mice with the following p-values considered accordingly *p <0.05. 
 
To further understand the immune cell recruitment between the LysMcreSesn1flox/flox mice and their 

littermate controls, we analyzed lung immune cell populations using flow cytometry. Lung 

lymphoid cell analysis revealed no differences between mice when comparing the frequencies of 

the populations (Figure 3.7.3a). However, the lung absolute cell numbers showed significantly 

higher CD4 T cells in the LysMcreSesn1flox/flox mice compared to the littermate controls (Figure 

3.7.3b). Furthermore, the subsets and T cell exhaustion markers showed a minor decrease in the 

percentage of CD8 T cell effector/effector memory cells and an increase in the percentage of 

KLRG1+PD1+ cells in the LysMcreSesn1flox/flox mice (Figure 3.7.3d and f). Lung myeloid cell 

population analysis showed a higher percentage of neutrophils and reduced interstitial 

macrophages in the LysMcreSesn1flox/flox mice (Figure 3.7.3g). This significant increase of 

neutrophils remained consistent in lung absolute cell numbers; however, the reduced interstitial 

macrophage observation was abolished in the LysMcreSesn1flox/flox mice (Figure 3.7.3h). This 

suggests that the macrophage-specific deletion of Sesn1 in vivo modifies the immune cell milieu 

in the lungs after 6-weeks of infection, especially increasing neutrophil recruitment that may 

contribute to tissue pathology. 
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Figure 3.7.3: The macrophage-specific deletion of Sesn1 showed altered immune cell recruitment in 
the lungs after 6-weeks of Mtb infection. Lung lobes were processed into single-cell suspensions. Cells 
were stained with either a Lymphoid or Myeloid panel and cell populations acquired a) Lung lymphoid 
immune cell populations represented as percentages. b) Lung lymphoid populations, represented as absolute 
cell numbers. c) Lung CD4 T cell subsets. d) Lung CD8 T cell subsets. e) Lung CD4 T cell exhaustion 
markers. f) Lung CD8 T cell exhaustion markers. g) Lung myeloid immune cell populations represented as 
percentages. h) Lung myeloid cell populations represented in absolute cell numbers. Data show mean 
± SEM of n=11-12mice/group of two pooled independent experiments. For statistical analysis, an unpaired 
student t-test was used for comparison of immune cell abundance in control versus knockout mice, with the 
following p-values denoting significance, *p <0.05, **p <0.01. 
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Lymph node lymphoid immune cell population analysis showed no differences when comparing 

percentages or cell numbers (Figure 3.7.4a and b). The T cell subsets and exhaustion only revealed 

a minor increase in the percentage of KLRG1+PD1+ CD8 T cells in the LysMcreSesn1flox/flox mice 

(Figure 3.7.4f). Among LN myeloid cell populations, we found an increase in the percentage of 

CD11b resident DCs and MHCII low monocytes in the LysMcreSesn1flox/flox mice, but this 

significance was abolished when comparing lymph node cell number (Figure 3.7.4g and h). This 

suggests that the macrophage-specific deletion of Sesn1 in mice causes minor alterations to LN 

immune cell populations after 6-weeks of infection. 
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Figure 3.7.4: The macrophage-specific deletion of Sesn1 showed minor changes to immune cell 
populations in lymph nodes at 6-weeks post Mtb infection. Lymph nodes were processed into single-cell 
suspensions, stained with either a Lymphoid or Myeloid panel and cell populations were acquired. a) 
Lymph node lymphoid immune cell populations represented as percentages. b) Lymph node lymphoid 
populations, represented as absolute cell number. c) Lymph node CD4 T cell subsets. d) Lymph node CD8 
T cell subsets. e) Lymph node CD4 T cell exhaustion markers. f) Lymph node CD8 T cell exhaustion 
markers g) Lymph node myeloid immune cell populations represented as percentages. h) Lymph node 
myeloid cell populations represented in absolute cell numbers. Data show mean ± SEM of n=11-
12mice/group of two pooled independent experiments. For statistical analysis, an unpaired student t-test 
was used for comparison of immune cell abundance in control versus knockout mice, with the following p-
values denoting significance, *p <0.05. 
 
Considering increased lung cell numbers and neutrophils in the lung, we determined lung tissue 

pathology and quantified the percentage free alveolar space in the LysMcreSesn1flox/flox and 

littermate controls. Histology analysis and quantification revealed no difference in the percentage 

of free alveolar space between mice (Figure 3.7.5a). This was reflected in the representative images 

(Figure 3.7.5b and c), with large amounts of fibrosis and dark purple granulomatous regions in 

both the LysMcreSesn1flox/flox mice and their littermate controls. This suggests that the deletion of 

Sesn1 in macrophages alone has no effect on tissue pathology after 6-weeks of infection in vivo. 

 

 
 

Figure 3.7.5: The macrophage-specific deletion of Sesn1 had no effect on lung pathology after 6-weeks 
of Mtb infection. Lung lobes were fixed in 10% neutral buffered formalin, and stained with H&E. Slides 
were scanned at 20x magnification.  a) Quantification of percentage free alveolar space. Representative 
image of b) Sesn1flox/flox (littermate control) and c) the LysMcreSesn1flox/flox lungs. Data show mean ± 
SEM of n=11-12mice/group of two pooled independent experiments. For statistical analysis, an unpaired 
student t-test was performed for comparison of lung tissue pathology in control versus knockout mice. 
 
In summary, the LysMcreSesn1flox/flox mice showed a significant increase in CXCL5 secretion, 

corresponding with increased neutrophils in the lungs after 6-weeks of infection (Figure 3.7.2c and 
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3.7.3g and h). We also found decreased IL-12p70 and IL-23 production in the lungs (Figure 

3.7.2a). Notably, lung CD4 T cell recruitment was increased in the LysMcreSesn1flox/flox mice, 

consistent with the increased lung cell numbers (Figure 3.7.3b and 3.7.1e). LysMcreSesn1flox/flox 

mice displayed reduced percentages of interstitial macrophages in the lungs, and increased 

percentages of CD11b resident DCs and MCHII low monocytes in the LN (Figure 3.7.3g and 

3.7.4g). However, immune cell recruitment was not translated in the tissue pathology in the 

LysMcreSesn1flox/flox lungs (Figure 3.7.5 a-c). Overall, the macrophage-specific depletion of Sesn1 

had no major effect on the outcome of TB disease in vivo. 

 

3.8. 12-week time course infection of the LysMcreSesn1flox/flox Mouse 
 
The macrophage-specific deletion of Sesn1 decreased lung neutrophilia but had no effect on 

lung tissue pathology after 12-weeks of Mtb infection. 

 
To further understand the effect of Sesn1 deletion in macrophages during prolonged infection, we 

extended the timepoint and investigated the inflammatory and antibacterial responses at 12-weeks 

post infection. We infected controls and the LysMcreSesn1flox/flox mice intranasally with 100CFU 

HN878. The mice were monitored closely over the 12-week infection period, after which, the mice 

were euthanized, and the lungs, lymph nodes and spleen were harvested for further processing. 

 

Interestingly, the LysMcreSesn1flox/flox mice gained more weight than the littermate controls despite 

seeing no differences in lung and spleen weight, lung weight index or lung and LN cell numbers 

(Figure 3.8.1a-c and e-f). Bacterial burden between mice was also comparable with no significant 

differences (Figure 3.8.1d).  
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Figure 3.8.1:  The macrophage-specific Sesn1-deficiency showed no significant differences at 12-weeks 
of Mtb infection in mice. Mice were infected with 100 CFUs of HN878 and were sacrificed. Single-cell 
suspensions were generated from the lung and LN samples for cell numbers. The lung and spleen samples 
were homogenized and plated on 7H11 agar plates to measure bacterial burden. a) Absolute body weight 
over the 12-week course of infection. b) Total lung and spleen weight.  c) Lung weight index. d) Lung and 
spleen bacterial burden. e) Total lung cell numbers. f) Total lymph node cell numbers. Data show mean 
± SEM of n=11-12mice/group of two pooled independent experiments. For statistical analysis, an unpaired 
student t-test was used, to compare body weight, organ weight, CFUs, and organ cell numbers between 
control versus knockout mice, and the following p-values considered accordingly ***p <0.001.  
 
Analysis of immune response in the lungs showed decreased IL-6 and IL-17 in the 

LysMcreSesn1flox/flox mice compared to control mice (Figure 3.8.2a). There were no differences in 

the anti-inflammatory panel of cytokines (Figure 3.8.2b). Out of the chemokines and growth 

factors investigated, CXCL10, a potent inflammatory chemokine with leukocyte recruiting 

function was elevated and CCL3, a chemokine with neutrophil recruiting function was decreased 

in the LysMcreSesn1flox/flox mice compared to the control mice (Figure 3.8.2c). These results suggest 

that the macrophage-specific deletion of Sesn1 enabled an immune response shift in the lungs but 

consistently had no effect on anti-inflammatory cytokines.  
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Figure 3.8.2: The macrophage-specific deletion of Sesn1 showed altered immune responses in the 
lungs after 12-weeks of Mtb infection. Lung lobes were homogenized to collect supernatants for ELISA 
analysis.  a) Pro-inflammatory cytokine panel. b) Anti-inflammatory cytokine panel. c) Chemokine and 
growth factor panel. Data show mean ± SEM of n=11-12mice/group of two pooled independent 
experiments. For statistical analysis, an unpaired student t-test was used for comparison of cytokines, 
chemokines, and growth factor levels in control versus knockout mice, with the following p-values used 
for significance, *p <0.05. 
 

Furthermore, we investigated the immune cell populations in the LysMcreSesn1flox/flox mice after 12 

weeks of infection using flow cytometry. We investigated lymphoid and myeloid immune cell 

populations of lung and lymph nodes from the LysMcreSesn1flox/flox mice and littermate controls. 

We found no differences between mice when comparing the percentage and absolute cell numbers 

of the lung lymphoid immune populations (Figure 3.8.3a and b). Likewise, for CD4 and CD8 T 

cell subsets, we observed no differences between mice (Figure 3.8.3c and d). Our CD4 T cell 

exhaustion panel revealed increased KLRG1+PD1+ and more importantly, increased 

KLRG1+PD1- cells in the LysMcreSesn1flox/flox mice indicating higher levels of CD4 T cell 

exhaustion, but this was not consistent among CD8 T cells (Figure 3.8.3e and f). Lung myeloid 

analysis showed significantly decreased neutrophils in the LysMcreSesn1flox/flox mice compared to 

the littermate controls, and this was consistent in both cell frequencies as well as the absolute cell 

numbers (Figure 3.8.3g and h). These results suggest that depletion of Sesn1 from macrophages, 

albeit minor, alters the lung immune cell milieu, with a significant decrease in neutrophils seen.  
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Figure 3.8.3: The macrophage-specific deletion of Sesn1 showed altered immune cell recruitment in 
the lungs after 12-weeks of Mtb infection. Lung lobes were processed into single-cell suspensions. Cells 
were stained with either a Lymphoid or Myeloid panel and cell populations acquired a) Lung lymphoid 
immune cell populations as percentages. b) Lung lymphoid populations, represented as absolute cell 
numbers. c) Lung CD4 T cell subsets including T Follicular Helper cells (CXCL5+ PD1+). d) Lung CD8 
T cell subsets T Follicular Helper cells (CXCL5+ PD1+). e) Lung CD4 T cell exhaustion panel. f) Lung 
CD8 T cell exhaustion panel. g) Lung myeloid immune cell populations as percentages. h) Lung myeloid 
cell populations represented in absolute cell numbers. Data show mean ± SEM of n=11-12mice/group of 
two pooled independent experiments. For statistical analysis, an unpaired student t-test was used for 
comparison of immune cell recruitment in control versus knockout mice, with the following p-values 
representing significance, *p <0.05, ***p <0.001.  
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In lymph nodes, we found no differences between lymphoid immune cell percentages or absolute 

cell numbers between the LysMcreSesn1flox/flox mice and controls after 12 weeks of infection (Figure 

3.8.4a and b). The T cell subset analysis showed increased naïve CD8 T cells in the 

LysMcreSesn1flox/flox mice, but this trend was not observed in the CD4 T cell panel (Figure 3.8.4c 

and d). Likewise, the T cell exhaustion panel showed no differences in CD4 T cells but decreased 

KLRG1+PD1+ CD8 T cells in LysMcreSesn1flox/flox mice compared to the littermate controls, 

indicating reduced T cell exhaustion (Figure 3.8.4e and f). Consistent with our lung myeloid 

analysis, the lymph node myeloid percentages also showed decreased neutrophil recruitment in the 

LysMcreSesn1flox/flox mice, however, abolished in the absolute numbers (Figure 3.8.4g and h). 

Suggesting that Sesn1 depletion showed only minor shifts in LN immune cell populations. 
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Figure 3.8.4: The macrophage-specific deletion of Sesn1 showed minor changes to immune cell 
populations in lymph nodes after 12-weeks of Mtb infection. Lymph nodes were processed into single-
cell suspensions. Cells were stained with either a Lymphoid or Myeloid panel and cell populations acquired 
a) Lymphoid populations in the LN represented as percentages. b) LN lymphoid populations, represented 
as absolute cell numbers. c) LN CD4 T cell subsets. d) Lymph node CD8 T cell subsets. e) LN CD4 T cell 
exhaustion panel. f) LN CD8 T cell exhaustion panel g) Myeloid immune cell populations in the LN 
represented as percentages. h) LN myeloid cell populations represented in absolute cell numbers. Data show 
mean ± SEM of n=11-12mice/group of two pooled independent experiments. For statistical analysis, an 
unpaired student t-test was used for comparison of immune cell recruitment in control versus knockout 
mice, with the following p-values denoting significance, *p <0.05. 
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To determine the effect of the Sesn1 deletion on lung tissue pathology, the percentage free alveolar 

space was quantified by comparing the lungs of the LysMcreSesn1flox/flox and the littermate controls. 

The macrophage-specific deletion of Sesn1 in macrophages did not affect the percentage of free 

alveolar space in vivo (Figure 3.8.5a-c). These results show that the macrophage-specific function 

of Sesn1 is dispensable during 12 weeks of Mtb infection.  

 

 
 
Figure 3.8.5: The macrophage-specific Sesn1-deficiency had no effect on lung pathology after 12-
weeks of Mtb infection. Lung lobes were fixed in 10% neutral buffered formalin and stained with H&E. 
Slides were scanned at 20x magnification. a) Percentage free alveolar space quantified b) Representative 
section of the Sesn1flox/flox and c) LysMcreSesn1flox/flox lung from mice. Data are represented as mean ± SEM 
of n = 5-6 mice/group. For statistical analysis, an unpaired student t-test was performed to compare lung 
tissue pathology between control versus knockout mice. 
 
 
 

Despite minor differences in inflammatory profiles in the LysMcreSesn1flox/flox and littermate control 

mice, overall, it had no major effect on the outcome of TB disease. Together, these data show that 

the ablation of Sesn1 specifically in macrophages plays a negligible role in the control of 

tuberculosis or lung pathology during infection, both at 6- and 12-weeks post infection. 

 

3.9. To determine the effect of the absence of Sestrin 1 in macrophages on survival 

of mice during TB disease. 

 



 97 

The macrophage-specific deletion of Sesn1 had no effect on susceptibility to TB disease in 

mice. 
To determine whether the macrophage-specific deletion of Sesn1 influence the survival of animals 

during TB disease, we conducted a mortality experiment. Mice were infected with 100 CFU 

HN878 Mtb intranasally and were monitored closely throughout the survival experiment. Mice 

were euthanized when they reached their humane endpoint, and the date of euthanasia was 

recorded. The results from the mortality experiments showed no significant difference in 

susceptibility during TB disease. The mean time at which 50% of the animals succumbed to disease 

was comparable, with Sesn1flox/flox at 34 weeks and the LysMcreSesn1flox/flox mice at 39 weeks 

(Figure 3.9.1). Overall, the absence of Sesn1 in macrophages does not affect the survival of the 

host. 

 

 
 

Figure 3.9.1: Sesn1 depletion in macrophages had no effect on mortality during TB disease in mice. 
Mice were infected intranasally with 100 CFU HN878. Each time point of euthanasia was recorded to 
generate the survival curve and establish whether the macrophage-specific deletion of Sesn1 affects 
susceptibility. Data show mean ± SEM of n=18-22mice/group of two pooled independent experiments. For 
statistical analysis, a survival curve comparison was done using the Mantel-Cox statistical test for 
comparison between control versus knockout mice. 
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Objective 6: Mechanistic studies to determine pathways and the regulation of Sestrin 

1 in macrophages using the LysMcreSesn1flox/flox mouse model. 

 

3.10. In vitro studies to determine the role of Sestrin 1 in macrophages. 
 
Sesn1-deficient macrophages increased bacterial growth, ROS production, cell death, pro-

inflammatory cytokine responses and showed glycolytic shift. 

 

From our studies of interrogating LysMcreSesn1flox/flox mouse, we have seen that the macrophage-

specific deletion does not increase susceptibility to TB in an in vivo model. Likewise, at longer 

stages of infection, there are no major changes in inflammation between the LysMcreSesn1flox/flox 

mice and their littermate controls, as well as similar lung tissue pathology. This indicates that the 

macrophage-specific deletion alone is inadequate to distinguish the role of Sesn1 in vivo, whereas 

other cells express Sesn1. We may observe a better effect using a Sesn1 global knockout mouse 

model, like Sesn2, where we showed increased susceptibility to TB.  

 

Conducting in vitro experiments with Sesn1-deficient macrophages would therefore give insight 

into the effect at a pure cellular level since there is no Sesn1 expression from bystander cells as in 

vivo. We conducted in vitro experiments using macrophages differentiated from bone marrow 

progenitors of LysMcreSesn1flox/flox mice and littermate controls. BMDMs were then infected with 

HN878 Mtb at an MOI of 0.5, after which we investigated bacterial burden, cytotoxicity, viability, 

cytokine profiles and ROS production between these macrophages.  
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Figure 3.10.1: Sesn1-deficient macrophages showed increased bacterial growth, ROS production and 
cell death in vitro. BMDMs were seeded at a concentration of 1x105 cells per well and infected with Mtb 
HN878 at an MOI of 0.5. a) Total bacterial burden at 3- days and 6-days post infection in the Sesn1flox/flox 
and LysMcreSesn1flox/flox mice. b) Cytotoxicity assay measured by LDH absorbance at 1- and 2-days post 
infection. c) Levels of ROS at 1- and 2-days post infection, measured by using the CellROX Assay kit. d) 
Measurement of mitochondrial ROS using MitoTracker Red CMXRos stain. e) Cell viability at 1- and 2-
days post infection, measured by using CellTiter blue dye. Data shown as mean ± SEM of representative 
of 2-3 experiments. For statistics, an unpaired student t-test was used for comparison of CFUs, cytotoxicity, 
viability, and ROS between control versus knockout mice, with the following p-values referred to for 
significance, *p <0.05, **p <0.01, ***p <0.001. 
 

From our in vivo infection studies, the bacterial burden between mice was largely comparable. We 

found no differences at 3dpi, however, we observed a significantly higher bacterial growth in 

macrophages-deficient for Sesn1 at 6dpi (Figure 3.10.1a). Showing that Sesn1-deficient 

macrophages are less capable of controlling Mtb infection. Given that bacterial burden alone 

doesn’t contribute to susceptibility to TB disease, we investigated the link between Sesn1 and other 

factors that could be drivers of lung tissue pathology and TB severity(140). We measured cell 

death in macrophages using the release of cytosolic LDH in the supernatant as a measure, with the 

intent that it could reflect macrophage cell death within tissues in a full system model. Cytotoxicity 

data showed a transient significant increase in cell death at 1dpi in LysMcreSesn1flox/flox 

macrophages (Figure 3.10.1b). To understand this increased cell death in the Sesn1-deficient 

macrophages we measured intracellular ROS levels, a driver of cell death which is closely 

regulated by the Sesn family of genes. Moreover, ROS contributes to increased tissue pathology 
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and inflammation, we therefore measured LDH, ROS and cell viability at corresponding earlier 

time points, as the half-life of ROS is short and its effect on cell death can be seen earlier. These 

assays were conducted at 1- and 2-dpi to detect whether the cellular ROS levels correspond with 

increased cell death. Levels of intracellular ROS showed a similar trend to the cytotoxicity results, 

where at 1dpi ROS was significantly higher in the LysMcreSesn1flox/flox macrophages but at 2dpi 

only a trend in increase remained (Figure 3.10.1c). Consistent with our theory that ROS may be 

potentiating cytotoxicity in cells.  

 

As a means of validating our cytotoxicity results, we measured cell viability using CellTiter blue 

dye. Quantifying cell viability consistently showed increased viability at 1dpi post infection in the 

LysMcreSesn1flox/flox macrophages, opposing the cell death data. However, the assay itself relies on 

the reduction of resazurin to resorufin by metabolically active cells, suggesting that Sesn1-deficient 

macrophages may be more metabolically active instead of a direct measure of viability (Figure 

3.10.1e) (137). Since ROS is a natural byproduct of metabolism, this urged us to look closer at 

mitochondrial ROS levels, which showed no significant difference between macrophages, 

prompting the need to further investigate the link between Sesn1, metabolism, ROS and cell death 

during Mtb infection (Figure 3.10.1d).  

 

Given the importance of the cytokine environment during TB disease, a panel of cytokines were 

chosen based on known pro-inflammatory responses and the role they play during TB pathology, 

additionally to the role Sesn1 may play in the regulation of these inflammatory markers. The 

culture supernatants were collected at 3- and 6dpi to determine immune response. Pro-

inflammatory cytokine analysis showed IL-1α secretion was significantly decreased in the 

LysMcreSesn1flox/flox macrophages at 3- and 6dpi (Figure 3.10.2a). In contrast, there was increased 

IL-1β in LysMcreSesn1flox/flox macrophages at 3dpi but not at 6dpi (Figure 3.10.2b). Levels of IL-6 

and TGFβ were both significantly increased at 3dpi in LysMcreSesn1flox/flox macrophages, but this 

was not observed at 6dpi (Figure 3.10.2c and f). TNF was also elevated in LysMcreSesn1flox/flox 

macrophages at 3dpi but decreased at 6dpi (Figure 3.10.2d). Nitric oxide levels were measured as 

another inflammatory marker, however, there was no difference in nitrite measurement between 

the LysMcreSesn1flox/flox and littermate controls (Figure 3.10.2e). These results suggest that in the 

absence of Sesn1, cells are more prone to an inflammatory phenotype.  
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Figure 3.10.2: Sesn1-deficient macrophages showed increased pro-inflammatory responses in vitro.   
Culture supernatants were collected at 3- and 6-days post infection for ELISA analysis. a) IL-1a, b) IL-1b, 
c) IL-6, and d) TNF secretion at 3- and 6-days post infection. e) Quantification of nitrite as a proxy of nitric 
oxide at 3- and 6-days post infection using the Promega Griess Reagent. f) TGF-b levels at 3- and 6dpi 
measured by ELISA. Data shown as mean ± SEM of representative of 2-3 independent experiments. For 
statistical analysis, an unpaired student t-test was used to compare cytokine levels and nitric oxide in control 
versus knockout mice, with the following p-values denoting significance *p <0.05, **p <0.01.  
 

There is more evidence of Sestrin 2 playing a role in mitochondrial regulation, both directly and 

indirectly. Even though the metabolic pathways of Sesn2 have not been fully understood yet, the 

role that Sestrin 1 plays remains more elusive. We have already demonstrated that Sesn1-deficient 

macrophages may be more metabolically active and may not be dependent on mitochondrial 

production. Therefore, we investigated cell metabolomics to provide a link between the role of 

Sesn1, ROS and cell death during Mtb infection. Given that both genes belong to the same family 

of stress responders, we conducted cell flux experiments with the Seahorse Analyzer to elucidate 

the role of Sesn1 in macrophage energy metabolism in naïve and Mtb infection. We quantified the 

ATP production rate between LysMcreSesn1flox/flox and Sesn1flox/flox macrophages at a naïve state and 

24-hours post infection using the Real-Time ATP Rate Assay described previously in section 3.5.  

Our first comparison focused on the total ATP production rate between the Sesn1-deficient and 

control macrophages, to gauge their metabolic activity. In a naive state, the LysMcreSesn1flox/flox 

macrophages displayed a similar total ATP production rate compared to their littermate controls, 
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(Figure 3.10.3). Likewise, after 1dpi, there was no significant difference in the total ATP 

production rate in the Sesn1-deficient macrophages compared to control macrophages, although a 

higher trend was seen (Figure 3.10.3). However, Sesn1-deficient and sufficient macrophages 

showed an increased total ATP production rate after infection, compared to their respective naïve 

state, especially in the Sesn1-deficient cells (Figure 3.10.3). As a secondary analysis, we 

investigated the method of ATP production, which showed an energetic switch to glycolysis in 

both macrophages post infection compared to the naïve state (Figure 3.10.3). Statistical analysis 

of glycolysis in control and Sesn1-deficient macrophages showed a significant increase with 

statistical significance of p=0.0008 and p=0.0021 respectively, after infection (Figure 3.10.3). 

Interestingly, Sesn1-deficient macrophages displayed significantly more glycolytic ATP 

production compared to the control cells post infection (p=0.0272), whereas at a naïve state, there 

was no significant difference in glycolysis between macrophages (Figure 3.10.3). This suggests 

that Mtb infection was able to alter the metabolism of these cells. Together with increased total 

ATP production, this affirms the concept that Sesn1 plays a regulatory role in cell metabolism, 

which seems to be more evident after Mtb infection.  
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Figure 3.10.3: Deletion of Sesn1 in macrophages increased total ATP production rate and glycolysis 
in BMDMs post infection. BMDMs were seeded at a concentration of 1x105 cells per well and were 
analyzed at a naïve state or were infected with HN878 at an MOI of 0.5 for 24 hours. Using the Real-Time 
ATP Rate Assay and Seahorse Analyzer, the ATP production rate was measured. Results from naïve and 
1-day post infection experiments display the total ATP production rate whilst distinguishing between 
mitochondrial and glycolytic production of ATP. a) Metabolic states of LysMcreSesn1flox/flox and Sesn1flox/flox 
naïve BMDMs and BMDMs after 1-day post infection. Data show mean ± SEM of n=2-3 replicates and 
representative of three independent experiments. For statistical analysis, ANOVA was used, corrected for 
multiple comparisons to compare ATP production rate in control versus knockout mice, and the following 
p values were used for significance, **p <0.01, ***p <0.01.  
 
Additionally, the readout showed a snapshot of the bioenergetics of the cell at a basal state, prior 

to any addition of metabolic inhibitors; and at the time point where inhibitors are injected (under 

metabolic stress). The Sesn family of genes are stress-inducible and their anti-inflammatory roles 

have been exploited in other disease models but have not been examined in the context of 

infectious disease. This prompted us to explore the impact of Sesn1 deletion on the bioenergetic 

state of macrophages, at a basal state (absence of stress), and under metabolic stress (when 
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metabolically challenged) after the addition of metabolic inhibitors, oligomycin and 

rotenone/antimycin A. Analysis of the bioenergetic states of the LysMcreSesn1flox/flox and 

Sesn1flox/flox macrophages showed that at a naïve, basal state, LysMcreSesn1flox/flox macrophages lean 

towards a more energetic state and Sesn1flox/flox macrophages are more glycolytic, both 

macrophages closely linked with a metabolically active state (Figure 3.10.4a). During metabolic 

stress but the absence of Mtb, Sesn1flox/flox macrophages transition to a more quiescent state (Figure 

3.10.4b).  In contrast, the LysMcreSesn1flox/flox macrophages remain in an energetic state, with a 

slight increase towards a glycolytic phenotype (Figure 3.10.4b). During infection at a basal state, 

both macrophages are closely associated with a metabolically active energetic state (Figure 

3.10.4c). However, once oligomycin and rotenone/antimycin A are added, the Sesn1flox/flox 

macrophages no longer notably transition to a quiescent state but still shift towards a less energetic 

state (Figure 3.10.4b and d). The LysMcreSesn1flox/flox macrophages, in contrast, have a consistent 

energetic phenotype, regardless of Mtb infection or metabolic stress (Figure 3.10.4a-d). Therefore, 

LysMcreSesn1flox/flox macrophages have demonstrated a consistent energetic state even under 

metabolic inhibition, suggesting a dysfunctional regulation of metabolism in the absence of Sesn1.   
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Figure 3.10.4: Sesn1-deficient macrophages showed a consistent energetic state. BMDMs were seeded 
at a concentration of 1x105 cells per well and using the Real-Time ATP Rate Assay and Seahorse Analyzer, 
we analyzed the bioenergetic profile of LysMcreSesn1flox/flox and Sesn1flox/flox BMDMs at a naïve state and 
after 24-hours of infection. Measurements were taken at a basal state of the cells, and at the point of 
metabolic stress using metabolic inhibitors a) Naïve, the basal metabolic state of LysMcreSesn1flox/flox (blue) 
and Sesn1flox/flox (green) BMDMs. b) Naïve metabolic state of LysMcreSesn1flox/flox (blue) and Sesn1flox/flox 
(green) BMDMs after the addition of metabolic inhibitors, oligomycin and antimycin A/Rotenone 
(metabolic stress). c) Basal metabolic state of LysMcreSesn1flox/flox (blue) and Sesn1flox/flox (green) BMDMs 
after 1-day post infection. d) Metabolic state of infected LysMcreSesn1flox/flox (blue) and Sesn1flox/flox (green) 
BMDMs after addition of metabolic inhibitors, oligomycin and antimycin A/Rotenone (metabolic stress). 
Data shown is representative of 2-3 independent experiments, analyzed and generated using Seahorse 
Analytics online software. 
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 Collectively, our data suggest that Sesn1-deficient macrophages display a more inflammatory 

phenotype that may potentiate cell death in vitro. Shown here with increased pro-inflammatory 

cytokines (apart from IL-1α), increased ROS, and increased cell death which may be facilitating 

the increased bacterial burden in macrophages. Furthermore, these macrophages may be less 

efficient at regulating metabolism, resulting in increased metabolic rate and energetic state despite 

stressful conditions. ROS being a natural byproduct of cell metabolism, it is likely that the absence 

of Sesn1 increased metabolic rate in these cells is responsible for the high levels of ROS. Here, we 

showed that the Sesn1 may dampen inflammatory responses in macrophages, and its regulation of 

ROS, which is a driver of cell death at a cellular level.   
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CHAPTER 4: DISCUSSION AND CONCLUSION 
 

Tuberculosis remains a burden faced by millions of people around the world, predominately in 

low- to middle-income countries (2). Despite efforts to eradicate this disease, it is still able to 

persist and adapt to its environment within the host, under immune defense (17). Despite evolving 

treatment strategies, we are failing to effectively diagnose, treat and prevent tuberculosis disease 

with traditional antibiotic therapy and vaccines (68).  

 

It was previously thought that an inadequate immune response to Mtb was the driving force behind 

susceptibility but is now understood to be a far more complex problem (66,67). Tuberculosis 

disease indeed requires a pro-inflammatory response to control infection, however, hyper-

inflammatory responses at a chronic stage may contribute to increased lung tissue pathology and 

worsen disease outcomes in individuals (67,84). It remains uncertain why selected individuals 

progress to active TB while others can remain latently infected or recover from tuberculosis, 

highlighting the need for a deeper understanding of the intricate host immune dynamics during 

infection. Thus, our approach to eradicate tuberculosis needs to be multifaceted, and using host-

directed therapies to limit damage by balancing the immune response, while killing Mtb with 

antibiotics, may provide the next breakthrough (68).  

 

The focus of our study was to understand the role of Sestrins, a family of stress-inducible, anti-

inflammatory proteins, that have been overlooked in infectious diseases (85,88,89,141). The role 

of Sestrins in non-communicable diseases has been extensively studied, providing valuable 

insights into their potential benefits in infectious diseases such as tuberculosis, where balancing 

the immune system and promoting tissue repair are critical. Sesn1 is regarded as a potential tumor 

suppressor in cancer, with the genetic locus 6q21, which contains Sesn1, frequently lost in several 

malignant cancers, including leukemia, lymphoma, and cancers of the pancreas, stomach, and 

kidney (142). Additionally, a study showed that expression of all three Sestrins was elevated in 

patients with permanent atrial fibrillation compared to those in sinus rhythm, suggesting that 

Sestrins may serve as protective factors in atrial fibrillation (143). However, the dynamics of all 

three Sestrins remain incompletely understood and may involve independent regulatory 
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mechanisms. For example, research by Wang et al. demonstrated increased expression of Sesn2, 

rather than Sesn1 or Sesn3, in patients with ischemic and dilated cardiomyopathy (141,144).   

 

Research on Sesn3 has exhibited roles in insulin resistance and cancer, and detrimental effects 

during epilepsy (145–147). In a study focusing on hepatic insulin sensitivity, Sesn3 KO mice 

showed insulin resistance and glucose intolerance, whilst Sesn3 transgenic mice were protected. 

The Sestrin 3 protein was shown to directly activate mTORC-Akt signaling, enhancing and 

regulating hepatic insulin sensitivity and glucose metabolism (147). Another study investigating 

the effects of cucurbitacin B on lung cancer cells found that Sesn3 is crucial for the anti-cancer 

activity of cucurbitacin B. Noting that epidermal growth factor receptor (EGFR) regulates cell 

proliferation, differentiation, and apoptosis in normal cells, the treatment specifically increased 

Sesn3 expression in EGFR-mutant lung cancer cells, but not in EGFR-wild type cells. 

Furthermore, Sesn3 was found to play a role in apoptosis induced by cucurbitacin B in both EGFR-

mutant and EGFR-wild type lung cancer cells (146). A third study investigated the role of Sesn3 

in the central nervous system, highlighting its potential involvement in epilepsy. It was found that 

Sesn3 was the transcriptional module, encoding proconvulsive cytokines and Toll-like receptor 

signaling genes in macrophages, microglia, and neurons. Notably, Sesn3 ablation in zebrafish 

significantly reduced chemically induced behavioral seizures. These findings suggest the possible 

pro-epileptic effect of Sesn3 and demonstrates the varied functions of Sestrins in different central 

nervous system disorders (145).  

 

While Sesn2 is relatively well-characterized, with a substantial body of research and literature 

available, the roles of Sesn1 and Sesn3 in various diseases are less well understood, leaving their 

full functional capacities unclear. Furthermore, the dynamic expression patterns and potential 

compensatory functions of different Sesn isoforms within the context of the same disease remain 

to be elucidated (141).  

 

Given the extensive literature on Sesn2 and its anti-inflammatory and repair-promoting effects in 

various diseases, we prioritized Sesn2 for our study. However, CAGE data from the FANTOM5 

study revealed a marked decrease in Sesn1 expression following Mtb infection, prompting us to 

investigate Sesn1, despite limited evidence in the literature (128,129). We did not prioritize Sesn3 
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due to its very low expression levels compared to Sesn1 and Sesn2, indicating Sesn3 may play a 

minor or no role during Mtb infection, hence Sesn3 knockout mice weren’t generated.  

 

Using a Sesn2 null and Sesn1 macrophage-specific knockout mouse model, we showed that Sesn2-

deficiency resulted in increased lung pathology and enhanced mortality in TB disease. However, 

macrophage-specific deletion of Sesn1 had no major effect on the TB disease outcome. The 

depletion of Sesn1 in macrophages/neutrophils alone proved insufficient to elicit a phenotype, this 

may be due to the compensatory expression of Sesn1 in other cell types obscuring its full biological 

impact. This limitation could result in a lack of observable effects in the cell-specific knockout 

model. Subsequently, a global Sesn1 knockout mouse model was generated to address limitations 

of the cell-specific approach. The experiment is ongoing, beyond the scope of this thesis and part 

of future investigations. Moreover, using macrophages derived from these models, we found 

increased bacterial growth, pro-inflammatory responses, ROS production accompanied with cell 

death in vitro. Our in vitro data provides a more direct evaluation of Sesn1 function, as 

macrophages are the primary cells analyzed, ensuring complete Sesn1 depletion in these cells ex 

vivo. 

 

For the purpose of our study, we used the Mtb HN878 strain but is difficult to assume how a 

different strain or lineage of Mtb would influence the outcome of host-pathogen interaction. 

However, from previous literature, it is plausible that we may observe an overlap and differences 

in results. Studies use various strains, from H37Rv to Erdman, and this question would remain. 

Among infections, there is a growing prevalence of clinical isolates from the W-Beijing family, 

including HN878, estimated to be responsible for approximately 50% of TB cases in East Asia 

and approximately 13% of isolates worldwide (148). Furthermore, studies have identified HN878 

as being a large contributor of drug resistance and highly associated with individuals living with 

HIV (12,13). Lastly, it is suggested that the BCG vaccine may be less protective against W-Beijing 

Mtb strains, including HN878, possibly contributing to its successful emergence and spread (148). 

This served as motivation to use HN878 Mtb strain for infection in our studies. A further 

motivation for using HN878 is the following study that supported the use of HN878 for infection 

of mice to study immune parameters during TB disease. The study found that HN878-infected 

mice developed granuloma structures closer to granulomatous structures in humans, with bacilli-
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loaded macrophages surrounded by lymphocytes. In contrast, H37Rv triggered unorganised 

clusters of macrophages in between lymphocytes, presenting HN878 as a more appropriate strain 

to use in mouse models (14). Another study found that the IL-17 pathway was dispensable for 

protective immunity against H37Rv and CDC1551 but was necessary for early protection against 

HN878 (15). Thus, confirming differing results based on the strain used. Based on this evidence, 

I would suggest that optimizing HDTs using hypervirulent Mtb, which has high prevalence, is 

preferable. If an effective HDT is revealed using HN878, it will have a widespread benefit, help 

target drug resistance and reducing burden in the population. It is my speculation that using highly 

virulent HN878 could replicate a ‘worst case scenario’ in tackling the TB burden, with the 

assumption that TB caused by Mtb strains of lower virulence could also be alleviated. However, 

one need to perform experiments which each strain to reveal the underlying differences in immune 

response mounted by different Mtb strain to support or reject the potential as HDT candidates. 

 

Sestrin 2 has demonstrated its ability to alleviate tissue damage in various inflammatory disease 

models (105,108). Additionally, elevated levels of Sesn2 have been associated with tissue healing, 

for instance, after myocardial infarction (120). This role of Sesn2 has not been investigated during 

TB disease, where lung tissue pathology is a crucial determinant of disease outcome, we have 

demonstrated, that the absence of Sesn2 in mice led to an increased inflammatory response during 

infection (Figure 3.3.3). This was associated with increased lung tissue pathology in Sesn2 

knockout mice (Figures 3.2.5 and 3.3.5), and subsequent mortality to Mtb infection in vivo (Figure 

3.4.1). Thus, supporting the concept that Sesn2 is an important player in regulating processes 

involved in pathology. In contrast to Sesn2, macrophage-specific deletion of Sesn1 had no effect 

on lung pathology during disease and proved to be dispensable in mortality studies (Figure 3.7.5, 

3.8.5 and 3.9.1). Given this, it is speculative, that the simultaneous deletion of other family 

members (Sesn1 and Sesn3), to ablate all antioxidant responses from all 3 paralogues of Sestrin 

may be more dramatic (97,98). However, our RNA analysis showed no major changes in the 

expression of other Sestrins in Sesn2-/- macrophages. Moreover, LysMcreSesn1flox/flox mice showed 

decreased Sesn2 expression in lung tissue in vivo. This suggests that in our study there was no 

major compensatory effect from the Sesn family of genes, but we cannot ignore that Sesns were 

still expressed and shared similar regulatory roles displaying a level of redundancy (88). 
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The mechanism behind decreased Sesn1 expression during Mtb infection remains unclear and was 

identified using our previously reported transcriptomics study (128,129). Furthermore, our 

expression data from WT and Sesn2-/- macrophages, showed decreasing Sesn1 levels over the 

course of Mtb infection in vitro (Fig 3.5.2b). Thus far it is known that Sesn1 expression is 

dependent on transcription factors p53 and Foxo in response to DNA damage and oxidative stress 

(142). We saw a similar trend increase between Foxo3 and Sesn1 expression in Sesn2-/- 

macrophages prior to infection (Fig 3.5.2b and d). This suggests that the transcription factor, Foxo3 

may be involved in positive regulation of Sesn1.  

In other diseases, Sesn1 is regarded as a possible tumour suppressor in cancer. The genetic locus 

6q21 (which contains Sesn1 is often lost during malignant cancers including, leukemia and 

lymphoma, and cervical, pancreatic, stomach and kidney cancers (142). Furthermore, follicular 

lymphomas are often associated with 6q21 translocation and genetic mutations in the EZH2 gene 

(encoding histone lysine methyltransferase), where the EZH2 protein is a down-regulator of Sesn1 

(153). In cardiac failure, Sesn1 expression decreased during pressure overload- and phelylephrine 

(PE)-induced cardiac hypertrophy. Knockdown of Sesn1 exacerbated PE-induced cardiac 

hypertrophy, while overexpression of Sesn1 prevented hypertrophy by regulating autophagy 

through the AMPK/mTORC pathway (154,155).  Although it is unclear what mechanisms drive 

the decrease in Sesn1 during TB disease, differential Sesn1 expression has been observed in other 

disease models, and the impact on disease severity and outcome depends on the disease in question. 

 

The roles of Sestrins have not been clearly elucidated in communicable diseases, however studies 

have used LPS to demonstrate the anti-inflammatory role of Sestrins. Knockdown of Sesn2 in 

HUVECs, THP-1 cells and aortic tissue from C57BL/6 mice resulted in increased NFκB 

phosphorylation and pro-inflammatory cytokine secretion. Sesn2 knockdown in HUVEC cells 

displayed elevated levels of LPS-induced ROS, cell toxicity and endoplasmic reticulum (ER) 

stress. The study showed that the pro-inflammatory effects were nullified upon treatment with an 

AMPK activator, suggesting that Sesn2 knockdown aggravates pro-inflammatory responses via an 

AMPK-dependent pathway and Sesn2 could provide therapeutic relief in balancing inflammation 

(104) Furthermore, antioxidant genes such as catalase and superoxide dismutase (SOD2) were 

downregulated, and the production of ROS was increased when cells were stimulated with LPS. 

Furthermore, the expression of matrix metalloproteinase (MMP) 2 and MMP9, which are activated 
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by ROS, were increased in the Sesn2-depleted H9c2 cells, and LPS-induced cell death increased 

(105).  

A recent study that explored the regulation of TLR-mediated inflammation by Sesn2 showed that 

Sesn2 inhibited LPS-induced nitric oxide (NO) release and iNOS expression in RAW264.7 cells. 

Sesn2 expression was able to suppress the release of pro-inflammatory cytokines (TNF- α, IL-6, 

and IL-1 β amongst others) and suppress the production of LPS-induced ROS by inhibiting 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (85). More specifically, 

overexpression of Sesn2 was shown to regulate c-Jun, JNK and p38 phosphorylation induced by 

LPS. This regulation led to decreased AP-1 binding, thus reducing the pro-inflammatory responses 

(85). By introducing recombinant Sesn2 into mice via an adenovirus, the effects of severe hepatic 

injury were attenuated, as seen by the decreased ALT, AST and hepatocyte degeneration.  

 

Given the antioxidant role of Sestrins, a study investigated whether Sestrin 2 expression was 

altered in the brains of individuals with HIV-associated neurocognitive disorders (HAND) due to 

neuronal oxidative stress (156). Comparing HAND with Alzheimers Disease (AD), the results 

suggested a distinct role for Sestrin 2 in HAND pathophysiology compared to AD, with Sestrin 2 

immunoreactivity localising in different regions of the brain. In summary, differences in 

immunohistology patterns between HAND and AD suggested distinct mechanistic pathways, 

despite a shared involvement of oxidative stress. Alternatively, this difference may have reflected 

varying severity or stages of oxidative stress between HAND and AD (156). In this sense, Sestrins 

may play a similar role in communicable and non-communicable diseases as an antioxidant protein 

that regulates ROS. However, multiple transcription factors and signalling pathways underpin the 

role of Sestrins, namely, p53, Foxo3, ROS, TLRs, among others, and depending on the disease in 

question the specific role of Sestrin may vary.  

 

Of importance, the depletion of Sesn2 resulted in significant lung tissue pathology at both time 

points (Figure 3.2.5 and 3.3.5). However, at 12wpi we found a greater effect on immune cell 

recruitment in Sesn2-deficient mice compared to at 6wpi (Figure 3.3.3 and 3.2.3). Sesn2 has been 

closely associated with age-related pathologies, with expression increasing during maturation, 

reducing immunity in older populations (123). In addition, our preliminary finding showed no 

difference in lung tissue pathology at 3-weeks of infection (Figure S1a-c), supporting our theory 
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that Sesn2 plays a more impactful role during prolonged disease and is consistent with the literature 

on the importance of Sesn2 in age-related pathologies (123).  

Sestrin 1 and Sestrin 2 have been studied in various organs, including the heart, brain, liver and 

lungs, and have shown disease ameliorating effects specific to these organs. For example, 

knockdown of Sesn2 led to the expression of cardiac fibrotic factors, such as collagen type I and 

II in the heart tissue of C57BL/6 mice (105). Sesn2 deficiency promoted pyroptosis through 

activation of the NLRP3 inflammasome, and knockout mice showed exacerbated liver fibrosis 

(108). Research is more limited for the role of Sesn1 in organs, but studies have shown that 

knockdown of Sesn1 exacerbated PE-induced hypertrophy, while overexpression of Sesn1 

prevented cardiac hypertrophy by regulating autophagy through the AMPK/mTORC pathway 

(154,155). Studies have therefore shown different biological outcomes for these genes, even in the 

same organ, suggesting that these genes have different roles despite possessing similar anti-

inflammatory functions. This is supported by the difference in transcription and regulatory factors, 

between these two genes.  

For our study, the primary organs examined during Mtb infection were lungs and lymph nodes. 

These two organs can be described as two separate compartments in the context of Mtb infection 

and TB disease. The lungs are the site of infection and will possess organ-specific factors that 

shape the outcome of TB disease, distinct from the environment within lymph nodes. The reported 

tissue-repairing, anti-fibrotic role of Sesn2 may have a greater effect in the lung tissue than the 

lymph nodes in this scenario, where fibrotic lesions in the lung may lead to worsened outcome.  

Secondly, expression of all three Sestrins vary in different organs, and may be a contributing factor 

to the difference and impact that Sesn1 and Sesn2 play in the lung and lymph nodes. While no 

expression data is available for Sesn1 and Sesn2 in the lymph nodes, the Mouse ENCODE 

transcriptome database demonstrates the differential expression of these genes in other organs. For 

example, Sesn1 is expressed at 6.12 FPKM in the lungs, and 16.15 FPKM in the heart (157).  

Lastly, given that TB is a spectrum of disease, the duration of infection may also influence the 

organ environment, for instance, the immune cell milieu, and immune cell infiltration early on in 

infection in the lungs and lymph nodes versus later in disease. Since Sestrins are stress inducible 

proteins, the environment in which they are responding to will impact their role. Therefore organ-
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specific factors/environment, such as inherent gene expression levels and immune cell landscape 

may explain the observed differences between the lungs and the lymph nodes. 

 

Our interrogation of factors contributing to lung pathology in vivo revealed increased neutrophils 

in both the macrophage-specific Sesn1- and Sesn2-deficient mice (Figure 3.2.3, 3.3.3 and 3.7.3).  

Neutrophilia has been linked to exacerbated TB and lung tissue damage in animal models (158–

160). However, the macrophage-specific Sesn1-deficiency revealed opposing neutrophil 

recruitment between the two 6- and 12-weeks further confirmed with no major effect on lung 

pathology (3.7.3, 3.8.3, 3.7.5 and 3.8.5). Sesn1, has been shown to promote autophagy, ameliorate 

hypertrophy, and able to reduce ROS by potentiating Nrf2 and regulating Keap1 resulting in a 

cytoprotective effect (87,161,162). As expected, the absence of Sesn1 resulted in increased ROS 

production in macrophages. Even though macrophages play a crucial role in TB disease, they are 

not the only determinant of TB manifestation. It is known that various leukocytes, their 

functionality and complex interactions contribute to disease outcomes (17–19). Therefore, it is 

likely that other cells compensated for intact Sesn1, and macrophage-specific deletion proved 

negligible in vivo. However, Sesn1-deficient macrophages isolated from the LysMcreSesn1flox/flox 

mice would recapitulate an environment null of Sesn1 at a cellular level. To elucidate the role of 

Sesn1 in vivo, it would be interesting to generate a global ablation of the gene for future studies.  

 

Pertaining to neutrophilia, IL-1β cleavage and activation, dependent on the NLRP3 

inflammasome, has been shown to enhance neutrophil recruitment and lung pathology (158–160). 

Sesn2 has been linked to the NLRP3 inflammasome, suppressing its activity by promoting 

mitophagy (106) and by extension, linking Sesn2 to IL-1β secretion. However, we demonstrated 

that despite increased neutrophils, the levels of IL-1β remain unchanged in vivo (Figure 3.3.2 and 

3.3.3). In contrast, both Sesn2-/- and Sesn1-/- macrophages showed elevated IL-1β levels in vitro 

(Figure 3.5.1e and 3.10.2b). This disparity can be explained by noncanonical mechanisms of IL-

1β processing, in vivo (163). A previous study showed that ablation of NLRP3 in macrophages 

decreased IL-1β, demonstrating canonical inflammasome involvement (dependent on NLRP3). 

However, in vivo depletion of NLRP3 in mice caused no change to IL-1β levels, alluding to 

noncanonical processing of IL-1β independent of NLRP3, and consistent with our results (164–

166). Since Sesn2 was previously shown to reduce NLRP3 activation, and elevate levels of IL-1β 
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in macrophages, but not in vivo (164–166). Additionally, our metabolic analysis of Sesn1- and 

Sesn2-deficient macrophages displayed a glycolytic shift after infection (Figure 3.5.3 and 3.10.3) 

and recent studies have linked increased IL-1β secretion to glycolytic reprogramming by Mtb, 

positively correlating to ATP levels within cells (Figure 3.5.3), further explaining our increased 

IL-1β in the absence of Sesn2 (167–169).  

 

In contrast to IL-1β, IL-1α secretion was significantly decreased in LysMcreSesn1flox/flox 

macrophages. It’s been previously shown that blocking IL-1α in innate response, increased 

susceptibility to chronic TB disease in mice (170). Consistent with this, low levels of IL-1α could 

be a contributor to increased cell death and bacterial growth in LysMcreSesn1flox/flox macrophages 

in vitro. Interestingly, IL-1α and IL-1β have opposing trends in Sesn1-deficient macrophages. The 

exact regulation, roles and secretion of these IL-1 cytokines during bacterial infections remains 

elusive and continues to be studied (171). While IL-1β is important in initial mycobacterial control, 

chronically elevated levels cause the expression of tissue-damaging inflammatory mediators, 

prostaglandin E2 and metalloproteinases (MMPs) (172–174), whereas IL-1α is indispensable to 

protection (170,171). The non-redundancy of IL-1α and IL-1β supports our data of differential 

secretion in response to Mtb infection, with the former serving as protective and the latter 

contributing to tissue pathology (171,172).  

 

In macrophages, we detected increased TGFβ production in the absence of Sesn1 (but not in Sesn2-

/- mice) (Figure 3.5.1h and 3.10.2f). TGFβ has been linked to characteristic tissue destruction 

during TB disease (175,176). Another study that analyzed the localization of cytokines and 

histopathological changes during pulmonary TB found TGFβ to be at its highest during severity, 

associated with necrosis, and interstitial fibrosis (177), indicating that TGFβ may have a primary 

role in TB immunopathogenesis. TNF secretion also increased in Sesn1- and Sesn2-deficient 

macrophages; a cytokine linked to increased susceptibility during hyper-inflammatory responses 

during TB disease (84). Secretion of IL-6 had opposing results in Sesn1- and Sesn2-deficient 

macrophages, with increased and decreased levels respectively (Figure 3.5.1f and 3.10.2d). This 

result in Sesn2-/- macrophages was surprising, considering that overexpressing Sesn2 in 

macrophages showed decreased IL-6 levels in a previous study (85). Collectively, we detected 
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greater pro-inflammatory cytokine responses in the absence of Sesn1 and Sesn2 in macrophages, 

(Figure 3.5.1 and 3.10.2) demonstrating the role of Sestrins in regulating immune responses (120).  

 

Our in vivo studies, for example the Sesn2 6wpi experiment, showed no differences in cytokines, 

chemokines or growth factors between groups. However, we observed an increase in immune cell 

recruitment in the absence of Sesn2, including the myeloid population which is largely due to the 

back calculation of absolute cell number to the lung, which was significantly increased in the 

knockout group. Notably, the ELISA panel we focussed on may not have encompassed the defect, 

however, we included all major cytokine/chemokines reported in the TB field. Therefore, it is 

unclear what led to the significant increase in immune cell recruitment. Moreover, cytokines have 

a dichotomous role dependant on their microenvironment, concentrations and the interplay 

between present cytokines and immunometabolism (13).  

Additionally, while CFU load is a key factor in TB disease research, it is not the sole determinant 

of disease progression/outcome. The heightened pathology of Sesn2 KO mice, despite similar CFU 

levels, suggests that their susceptibility is independent of antigenic load. Another study focusing 

on B cells, found a similar phenomenon, where B cell deficient mice were more protected despite 

having similar CFU counts to the wildtype mice (134). The authors concluded that this protection 

was not based on a lower bacterial load, but rather the role of B cells in augmenting inflammation 

within the lung microenvironment (134). Here we propose that the increased infiltration of immune 

cells, including myeloid cells, did not control CFU, but did contribute to increased lung tissue 

pathology. Additionally, we hypothesize, that increased ROS levels in the absence of Sesn2, as 

demonstrated in macrophage in vitro studies, may also contribute to tissue damage.  

 

Sestrins are important regulators of mTOR, controlling cell growth and mitochondrial integrity of 

cells and eliminating dysfunctional mitochondria that produce excess ROS (88,92,94). 

Subsequently, Sesn2 tightly regulates the accumulation of ROS (98,120). Consistent with the 

literature, we found elevated ROS accumulation in Sesn1- and Sesn2- deficient macrophages 

(Figure 3.5.1c and 3.10.1c), which may be associated with pathophysiological tissue damage, and 

at a cellular level may manifest as increased cell death observed in the Sesn1 and Sesn2-deficient 

macrophages (Figure 3.2.1b) (85,105,120). This is accompanied by Sesn1- and Sesn2- deficient 

macrophages which displayed higher bacterial burden but displayed no differences in the lung Mtb 
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burdens in vivo. It is uncertain whether macrophages were less capable of controlling Mtb growth, 

or whether increased cell death and immune aberration facilitated a more permissible environment 

for Mtb (Figure 3.5.1a). In this context, having reported accumulation of ROS and increased cell 

death, our contradictory cell viability result was unexpected (Figure 3.5.1d and 3.10.1e). We 

speculate that this measurement reflects the metabolic activity of cells rather than a robust 

measurement of viability, considering that CellTiter Blue dye relies on cellular reduction of 

resazurin to resorufin in metabolically active cells (137). To corroborate these results, our 

metabolomic data showed significantly increased total ATP production rate in macrophages 

deficient in Sesn2 (only a trend increase in Sesn1 deficient macrophages) (Figure 3.5.3 and 3.10.3), 

suggesting that Sestrin deficiency indeed increased metabolic activity.  

 

Considering the role of Sestrins in mTOR regulation, mitophagy and ROS are known, we 

investigated macrophage metabolomics to elucidate the role of Sestrins during Mtb infection. Here, 

we show an increased total ATP production rate post infection compared to the naïve state in 

Sesn1- and Sesn2-deficient macrophages (Figures 3.5.3 and 3.10.3). Furthermore, we demonstrate 

that post infection, macrophages transition to a glycolytic dependence of ATP production in Sesn1- 

and Sesn2-deficient cells. Mtb infection has shown a role in reprogramming cell metabolomics, 

but this phenomenon is not fully understood and lacks consensus (168,178). A recent study 

described a similar glycolytic metabolic shift induced by Mtb infection (168). However, cell 

energetics during Mtb infection is dependent on the strain and concentration of inoculum, 

additionally to the cell type being infected (178). Infection with virulent Mtb did not cause a drastic 

glycolytic shift that was observed with avirulent or killed Mtb (178). Moreover, hMDMs and THP-

1 cells showed distinct energetic profiles post infection (178). Hereby, substantiating the variable 

results, our data represent increased ATP production rate and glycolytic shift in BMDMs, with an 

MOI of 0.5, in contrast to hMDMs or THP-1 cells inoculated at an MOI of 5. It is feasible that low 

MOI used in our study may explain glycolytic phenotype closer to avirulent Mtb (178). Moreover, 

analysis of bioenergetic states demonstrated that ablation of Sesn1 or Sesn2 induced a consistent 

energetic phenotype in macrophages, despite Mtb infection, suggesting dysfunctional metabolic 

activity and atypical cell response to stress (Figure 3.5.4 and 3.10.4). Sesn1-depleted macrophages 

remained in an energetic state even under metabolic stress (Figure 3.10.4b), using oligomycin and 

antimycin A to recapitulate metabolically challenging environments. A previous study, found 
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Sesn2 to be protective in a p53-independent manner, assisting cancer cells to survive even under 

metabolic stress (109).  In the presence of stress, either mediated through p53 or directly through 

increased ROS, Sesn2 is expressed and suppresses mTORC activity, thereby regulating cellular 

growth and metabolism (94,109). The consistent energetic state of Sesn1- and Sesn2-deficient 

macrophages strongly suggests an aberrant cell response to stress in the absence of these regulatory 

proteins. 

 

To substantiate the relevance of Sesn1 and Sesn2 in mice versus humans, we can compare the 

relative expression of these genes between the species. Using the ENCODE mouse transcriptome 

database, Sesn1 and Sesn2 are expressed at a similar level in murine lungs, approximately 6 FPKM, 

where FPKM represents Fragments Per Kilobase of transcript per Million mapped reads (157). In 

human lungs, Sesn1 expression is measured at 14 FPKM, considerably higher than Sesn2, at 3 

FPKM (179). Considering that the lungs are the site of Mtb infection, the differential expression 

between these two models motivates Sesn1 relevance in humans, as it is expressed the highest in 

human lungs. While mouse models have value in understanding mechanisms and provide the tool 

for experimenting in vivo, translating findings to human studies may have alternate results. 

 

We suggest, that in the absence of Sesn1 or Sesn2, mTORC remains active despite cellular stress, 

and contributes to the accumulation of ROS. While ROS is crucial for signaling, elevated levels 

are known to have damaging, inflammatory effects. To support this, we’ve demonstrated that 

macrophages deficient in Sesn1 or Sesn2 remain in an energetic state despite metabolic stress, or 

Mtb infection and Sestrin deficiency consistently showed increased total ATP production rate, 

indicative of increased metabolic activity. Since ROS is a natural bioproduct of metabolism, in the 

absence of either Sestrin, ROS levels accumulate, possibly contributing to increased cell death, 

and in vivo, contributing to lung pathology during TB disease. ROS-associated tissue damage and 

inflammation have been studied in other inflammatory disease models, where Sesns are shown to 

alleviate the damage caused (112). Substantiating our hypothesis of ROS-mediated cell death 

(Figure 4.1). Our proposed mechanism does not discount the contribution of other drivers of lung 

pathology, per se, but rather suggests the role of aberrant ROS accumulation in the 

pathophysiology of TB disease. Further studies to reaffirm this hypothesis could include 

overexpression and concurrent knockdown experiments. Additionally, proof of concept can be 
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tested by treating Sestrin-deficient cells with N-acetyl cysteine (NAC). NAC, a precursor of the 

master antioxidant Glutathione, is known to reduce ROS accumulation in cells and would confirm 

whether cell death is mediated by ROS accumulation (180).  

 

Given the reported roles of Sestrins, as HDT targets, upregulating Sestrins could help mitigate TB-

associated tissue pathology, which worsens disease outcome. However, due to Sestrins' anti-

inflammatory effects, individuals with inherently weak immune responses might experience 

adverse outcomes, similar to findings from the Vietnamese trial where glucocorticoid treatment in 

participants with LTA4H variants impaired TB outcomes by disrupting TNF’s dual role in 

resistance and susceptibility to Mtb (84). While excessive immune responses exacerbate TB 

pathology, a sufficient immune response remains essential for infection clearance. 

 

Our study demonstrated that Sesn2 ablation led to increased immune cell infiltration, lung tissue 

pathology, and greater mortality in mice. Therefore, therapies enhancing Sesn2 levels may reduce 

immune infiltration, pathology, and associated mortality. However, given genetic variability in the 

population and Sestrins' role in ROS regulation, over-reduction of ROS in some individuals could 

impair critical microbicidal and signalling functions.  

 

Further studies are required to confirm whether increased Sestrin levels reduce immune cell 

responses. However, existing evidence associates elevated Sestrin levels in aged populations with 

immune decline, contributing to heightened susceptibility to infections and malignancies (84). 

Additionally, studies have shown increased Sestrin 1 and Sestrin 2 expression in aging, with 

inhibition of these genes enhancing influenza-specific CD4 T-cell responses post-vaccination  

(84). The authors advocated for temporary inhibition of Sestrins to boost vaccine responses while 

cautioning against long-term blockade due to potential side effects, such as DNA damage (84). 

 

Sestrins play crucial roles in limiting inflammation-induced damage, but dysregulation could lead 

to oxidative and immune response imbalances. As such, therapeutic strategies targeting Sestrins 

must balance their transient inhibition or potentiation to minimize side effects. Any intervention 

altering immune responses must be carefully tested prior to confirming its effect in TB patients.  
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In summary, the concern is that efforts to mitigate excessive inflammation, which is damaging, 

may inadvertently suppress immune responses in certain individuals. Immune responses to TB are 

highly variable and the potential side effect of targeting Sestrins, could be worsening TB outcomes 

in certain individuals either due to excessively low ROS levels (reducing its microbicidal activity), 

insufficient immune cell recruitment, or diminished pro-inflammatory responses. This is 

particularly relevant given that Sestrin overexpression has been shown in other studies to reduce 

pro-inflammatory cytokine production (85).  

 

 

 
Figure 4.1: Sestrins modulation of inflammation during Mtb infection. Upon a) Sestrin gene ablation, 
b) metabolism is dysregulated and increased even in the presence of stress. This drives the c) accumulation 
of ROS, causing cytotoxic effects and d) cell death. In an in vivo model, increased cell death may manifest 
as e) increased lung tissue pathology, contributing to increased f) susceptibility to TB disease in mice. 
Generated using Biorender. 
 

Our results showed that ablation of Sesn1 or Sesn2 in macrophages led to increased ROS levels, 

cell death, and elevated ATP production. In vivo, Sesn2 knockout mice exhibited increased lung 

tissue pathology and mortality. These findings suggest Sestrins as key regulators of ROS in 
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response to stress during TB disease. Since ROS is a natural byproduct of metabolism, the 

increased metabolic rate in Sestrin-deficient macrophages likely drives ROS accumulation. We 

therefore propose that Sestrins regulate ROS, potentially via modulation of mTORC activity. 

Collectively, our data support a ROS-mediated pathology hypothesis, with increased macrophage 

death observed in vitro, and exacerbated lung pathology in vivo. This reaffirms the benefit of 

balancing the immune response during TB to mitigate tissue damage. Furthermore, these results 

enhance our understanding of host immunity to TB by illustrating the pathological consequences 

of excess ROS, which is canonically viewed as microbicidal. 

 

Currently, no drug directly targets Sestrins to include in an experimental approach to further 

explore the role of Sestrins in TB immunity and as tractable drug targets for HDT. However, 

Sestrin 2 (or Sestrin 1) overexpression in vitro or in mouse models could validate our knockdown 

results. We would hypothesize that Sestrin 2 overexpression would reduce ROS, lung pathology, 

and mortality. If a Sesn2-specific drug were available, that increased Sesn2 protein levels, its 

effects during infection could be tested in WT and Sesn2-/- mice, assessing whether increased Sesn2 

rescues the knockout phenotype and enhances WT protection (decreased lung tissue pathology and 

mortality). Testing Sestrins as HDTs would require adjunct treatment with first-line TB drugs to 

evaluate therapeutic efficacy and lung pathology reduction, in tandem with overexpression 

experiments. Indirect approaches, such as targeting Foxo3 to upregulate Sestrins or using NAC to 

mitigate ROS, could also provide insights into the role of Sestrins as HDTs. Given our hypothesis 

on ROS mediated pathology, NAC would reduce ROS accumulation in cells and may rescue the 

Sesn2 knockout phenotype.  

 

Balancing the hyper-inflammatory response to TB has triggered research into reducing ROS levels 

as an HDT. While ROS levels are important in signaling, prolonged accumulation causes damage 

to the host during chronic TB disease (89,98,112). NAC has demonstrated ROS-reducing effects 

while facilitating Mtb microbicidal functions. Subsequently, various clinical trials have been 

investigating the potential of NAC as an adjunctive therapy, with the hope of our next breakthrough 

in TB treatment and eradication of this disease that has plagued us for centuries (180–184). 
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SUPPLEMENTARY INFORMATION 
 

Table S2.1: Myeloid and Lymphoid Flow Cytometry Antibody panels.  

Fluorochromes Spleen Lymph Node Lung 

 Lymph Myeloid Lymph Myeloid Lymph Myeloid 

APC CD62L 

(Clone MEL-

14) 

CD11c 

(Clone 

HL3) 

CD62L 

(Clone MEL-

14) 

CD11c 

(Clone 

HL3) 

CD8 (Clone 

53-6.7) 

CD62L 

(Clone MEL-

14) 

CD11c 

(Clone 

HL3) 

APC-Cy7 NK1.1 

(Clone 

PK136) 

CD169 

(Clone 	SER-

4) 

NK1.1 

(Clone 

PK136) 

CD169 

(Clone 

NK1.1 

(Clone 

PK136) 

SiglecF 

(Clone E5-

2440) 

PE CD44 (Clone 

IM7) 

CD8 (Clone 

53-6.7) 

CD44 (Clone 

IM7) 

CD103 

(Clone 

M290) 

CXCR3 

(Clone 

CXCR3-173) 

CD44(Clone 

IM7) 

CD103 

(Clone 

M290) 

PE-Cy7 CXCR5 

(Clone 2G8) 

F4/80 (Clone 

BM8) 

CXCR5 

(Clone 2G8) 

F4/80 (Clone 

BM8) 

CD127 

(Clone 

SB/199) 

CXCR5 

(Clone 2G8) 

CD64 (Clone 

X54-5/7) 

PerCPCy5.5 CD19 (Clone 

1D3) 

Ly6C (Clone 

AL-21) 

CD19 (Clone 

1D3) 

Ly6C (Clone 

AL-21) 

CD103 

(Clone 

M290) 

CD19 (Clone 

1D3) 

Ly6C (Clone 

AL-21) 

FITC PD-1 (Clone 

29F.1A12) 

Ly6G (Clone 

1A8) 

PD-1 (Clone 

29F.1A12) 

Ly6G (Clone 

1A8) 

PD-1 (Clone 

29F.1A12) 

Ly6G (Clone 

1A8) 
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 Table S2.2: Murine primer sequences for qRT-PCR analysis 

 

  Sequence Annealing temperature 

Sesn1 Forward GCAGCCGTCCCTTCGACAT 57.9 oC 

 Reverse GATTCCAAGTTCCTCGTCCTGG 58 oC 

Sesn2 Forward CCACTCTCTGGCCTCCTTTG 57.7 oC 

 Reverse TCAAAGCCCCCTGAGTTGTT 56.9 oC 

Sesn3 Forward GCGGAAGGACAAAAGAATCCG 56.5 oC 

 Reverse TTGTTCGTTCATCCGCCGTA 56.8 oC 

FOXO3 Forward CTGGGGGAACCTGTCCTATG 57 oC 

 Reverse TCATTCTGAACGCGCATGAAG 55.9 oC 

Cybb Forward GTGGTTGGGGCTGAATGTCT 57.7 oC 

 Reverse AGTGCTGACCCAAGGAGTTT 56.6 oC 

A700 CD3 (Clone 

500A2) 

MHCII 

(Clone 

M5/114.15.2) 

CD3 (Clone 

500A2) 

MHCII 

(Clone 

M5/114.15.2) 

CD3 (Clone 

500A2) 

MHCII 

(Clone 

M5/114.15.2) 

Bv786 KLRG1 

(Clone 

2F1/KLRG1) 

 KLRG1 

(Clone 

2F1/KLRG1) 

 KLRG1 

(Clone 

2F1/KLRG1) 

MerTK 

(Clone 

108928) 

BV510 CD8 (Clone 

53-6.7) 

CD209a 

(Clone 5H10) 

CD8 (Clone 

53-6.7) 

CD8 (Clone 

53-6.7) 

CD69 (Clone 

H1.2F3) 

CD8 (Clone 

53-6.7) 

 

BV421 CD4 (Clone 

RM4-5) 

CD11b 

(Clone 

M1/70) 

CD4 (Clone 

RM4-5) 

CD11b 

(Clone 

M1/70) 

CD4 (Clone 

RM4-5) 

CD11b 

(Clone 

M1/70) 

Biotin TCRγd 

(Clone GL3) 

 TCRγd 

(Clone GL3) 

 TCRγd 

(Clone GL3) 
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Figure S1: The deletion of Sesn2 had no effect on lung tissue pathology after 3-weeks post infection. 
Lung samples were collected and fixed in 10% neutral buffered formalin, processed into microscope slides 
and stained with haematoxylin/eosin. Images were scanned at 20x magnification, a) Quantification of 
percentage free alveolar space. Representative image of b) Sesn2+/+ and c) Sesn2-/- lung sections. Data are 
represented as mean ± SEM of n = 6 mice/group. For statistical analysis an unpaired student t-test was used 
to compare lung tissue pathology in control versus knockout mice. 
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APPENDIX  

Appendix A: Spleen Myeloid Gating Strategy 
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Appendix B: Lung Myeloid Gating strategy 
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Appendix C: Lymph Node Myeloid Gating strategy 
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Appendix D: Lung, Lymph Node, Spleen Lymphoid Gating strategy 




