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ABSTRACT  

Tuberculosis (TB) is a deadly infectious lung disease caused by the pathogenic bacterium 

Mycobacterium tuberculosis (Mtb). The identification of macrophage signaling proteins exploited 

by Mtb during infection will enable the development of alternative host-directed therapies (HDT) 

for TB. HDT strategies will boost host immunity to restrict the intracellular replication of Mtb and 

therefore hold promise to overcome antimicrobial resistance, a growing crisis in TB therapy. 

Protein Kinase R (PKR) is a key host sensor that functions in the cellular antiviral response. 

However, its role in defense against intracellular bacterial pathogens is not clearly defined. Herein, 

we demonstrate that expression and activation of PKR is upregulated in macrophages infected with 

Mtb. Immunological profiling of human THP-1 macrophages that overexpress PKR (THP-PKR) 

showed increased production of IP-10 and reduced production of IL-6, two cytokines that are 

reported to activate and inhibit IFN-dependent autophagy, respectively. Indeed, sustained 

expression and activation of PKR reduced the intracellular survival of Mtb, an effect that could be 

enhanced by IFN treatment. We further demonstrate that the enhanced anti-mycobacterial activity 

of THP-PKR macrophages is mediated by a mechanism dependent on selective autophagy as 

indicated by increased levels of LC3-II that colocalize with intracellular Mtb. Consistent with this 

mechanism, inhibition of autophagolysosome maturation with bafilomycin A1 abrogated the 

ability of THP-PKR macrophages to limit replication of Mtb, whereas pharmacological activation 

of autophagy enhanced the anti-mycobacterial effect of PKR overexpression. As such, PKR 

represents a novel and attractive host target for development of HDT for TB, and our data suggest 

value in the design of more specific and potent activators of PKR. 
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1. INTRODUCTION 

 

1.1 Tuberculosis: Past, present, and future  

1.1.1 History and epidemiology  

 

 Tuberculosis (TB) is an infectious respiratory disease caused by the pathogenic 

bacterium Mycobacterium tuberculosis (Mtb). Archeologists have found evidence of TB 

disease in human remains from 9,000 years ago (1), and genetic studies suggest that an early 

progenitor of Mtb infected primitive human ancestors 3 million years ago (2). By the 18th 

century, TB had become epidemic in Europe and North America. It is estimated that during 

the 16th -19th centuries, TB was responsible for approximately 25% of adult deaths in Europe, 

with comparable rates in North America (3). In 1943, following the discovery of antibiotics, 

Selman Waksman identified streptomycin as an anti-TB therapeutic (4), which was 

successfully used to cure a TB patient for the first time in 1949 (5).  

 Despite the development of antibiotics, TB remains the leading cause of infectious 

disease-related deaths worldwide. According to the World Health Organization (WHO) 

approximately one-quarter of the world’s population is infected with Mtb, although only about 

10% of these individuals will develop active TB disease and will be capable of transmitting 

the bacteria (6). In 2018, an estimated 10 million people globally fell ill with TB, with a global 

average of 130 new cases per 100,000 population (6). TB occurs in people of both sexes across 

all age groups, but men aged 15 years or older have the highest burden, accounting for 57% 

of total TB cases in 2018 (6). Women accounted for 32% and children aged less than 15 years 

old accounted for 11% (6). Risk factors for TB include malnutrition, overcrowding, poor 

sanitation, air pollution, and co-infection with diseases such as human immunodeficiency 
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virus (HIV) (7). Consequently, TB incidence rates vary tremendously between countries, with 

developing countries having the highest rates. Indeed, many developed countries such as 

Canada have fewer than 5 new cases per 100,000 population annually, whereas this incidence 

rate exceeds 500 in some developing countries (6). According to WHO, four countries 

accounted for half of the total global TB cases in 2018: India (27%), China (9%), Indonesia 

(8%), and the Philippines (6%) (6).  

Although Canada has one of the lowest TB incidence rates in the world, the incidence 

rates among foreign-borne and Indigenous populations in Canada are comparable to certain 

developing countries. For instance, in 2016, the rate of TB in the foreign-born population was 

26 times the rate in the Canadian-born non-Indigenous population (8). Although the TB 

incidence rate was only 4.8 cases per 100,000 population for Canada overall, the incidence 

rate in Nunavut was 142.9 cases per 100,000 population (8). Inadequate housing, food 

insecurity, and inequitable access to health care services are contributing factors to the high 

TB incidence rates in Nunavut (9).  

 

1.1.2 Mycobacterium tuberculosis  

 

 Mtb is a non-motile, rod-shaped bacterium that was first isolated by Robert Koch in 

1882 (10). The bacilli have a diameter of 0.3 – 0.5 m and a length that can range from 1.5 – 

4.0 m (11, 12). Mtb is an obligate aerobe and humans are the sole reservoir. As a facultative 

intracellular pathogen, Mtb primarily resides in the replicative niche of host phagocytes. 

Hiding within phagocytes allows Mtb to avoid detection by circulating immune cells and 

provides a barrier to anti-TB drugs (13). Mtb is a slow-growing bacterium with a generation 

time of 16 – 20 hours (12).  
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 Mtb is a highly successful human pathogen due to its unique cell wall structure and 

large repertoire of virulence proteins (14). The cell wall of Mtb is unique due to its high lipid 

and mycolic acid content. Mtb produces multiple unique and specialized glycolipids, 

including phthiocerol dimycocerosates, trehalose-6,-6-dimycolate, and phenolic glycolipids 

that contribute to its overall virulence by triggering or manipulating host cell receptors (14). 

Mycolic acids account for 50% of the dry weight of the Mtb cell wall and confer resistance to 

chemical injury, impermeability to hydrophilic drugs, and resistance to dehydration (15). The 

success of Mtb as a human pathogen can also be attributed to its mode of human-to-human 

transmission through airborne droplets, and it has a very low infectious dose, with an 

estimated median infective dose of 1 to 10 bacilli (16). 

 

1.1.3 Clinical manifestation and diagnosis  

 

Primary TB disease, which refers to the immediate onset of active TB disease 

following infection, occurs in approximately 5% of Mtb-infected individuals, although the 

risk is much higher in persons with severe immunocompromising conditions such as HIV-

AIDs and children under 5 years of age (17). Individuals with active TB disease are contagious 

and symptomatic. Common symptoms include a persistent cough, chest pain, fever, night 

sweats, fatigue, weight loss, and lack of appetite. In approximately 90% of infected 

individuals, a structure known as a granuloma will successfully contain the infection. These 

individuals are said to have latent TB infection (LTBI) (17). A granuloma is an organized 

aggregate of immune cells, with pro-inflammatory cells in the center and anti-inflammatory 

cells along the periphery. The granuloma forms as a last-ditch effort to control Mtb growth 

and “wall off” infection from the rest of the body. Individuals with LTBI are asymptomatic 
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and non-contagious. However, roughly 5 – 10% of individuals with LTBI will progress to 

active TB infection later in life (17). This reactivation of Mtb infection is referred to as 

secondary TB disease, and the causes of Mtb reactivation remain elusive.  

There are multiple tools for detecting Mtb infection, however it is important to 

distinguish between tools that identify LTBI versus active TB disease. The tuberculin skin test 

(TST) and Interferon Gamma Release Assay (IGRA) are the two tests available for identifying 

LTBI. For the TST, the patient is injected intradermally with tuberculin, a purified protein 

derivative extracted from Mtb. If the patient is infected with Mtb, tuberculin challenge will 

trigger a cell-mediated immune response, which will cause swelling at the injection site within 

48 to 72 hours. The TST is a commonly used screening tool since it is low-cost and easy to 

perform. However, exposure to non-tuberculosis mycobacteria (NTM) or vaccination with the 

Bacillus Calmette-Guérin (BCG) vaccine can result in a positive result, since tuberculin is not 

specific to Mtb (18). The second test for LTBI is the IGRA. For this test, a blood sample is 

taken from the patient and in vitro tests are performed to measure the release of interferon 

gamma (IFN) from T cells following stimulation by Mtb antigens. The specific antigens used 

for this test are encoded by the region of difference 1 (RD1) locus, a genomic region required 

for full virulence of Mtb (19). BCG and most NTM do not possess the RD1 locus in their 

genome and consequently do not produce these RD1-encoded antigens (20). As such, the 

IGRA has a higher specificity than the TST. Importantly, neither the TST nor the IGRA can 

distinguish between LTBI or active TB disease. Therefore, if an individual has a positive result 

from a TST or IGRA, further steps must be taken to make a clinical diagnosis of active TB 

disease. If active TB disease is suspected, a chest x-ray can be performed as a screening tool. 

Chest X-rays are used to detect lung abnormalities such as cavities, lesions, and edema that 
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can arise due to active pulmonary TB disease. Abnormal chest X-rays are suggestive of TB 

disease but are not specific. As such, clinical identification of Mtb in the patient’s sputum 

must occur for a diagnosis of active TB disease. 

 There are 3 methods used to detect Mtb in the sputum: sputum smear microscopy, 

sputum culture, or nucleic acid amplification. Sputum microscopy and culture both rely on 

visual identification of bacteria. Given the slow rate of Mtb growth, time is a major limitation 

in sputum culture, and results in delayed initiation of anti-TB therapy. As such, nucleic acid 

amplification tests such as the Xpert MTB/RIF assay are becoming more popular for TB 

diagnostics (21). Xpert MTB/RIF uses an automated polymerase chain reaction to specifically 

amplify Mtb nucleic acids present in the sputum sample, which is a much faster and more 

sensitive approach than sputum smear (22). Overall, molecular tests allow for rapid and 

accurate diagnosis of active TB disease, however they are costlier to perform than sputum 

smears or sputum cultures.  

 

1.1.4 Vaccination 

 Currently, the only licensed vaccine for TB is BCG. The BCG vaccine was made by 

sub-culturing Mycobacterium bovis to produce an attenuated strain that may confer cross 

immunity to Mtb. The BCG vaccine was first administered in 1921 and continues to be 

administered in many countries nearly 100 years later. However, the efficacy of BCG is highly 

variable (0 to 80%) (23, 24), and only provides limited protection in adults (23). Meta-analyses 

have shown that BCG vaccination offers protection against active TB disease in children, 

including severe extrapulmonary TB disease (23, 25). Since children under 5 years old have 

high morbidity and mortality to TB (26), the BCG vaccine is invaluable for this age group. As 
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such, BCG vaccination is common practice in developing countries with higher rates of active 

TB disease. However, it is uncommon for BCG to be administered in developed countries due 

to its uncertain efficacy in adults. There are four potential explanations for the variability in 

BCG efficacy. First, it is speculated that exposure to NTM confers some resistance to Mtb and 

therefore BCG will not be effective in certain NTM-exposed individuals (27). Alternatively, 

some reports have shown that concurrent parasite infection may reduce the protective immune 

response to BCG vaccination (28). It is also possible that genetic variation in BCG strains can 

influence the protective efficacy (29, 30). Lastly, it has been speculated that genetic variations 

in human populations may contribute to the variability in BCG efficacy (31).     

As such, development of an effective TB vaccine is highly desirable and a major focus 

in the TB research community. Currently, there are 16 preventative vaccine candidates being 

tested in clinical trials and 5 therapeutic vaccine candidates, which are designed to be 

administered alongside existing TB drugs to prevent reactivation in active TB cases (32).  

 

1.1.5 Antibiotic therapy & resistance   

 

 There are four first-line antibiotics used for TB treatment. These four drugs are 

isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and pyrazinamide (PZA). INH binds 

and inhibits InhA, an enzyme that contributes to the biosynthesis of mycolic acids, thus 

inhibiting mycobacterial cell wall synthesis (33, 34). RIF inhibits protein synthesis by binding 

to the β-subunit of the RNA polymerase, resulting in inhibition of messenger RNA (mRNA) 

elongation (35). EMB inhibits cell wall synthesis by interfering with the biosynthesis of 

arabinogalactan and lipoarabinomannan, although the underlying molecular mechanism 

remains unclear (36). The exact target and mechanism of action of PZA also remains elusive, 
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although it is reported to disrupt the Mtb plasma membrane and energy metabolism (37). The 

standard treatment regimen for drug-susceptible TB is all four first-line drugs for 2 months, 

followed by INH and PYZ for an additional 4 months. As such, the lengthy duration of 

treatment and the associated side effects often result in reduced patient compliance, which has 

contributed to the development of antibiotic-resistant TB. Treatment of antibiotic-resistant TB 

requires up to two years of treatment time and the use of second-line TB drugs, including 

fluoroquinolones (ciprofloxacin, ofloxacin, levofloxacin, and moxifloxacin), injectable 

aminoglycosides (kanamycin, amikacin, and streptomycin), ethionamide/prothionamide, p-

aminosalicylic acid, cycloserine, and the injectable polypeptide capreomycin. However, 

second-line TB drugs are associated with increased morbidity and the risk of more severe 

side-effects compared to first-line TB drugs (38).  

Drug resistant TB is defined as either multidrug resistant TB (MDR-TB) or extensively 

drug-resistant TB (XDR-TB). MDR-TB is defined as resistance to the first-line TB antibiotics 

RIF and INH, while XDR-TB is defined as resistance to RIF and INH, in addition to any 

fluoroquinolone and at least one of the three injectable aminoglycosides. Globally, about 

500,000 drug resistant TB cases emerge every year, and it is estimated that 5% of all active 

TB cases are MDR-TB, with 6.2% of these cases estimated to be XDR-TB (6).  

One of the contributing factors to the challenge of TB treatment is the location of Mtb 

during infection. Mtb is often contained within nonvascularized granulomas, which makes it 

difficult for antibiotics to reach the bacteria (13). Indeed, RIF is reported to ineffectively 

penetrate pulmonary granulomas (39). Furthermore, as an intracellular pathogen, Mtb often 

remains hidden within phagocytes such as alveolar macrophages. As such, an effective anti-

TB drug must be able to exit the blood into granulomas and penetrate Mtb-containing immune 

cells (40). Once the antibiotics have entered the granuloma and the Mtb-containing 
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phagocytes, they must then be able to penetrate the cell wall of Mtb, which is notoriously 

impermeable to antibiotics due to its thick mycolic acid layer and hydrophobic properties (41). 

In addition, the Mtb cell wall contains efflux pumps that actively expel antibiotics that enter 

the bacteria. Indeed, there are 18 transporters reported to decrease antibiotic susceptibility of 

mycobacterial species (42).  

Another hurdle for TB treatment is the ability of Mtb to remain dormant within 

phagocytes. Studies in the mouse model have shown that the hypoxic environment in the 

granuloma core triggers the phosphorylation of an Mtb response regulator known as dormancy 

survival regulator (DosR) (43). DosR then activates a set of 48 genes that allow the bacteria 

to transition into a dormant state (44). DosR is also induced in response to nitric oxide (NO) 

and nutrient starvation, and in vitro studies show that it is induced in Mtb contained within 

macrophages (45). The dormant state is characterized by low metabolic activity, rendering 

Mtb resistant to many antibiotics that target metabolically active bacteria (46). The presence 

of dormant Mtb at any given time during infection renders it very difficult for bactericidal 

antibiotics to eliminate the bacteria.  

Genetic mutation also contributes to the antibiotic resistance of Mtb. Mutations that 

confer antibiotic resistance usually result in modification of the bacterial target upon which 

the antibiotic acts, or an enzymatic defect that prevents a pro-drug from being converted into 

an active drug. As an example of the former, there are multiple reported mutations in the rpoB 

gene encoding RNA polymerase that provide resistance to RIF (47). The mutations hinder the 

binding of RIF to RNA polymerase, thus blocking the drug’s ability to inhibit RNA synthesis. 

As an example of the latter, INH-resistant Mtb are reported to have mutations in several genes 

required for the conversion of the pro-drug into the active form, including the enzymes KatG 

and InhA (48).  



 9 

The increasing incidence of antibiotic-resistant TB means that the development of 

novel TB therapeutics is urgently needed. However, only two new anti-TB drugs have been 

FDA approved in the last 50 years. These new TB drugs are bedaquiline and pretomanid. The 

efficacy of these drugs in MDR-TB patients appears promising in clinical trials (49, 50). 

However, there are already reports of bedaquiline-resistant TB (51), one of the most recently 

approved TB therapeutics. As such, alternative treatment strategies must be explored that 

consider the problem of antibiotic resistance.  

 

1.1.6 Host-directed therapy  

 

Host-directed therapy (HDT) is a treatment strategy that aims to boost the host immune 

response to Mtb rather than targeting the bacterium itself, thus circumventing the development 

of antibiotic resistance. Many HDTs are being explored for use as adjuvants alongside current 

TB antibiotics to enhance efficacy or shorten the treatment duration.  

Due to the antibacterial effects of the vitamin D pathway, targeting this pathway is 

frequently explored as an HDT strategy for TB (52). In fact, vitamin D supplementation is the 

furthest along the pipeline of TB HDTs in clinical trials, due in part to the low risks associated 

with vitamin supplementation (53). Vitamin D supplementation can lead to the production of 

cathelicidin antimicrobial peptide by macrophages, which enhances the response of these 

phagocytes to Mtb infection in 3 different ways: it is toxic to Mtb, it activates phagosome 

maturation, and it enhances autophagosome formation (54–56). However, there are 

inconsistencies among clinical trial outcomes. Although some trials have demonstrated that 

vitamin D supplementation results in clinical and radiological improvements (57), other 

studies have not shown a difference in Mtb sputum conversion rates or clinical outcome (58, 
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59). Discrepancies among trial outcomes may be due to variations in vitamin D administration 

and dosage, differences in endogenous levels of vitamin D among participants, genetic 

differences in the vitamin D receptor, or confounding variables such as sunlight exposure (53).  

Although the granuloma can be advantageous for the host by preventing dissemination 

of Mtb, it also impedes TB therapeutics from reaching Mtb contained within the granuloma 

core (60). Granulomas therefore contribute to the lengthy treatment duration required for 

current TB antibiotics. As such, HDTs that target tumour necrosis factor alpha (TNF), a 

cytokine that is crucial for the formation and maintenance of granulomas, are currently being 

explored in clinical trials (61). Etanercept, a soluble TNF receptor antagonist, has been 

shown to disrupt granuloma integrity in Mtb-infected mice, which leads to more rapid and 

enhanced bacterial clearance following INH and RIF treatment, in addition to a reduction in 

lung pathology (62). Indeed, a phase I clinical trial using etanercept as an adjunctive therapy 

during the initial treatment stage of HIV-associated TB accelerated sputum culture conversion 

in participants (63).  

In active TB disease, excessive and prolonged activation of the inflammatory response 

often leads to tissue pathology and disease progression. As such, many HDT strategies aim to 

reduce chronic, non-productive inflammation (64). One such HDT strategy is the use of non-

steroidal anti-inflammatory drugs, which inhibit cyclooxygenase enzymes to limit the 

production of pro-inflammatory mediators such as prostaglandins. For example, a phase II 

clinical trial investigated Aspirin as an adjunct to dexamethasone during early TB treatment 

in adult TB meningitis (65). Aspirin was observed to reduce brain infarcts and related deaths 

through a mechanism dependent on inhibition of thromboxane-A2 and increased levels of 

protectins (65).  
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Following phagocytosis by macrophages, Mtb can inhibit phagosome acidification to 

evade degradation by pH-sensitive lysosomal enzymes (discussed in section 1.3.1). Abelson 

tyrosine kinase has been demonstrated to control phagosome acidification by regulating the 

proton pump vacuolar-H(+)-ATPase (V-ATPase) (66). Imatinib is an Abelson tyrosine kinase 

inhibitor that was developed for treatment of chronic myelogenous leukemia (CML). Imatinib 

therapy was observed to increase the number of circulating monocytes with acidified 

lysosomes in CML patients (66). In the same study, it was also shown that treatment of 

macrophages with sera collected from patients receiving imatinib reduced the intracellular 

survival of Mtb. Therefore, tyrosine kinase inhibitors offer the potential for being repurposed 

for TB HDT (67).  

 Mtb promotes the formation of lipid bodies in macrophages. It is hypothesized that the 

fatty acids derived from such lipid bodies provide a crucial energy source to Mtb, thus 

promoting an energy-rich niche for the bacteria within the macrophage (67). As such, 

inhibition of macrophage lipid body synthesis has been suggested as an HDT. Statins are a 

group of medications commonly used to prevent or treat atherosclerosis due to their ability to 

lower cholesterol levels in the blood (68). In addition, statins are known for their ability to 

limit lipid accumulation by inhibiting HMG-CoA reductase enzymes that are essential in lipid 

metabolism (68). Importantly, statins have been shown to limit Mtb growth in macrophages 

(69–71). As such, there is growing interest in repurposing statins for use as TB HDT.  

 In summary, there are many drugs that have shown promising potential for use as TB 

HDT in clinical and pre-clinical trials. However, all current TB HDT strategies focus on either 

repurposing currently approved drugs, or have unknown host targets. As such, to truly advance 

the TB HDT field, we must identify novel host targets that can be modified with therapeutics 
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and understand their roles in TB defense. This will enable the discovery of completely new 

and more specific pharmaceutical compounds to treat TB.  

 

1.2 Immune response to M. tuberculosis  

1.2.1 Innate immune response  

Mtb infection begins upon inhalation of airborne droplets containing the bacteria. 

These droplets are expelled from active TB patients when they talk, cough, or sneeze. 

Following inhalation of Mtb, the bacteria contact the respiratory mucosa as they travel along 

the airway. Airway epithelial cells (AECs) form the epithelium and function as an initial 

barrier to prevent bacterial invasion. AECs express pattern recognition receptors (PRRs) such 

as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) that recognize pathogen-

associated molecular patterns (PAMPs) on the surface of Mtb. Upon recognition of Mtb, 

AECs attempt to kill the bacteria by secreting numerous antibacterial substances such as 

defensins, cathelicidin, hepcidin, reactive oxygen species (ROS), and NO (72). In addition, 

AECs produce pro-inflammatory cytokines and chemokines such as interleukin (IL)-8 and 

monocyte chemoattractant protein-1 (MCP-1) to recruit phagocytes to the site of infection 

(73). The lamina propria is situated beneath the epithelium and contains resident immune cells 

including mucosal-associated invariant T cells. AECs can present Mtb antigens to these T 

cells and stimulate them to produce IFN, TNF, and granzyme, factors that may contribute 

to early Mtb clearance and activation of macrophages (74).  

If AECs are unsuccessful in clearing the infection, Mtb will continue to travel down 

the respiratory tract until the bacteria reach the alveoli. The alveoli contain resident alveolar 

macrophages (AMs) and dendritic cells (DCs) that recognize and phagocytose the bacteria. 
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These phagocytes express various PRRs that allow for the internalization of non-opsonized 

Mtb, including CLRs (e.g. mannose receptor (MR), dendritic cell-specific adhesion molecule-

3-grabbing non-integrin (DC-SIGN), dectin-1), Fc receptors (e.g. FcR), CD14, and 

scavenger receptors (e.g. MARCO, SR-A1, CD36, SR-B1). Phagocytosis of Mtb by 

macrophages occurs predominantly through the MR, which recognizes mannose-containing 

biomolecules that are abundant in the cell envelope of Mtb (75). These mannose-containing 

biomolecules include lipoarabinomannan (LAM) and its mannosylated form (ManLAM) (76). 

Studies have shown that interactions of Mtb with the MR can have negative consequences for 

the host. Indeed, ManLAM recognition by MR leads to inhibition of phagosome-lysosome 

fusion in the macrophage and triggers the production of anti-inflammatory cytokines (77, 78). 

Furthermore, recognition of mannose residues by MR reduces the antibacterial activities of 

macrophages by inhibiting the production of NO and oxygen radicals, in addition to blocking 

Mtb-induced apoptosis (78). As such, Mtb may exploit its mannosylated cell surface 

biomolecules and interact with MR to promote its intracellular survival within macrophages. 

Indeed, it has been shown that antibody-coated Mtb, which bind the FcR rather than the MR, 

traffic to the lysosome and do not evade phagolysosome fusion (79). In addition, complement 

receptors (CR) such as CR3 play a role in phagocytosis of opsonized Mtb (80). Complement 

cleavage fragment C3b and its inactive form C3bi opsonize Mtb via covalent linkages, which 

leads to CR3-mediated phagocytosis of the bacteria (81). CR3 deficiency reduces the ability 

of macrophages to phagocytose Mtb, however it does not impair the antibacterial effector 

mechanisms of the macrophages or impact the survival of intracellular Mtb (82). In addition, 

CR4 is particularly abundant on macrophages and is hypothesized to play an important role 

in mediating Mtb uptake in the early stages of infection (83, 84). Indeed, CR4 and the MR are 
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the most highly expressed PRRs on AMs (85). Phagocytes also express PRRs that recognize 

Mtb or Mtb products and activate receptor-mediated signalling pathways that alter gene 

expression profiles of the infected immune cells (86). These PRRs include TLRs such as 

TLR2, TLR4, and TLR9. Overall, Mtb is not recognized by one single PRR on phagocytes 

but rather by numerous receptors that induce a network of coordinated signalling pathways 

(86).   

Following phagocytosis of Mtb, AMs employ bactericidal mechanisms in attempt to 

kill Mtb. These mechanisms include sequestration of essential nutrients/metals, delivery of 

toxic metals to the Mtb phagosome, phagosome acidification, and autophagy (discussed in 

section 1.3). In addition, AMs produce ROS, reactive nitrogen intermediates, proteases, and 

antimicrobial peptides. However, AMs also attempt to limit lung tissue injury inflicted by 

inflammatory mediators and are thus considered to be immunoregulatory cells with low 

bactericidal ability (87, 88). Indeed, AMs have poor antigen presentation capabilities and 

produce cytokines such as IL-10 and transforming growth factor beta (TGF-), which inhibit 

pro-inflammatory responses and suppress T cell activation (89, 90). As such, while AMs serve 

to eliminate routinely encountered microbes, they often fail to do so for Mtb (90). 

Furthermore, Mtb produces many virulence factors that allow it to evade or counteract 

macrophage defenses (discussed in section 1.3). Progression of disease is thus largely 

determined by the ability of AMs to kill Mtb. If the antibacterial response of AMs is adequate, 

the host will achieve early clearance of Mtb without initiation of the adaptive immune 

response. However, if the AMs fail to control the infection, they provide a niche for Mtb 

replication and dissemination (91).  
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Infected AMs release chemokines such as chemokine (C-C motif) ligand (CCL)-2, 

CCL3, CCL4, CCL5, and interferon gamma-induced protein 10 (IP-10) that recruit peripheral 

immune cells to the site of infection (92). The recruited immune cells include neutrophils, 

natural killer (NK) cells, and peripheral blood mononuclear cells. In bronchoalveolar lavage 

and sputum collected from active TB patients, neutrophils are the most abundant cell type 

(93). Interestingly, one study found that individuals in contact with active TB cases were less 

likely to be infected with Mtb if they had higher peripheral blood neutrophil counts (94). 

Activation of neutrophils by Mtb and pro-inflammatory cytokines triggers neutrophil 

degranulation. Neutrophils release proteases, hydrolyses, antimicrobial peptides, and oxidants 

that kill Mtb. Neutrophils also release pro-inflammatory cytokines such as TNF, IL-1, and 

IFN. However, the effectors released by neutrophils do not discriminate between Mtb and 

host tissue, therefore neutrophils may be a cause of necrotic lung pathology and disease 

severity in pulmonary TB patients. Indeed, matrix metalloproteinases released by neutrophils 

can lead to severe tissue destruction (95, 96). As such, whether neutrophils play an overall 

beneficial or harmful role during Mtb infection remains controversial. NK cells are also 

recruited to the lungs during Mtb infection. NK cells recognize Mtb cell wall components 

such as mycolic acids via their natural cytotoxicity receptor NKp44 (97). NK cells can directly 

restrict Mtb growth by producing granules containing perforin, granulysin, and granzyme 

(98). Furthermore, NK cells can recognize and lyse Mtb-infected macrophages (99). NK cells 

can also indirectly inhibit intracellular Mtb growth by enhancing phagolysosome fusion in 

macrophages through the release of IFN and IL-22 (100, 101). The chemokines released by 

AMs and AECs also recruit peripheral blood mononuclear cells to the lung. For example, C-

C chemokine receptor type 2 (CCR2)-expressing monocytes are recruited to the infection site 
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via CCL2 (102), where they can then differentiate into DCs, macrophages, or remain as 

inflammatory monocytes (103). These monocytes produce pro-inflammatory cytokines such 

as IL-1, IL-1, and TNF, which assist in bacterial control (104). However, although these 

monocytes can assist with Mtb clearance, they can also be permissive for cell-to-cell 

transmission of Mtb (105).      

DCs are the innate immune cells that bridge the innate and adaptive immune response 

during Mtb infection. While some reports have demonstrated a crucial role of DCs in 

activating adaptive immunity (106), other studies have found that Mtb uses DCs as a 

replicative niche and impairs their ability to activate T cells (107, 108). DCs express many 

PRRs that can recognize Mtb. Among them, the most well-known receptor is DC-SIGN, 

which recognizes LAM on the cell wall of Mtb (109). Following phagocytosis of Mtb, DCs 

express the chemokine receptor CCR7 (108). This allows the DCs to be guided to the 

mediastinal lymph nodes by following a gradient of chemokines including CCL-19 and CCL-

21 (108). CCL-21 is expressed by the lymphatic endothelium, directing the initial migration 

of DCs, while both CCL-19 and CCL-21 are expressed by lymph node resident cells (110). 

DCs in CCR7 knockout mice have an impaired ability to migrate to the draining lymph nodes, 

resulting in delayed priming of Mtb-specific T cells (111).  

 

1.2.2 Adaptive immune response   

 

Antigen-presenting cells (APCs) such as DCs and macrophages migrate to the draining 

lymph node and prime T cells at around 14 days post-infection in the mouse model (108). 

Although DCs are recognized to be essential for the induction of T cell responses, it is now 

known that Mtb-infected CCR2+ inflammatory monocytes also migrate to the lymph node to 
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assist with T cell priming (112, 113). A study demonstrated that depletion of CCR2+ cells in 

mice significantly reduces the appearance of Mtb in the lymph node and delays CD4+ T cell 

priming (112). On the other hand, depletion of DCs had no impact on delivery of Mtb to the 

lymph node but dramatically reduced CD4+ T cell priming. Altogether, the findings from this 

study suggest that migratory CCR2+ monocytes are required for trafficking of Mtb to the 

lymph node, where DCs then phagocytose the bacteria and present the Mtb antigens to naïve 

CD4+ T cells on major histocompatibility complex (MHC)-II molecules (114).  

 CD4+ T cells are an essential component of the adaptive immune response to Mtb 

infection. The importance of CD4+ T cells during Mtb infection is exemplified by the 

heightened susceptibility of HIV patients to TB disease (115). Initiation of T cell activation is 

delayed during Mtb infection in comparison to other intracellular bacteria (116). Indeed, 

antigen-specific CD4+ T cells are not detected in the lungs until 2-3 weeks post-Mtb infection 

in the mouse model (117). This delay in the CD4+ T cell response is believed to be a major 

reason for the host’s failure to control the infection. The delay in activation of CD4+ T cells 

could be due to a variety of factors, the most accepted being the ability of Mtb to inhibit 

apoptosis and antigen presentation by APCs (118). The main effector function of CD4+ T cells 

is the secretion of IFN, which activates macrophages and enables them to exert their 

bactericidal functions. Indeed, mouse studies have demonstrated that IFN is essential for 

macrophage activation and the killing of intracellular Mtb (119). In mouse macrophages, IFN 

reduces Mtb burden by inducing NO production (119). However, stimulation of NO 

production is not believed to play a role in the control of Mtb burden in human macrophages 

due to their limited ability to produce NO (120). Nevertheless, IFN remains a crucial cytokine 

for control of Mtb in humans, as evidenced by increased susceptibility to Mtb in individuals 
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with genetic defects in IFN signaling (121). This could be due to other antimicrobial 

pathways induced by IFN, such as autophagy or apoptosis (122, 123). Although CD4+ T cells 

play a critical role in restricting Mtb growth, studies suggest CD4+ T cells can also harm the 

host by contributing to lung pathology. For example, a cohort study of individuals co-infected 

with HIV and TB revealed a positive correlation between increased numbers of CD4+ T cells 

and the likelihood of cavitary TB (124). Individuals with cavitary TB are more infectious 

compared to active TB patients without lung cavities (125), therefore the lung pathology 

arising from CD4+ T cell responses may facilitate bacterial transmission. 

 CD8+ T cells also play a role in the adaptive immune response to Mtb. These cells 

recognize Mtb antigen presented on MHC-I molecules. As such, CD8+ T cells may be 

important in recognizing Mtb that escapes the phagosome, since antigen presentation on 

MHC-II occurs via the phagosome maturation pathway (126). Upon recognition of Mtb 

antigens presented on MHC-I, CD8+ T cells release cytokines that assist in controlling Mtb, 

including IL-2, IFN, and TNF. In addition, these T cells release perforin and granulysin to 

lyse infected macrophages (127). However, the relative contributions of these effector 

functions during Mtb infection are unknown.  

 Humoral immunity was not previously believed to play a role during Mtb infection. 

However, there is a growing body of evidence to suggest that B cell and antibody responses 

contribute to the immune response to Mtb. Antibodies for Mtb proteins have been observed 

in the sera of TB patients (128), and passive transfer of monoclonal antibodies specific for 

Mtb cell wall components provides some protection in mice (129). Furthermore, Mtb-infected 

mice that are deficient in B cells have elevated neutrophil recruitment and exacerbated lung 

pathology (130). B cells have also been shown to produce cytokines such as type I IFN (IFN 
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and IFN)  that influence macrophage polarization towards an anti-inflammatory phenotype 

(131). These findings suggest that B cells can limit inflammatory responses during Mtb 

infection. However, whether this anti-inflammatory effect of B cells is ultimately beneficial 

or harmful to the host remains unknown.  

 

1.2.3 Tuberculosis granuloma 

The accumulation of innate and adaptive immune cells in the lung results in the 

formation of granulomas (Figure 1), the hallmark pathological structure of Mtb infection. The 

core of the granuloma is composed of infected AMs and epithelioid cells, which provide 

nutritional support to Mtb. Progressive layers of immune cells including neutrophils, DCs, 

and NK cells surround the infected macrophages. The outer layers of the granuloma contain 

B lymphocytes, CD4+ and CD8+ T cells that form a cellular wall to prevent the spread of Mtb 

(132). Pro-inflammatory cytokines such as TNF, IFN, and IL-12 are required for granuloma 

formation and stability and also assist in limiting Mtb growth (119, 133, 134). As such, 

granulomas allow for both physical containment and immunological restraint of Mtb growth.  

Importantly, there is heterogeneity between granulomas within the same host, with 

each individual granuloma having its own trajectory (135). Some granulomas are capable of 

eliminating all bacteria (referred to as granuloma sterilization), whereas others contain Mtb 

growth but do not eliminate the bacteria, resulting in stable granulomas that may remain for 

decades (135, 136). Cynomolgus macaques are a commonly used model to study TB 

granulomas since the granulomas in these non-human primates closely mimic those found in 

humans (137, 138). Recent studies in these primates have shown that there are both 

progressing and healed lesions within the same animal, with nearly all animals being capable 
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of sterilizing at least a subset of granulomas (139). Thus, even within the same host, the 

number of viable Mtb found in individual granulomas varies considerably. Indeed, some 

granulomas in Mtb-infected cynomolgus macaques were observed to have 0 colony forming 

units (CFU) per granuloma (sterilized granuloma), while other granulomas within the same 

animal had approximately 1 million CFU per granuloma (139). Overall, the presence of 

granulomas is insufficient to control Mtb infection. Rather, the ability of all granulomas to 

control Mtb growth is what determines the outcome of infection (135).  

Some granulomas are unable to control bacterial growth. Under this circumstance, 

infected cells become necrotic, triggering the release of bacteria and an inflammatory 

response. Overtime, the inflammation results in large caseating granulomas and fibrotic 

scarring that contribute to tissue injury. If the granuloma fails to contain the infection, the 

granuloma’s caseous necrotic center liquefies and cavitates, allowing infected cells and 

bacteria to exit the granuloma and disseminate (60) (Figure 1). The resulting lung cavities are 

the hallmark of pulmonary TB disease. At this stage of infection, the individual is said to have 

active TB disease and is both symptomatic and contagious. Infectious Mtb can spill into the 

airways and be transmitted to other humans when the infected individual coughs, sneezes, or 

speaks. Mtb can also enter the host’s bloodstream and spread to virtually any organ, including 

the brain. 

The granuloma also creates challenges to treating TB disease. Layers of immune cells 

sequester Mtb within the granuloma core and help to shield the bacteria from antibiotics (13). 

Furthermore, granulomas are heterogenous with respect to their vascularization. Indeed, 

vascularization in the granuloma core is gradually destroyed as it begins to necrotize from the 

centre outwards (13). The reduced vascular supply in some granulomas impedes drug delivery 

and can also result in reduced oxygen levels in the granuloma (140). The resulting hypoxic 
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environment in the granuloma core triggers Mtb to enter a dormant state, rendering Mtb 

resistant to many antibiotics that target metabolically active bacteria (43, 46). 
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Figure 1. Progression of M. tuberculosis infection. Mtb bacilli are transmitted in airborne 

droplets after an individual with active tuberculosis (TB) disease coughs, sneezes, or speaks. 

Inhaled Mtb travel to the lung alveoli where they are phagocytosed by resident alveolar 

macrophages (AMs) and dendritic cells (DCs). These phagocytes exert antibacterial processes 

to degrade internalized Mtb, such as the phagosome maturation process. AMs and DCs also 

release cytokines and chemokines that recruit peripheral immune cells such as monocytes. 

DCs and monocytes migrate to the draining lymph nodes to prime T cells, which then travel 

to the site of infection. The accumulation of lymphocytes and innate immune cells triggers the 

formation of a granuloma, which functions to physically and immunologically restrict Mtb 

growth. If the granuloma successfully contains the infection, the individual is said to have 

latent TB infection and remains asymptomatic and non-contagious. If the granuloma fails to 

contain Mtb infection, the caseous necrotic center liquefies and cavitates, allowing infected 

cells and bacteria to exit the granuloma and disseminate through the host. At this stage, the 

individual is said to have active TB disease and can transmit the bacteria to other hosts. Figure 

from Pai et al. (369), reprinted with permission from Springer Nature.  
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1.2.4 Regulation of inflammation in tuberculosis 

 An inflammatory Th1 response is crucial for containment of Mtb. Indeed, too little 

inflammation can delay the activation of innate and adaptive immunity, thus impairing 

bacterial control (118). However, uncontrolled inflammation impairs cellular immunity and 

damages lung tissue. The severe lung pathology resulting from over-exuberant inflammation 

causes lung cavitation and promotes transmission of Mtb (118). As such, inflammation must 

be tightly regulated by pro- and anti-inflammatory cytokines.  

TLRs play an important role in modulating the inflammatory response during Mtb 

infection. TLRs are expressed by a wide variety of cells, including AMs, DCs, neutrophils, 

lymphocytes, and alveolar epithelial cells. Mtb is primarily detected by TLR2, TLR4, and 

TLR9 (141). Genetic variants in TLR2 are associated with TB susceptibility and underline the 

predominant role of TLR2 during Mtb infection (142). TLR2 is expressed on the cell surface 

and can function alone or as a heterodimer with TLR1 or TLR6. Interestingly, TLR4-deficient 

mice infected with BCG have shown increased local inflammation, indicating that TLR4 plays 

a modulatory role in inflammation during mycobacterial infections (143). TLR9 is expressed 

intracellularly on endosomes and recognizes unmethylated CpG found in mycobacterial DNA 

(144). Recognition of Mtb PAMPs by different TLRs results in the recruitment of distinct 

adapter proteins that activate signaling cascades such as nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-B) and mitogen-activated protein kinase (MAPK) 

pathways. Activation of the NF-B pathway is of particular importance to the inflammatory 

response. Once in the nucleus, NF-B drives production of multiple pro-inflammatory 

cytokines that play a critical role in controlling Mtb infection.    
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 Important pro-inflammatory cytokines during Mtb infection include TNF, IL-12, IL-

18, IFN, IL-1, and IL-6. TNF is primarily produced by macrophages but can also be 

secreted by other immune cells such as lymphocytes. TNF mediates inflammation by 

stimulating the production of IL-1, IL-6, and early chemokine production. This cytokine also 

assists in macrophage activation and can induce apoptosis of Mtb-infected human AMs, thus 

assisting in the control of Mtb (145, 146). TNF-deficient mice have increased susceptibility 

to Mtb and succumb to infection within 2 – 3 weeks (147). Furthermore, TNF-deficient mice 

have inhibited granuloma formation (61). The importance of TNF during Mtb infection is 

also demonstrated by the increased susceptibility to TB in individuals receiving anti-TNF 

neutralization therapy for autoimmune diseases. There is a significant correlation between 

reactivation of LTBI in patients undergoing these therapies (148, 149). Production of IL-12 

by macrophages and DCs is also essential for survival of Mtb-infected mice (150, 151).  IL-

12 triggers the release of IFN by T cells, thus initiating the Th1 response (152). Similarly, 

IL-18 is believed to optimize the production of IFN by T cells, since total IFN production 

by CD4+ and CD8+ T cells is decreased in IL-18-deficient mice (153–155). Mice deficient in 

IL-18 are susceptible to Mtb and have an accumulation of monocytes, neutrophils, and 

inflammatory chemokines in the lung (154). As such, IL-18 may play a critical role in 

preventing the recruitment of permissive monocytes and neutrophils to the lung. IFN is the 

chief cytokine in Mtb immunity due its role in activating macrophages. After it is secreted by 

T cells, IFN activates antibacterial mechanisms of macrophages including phagosome 

maturation, ROS production, apoptosis, and autophagy (119, 122, 123). IFN knockout mice 

succumb to Mtb infection (119), and humans with defective IFN signalling have a high 

susceptibility to mycobacterial infections and poor prognosis (121, 156). IL-1 is another pro-
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inflammatory cytokine critical for survival during Mtb infection (157). IL-1 regulates a 

number of processes important for control of Mtb infection, including phagosome maturation 

and limiting type I IFN production (90, 158). IL-6 can also have a proinflammatory effect 

during Mtb infection. IL-6 induces differentiation of cytotoxic T cells and is required for 

survival in mice following high dose challenge with Mtb (159). However, IL-6 can also be 

beneficial for Mtb, since it has been shown to antagonize the antibacterial effects of IFN in 

macrophages (160). Indeed, Mtb is reported to induce production of IL-6 by infected 

macrophages to inhibit IFN-mediated autophagy (161). 

 To avoid tissue injury, inflammation must be tightly regulated during Mtb infection. 

IL-10 and TGF- are important cytokines that limit inflammation during Mtb infection. IL-

10 is produced by monocytes, macrophages, DCs, and T regulatory cells. This cytokine 

inhibits the production of chemokines and pro-inflammatory cytokines such as IL-12 and IFN 

by APCs (162). IL-10 also inhibits cell recruitment, generation of oxidants, and T cell 

activation (163). Furthermore, IL-10 is reported to inhibit autophagy (164) and interfere with 

phagosome maturation in human macrophages (165). TGF- is produced by most immune 

cells, including lymphocytes, macrophages, monocytes, and DCs. This cytokine is believed 

to inhibit T cell proliferation and the antibacterial activity of monocytes, since T cells and 

monocytes from TB patients co-cultured with TGF- inhibitors exhibit restored T cell 

proliferation and enhanced monocytic control of Mtb (166). In addition, TGF- induces IL-

10 production and synergizes with it to inhibit IFN production (167).   
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1.3 Interplay between M. tuberculosis and host macrophages 

1.3.1 Phagosome maturation   

Macrophages are powerful antibacterial cells equipped with multiple processes that 

degrade invading bacteria. Given that bacteria reside in host membrane-derived vacuoles 

called phagosomes, the maturation process of the phagosome is the main process responsible 

for degrading the bacteria. Phagosome maturation is a series of membrane fusion and fission 

events that occur through the recruitment of endosomes. Endosome recruitment is coordinated 

by guanosine triphosphate (GTP) binding proteins such as RABs as well as phospholipids 

such as phosphatidylinositol 3-phosphate (PI3P). PI3P on the nascent phagosome’s surface 

recruits a component of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

complex. NADPH oxidase then generates microbicidal ROS to assist with bacterial killing. 

Early endosomes containing RAB5 are recruited by the nascent phagosome and provide the 

phagosome with V-ATPase. V-ATPase pumps hydrogen ions into the phagosome, gradually 

reducing the phagosomal pH over the course of maturation. Next, late endosomes containing 

RAB7 provide the phagosome with proteases, antimicrobial peptides, and more V-ATPase. 

In the final stage of phagosome maturation, the late phagosome fuses with the lysosome to 

form the phagolysosome. The lysosome membrane also contains V-ATPase and the final pH 

of the phagolysosome is ~4.5. The lysosome chloride channel CLC-7 is also believed to 

contribute to this decrease in pH (168).  The lysosome provides hydrolytic enzymes including 

glycosidases, lipases, DNases, and proteases such as cathepsins (169). These enzymes 

autoactivate in the acidic environment of the phagolysosome and degrade the pathogen. The 

final phagolysosome is an extremely hostile environment capable of killing most pathogens. 

As such, to survive within macrophages, Mtb uses a variety of virulence proteins and lipids 
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to manipulate the phagosome maturation pathway and block phagolysosome fusion (Figure 

2).  

Shortly after phagocytosis of Mtb and before the progression of phagosome 

maturation, the macrophage undergoes an oxidative burst. During the oxidative burst, ROS 

are rapidly released to degrade the internalized bacteria. However, Mtb can counteract the 

oxidative burst by inhibiting NADPH oxidase (Figure 2). NADPH is composed of two 

integral membrane subunits that form flavocytochrome b558 and a trimeric cytosolic 

complex. The assembled complex requires the recruitment of GTP-bound RAC1/2 to activate 

its catalytic activity (170). Mtb secretes possible conserved protein CpsA, which inhibits the 

recruitment of flavocytochrome b558 complex to the phagosome (171). Furthermore, Mtb 

secretes the virulence factor nucleoside diphosphate kinase (Ndk), which inhibits the final 

activation step of NADPH oxidase by functioning as a GTPase activating protein (GAP) to 

inactivate RAC1 (172). Mtb also secretes enzymes that scavenge ROS, such as superoxide 

dismutase (SodA), and the catalase KatG (173, 174). Nevertheless, individuals with mutations 

in NADPH oxidase develop chronic granulomatous disease, and are more susceptible to TB 

(175). Therefore, although Mtb inhibits NADPH oxidase and secretes ROS scavenging 

enzymes, inhibition of ROS production must be imperfect.  

To block phagosome maturation, Mtb inhibits the recruitment of early endosomal 

proteins involved in membrane trafficking and protein complex assembly by interfering with 

the production of PI3P (Figure 2). PI3P located in the phagosome membrane recruits 

endosomal proteins and is required for proper fusion with endocytic vesicles. ManLAM, a 

component of the Mtb cell envelope, has been shown to impair PI3P activity, thus leading to 

phagosome maturation arrest (176). Furthermore, Mtb inhibits phagosome maturation through 

secreted acid phosphatase (SapM), a lipid phosphatase that hydrolyzes PI3P and removes it 
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from the phagosome (177). Mtb also inhibits phagosome maturation by promoting interactions 

with early endosomes. One mechanism utilized by Mtb is to impair RAB functioning. For 

example, Mtb secretes Ndk, which possesses GAP activity towards RAB proteins (178). 

Indeed, Ndk has been shown to inactivate both RAB5 and RAB7, thus inhibiting phagosome 

maturation and fusion with lysosomes in macrophages (178). In addition to secreted virulence 

factors, Mtb also has components in its cell envelope that assist with inhibition of phagosome 

maturation. Indeed, the envelope glycolipid phosphatidylinositol mannoside promotes early 

endosome fusion by altering RAB programming (179).  

Mtb also inhibits recruitment of late endosomes and lysosomes by interfering with 

processes downstream of PI3P. Hepatocyte growth factor-regulated tyrosine kinase substrate 

(HRS) is an important PI3P binding protein that is usually localized to early endosomes. HRS 

recruits the endosomal sorting complex required for transport (ESCRT), which directs 

phagosomes to the lysosome. Mtb secreted ESAT-6-like protein EsxH binds HRS and inhibits 

ESCRT activity, leading to impaired phagosome maturation and inhibition of MHC-II 

presentation (180, 181). 

Finally, Mtb can prevent phagosome acidification by disrupting recruitment of V-

ATPase (Figure 2), the proton pump responsible for reducing the intraphagosomal pH (182). 

Mtb secretes protein-tyrosine phosphatase A (PtpA), which binds subunit H of the V-ATPase 

(183). At the same time, PtpA is able to dephosphorylate VPS33B, a key vacuolar sorting 

protein that is essential for phagosome-lysosome fusion (184). Both dephosphorylation of 

VPS33B and binding of PtpA to subunit H were shown to be required for intracellular survival 

of Mtb and inhibition of phagosome acidification (183, 184). Collectively, the multiple 

virulence proteins produced by Mtb ensure that it can survive and replicate freely in an 

immature phagosome (Figure 2).  
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Figure 2. Virulence factors and cell wall lipids allow M. tuberculosis to escape 

degradation following phagocytosis. M. tuberculosis (Mtb) is recognized by a variety of 

pattern recognition receptors (PRRs) on the macrophage cell surface, leading to internalization 

of the bacteria. Phosphatidylinositol 3-phosphate (PI3P) on the nascent phagosome surface 

recruits early endosomes and a component of the NADPH oxidase complex. However, the 

Mtb cell wall component mannose-capped lipoarabinomannan (ManLAM) and secreted acid 

phosphatase (SapM) impair PI3P activity. NADPH oxidase functions to produce ROS to kill 

phagosomal bacteria, however Mtb secretes CpsA and nucleoside diphosphate kinase (Ndk) 

to interfere with NADPH assembly or activation. Furthermore, Mtb secretes protein-tyrosine 

phosphatase A (PtpA), which prevents phagosome acidification by impairing vacuolar-H(+)-

ATPase (V-ATPase) activity and inhibiting fusion with the lysosome (Ly). Mtb can also 

perforate the phagosome through its ESX-1 system, triggering the release of Mtb and 

extracellular bacterial DNA (exDNA) into the cytosol. Cytosolic Mtb DNA is recognized by 

the DNA sensor cyclin GMP-AMP synthase (cGAS). This interaction leads to the transcription 

of IFN and promotes the delivery of bacilli to the ubiquitin-mediated selective autophagy 

pathway. E3 ubiquitin-protein ligase SMURF1 and parkin ubiquitinate Mtb. p62 and NDP52 

are target-specific autophagy receptors that form a bridge between LC3-II and ubiquitinated 

Mtb, allowing sequestration of Mtb within the autophagosome. However, Mtb virulence 

proteins such as enhanced intracellular survival (Eis) and PE_PGRS47 can inhibit the 

autophagy pathway. Once Mtb has escaped degradation by inhibiting phagosome maturation 

or autophagy, the bacteria can replicate freely within the macrophage until the cell bursts. Mtb 

can also activate the NLRP3 inflammasome through its ESX-1 system, thus triggering 

macrophage pyroptosis and IL-1 production. Figure adapted from Queval et al. (370) and 

reprinted under the Creative Commons Attribution License (CC BY).   
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1.3.2 Escape from phagosome  

Unlike a few other bacteria pathogens such as Listeria monocytogenes and Francisella 

tularensis that are known to escape from the phagosome into the host cell cytoplasm, Mtb was 

classically considered a strictly intra-phagosome pathogen. However, this view has changed 

with the advent of new high-resolution imaging technology. Using cryo-electron microscopy, 

van der Wel et al. reported that Mtb can be found in the cytosol of infected macrophages (185). 

While this result was originally controversial, multiple studies by independent groups have 

confirmed its validity (186, 187). Mtb perforates the phagosome to escape into the host cell 

cytosol, a process that requires its 6-kDa early secretory antigenic target (ESAT-6) secretion 

system-1 (ESX-1) (Figure 2). ESAT6, one of the proteins secreted by the ESX-1 system, has 

been shown to be crucial for phagosome rupture (185). However, the exact mechanism for 

phagosome damage remains unknown, and whether ESAT6 can directly lyse the phagosome 

membrane remains controversial (188). Nevertheless, mycobacterial mutants defective in 

ESAT6 are unable to perforate the phagosome and have reduced membrane lytic activity (185, 

186, 189). Perforation of the phagosome is beneficial for the success of Mtb since such a 

strategy allows it to escape the hostile phagosome environment and allows for direct delivery 

of its arsenal of virulence proteins to disrupt host signaling pathways in the cytosol.  

An unintended consequence of phagosome escape by Mtb is the release of bacterial 

DNA into the cytosol, which can be sensed by the innate cytosolic surveillance pathway (190) 

(Figure 2). Specifically, cyclin GMP-AMP synthase (cGAS) is a cytosolic DNA sensor that 

has been shown to recognize Mtb DNA (191). Upon binding Mtb double stranded DNA 

(dsDNA), cGAS synthesizes the secondary messenger cyclic GMP-AMP, which in turn 

activates stimulator of interferon genes (STING). Activated STING dimerizes and activates 

tank-binding kinase-1 (TBK-1), which then phosphorylates the transcription factor interferon 



 33 

regulatory factor-3 (IRF-3). Phosphorylated IRF-3 then dimerizes and translocates to the 

nucleus, where it induces IFNβ production (Figure 2). Type I IFN have been postulated to be 

harmful to the host, since they are associated with disease progression of TB and have been 

shown to antagonize the production and activity of IL-1β, a critical cytokine in the anti-TB 

response (104, 192). Nevertheless, recognition of Mtb by cGAS is an important host-pathogen 

interaction in Mtb-infected macrophages, since it promotes the delivery of bacilli to the 

ubiquitin-mediated selective autophagy pathway (193, 194) (Figure 2).  

 

1.3.3 Autophagy  

Autophagy was originally described as a homeostatic process that generates nutrients 

by degrading cytoplasmic constituents. Autophagy is activated by amino acid deprivation, 

serum starvation, growth factor deprivation, hypoxia, and exposure to certain toxins. 

However, it was later discovered that autophagy can be activated by intracellular pathogens 

(122). It is now known that autophagy plays an important role in immunity. In addition to 

organelles and proteins, the autophagy pathway can degrade targeted pathogens in a process 

termed xenophagy (122, 195). Nonselective autophagy refers to turnover of bulk cytoplasm 

during starvation, whereas selective autophagy specifically targets damaged or surplus 

organelles as well as intracellular pathogens (196). Autophagy is a relevant defense 

mechanism in macrophages infected with Mtb, since it can target and degrade cytosolic Mtb 

after it escapes the phagosome via ESX-1 (193) (Figure 2). Ubiquitination of cytosolic 

bacteria is required to mark them as cargo for autophagic degradation (197), and it is now 

understood that recognition of extracellular Mtb DNA is required for this ubiquitination event. 

The cytosolic DNA sensor cGAS binds cytosolic Mtb dsDNA and activates the 
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STING/TBK1/IRF-3 pathway, which results in ubiquitination of Mtb (193, 194). Specific E3 

ubiquitin ligases that have been observed to ubiquitinate Mtb include E3 ubiquitin-protein 

ligase SMURF1 and parkin (198, 199) (Figure 2).  

The initiation stage of autophagy requires the UNC-51-like autophagy activating 

kinase (ULK1) complex, which is  comprised of ULK1/2, autophagy-related protein 

(ATG)13, FIP100, and ATG101. Under basal conditions, mammalian target of rapamycin 

(mTOR) inactivates this complex, preventing the initiation of autophagy. During stress 

conditions, mTOR is inhibited and autophagy is activated. The second stage of autophagy is 

membrane nucleation and phagophore formation, which requires the class III 

phosphoinositide-3 kinase (PI3K) complex, ATG14, beclin-1, and ATG9. The third stage of 

autophagy is phagophore elongation. During this stage, microtubule-associated proteins 1A/B 

light chain 3B (LC3) is recruited to the site of phagophore formation and is cleaved by ATG4 

to form cytosolic LC3-I (200). The sequential actions of ATG7 (E1-like activating enzyme), 

ATG3 (E2-like activating enzyme), and the ATG12-5-16L1 complex (E3-like ligase) lead to 

the conjugation of phosphatidylethanolamine to LC3-I, thus forming LC3-II (201). LC3-II is 

required for phagophore elongation, expansion, and closure and is found on both outer and 

inner membranes (Figure 2). The selectivity of the autophagy process is ensured by target-

specific autophagy receptors that form a bridge between LC3-II and the ubiquitinated cargo. 

Thus far, p62 and NDP52 are the autophagy receptors that have been determined to target Mtb 

(193) (Figure 2). The phagophore closes to form a double-membrane organelle called the 

autophagosome. The next stage of autophagy is autophagosome-lysosome fusion, which 

requires lysosomal integral membrane protein-2, SNARE proteins, and RAB proteins such as 

RAB5 and RAB7 (202, 203). Finally, lysosomal hydrolases degrade the contents inside the 

formed autophagolysosome, which not only include Mtb but also p62 and LC3-II.  
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In addition to STING and TBK1, AMP-dependent protein kinase (AMPK) and 

MAPKs have also been shown to activate autophagy (193). AMPK is activated by cell stress 

or low adenosine triphosphate (ATP) levels and phosphorylates tuberous sclerosis complex-2 

and regulatory-associated protein of mTOR. These downstream effectors inhibit mTOR 

activity, thus indirectly promoting autophagy (204, 205). AMPK can also directly activate 

autophagy by phosphorylating ULK1 (206). MAPKs such as c-Jun N-terminal kinase (JNK) 

and p38 can also activate autophagy through indirect actions to stimulate beclin-1 (207–209). 

Importantly, IFN induces selective autophagy of Mtb in macrophages through the activation 

of both JNK and p38 (161).  

While selective autophagy is clearly required to control Mtb infection, Mtb can 

counteract this by inhibiting multiple processes in the autophagy pathway. Mtb secretes 

proteins that can block autophagy, including PE_PGRS47 and enhanced intracellular survival 

(Eis) (Figure 2). Macrophages infected with a PE_PGRS47 knockout strain of Mtb had 

increased LC3-I to LC3-II conversion, increased colocalization of Mtb with LC3, and reduced 

bacterial survival (210). Another group observed that macrophages infected with an Eis 

knockout strain of Mtb displayed increased formation of autophagosomes both in vitro and in 

vivo, as well as elevated ROS generation, which rendered the cells highly sensitive to 

autophagy activation (211). Notably, Eis can acetylate a JNK-specific phosphatase, which can 

lead to the inactivation of JNK (212). Since JNK is required for activation of beclin-1, Eis 

may indirectly block autophagy by preventing activation of beclin-1. Alternatively, Eis may 

block autophagy by upregulating IL-10, a cytokine that has been shown to inhibit autophagy 

(164). Interestingly, Mtb is also reported to upregulate IL-6 in order to block IFN-dependent 

autophagy (161). Specifically, IL-6 was observed to antagonize autophagy-inducing effects 
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of IFN by preventing the phosphorylation of JNK and p38. Although autophagy is distinct 

from the phagosome maturation pathway, autophagosome-lysosome fusion relies on some of 

the same machinery as late phagosome-lysosome fusion. As such, certain Mtb effectors that 

block phagolysosome formation can also block autophagolysosome formation. In fact, Mtb 

selectively blocks the autophagic flux in macrophages by preventing the recruitment of RAB7 

(213). In addition, initiation of autophagy depends on PI3P, which is also important for 

phagosome maturation. As such, the Mtb virulence proteins and membrane components 

discussed in section 1.3.1 that impair PI3P accumulation are also likely to impair autophagy. 

Indeed, ManLAM coated beads have been observed to block LC3 trafficking (214).  

Autophagy is significantly inhibited during Mtb infection as less than 10% of Mtb 

bacilli are found within late autophagosomes (213). Consistent with this, enhanced induction 

of autophagy in Mtb-infected macrophages allows for progressive elimination of the bacteria 

(215), decreased Mtb burden (122), and improved control of inflammation (216). Moreover, 

mice deficient in ATG5 have higher bacillary burden, increased lung pathology, and increased 

mortality compared to autophagy-competent mice (193, 217). Interestingly, current TB 

antibiotics that should only target the bacteria have been shown to activate host-cell 

autophagy. The first-line antibiotics PYZ and INH activate autophagy in Mtb-infected 

macrophages, and inhibition of autophagy reduces the effectiveness of these drugs (218). In 

addition, it was recently shown that the newly approved anti-TB drug bedaquiline also 

activates autophagy (219). Due to the antibacterial role of autophagy in macrophages and its 

synergy with existing anti-TB antibiotics, therapeutic activation of autophagy is a promising 

HDT strategy against TB (220, 221). 
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1.3.4 Macrophage cell death 

The mode of cell death of Mtb-infected macrophages greatly influences the extent of 

inflammation, and consequently, disease outcome. Apoptosis of Mtb-infected macrophages is 

a critical defense mechanism and offers many advantages to the host. Indeed, this programmed 

“cell suicide” of macrophages results in Mtb containment within apoptotic bodies, which can 

then be phagocytosed and killed by activated macrophages in a process termed efferocytosis. 

Following engulfment of Mtb-containing apoptotic bodies, the activated macrophages exert 

bactericidal mechanisms that result in enhanced bacterial killing (222). The apoptotic bodies 

can also be taken up by DCs to facilitate the priming of antigen-specific T cells and stimulation 

of adaptive immunity (223). Importantly, apoptosis of Mtb-infected cells limits inflammation 

and tissue damage (224). In fact, studies have shown that engulfment of apoptotic bodies 

stimulates the production of anti-inflammatory cytokines IL-10 and TGF- (225, 226). 

However, Mtb can inhibit macrophage apoptosis and remain hidden inside the phagocyte 

(227). Mtb blocks apoptosis by producing virulence factors such as NADH-quinone 

oxidoreductase subunit G, SodA, Eis, and Ndk, which function to neutralize or interfere with 

the production of ROS (172, 211, 228, 229). Mtb also produces phosphatases such as PtpA to 

inhibit macrophage apoptosis by dephosphorylating host GSK3 (230). Interestingly, Mtb 

also exploits host phosphatases to block apoptosis. Indeed, Mtb infection triggers increased 

expression of the host protein phosphatase Mg2+/Mg2+-dependent-1A (PPM1A), which 

inhibits macrophage apoptosis by inactivating JNK signaling (231). The current paradigm is 

that attenuated Mtb strains induces macrophage apoptosis, whereas virulent Mtb strains block 

apoptosis and induce necrosis once the bacteria have proliferated to a high intracellular load 

(224). Necrotic cell death results in cell lysis that permits Mtb to spread to neighboring cells. 
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Furthermore, necrosis results in the release of pro-inflammatory mediators that can cause 

tissue damage and lung cavitation, thus harming the host and promoting bacterial 

transmission. While necrosis was previously regarded as an unregulated type of cell death, it 

is now known that programmed necrotic pathways exist, namely pyroptosis and necroptosis.  

 Pyroptosis occurs following the activation of cytosolic inflammasomes that differ 

based on their activating ligands. All inflammasome cascades lead to the activation of caspase-

1, which cleaves pro-IL-1 and pro-IL-18 into their active forms. Capase-1 also activates 

gasdermin D, which forms pores in the cell membrane that permit the release of IL- and IL-

18 from the cell. The release of IL-1 and IL-18 triggers inflammation, and the pores allow 

ion flux across the cell membrane which leads to osmotic swelling and cell lysis. NOD-like 

receptor family pyrin domain containing 3 (NLRP3) is the predominant inflammasome 

activated during Mtb infection (232, 233) (Figure 2), although the specific ligand remains 

elusive (234). Pyroptosis activation was previously believed to be an essential process in the 

host response to Mtb infection, since mice deficient in IL-1 signaling succumb to Mtb 

infection (235). However, it was later discovered that IL-1 is produced independently of 

caspase-1 during Mtb infection (157). In fact, pyroptosis is now believed to be harmful to the 

host and beneficial to Mtb. Indeed, a recent report by Beckwith and colleagues showed that 

Mtb ESAT-6 could directly damage the macrophage plasma membrane, triggering potassium 

ion efflux, an essential upstream event of NLRP3 activation by Mtb (236).  

 Mtb can also induce macrophage necroptosis. Indeed, time-lapse microscopy has 

shown that pyroptosis and necroptosis are the predominant forms of cell death in Mtb-infected 

macrophages, whereas apoptotic cell death is the dominant cell death pathway in uninfected 

bystander cells (236). Mtb induces macrophage necroptosis by utilizing its outer membrane 
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channel protein CpnT to secrete its toxic C-terminal domain (237). This secreted C-terminal 

domain, termed tuberculosis necrotizing toxin, depletes cellular NAD+, which activates 

receptor-interacting serine/threonine protein kinase (RIPK)-3 and mixed lineage kinase 

domain-like pseudokinase (MLKL), two proteins that form a complex along with RIPK1 and 

Fas-associated protein with death domain (FADD) to induce necroptosis (238). The 

necroptosis pathway triggers the oligomerization of MLKL, which is believed to subsequently 

permeabilize the cell membrane (239). Similar to pyroptosis, necroptosis results in cell lysis 

and triggers an inflammatory response. Since inflammatory cell death pathways promote 

tissue pathology and bacterial dissemination, both necroptosis and pyroptosis are harmful to 

the host and beneficial to Mtb. 

 

1.3.5 Activation of autophagy as a strategy for host-directed therapy  

 Activation of autophagy has been demonstrated to be critical for mouse survival during 

Mtb infection (193, 217), yet this pathway is substantially inhibited in Mtb-infected 

macrophages (213). Since the ability of macrophages to control Mtb infection largely 

influences disease progression, activation of macrophage autophagy is one of the most 

frequently suggested strategies for TB HDT (221). One proposed strategy to induce autophagy 

is by activating AMPK, which promotes autophagy by inhibiting mTOR and phosphorylating 

ULK1/2. For example, the antihyperglycemic drug metformin promotes macrophage 

autophagy by activating the expression of AMPK and has been shown to inhibit Mtb growth, 

reduce inflammation, and prevent lung damage (240). Importantly, retrospective analysis of 

clinical trial data revealed that metformin treatment of individuals with type-II diabetes and 

TB disease is correlated with fewer lung cavities, lower proportion of participants with 
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advanced TB disease, and improved sputum culture conversion rate 2 months post-treatment 

initiation (240).  

Many autophagy-inducing small molecules have been explored for HDT against TB. 

For example, the cancer chemotherapeutic gefitinib targets epidermal growth factor receptor 

and induces autophagy to enhance intracellular Mtb clearance in macrophages and in vivo 

(241). The mucolytic agent ambroxol has also been shown to induce autophagy both in vitro 

and in vivo, promoting Mtb clearance in murine macrophages (242). Furthermore, ambroxol 

potentiated rifampicin activity in a murine model of Mtb infection (242). Rapamycin is 

another autophagy-activating drug that has been suggested as a candidate for TB HDT (243). 

Although it is used as an immunosuppressant in patients undergoing organ transplantation, 

this compound activates autophagy by inhibiting mTOR (244) and has been shown to increase 

the lifespan of Mtb-infected mice when the animals are fed rapamycin late in life (245). 

Importantly, autophagy induction via small molecules can also be effective in reducing 

survival of drug-resistant Mtb strains. For example, a study that screened U.S Food and Drug 

Administration (FDA)-approved drugs demonstrated that the anti-convulsant drug 

carbamazepine induces autophagy in an mTOR-independent pathway by depleting inositol 

triphosphate and activating AMPK (246). In the same study, carbamazepine was shown to 

reduce bacterial burden, improve lung pathology, and stimulate adaptive immunity in mice 

infected with a highly virulent MDR-Mtb strain. Carbamazepine also induced autophagic 

killing of Mtb in primary human macrophages and stimulated autophagy in the zebrafish 

model to enhance clearance of Mycobacterium marinum.  

Altogether, these studies highlight the promising potential of autophagy induction as 

a strategy for HDT against TB. There are multiple pre-approved drugs that can activate 

autophagy and have shown success in limiting Mtb survival in pre-clinical trials. However, 
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these compounds are repurposed drugs that have multiple targets and effects in the host. As 

such, it is hard to discern whether their effects on Mtb survival are solely due to autophagy 

activation. The field of TB HDT is lacking novel host targets and new therapeutics that can 

specifically target the autophagy pathway.  

 

1.4 Protein Kinase R 

 

1.4.1 Function and mechanism of activation  

Interferon-induced, double-stranded RNA-activated protein kinase, also known as 

protein kinase R (PKR), is a serine-threonine kinase encoded by the EIF2AK2 gene located 

on chromosome 2 (247). PKR is 551 amino acids in length and is ubiquitously and 

constitutively expressed in vertebrate cells. PKR is one of four kinases that phosphorylate the 

alpha subunit of eukaryotic initiation factor-2 (EIF2). The other three EIF2 kinases are 

heme-regulated inhibitor, PKR-like endoplasmic reticulum kinase (PERK), and general 

control non-depressible 2 (GCN2), which are activated by heme depletion, endoplasmic 

reticulum stress, and amino acid starvation, respectively (248). Phosphorylation of serine 51 

(Ser51) on EIF2 results in inhibition of protein translation (Figure 3). In addition to 

controlling translation, PKR can also regulate signal transduction pathways, thus impacting 

transcription and cellular processes such as apoptosis and inflammation. Although the 

canonical role of PKR is in the antiviral response, PKR also functions in the response to non-

viral pathogens.  

The canonical activator of PKR is viral double-stranded RNA (dsRNA) (249). 

However, synthetic and cellular dsRNA can also activate PKR. Furthermore, recent studies 
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have revealed that PKR can be activated by bacterial dsRNA (250, 251). PKR has a C-terminal 

kinase domain and an N-terminal dsRNA binding domain (dsRBD) (Figure 3). The dsRBD 

consists of two dsRNA binding motifs (dsRBM1 and dsRBM2), both of which are required 

for the high-affinity interaction with dsRNA. During basal conditions, PKR exists in a 

monomeric latent state. Recognition and binding of dsRNA by the dsRBMs triggers PKR 

homodimerization and subsequent autophosphorylation (252) (Figure 3). PKR is 

autophosphorylated at multiple serine and threonine residues, including Ser242, Ser83, Thr88, 

Thr89, Thr90, Thr255, Thr258, Thr446, and Thr451 (253). Thr446 and Thr451 are 

consistently phosphorylated during PKR activation, further stabilizing the homodimerization 

and resulting in increased catalytic activity (252, 253). Indeed, Thr446 promotes substrate 

recognition and phosphorylation, as mutating Thr446 was shown to inhibit EIF2 

phosphorylation and viral pseudosubstrate binding (252).  

 Mammalian EIF2 is critical for initiating polypeptide chain synthesis since it promotes 

the delivery of initiator methionyl transfer RNA (Met-tRNAi) to the 40S ribosome. EIF2 

binds Met-tRNAi in a GTP-dependent manner, forming a ternary complex that interacts with 

subunit 40S. Following Met-tRNAi delivery, EIF5 promotes GTP hydrolysis of EIF2-GTP, 

triggering the release of EIF2-GDP from the 48S initiation complex. EIF2-GDP must be 

regenerated to EIF2-GTP by the GTP exchange factor EIF2B, since EIF2-GDP is inactive. 

When Ser51 on EIF2 is phosphorylated by PKR or any of the other three EIF2 kinases, 

EIF2 affinity for EIF2B is increased up to 100-fold (254). Consequently, phosphorylated 

EIF2 competes with EIF2-GDP for binding of EIF2B. This competitive inhibition prevents 

the regeneration of active EIF2-GTP and as such, initiation of translation is substantially 

reduced (255). PKR therefore plays a critical role in the antiviral response since it functions 
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to inhibit global protein translation after sensing viral dsRNA, thus preventing viral 

replication.  

 Although RNA is the canonical activator of PKR, PKR can also be activated by cell 

stress, TLR signaling, and certain cytokines and growth factors (256). There is accumulating 

evidence to support that PKR is activated by TLR signaling. Cells isolated from PKR-deficient 

mice were observed to have impaired responses to various TLR ligands and had reduced 

production of pro-inflammatory cytokines in response to lipopolysaccharide (LPS) challenge 

(257). Furthermore, PKR interacts with toll/interleukin-1 receptor domain-containing adapter 

protein (TIRAP) and is phosphorylated in LPS-stimulated wild type (WT) macrophages (258). 

TIRAP is the adaptor for TLR4 and LPS is a TLR4 ligand, therefore these findings suggest 

that PKR is involved in TLR4 signaling. Importantly, PKR is also activated in response to 

CpG motifs present in bacterial DNA, dsRNA, and peptidoglycans (258). CpG engages the 

TLR9 receptor, suggesting that PKR is activated downstream of TLR9. Interestingly, in 

addition to being activated directly by dsRNA, PKR can also be indirectly activated by dsRNA 

through TLR3 signaling (259). Following binding of polyinosinic:polycytidylic acid 

(poly(I:C)) to the TLR3 receptor, a TAK1-containing complex was observed to translocate to 

the cytosol and recruit PKR (259). Kinase inactive mutants of TAK1 and PKR inhibited the 

poly(I:C)-induced TLR-mediated activations of NF-B. As such, PKR appears to be a 

downstream component shared by at least three TLRs.  

 Finally, PKR can be activated by certain growth receptors and cytokines. For example, 

platelet-derived growth factor triggers PKR phosphorylation, and deletion of PKR impairs the 

ability of this growth factor to induce transcription of c-fos (260). Cytokines that can induce 

PKR activation include TNF and IFN. In fact, PKR mediates IFN-dependent NF-B 



 44 

activation, and the antiviral response in PKR knockout mice treated with IFN is reduced (261, 

262). IFN can also activate PKR at the transcriptional level, however type I IFN are stronger 

transcriptional inducers of PKR compared to IFN. Indeed, the best-described transcriptional 

motif in the PKR promoter is the interferon-stimulated response element (ISRE), which is 

activated by type I IFN (263). However, chromatin immunoprecipitation sequencing assays 

have identified many transcription factors that bind to the promoter region of the EIF2AK2 

gene, therefore ISRE is not the only transcriptional inducer of PKR (264).  
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Figure 3. Function and mechanism of action of PKR. PKR has a C-terminal kinase domain 

and an N-terminal dsRNA binding domain that consists of two double-stranded RNA binding 

motifs (dsRBM1 and dsRBM2). The canonical activator of PKR is viral RNA, however PKR 

can be activated by a variety of stimuli including bacterial RNA, cytokines, growth factors, 

and cellular stress. Upon activation, PKR homodimerizes and autophosphorylates at multiple 

serine and threonine residues. Active PKR phosphorylates the alpha subunit of EIF2 (EIF2), 

thus leading to inhibition of protein translation. However, PKR can also regulate many signal 

transduction pathways through downstream effectors such as mitogen activated protein 

kinases (MAPKs) JNK and p38. In addition, PKR indirectly activates NF-B by triggering the 

phosphorylation of IB by IB kinase. The regulation of signal transduction pathways through 

its downstream effectors allows PKR to influence transcription and cellular processes such as 

apoptosis and inflammation 
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1.4.2 Regulation of signal transduction pathways    

 PKR regulates many signal transduction pathways through downstream effectors such 

as MAPKs and NF-B (Figure 3). In doing so, PKR controls cellular processes such as 

inflammation and apoptosis. MAPKs are serine/threonine kinases that regulate many cellular 

events. PKR has been observed to activate MAPKs such as JNK and p38. JNK is activated by 

numerous cell stressors such as ultraviolet or gamma irradiation, toxins, chemotherapeutic 

agents, heat shock, protein synthesis inhibitors, and pro-inflammatory cytokines. p38 is 

activated in response to pro-inflammatory cytokines such as IFN, TNF, and IL-1, or in 

response to cell stress caused by ultraviolet irradiation, osmotic shock, heat shock, and LPS 

challenge. Both JNK and p38 regulate numerous cell processes such as autophagy, apoptosis, 

and cell differentiation. JNK is activated by MAPK kinase (MKK)4, whereas p38 is activated 

by MKK3 or MKK6. Many groups have reported that PKR activates JNK and p38. For 

example, depletion of PKR by stable knockdown impaired the phosphorylation of JNK and 

p38 in response to dsRNA or a mutant strain of vaccinia virus (265). Another group observed 

that PKR expression was required for full activation of JNK and p38 in response to poly(I:C), 

LPS, IL-1, and TNF (257). In that same study, deletion of PKR in mouse embryonic 

fibroblasts (MEFs) was observed to inhibit MKK4 and MKK3/6 phosphorylation in response 

to the same stimuli. Interestingly, PKR deletion did not impact p38 or JNK activation in 

response to stressors that impact cellular components on a global scale, such as ultraviolet 

radiation, osmotic shock, and heat shock. The PKR-dependent stress stimuli were limited to 

pro-inflammatory ligands that bind distinct receptors, i.e. PKR as a receptor for dsRNA, CD14 

and TLR4 for LPS, and the respective cytokine receptors for IL-1 and TNF. Thus, it is 

suggested that PKR mediates activation of p38 and JNK in response to “receptor-mediated” 
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pro-inflammatory stress stimuli, but not in response to “globally acting” stressors (257). 

Results from a different study support the observation that PKR activates p38 by acting 

upstream of MKK6 (266). PKR was observed to phosphorylate MKK6 in response to 

poly(I:C), an effect that was inhibited by pharmacological inhibition of PKR or expression of 

a kinase-inactive PKR mutant. Importantly, p38 regulates several transcription factors, such 

as NF-B and signal transducer and activator of transcription (STAT)1. As such, PKR can 

influence these transcriptional pathways through its regulation of p38 activation. There is also 

some evidence to suggest that PKR mediates extracellular-signal-regulated kinase (ERK) 

activation. Pharmacological inhibition of PKR in monocytes markedly inhibited the 

phosphorylation of ERK1/2 in response to BCG infection (267). Furthermore, PKR regulates 

STAT1 and STAT3 phosphorylation in residues located in ERK consensus sequences, as 

discussed below (260).  

As mentioned in section 1.2.3, NF-B is crucial in the pro-inflammatory response. 

NF-B results in transcription of pro-inflammatory cytokines such as TNF, IL-1, and IL-

12 (268). There is a cellular inhibitor of NF-B that prevents its translocation to the nucleus, 

known as inhibitory B alpha (IB). However, IB kinase (IKK) phosphorylates IB at 

two serine residues in response to a variety of stimuli, marking IB for degradation by the 

proteasome. This results in the release of IB from NF-B, thus allowing NF-B to 

translocate to the nucleus and regulate transcription. PKR is established to indirectly activate 

NF-B by activating IKK (269). In PKR null cell-lines, poly(I:C) failed to stimulate IKK 

activity compared to cells WT for PKR, and NF-B activation was inhibited (262). 

Furthermore, coimmunoprecipitation experiments revealed that PKR physically associated 

with IKK (270). However, whether PKR is merely a structural component in the activation of 
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IKK remains in debate. Some groups have reported that catalytically inactive PKR mutants 

can activate IKK efficiently (270), whereas others have shown that complementation of PKR 

knockout MEFs with WT PKR, but not a catalytically inactive PKR mutant, restores NF-B 

activation (271). Thus, the mechanism behind the activation of IKK by PKR remains 

unknown. Although there are numerous reports that PKR activates NF-B, there exists some 

contradictory evidence. For example, one group observed that PKR deletion did not impact 

NF-B activation in response to dsRNA or TNF (272). It has been suggested that there could 

be cell-specific, PKR-independent mechanisms of NF-B activation. Consistent with this 

idea, some NF-B activity can be triggered in PKR knockout MEFs in response to dsRNA 

(271). Since TLR3 has been identified as a dsRNA receptor, it is possible that TLR3 

recognition of dsRNA can trigger NF-B activation in a PKR-independent manner (273).  

 

1.4.3 Role during viral infection   

PKR is most well-characterized for its role in the antiviral response. The global 

inhibition of translation triggered upon recognition of dsRNA by PKR prevents the replication 

of a wide spectrum of viruses. Indeed, PKR is reported to provide host protection from viruses 

such as vesicular stomatitis virus, lymphocytic choriomeningitis virus, and lethal West Nile 

virus, to name a few (274–276). However, PKR activation can trigger additional antiviral 

responses, such as induction of apoptosis. Although the inhibition of protein translation by 

phosphorylation of EIF2 can lead to apoptosis, PKR can also induce apoptosis independently 

of EIF2 activation (277). In fact, PKR is reported to induce apoptosis via activation of the 

FADD/caspase-8/caspase-3 pathway as well as the caspase-9 pathway in an EIF2-

independent manner (278). Interestingly, blocking nuclear translocation of NF-B by 
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inhibiting IB degradation with proteasome inhibitors or by using a non-phosphorylatable 

form of IB prevented PKR-dependent apoptosis in response to vaccinia virus (279). This 

effect was independent of EIF2 phosphorylation. As such, it appears as though PKR 

regulates apoptosis through its effects on NF-B activation, although further investigation is 

needed to determine the specific role of NF-B in this context.  

Another antiviral function of PKR is the induction of type I IFN production during 

viral infection. Numerous studies have found that PKR deficiency impairs IFN production 

upon stimulation with poly(I:C) or viral infection (280). More specifically, PKR is required 

for IFN production in response to viruses detected by the melanoma differentiation-

associated gene 5 (MDA5) RNA sensor, such as encephalomyocarditis virus (ECMV) (281). 

Although IFN transcription was highly induced in PKR-deficient cells upon ECMV 

infection, little or no IFN protein was produced, suggesting that PKR impacts the post-

transcriptional regulation of IFN production (281). Results from the same study revealed that 

IFN transcripts produced in ECMV-infected PKR-deficient cells completely lack a 

poly(A)tail, indicating that PKR is required for the integrity of IFN mRNA and its translation 

into functional protein. PKR also appears to regulate IFN production in vivo, since PKR 

knockout mice infected with ECMV had significantly lower levels of serum IFN (281). Type 

I IFN play an important role during viral defense. Indeed, IFNs exert many antiviral functions 

such as inhibition of intracellular viral replication and induction of antiviral responses from 

CD8+ T cells and NK cells.  

 PKR also plays a role in autophagy activation. An initial study found that EIF2 

phosphorylation by the yeast EIF2 kinase GCN2 was essential for starvation-induced 

autophagy of yeast cells (282). Supplementation of PKR in GCN2-disrupted yeast rescued 
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autophagy in these cells, indicating a role for PKR in autophagy induction. It is now known 

that PKR can induce autophagy during viral infection. Indeed, infection of PKR knockout 

MEFs with a Herpes Simplex Virus-1 (HSV-1) mutant lacking the PKR-inhibiting virulence 

factor ICP34.5 significantly inhibited colocalization of virions with autophagosomes (283). 

As such, autophagy activation is another antiviral function of PKR.  

 

1.4.4 Role during non-viral infection   

 Although PKR was initially discovered as an antiviral protein, there is growing 

evidence to suggest that PKR plays a role during parasitic and bacterial infection. For 

example, PKR activation by poly(I:C) resulted in the death of the parasite Leishmania major, 

whereas cells expressing a dominant negative variant of PKR had an increased parasite burden 

compared to WT cells at 24 hours post-infection (284). In contrast, PKR has been reported to 

be conducive for Leishmania amazonesis infection. Infection with L. amazonesis induced the 

phosphorylation of PKR, and PKR deficiency leads to reduced parasite growth (285). 

Furthermore, PKR was also observed to enhance IL-10 production, which is permissive for 

parasitic growth. The stark difference in PKR activity during L. major and L. amazonesis 

infection indicates that PKR can be pro- or anti-parasitic depending on the specific parasite. 

Indeed, PKR was observed to play an anti-parasitic role in response to Toxoplasma gondii 

infection (286). PKR knockout mice exhibited higher parasite load compare to WT mice. 

Importantly, PKR was required for autophagy induction, LC3 accumulation around the 

parasite, and lysosomal fusion with vacuole-containing T. gondii in macrophages (286). This 

indicates that PKR not only plays a role in autophagy induction during viral infection, but also 

during parasitic infection.  
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There have also been a few reports examining the role of PKR during bacterial 

infection. As mentioned in section 1.4.1, it is now known that PKR can recognize bacterial 

RNA in addition to viral RNA, which is indicative of a role for PKR in the antibacterial 

response. One group observed that macrophage apoptosis in response to Bacillus 

anthracis, Yersinia pseudotuberculosis, or Salmonella Typhimurium infection required 

activation via TLR4, and that PKR knockout macrophages did not undergo apoptosis in 

response to these pathogens (287). These results suggest that PKR plays a role in the 

antibacterial response of macrophages. However, although PKR was observed to induce 

macrophage apoptosis during bacterial infection, the overall effect of PKR on bacterial load 

was not examined. PKR has also been observed to play a role in pyroptosis during bacterial 

infection, as PKR deficiency inhibited inflammasome activation and the production of IL-1 

and IL-18 in response to Escherichia coli infection (288). 

There is limited knowledge on the role of PKR during mycobacterial infection. A study 

revealed that PKR phosphorylation is triggered in monocytes infected with BCG, and 

pharmacological inhibition of PKR suppresses the production of crucial anti-BCG cytokines 

including TNF, IL-6, and IL-10 (267). However, once again the effect of PKR on bacterial 

load was not examined. One group demonstrated that PKR expression and activation is 

triggered during Mtb infection, and PKR deletion in Mtb-infected macrophages increases the 

bacterial burden (289). In contrast, another group did not report a difference in CFU in the 

lungs of infected PKR knockout mice compared to WT mice (290). As such, the role in PKR 

during Mtb infection remains elusive.  
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1.4.5 Pharmacological modulators   

Accumulation of PKR is correlated with inflammatory and neurodegenerative diseases 

(291). As such, there is growing interest in evaluating the effects of pharmacological PKR 

inhibitors. The most widely used pharmacological PKR inhibitor is the imidazole-oxindole 

C16 (also known as PKRi or Imoxin) (292). C16 targets the ATP-binding site of PKR, thus 

inhibiting PKR kinase activity and autophosphorylation. 2-aminopurine (2-AP) is a less potent 

and less specific pharmacological inhibitor of PKR that inhibits phosphorylation of PKR by 

competing for ATP at the kinase’s ATP binding site (293). However, there are no 

pharmacological inhibitors of PKR that have reached clinical trials.  

 Due to the role of PKR in apoptosis induction, there is interest in using 

pharmacological PKR activators for cancer therapy (294). Indeed, bozepinib is a small 

antitumor agent that has been observed to activate PKR (295). Bozepinib has shown promise 

in pre-clinical studies as it induces apoptosis in breast and colon cancer cells and has no 

toxicity at high concentrations in mice (296). Further investigation revealed that PKR is both 

upregulated and activated by bozepinib, and PKR deletion in MEFs inhibits the ability of the 

drug to induce apoptosis (295). The mechanism through which bozepinib induces and 

activates PKR remains unknown. Nitazoxanide (NTZ) is another drug that has been reported 

to induce the phosphorylation of PKR (297, 298). NTZ is an FDA-approved broad-spectrum 

antiparasitic and antiviral drug. This drug was originally used to treat cryptosporidiosis 

infection but has been repurposed for the treatment of viral infections such as hepatitis C. NTZ 

has been shown to deplete intracellular calcium stores, thereby raising levels of cytosolic 

calcium. This calcium mobilisation disrupts endoplasmic reticulum/Golgi glycoprotein 

trafficking and induces endoplasmic reticulum stress, thus resulting in PKR phosphorylation 

(298). Interestingly, NTZ was observed to exert significant bactericidal activity directly 
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against both replicating and non-replicating bacteria in 50 different clinical isolates of Mtb 

(299), and was recently evaluated for treatment of TB in a phase II clinical trial (300). 

Screening of a compound library identified the synthetic compound BEPP [1H-

benzimidazole1-ethanol,2,3-dihydro-2-imino-a-(phenoxymethyl)-3-(phenylmethyl)-

,monohydrochloride] as another PKR activator (301). Treatment of MEFs with BEPP 

increased PKR and EIF2 phosphorylation in a dose-dependent manner, and expression of 

dominant-negative PKR revealed that the induction of apoptosis by BEPP is PKR-dependent. 

However, the mechanism of action of BEPP on PKR activity is unknown. Lastly, a screen of 

20,000 small molecules identified 3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-5,7-dihydroxy-

4H-chromen-4-one (DHBDC) as a dual activator of PKR and PERK (302). DHBDC was 

shown to induce the phosphorylation of EIF2, which was blocked by siRNAs targeting PKR 

and PERK. The mechanism by which DHBDC activates PKR remains unknown. Both BEPP 

and DHBDC are commercially available for research use.  

 

1.5 Rationale 

Due to the emergence of antibiotic-resistant TB, the development of alternative anti-

TB therapeutics is urgently needed. HDT is a promising strategy since it targets the host 

immune system rather than the bacterium itself, thus circumventing the development of 

antibiotic-resistance. It has been observed that nearly half of individuals in close contact with 

highly active TB patients do not produce antibodies against Mtb (303). This suggests that a 

strong innate immune response can successfully clear Mtb in certain individuals. Since AMs 

are the first line of defense against inhaled bacteria, the persistence of Mtb is largely 

determined by the bactericidal capacity of macrophages (304). As such, the ability of certain 
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individuals to achieve early clearance of Mtb may be due to an enhanced antibacterial 

response by their macrophages. Targeting host proteins to boost the antibacterial activity of 

macrophages could therefore be a promising strategy for HDT.  

PKR is one such host protein that has been suggested as a prime candidate for HDT 

against TB infection (220, 289, 305). PKR induces stress-activated apoptosis during viral 

infection or serum starvation (256), and may play a role in regulating pyroptosis and 

necroptosis (288, 306). The role of PKR in controlling cell death pathways suggests that it 

may be a promising target for TB HDT, since the specific mode of cell death that occurs in 

Mtb-infected macrophages largely influences the progression of infection (304). PKR has also 

been demonstrated to play a role in autophagy during viral and parasitic infection (283, 286). 

Autophagy is a relevant defense mechanism in macrophages infected with Mtb, since it can 

target and degrade cytosolic Mtb after it escapes the phagosome (193). Due to the antibacterial 

role of autophagy in macrophages, therapeutic activation of autophagy is a promising HDT 

strategy against TB (220, 221). However, a potential role for PKR in regulating autophagy 

during bacterial infections has not been studied. 

Given that PKR regulates several key macrophage defense mechanisms that are 

critical for Mtb clearance, PKR could be a promising target for TB HDT. Nevertheless, 

knowledge of the function of PKR in macrophages during bacterial infection is surprisingly 

limited. PKR is activated in response to Mtb and BCG infection, and is also reported to 

enhance production of antibacterial cytokines in response to BCG (267, 289). However, 

existing reports of the effect of PKR expression on intracellular survival of Mtb are 

contradicting. While one group reported that PKR deletion in Mtb-infected macrophages 

increases the bacterial burden (289), another group did not report a difference in CFU in the 

lungs of infected PKR knockout mice compared to WT mice (290). Furthermore, these reports 
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are non-comprehensive, as the specific mechanisms regulated by PKR during Mtb infection 

were not investigated. Since PKR is involved in many different macrophage signalling 

pathways, the true function of this kinase in the context of TB remains unknown. As such, our 

goal was to investigate the role of PKR in Mtb infection and assess its suitability as a candidate 

for TB HDT.  

 

1.6 Hypothesis 

We hypothesize that PKR plays a key role in the macrophage antibacterial response to Mtb 

infection.  

 

1.7 Statement of objectives 

1. Examine the effect of PKR overexpression on the antibacterial response of Mtb-

infected macrophages 

2. Determine the molecular mechanism(s) that underlie the function of PKR during 

Mtb infection  
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2. MATERIALS AND METHODS 

 

2.1 Reagents 

DHBDC was purchased from Calbiochem (Burlington, MA). Bafilomycin A1 was 

purchased from Santa Cruz Biotechnology (Dallas, TX). Recombinant human IFN and 

puromycin were purchased from Gibco (Gaithersburg, MD). Rapamycin was purchased from 

Alfa Aesar (Haverhill, MA).  

 

2.2. Cell culture 

THP-1 monocytes (ATCC TIB-202) and primary human monocytes were maintained 

in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco). HEK GP-293 cells 

(Clontech, Mountain View, CA), HEK293T cells (ATCC CRL-3216), and RAW 264.7 cells 

(ATCC TIB-71) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco). 

RPMI 1640 and DMEM medium was supplemented with 2 mM L-glutamine, penicillin-

streptomycin (100 I.U./ml penicillin, 100 µg/ml streptomycin), 10 mM HEPES, and 10% heat-

inactivated fetal bovine serum purchased from Gibco. Cells were maintained at 37°C in a 

humidified atmosphere of 5% CO2. Human peripheral blood mononuclear cells were collected 

according to approved ethics protocols (Protocol# 2005388-01H) and isolated from buffy 

coats by the Ficoll-Paque density centrifugation method. Positive selection of monocytes was 

performed using anti-CD14 coated magnetic particles from StemCell Technologies 

(Vancouver, BC) according to manufacturer’s protocol. Monocytes were then differentiated 

with 5 ng/ml granulocyte-macrophage colony-stimulating factor (Gibco) for 6 days to obtain 
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human monocyte-derived macrophages (MDMs). THP-1 monocytes were differentiated with 

100 ng/ml phorbol ester 13-phorbol-12-myristate acetate (PMA, Alfa Aesar) for 72 h. 

 

2.3 Maintenance and generation of bacteria 

The M. tuberculosis H37Rv-derived auxotroph strain mc26206 was grown in 

Middlebrook 7H9 medium (BD Biosciences, Franklin Lakes, NJ) supplemented with 0.2% 

glycerol (Fisher Chemical, Waltham, MA), 0.05% Tween-80 (Acros Organics, Fair Lawn, 

NJ), 10% OADC (BD Biosciences), 24 μg/ml D-pantothenic acid (Alfa Aesar) and 50 μg/ml 

L-leucine (Alfa Aesar). Green fluorescent protein (GFP)-expressing M. tuberculosis mc26206 

was generated previously (307). M. tuberculosis mc26206 expressing luciferase was generated 

by transforming the pSMT3 plasmid encoding for firefly luciferase gene. GFP- and luciferase-

expressing Mtb were maintained in antibiotic selection with 50 µg/ml hygromycin B 

(Calbiochem, San Diego, CA). Liquid Mtb cultures were maintained at 37°C with slow 

shaking (50 rpm). Salmonella enterica serovar Typhimurium  strain SL1344 and Listeria 

monocytogenes strain 10403s were initially grown in Luria-Bertani broth (Fisher 

BioReagents, Waltham, MA) at 37°C until reaching the log-phase, as determined by optical 

density measurement at 600 nm. Bacteria were then frozen in LB medium containing 20% 

glycerol and stored at -80 in 1 mL aliquots. Concentration of the stocks was determined by 

assessing CFU. Escherichia coli strain NEB Stable (New England Biolabs, Ipswich, MA), 

was used for plasmid propagation and was routinely grown in Luria-Bertani broth at 37°C.     
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2.4 Plasmid construction  

Plasmid pMSCV-PKR was constructed by inserting the PCR amplified EIF2AK2 gene 

(Entrez Gene ID 5610, variant 1) from THP-1 cell-derived cDNA using a custom forward and 

reverse oligonucleotide pair (Table 1) flanked by the XhoI and HpaI restriction sites, 

respectively, into the multiple cloning site of the overexpression vector pMSCV-puro 

(Clontech). The parameters for EIF2AK2 amplification were 98°C for 30 s, followed by 30 

cycles of 98°C for 10 s, 56°C for 15 s, and 72°C for 2 min. The CRISPR/Cas9 knock-out 

plasmid targeting human PKR was generated by inserting the annealed single guide RNA 

(sgRNA) oligonucleotide pair (Table 1) into a modified LentiCRISPR v2 vector linearized 

by the restriction enzyme BsmBI. The sgRNA was designed to target the human EIF2AK2 

gene and minimize off-target binding using publicly available online design tools. To optimize 

the CRISPR-Cas9 system, we performed modifications to the LentiCRISPR v2 vector by 

creating an A-U base pair flip in the sgRNA stem-loop and by extending the Cas9-binding 

hairpin structure, as demonstrated by Chen and colleagues (308). LentiCRISPR v2 was a gift 

from Feng Zhang (Addgene plasmid # 52961 ; http://n2t.net/addgene:52961 ; 

RRID:Addgene_52961) (309). The resulting plasmids were verified by Sanger sequencing.  

 

 Table 1. Primers used for cloning  

Target 
Primer 

Type 

Forward/

Reverse 
Sequence (5’-3’) 

EIF2AK2 PCR FW GCTACTCGAGATGGCTGGTGATCTTTCAGCAGGTTTC (XhoI) 

EIF2AK2 PCR RV GCTAGTTAACCTAACATGTGTGTCGTTCATTTTTCTCTG (HpaI) 

EIF2AK2 sgRNA FW AGCTGTTGAGATACTTAATA 

EIF2AK2 sgRNA RV TATTAAGTATCTCAACAGCT 
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2.5 Transfection  

HEK GP-293 or HEK 293T cells were seeded at 50% confluency (100,000 cells/well 

in a 24-well plate) to produce viral supernatant. 0.4 g of the retroviral plasmid of interest 

(empty pMSCV-puro or pMSCV-PKR) was co-transfected with 0.2 g of the pVSVG 

envelope plasmid into HEK GP-293 cells to produce retroviral particles. 0.2 g of the 

modified LentiCRIPSR plasmid containing sgRNA targeting PKR was co-transfected with 

0.1 g of the pVSVG envelope plasmid and 0.2 g of the psPAX2 packaging plasmid into 

HEK 293T cells to produce lentiviral particles. FuGENE (Promega, Madison, WI) was used 

as the transfection reagent at a ratio of 4:1 (FuGENE:DNA). Culture supernatants were 

harvested after 48 h by 5 min centrifugation at 350 x g to remove cells and debris. Supernatants 

were then aliquoted and stored at -80°C.  

 

2.6 Transduction 

THP-1 monocytes were seeded (200,000 cells/well in 12-well plates) in a final volume 

of 300 µl. 700 µl of supernatant containing lentiviral or retroviral particles supplemented with 

10 g/ml diethylaminoethyl-dextran (Sigma-Aldrich, St. Louis, MO) was added to the THP-

1 cells. The cells were left for 72 h and then selected using 1 g/ml puromycin. A western 

blot was performed to verify knockout or overexpression of PKR protein levels. 

 

2.7 in vitro bacterial infection 

M. tuberculosis mc26206 growing in log-phase was quantified by optical density 

measurement at 600 nm using the conversion of OD 1 = 3 x 108 Mtb bacteria per ml. The 

number of bacteria required for various multiplicity of infections (MOIs) were harvested by 2 
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min centrifugation at 8,000 x g and resuspended in RPMI 1640 cell culture media without 

antibiotics. Bacteria were added to the differentiated THP-1 macrophages, primary human 

MDMs, or RAW 264.7 cells and the plates were kept at 37°C for the duration of the infection. 

If the infection was to exceed 24 hours, three phosphate buffered saline (PBS) washes were 

performed after the first 4 h of infection to remove extracellular, non-phagocytosed bacteria 

and then the infection was continued at 37°C for the desired time. For infections with 

Salmonella Typhimurium and Listeria monocytogenes, frozen stocks with pre-determined 

CFU/ml were thawed and the number of bacteria required for various MOIs were harvested 

by 5 min centrifugation at 8,000 x g. The bacteria were then resuspended in RPMI 1640 media 

without antibiotics. The bacteria were added to THP-1 macrophages and the culture plates 

were centrifuged for 4 min at 400 x g to allow the bacteria to settle to the bottom of the wells. 

The plates were then incubated at 37°C for 30 min. After 30 min, the extracellular bacteria 

were removed by performing three PBS washes and the cells were cultured in RPMI medium 

containing 50 µg/ml gentamicin for 1.5 h. After 1.5 h incubation, cells were washed three 

times with PBS and cultured in RPMI medium containing 10 µg/ml gentamicin for the 

remainder of the experiment. 

 

2.8 Resazurin cell viability assay  

Serial dilutions of DHBDC, bafilomycin A1, or rapamycin were added to THP-1 

macrophages (70,000 cells/well in 96-well plates) and maintained in the medium for the 

duration of the experiments. The compounds were replenished every second day. At the 

indicated time points, 30 µL of 0.02% resazurin (Sigma-Aldrich) diluted in PBS was added to 

the wells. After a 4 h incubation at 37°C, fluorescence was measured using the Synergy™ H1 
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Hybrid Multi-Mode Reader (BioTek, Winooski, VT) with an excitation wavelength of 560 

nm and an emission wavelength of 590 nm. Cell cytotoxicity was assessed by comparing the 

fluorescence of treated cells to untreated cells.  

 

2.9 Intracellular Mtb survival assay 

THP-1 macrophages (70,000 cells/well), human MDMs (50,000 cells/well), or RAW 

264.7 cells (50,000 cells/well) in 96-well plates were infected with Mtb-luciferase as 

described in section 2.7. At the indicated time points, cell culture supernatant was removed 

from the infected wells and the macrophages were lysed in 50 µl Glo Lysis Buffer (Promega) 

to measure the amount of viable Mtb in each well. Luciferase activity, proportional to viable 

bacterial, was determined using the BrightGlo Luciferase Assay System (Promega) according 

to the manufacturer’s protocol. Resultant luminescence was measured with the SynergyTM H1 

Hybrid Multi-Mode Microplate Reader (BioTek) using 96-well solid white plates (Corning, 

Corning, NY) and an integration time of 1 s per well.  

 

2.10 Real-Time Cell Analysis  

Macrophage adhesion of THP-1 macrophages (70,000 cells/well) was measured in 

specialized 96-well plates (E-plate 96) with the xCELLigence Real-time Cell Analyzer 

(RTCA) SP apparatus (ACEA Biosciences, San Diego, CA). Data was quantified by 

measuring impedance changes between the sensing electrodes located in the well-bottom, 

which changes as a function of the adhesion of cells to the surface of the plate. The Cell Index 

(CI) is a dimensionless value that is representative of these impedance changes. Using this 

system, macrophage adhesion and therefore viability was monitored in real-time. Plates were 
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removed after ~72 h of macrophage differentiation for the addition of Mtb for infection. After 

addition of Mtb, plates were placed back in the RTCA apparatus for kinetic monitoring. The 

CI at every time point represents the mean of three biological replicates.   

 

2.11 Apoptosis assay 

THP-1 macrophages (100,000 cells/well in 24-well plates) were infected with Mtb as 

described in section 2.7 At the indicated time points, supernatant was collected from the 

sample wells to preserve detached cells. The wells were washed twice with PBS and 300 µl 

TrypLE Express Enzyme (Gibco) was added to the wells. The plate was incubated at 37°C for 

5 min to allow for detachment of adherent THP-1 macrophages. The floating and harvested 

cells were combined and washed twice with PBS. Cells were then transferred to 96-well round 

bottom plates and stained with Annexin V conjugated to FITC (eBioscience, San Diego, CA) 

according to manufacturer’s protocol. Flow cytometric analysis was used to measure apoptotic 

cells.  

 

2.12 Multiplex cytokine and chemokine analysis  

THP-1 macrophages (200,000 cells/well in 24-well plates) were infected with Mtb for 

24 h in a final volume of 1 mL. Culture supernatants were harvested and the LEGENDplex™ 

Human Essential Immune Response bead-based multiplex assay (BioLegend, San Diego, CA) 

was used according to the manufacturer’s protocol to measure expression of the following 

cytokines: IL-10 (0.77 + 1.18), TGF-β1 (3.10 + 2.92), IL-1β (0.65 + 0.47), TNFα (0.88 + 

0.27), IFNγ (0.76 + 0.53), IP-10 (1.28 + 0.48), IL-6 (0.97 + 1.46), IL-8 (1.90 + 0.65), IL-2 

(1.81 + 0.93), IL-4 (0.97 + 0.83), IL-17A (2.02 + 0.04), and MCP-1 (1.45 + 0.27). The 
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minimum detectable concentration (MDC) in pg/ml for each cytokine is reported in brackets 

as MDC + 2 STDEV. Data analysis was performed using LEGENDplex™ Data Analysis 

Software Version 7.1 (BioLegend). 

 

2.13 Phagocytosis assay  

THP-1 macrophages (100,000 cells/well in 96-well plates) were infected with Mtb-

GFP and the plates were kept at room temperature for 20 minutes to synchronize the 

phagocytosis. The plates were then incubated at 37°C for 4 h and then three PBS washes were 

performed to remove non-phagocytosed, extracellular bacteria. 100 µl of TrypLE Express 

Enzyme was added to the wells and the plate was incubated at 37°C for 5 min to allow for 

detachment of adherent THP-1 macrophages. The cells were then transferred to a 96-well 

round bottom plate and washed once with PBS. Cells were resuspended in 200 µl PBS with 

1% bovine serum albumin (BSA) and phagocytosis levels in macrophages were monitored by 

flow cytometric analysis of GFP as a marker for internalized Mtb.  

 

2.14 Flow cytometry 

Flow cytometric analysis was performed using the CytoFLEX (Beckman Coulter, 

Indianapolis, IN). Data analysis was performed using CytExpert software (Beckman Coulter) 

or FlowJo V10 software (BD Life Sciences, Ashland, OR). Flow cytometry was performed to 

measure apoptosis, cytokine expression, and phagocytosis levels in macrophages.   
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2.15 Quantitative real-time PCR  

Total RNA was isolated from THP-1 macrophages or MDMs (700,000 cells/well in 6-

well plates) using the Aurum Total RNA Mini Kit from Bio-Rad (Hercules, CA). 500 ng of 

total RNA was used in the cDNA synthesis reaction using the iScript Reverse Transcription 

Supermix (Bio-Rad). 4 µl of synthesized cDNA (out of 10 µl reaction) was used to analyze 

gene expression of EIF2AK2 or the reference genes ACTB and GAPDH by real-time 

polymerase chain reaction (PCR) on a CFX96 Touch Real-Time PCR Detection System (Bio-

Rad) using primers (Table 2) in combination with the SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad). The custom primers for EIF2AK2 were designed according to MIQE 

guidelines. Thermocycling parameters were 95°C for 3 min, followed by 40 cycles of 95°C 

for 10 s, 60°C for 20 s, and 72°C for 20 s. Gene expression was determined using the Cq 

method (310). Cq values were obtained by normalizing the Cq values of EIF2AK2 with the 

geometric mean of two reference genes (ACTB and GAPDH). Relative fold expression was 

estimated as 2^−Cq when normalizing to uninfected (day 0) macrophages as 1.0.  

 

Table 2. Primers used for qRT-PCR 

 

 

 

 

 

 

2.16 Western blot  

THP-1 macrophages (1 million cells/well) or MDMs (650,000 cells/well) were washed 

once with PBS and lysed using RIPA buffer (Sigma-Aldrich) according to manufacturer’s 

Target 
Forward/

Reverse 
Sequence (5’-3’) Source 

EIF2AK2 FW GAAGTGGACCTCTACGCTTTGG Custom 

EIF2AK2 RV TGATGCCATCCCGTAGGTCTGT Custom 

GAPDH FW CAACAGCGACACCCACTCCT (311, 312) 

GAPDH RV CACCCTGTTGCTGTAGCCAAA (311, 312) 

ACTB FW ATTGCCGACAGGATGCAGAA (311) 

ACTB RV GCTGATCCACATCTGCTGGAA (311) 
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instructions. Protein concentration of the lysates was determined using the RC DC™ Protein 

Assay Kit (Bio-Rad) according to the manufacturer’s protocol. Samples were prepared by 

adding 4 µl of 4X laemmli buffer (Bio-Rad) supplemented with 10% -mercaptoethanol to 

about 20 µg of protein per sample, and RIPA buffer was added up until a final volume of 16 

µl was reached. Samples were placed in a heat block set at 95°C for 5 min to denature the 

proteins. Following a quick centrifugation, samples were separated by SDS-PAGE using 

handcast 10% polyacrylamide gels (SureCast Gel Handcast System, Invitrogen, Carlsbad, 

CA) or precast 4 – 15% polyacrylamide gels (Mini-PROTEAN® TGX Gels, Bio-Rad). 

Electrophoresis was performed at 80 V until the samples travelled through the stacking gel, 

followed by 100 – 120 V while the samples separated in the resolving gel. Proteins were 

subsequently transferred to a polyvinylidene diluoride membrane using the Mini Trans-Blot 

Transfer Cell system (Bio-Rad). Electrotransfer was performed at 100 V for 1 h. Membranes 

were then blocked for 1 h with 5% skim milk in Tris Buffered Saline Solution containing 0.5% 

Tween-20 (TBS-T). Primary antibodies (Table 3) were diluted in blocking buffer and added 

to the membranes. Membranes were incubated overnight at 4°C with gentle shaking. The 

following day, the membranes were washed three times with TBS-T for 10 minutes. Next, the 

appropriate secondary antibodies (Table 4) were diluted in TBS-T and added to the 

membranes. Membranes were incubated for 1 h with shaking, followed by three washes with 

TBS-T as described before. Membranes were developed using the Clarity Western Enhanced 

Chemiluminescence Substrate (Bio-Rad) and detected in an ImageQuant LAS 4000 imaging 

system (GE Healthcare Life Sciences, Malborough, MA). Densitometry analysis was 

performed using ImageJ to quantify protein band intensities. 
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Table 3. Primary antibodies used for western blotting  

 

 

Table 4. Secondary antibodies used for western blotting  

 

2.17 Immunofluorescence microscopy 

Differentiated THP-1 cells grown on glass coverslips were infected with Mtb-GFP for 

4 h and then washed with PBS to remove extracellular bacteria. To label lysosomes, 

differentiated THP-1 cells were pre-loaded with 5 ng/ml Texas-Red-conjugated dextran 

(10,000 Molecular Weight, Invitrogen), a non-biodegradable polysaccharide that accumulates 

in the lysosome, 24 h prior to Mtb infection. At 24 h post-infection, cells were fixed with 4% 

methanol-free formaldehyde, permeabilized using 0.2% TritonX-100, and then blocked with 

1% BSA-PBS. Cells were incubated overnight at 4°C in a humidified chamber with a primary 

polyclonal rabbit antibody to LC3 (MBL International Corporation, Woburn, MA), followed 

by incubation with Alexa Fluor 568 goat anti-rabbit secondary antibody (Invitrogen). For cells 

pre-loaded with Texas-Red-conjugated dextran, Alexa Fluor 647 goat anti-rabbit secondary 

Name Dilution Source Supplier Catalog # 

PKR 1:1000 Rabbit 
Cell Signaling Technology 

(Danvers, MA) 
12297 

PKR (phospho T446) 1:1000 Rabbit 
ABCAM 

(Cambridge, MA) 
Ab32036 

LC3B 1:1000 Rabbit 
Cell Signaling 

Technology 
3868 

Phospho-SQSTM1/p62 

(Ser403) 
1:1000 Rabbit 

Cell Signaling 

Technology 
39786 

SQSTM1 1:750 Mouse 
Santa Cruz 

Biotechnology 
sc-28359 

GAPDH 1:5000 Mouse Invitrogen 
MA5-

15738 

Beta tubulin 1:5000 Mouse Invitrogen 
MA5-

16308 

Name Dilution Supplier Catalog # 

Goat Anti-Rabbit IgG (H + L)-HRP Conjugate 1:5000 Bio-Rad 1706515 

Goat Anti-Mouse IgG (H + L)-HRP Conjugate 1:5000 Bio-Rad 1706516 
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antibody (Invitrogen) was used instead. Nuclei were stained with Hoechst 33342 according to 

manufacturer’s protocol (NucBlue™ Live ReadyProbes™ Reagent, Invitrogen). Slides were 

mounted with FluorSave™ reagent (Calbiochem) and imaged using an Axio Imager M2 

microscope with 40X objective (Carl Zeiss AG). Images (z-stacks) were recorded with 

AxioCam mRm CCD coupled to Zen Blue software and the analyses were performed using 

Fiji software.  

 

2.18 Statistical analysis  

All statistical analyses were performed using GraphPad Prism version 7 (GraphPad 

Prism Software, San Diego, CA). Error bars depict standard error of the mean (SEM). All data 

are expressed as the mean ± SEM of three independent biological replicates, except for the 

qRT-PCR data in Figure 4, which are expressed as the mean ± SEM of three technical 

replicates. Statistical analysis was performed using unpaired t-tests (Student’s t-test) when 

comparing two independent cell-lines and paired t-tests when comparing within the same cell-

line. Values of p < 0.05 were considered to be statistically significant, where *p < 0.05; **p 

< 0.01; ***p < 0.05; ns, non-significant. All graphs were made using GraphPad Prism version 

7. 
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3. RESULTS 

 

3.1 The role of PKR in the antibacterial response of macrophages   

3.1.1 Infection by M. tuberculosis triggers expression and activation of PKR  

To investigate whether PKR played a role in the innate immune response to bacterial 

infections, we measured expression levels of the EIF2AK2 gene that encodes for PKR 

following Mtb infection using quantitative real-time polymerase chain reaction (qRT-PCR). 

Human THP-1 macrophages were infected using the Mtb mc26206 strain, a derivative of Mtb 

H37Rv (313) that has been demonstrated to have similar in vitro and intra-macrophage 

replication rates, similar responses to anti-TB drugs, and induces comparable cytokine 

production relative to the parent strain (40, 314). By day 3 post-infection, qRT-PCR showed 

a 3-fold increase in the mRNA expression levels of EIF2AK2 in THP-1 macrophages (Figure 

4A). These findings were then confirmed in primary human MDMs, where mRNA expression 

of EIF2AK2 at day 3 post-infection was 28-fold higher compared to uninfected macrophages 

(Figure 4B). To examine whether the increase in PKR expression translated to the protein 

level, we measured levels of total PKR protein and phosphorylated PKR protein at threonine 

446 (p-T446) following Mtb infection over 6 days. Following activation, PKR 

homodimerizes, which triggers autophosphorylation on multiple serine and threonine sites, 

including threonine 446 and 451 (253). These two threonine residues are consistently 

phosphorylated during PKR activation, thus increasing the catalytic activity of PKR and 

further stabilizing its homodimerization (252, 253). Levels of p-T446 were therefore used as 

a marker for active PKR. Western blot analysis of cell lysates revealed that total and p-T446 

levels of PKR start to increase as early as 24 h post infection (Figure 5A). Total and 
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phosphorylated levels of PKR increased with the length of infection and stabilized at day 4 

post infection, when there was 7- and 17-fold higher total and p-T446 PKR expression, 

respectively, compared to uninfected macrophages (Figure 5B). These findings were 

confirmed in primary human MDMs (Figure 5C). By day 6 post-infection, levels of total and 

p-T446 PKR were 14- and 15-fold higher, respectively, when compared to uninfected 

macrophages (Figure 5D). Our observations are consistent with findings by Ranjbar and 

colleagues, as they reported that PKR mRNA and protein levels were increased in THP-1 

monocytes following infection with Mtb H37Rv (289). The dramatic increase in PKR 

expression levels may indicate an innate immune response by macrophages to control 

bacterial infection.  
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Figure 4. M. tuberculosis infection upregulates PKR mRNA expression in macrophages. 

(A) THP-1 macrophages or (B) primary human MDMs were infected with Mtb at a 

multiplicity of infection (MOI) of 5 and quantitative real-time PCR was used to measure the 

relative expression levels of EIF2AK2 mRNA at 0, 1, and 3 days post-infection. The ΔΔCq 

method was used for data analysis by normalizing the Cq values of EIF2AK2 with two 

reference genes (ACTB and GAPDH), and relative fold expression was normalized to 

uninfected (day 0) macrophages as 1.0. Data represent the mean ± SEM of three technical 

replicates. *p < 0.05; **p < 0.01 relative to day 0 controls. 
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Figure 5. M. tuberculosis infection triggers protein expression and activation of PKR in 

macrophages. (A) THP-1 macrophages were infected with Mtb at an MOI of 5. Cell lysates 

were prepared at the indicated hours post-infection and total PKR or phosphorylated PKR (p-

T446 PKR) protein levels were analyzed by western blotting. (B) Densitometry analysis of the 

blot in (A) was performed by ImageJ to quantify total or p-T446 PKR band intensities as 

normalized to GAPDH and fold increase of PKR levels is expressed relative to uninfected cells. 

(C) Primary human MDMs were infected as in (A). Cell lysates were prepared at the indicated 

days post-infection and total PKR or p-T446 PKR protein levels were analyzed by western 

blotting. (D) Densitometry analysis of the blot in (C) was performed by ImageJ to quantify total 

or p-T446 PKR band intensities as normalized to GAPDH and fold increase of PKR levels is 

expressed relative to uninfected cells. Error bars represent the mean ± SEM of three 

independent western blots.   
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3.1.2 PKR activation and expression is a general response to intracellular bacteria    

 

Since there is limited knowledge on the effect of bacteria on PKR activation, we sought 

to address whether the increase in PKR expression and phosphorylation observed in Figure 5 

was a specific response to Mtb infection. EIF2, the canonical substrate of PKR, is reported 

to be phosphorylated during Listeria monocytogenes, Yersinia pseudotuberculosis, and 

Chlamydia trachomatis infection, and cells expressing a phosphorylation-defective mutant of 

EIF2 have increased bacterial burden (315). As such, we predicted that PKR activation is 

not specific to Mtb challenge since its downstream effector is phosphorylated during infection 

with other intracellular bacteria. Indeed, western blot analysis of THP-1 cell lysates revealed 

that infection by Listeria monocytogenes and Salmonella Typhimurium triggered PKR 

expression and phosphorylation (Figure 6). This finding indicates that regulation of PKR may 

be a general response to intracellular bacterial infections. 
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Figure 6. PKR activation and expression is a general response to intracellular bacteria. 

THP-1 macrophages were infected with Salmonella Typhimurium or Listeria monocytogenes 

at the indicated multiplicity of infection (MOI). Cell lysates were prepared at 5 h and 19 h post-

infection and total and p-T446 PKR protein levels were analyzed by western blotting.  
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3.1.3 Deletion of PKR increases the intracellular burden of M. tuberculosis 

 

 Two previous conflicting studies have examined the effect of PKR deficiency on Mtb 

survival. While Mundhra and colleagues did not observe an effect of PKR deficiency on Mtb 

burden in mice (316), Ranjbar et al. reported that PKR knockdown results in increased Mtb 

survival in macrophages (289). As such, we decided to examine the effect of PKR deletion on 

the intracellular survival of Mtb in macrophages. We generated PKR knock-out cells (THP-

∆PKR) by transducing THP-1 cells with a lentiviral vector expressing a CRISPR-Cas9 

complex targeting exon 2 of the EIF2AK2 gene. Western blot analysis confirmed that the 

THP-PKR cells do not express PKR protein (Figure 7A). To measure the viability of 

intracellular Mtb, we used a well-characterized luciferase reporter system in Mtb (317, 318), 

which has been demonstrated to correlate strongly with the standard colony unit formation 

plating method (319). At day 6 post-infection, the bacterial burden of Mtb in THP-∆PKR 

macrophages was 84% higher compared to control macrophages (Figure 7B). Our results are 

consistent with the CFU analysis findings from Ranjbar and colleagues, where at day 4 post-

infection the Mtb burden was significantly higher in PKR knockdown THP-1 cells compared 

to control cells (289). We thus concluded that PKR expression is required to limit Mtb survival 

in macrophages.  
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Figure 7. Deletion of PKR increases the intracellular burden of M. tuberculosis. (A) THP-

1 cells were transduced with a lentiviral vector encoding a single guide RNA targeting EIF2AK2 

to produce PKR knockout (THP-PKR) cells. Cell lysates of THP-1 and THP-∆PKR cells were 

prepared and total PKR protein levels were analyzed by western blotting. (B) THP-1 and THP-

PKR macrophages were infected with Mtb-luciferase at an MOI of 5. Cells were lysed at the 

indicated time post-infection and viable bacteria were determined by measuring the 

luminescence signal (RLU, Relative Light Units). Error bars indicate mean ± SEM of three 

independent biological replicates. **p < 0.01.  
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3.1.4 DHBDC increases M. tuberculosis burden and is not a specific activator of PKR  

 

Given our observation that PKR expression and activation is triggered during Mtb 

infection (Figure 5), and since PKR deletion increased Mtb burden (Figure 7B), we speculated 

that increased PKR activation in macrophages would improve the antibacterial response. As 

such, we wanted to assess the feasibility of using pharmacological activation of PKR to limit 

the intracellular survival of Mtb. DHBDC is a commercially available small molecule 

compound that activates PKR by an unknown mechanism (302). We first performed a 

resazurin toxicity assay to determine a non-cytotoxic concentration of DHBDC (Figure 8A). 

Next, we performed western blot analysis of p-T446 PKR levels in THP-1 cells over the 

course of DHBDC treatment to determine whether our selected dose of 1 µM was sufficient 

to induce PKR phosphorylation. We observed that treatment with DHBDC at a concentration 

of 1 µM induces PKR phosphorylation, but not until at least 72 hours after treatment (Figure 

8B). We then treated primary human MDMs with DHBDC and compared the intracellular 

Mtb burden between DHBDC-treated and mock-treated macrophages. We observed that 

DHBDC treatment did not reduce the intracellular survival of Mtb in primary human 

macrophages when compared to mock-treated macrophages (Figure 9A). In fact, DHBDC-

treated macrophages showed a 2-fold increase in bacterial burden compared to the mock-

treated control macrophages by day 3 post-infection. This trend was also observed in 

DHBDC-treated THP-1 macrophages (Figure 9B) and murine RAW 264.7 macrophages 

(Figure 9C), with a 2-fold increase in bacterial burden, relative to mock-treated macrophages. 

We questioned whether the increase in Mtb burden in DHBDC-treated cells was due to PKR 

activation specifically, or if it was due to off-target effects of the compound. Therefore, we 

compared the fold change in Mtb burden in DHBDC-treated cells relative to mock-treated 

cells between THP-1 and THP-∆PKR macrophages. Consistent with our results in Figure 9A, 
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Mtb survival was increased in DHBDC-treated THP-1 macrophages compared to the mock-

treated macrophages (Figure 9D). Importantly, this increased Mtb burden was also observed 

in DHBDC-treated THP-∆PKR macrophages (Figure 9D). Indeed, at day 5 post-infection, 

the DHBDC-treated PKR knockout cells showed a similar fold increase in bacterial burden as 

the THP-1 control macrophages (Figure 9D). These data demonstrate that the increase in Mtb 

burden in macrophages treated with DHBDC is a result of PKR-independent mechanisms, 

which is consistent with the observation that DHBDC activates both PKR and PERK, in 

addition to activating downstream effectors of EIF2 phosphorylation (302). Furthermore, the 

precise molecular mechanism of PKR and PERK activation by DHBDC has yet to be 

determined (302). Altogether, these results demonstrate that pharmacological activation of 

PKR with the currently available drug is not successful in reducing Mtb survival in 

macrophages. However, this is likely due to off-target effects of the drug.  
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Figure 8. DHBDC induces PKR phosphorylation at a non-cytotoxic concentration. (A) 

THP-1 macrophages were treated with DHBDC at the indicated concentrations. At the indicated 

time points, resazurin was added to the wells and fluorescence was measured following a 4 h 

incubation. Fluorescence values were normalized to untreated cells as 100% and reported as % 

cell viability. (B) THP-1 macrophages were treated with DHBDC (1 M). Cell lysates were 

prepared at the indicated days post-treatment and p-T446 PKR protein levels were analyzed by 

western blotting. DHBDC was maintained in the medium for the duration of the experiments 

and replenished every second day. Error bars indicate mean ± SEM of three independent 

biological replicates.  
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Figure 9. DHBDC increases M. tuberculosis burden in a PKR-independent manner.  

 A) Primary human monocyte-derived macrophages (hMDM), (B) THP-1 macrophages, or (C) 

RAW 264.7 macrophages were mock-treated or treated with DHBDC (1 M) and infected with 

Mtb-luciferase at an MOI of 5 (A, B) or an MOI of 10 (C). Cells were lysed at the indicated 

time post-infection and viable bacteria were determined by measuring the luminescence signal 

(RLU, Relative Light Units). (D) THP-1 and THP-∆PKR macrophages were treated and 

infected as in (A, B). Cells were lysed at the indicated time post-infection and viable bacteria 

were determined by measuring RLU. Fold change in RLU of DHBDC-treated cells relative to 

their respective mock-treated cells is reported as fold change from untreated. DHBDC was 

maintained in the medium for the duration of the experiments and replenished every second 

day. Error bars indicate mean ± SEM of three independent biological replicates. *p < 0.05; **p 

< 0.01. 
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3.1.5 Genetic overexpression of PKR results in increased and stable production of active 

PKR during M. tuberculosis infection  

 

Since the pharmacological approach was unsuccessful and limited by the availability 

of specific PKR activators (Figure 9), we turned to an alternative strategy to genetically 

overexpress PKR to examine its role in the intracellular survival of Mtb. PKR overexpression 

cells (THP-PKR) were generated by transducing THP-1 cells with a retroviral expression 

vector encoding the EIF2AK2 gene. Western blot analysis confirmed that THP-PKR cells have 

increased expression of PKR (Figure 10A). Indeed, THP-PKR cells produced 4-fold higher 

PKR protein levels compared to THP-1 cells transduced with an empty overexpression vector 

(THP-Ø), which were used as control cells throughout this study (Figure 10B). However, 

given that PKR expression is already triggered by Mtb infection in WT THP-1 macrophages 

(Figures 4,5), it was difficult to predict whether there would be a discernible difference in 

PKR expression between Mtb-infected THP-Ø and THP-PKR macrophages. To evaluate this, 

we infected THP-Ø and THP-PKR macrophages with Mtb and compared the levels of total 

PKR expression over the course of infection. Western blot analysis revealed that THP-PKR 

macrophages produced elevated PKR protein levels before and early after infection with Mtb 

(4-fold increase at 4 h post-infection), compared to THP-Ø macrophages (Figure 10 C,D). 

The increased expression of PKR was also sustained at 24 h and 72 h post-infection, when 

total PKR protein levels remained 2-fold higher in THP-PKR macrophages compared to THP-

Ø macrophages (Figure 10 C,D). We next questioned whether the increased level of PKR 

protein observed in THP-PKR macrophages was also phosphorylated. Since PKR expression 

and activation stabilizes at day 4 post-infection (Figure 5A), we chose this time point to 

compare protein levels of p-T446 PKR in THP-Ø and THP-PKR macrophages. Western blot 

data revealed that at day 4 post-infection, THP-PKR macrophages have 2-fold higher levels 
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of phosphorylated PKR compared to THP-Ø macrophages (Figure 10E). These data 

collectively show that the generated THP-PKR cells have higher activation and expression 

levels of PKR in comparison to control cells during basal conditions as well as during Mtb 

infection. Thus, the generated THP-PKR macrophages provided a suitable cell-line model to 

examine whether increased expression of PKR functions to improve the cellular antibacterial 

response against Mtb infection.  
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Figure 10. Genetic overexpression of PKR results in increased and stable production of 

active PKR during M. tuberculosis infection. (A) PKR protein levels in cell lysates of control 

THP-1 wild-type cells transduced with empty vector (THP-Ø) and THP-1 cells transduced with 

vector overexpressing PKR (THP-PKR) were analyzed by western blotting. (B) Densitometry 

analysis of the blot in (A) was performed using ImageJ to quantify PKR band intensities as 

normalized to GAPDH and fold increase of total PKR levels in THP-PKR macrophages is 

expressed relative to THP-Ø macrophages. (C) THP-Ø and THP-PKR macrophages were 

infected with Mtb at an MOI of 5. Cell lysates were prepared at the indicated hours post-

infection (h.p.i) and total PKR protein levels were analyzed by western blotting. (D) 

Densitometry analysis of the blot in (C) was performed by ImageJ to quantify PKR band 

intensities as normalized to GAPDH and fold change of total PKR levels in THP-PKR 

macrophages relative to THP-Ø macrophages is shown. (E) THP-Ø and THP-PKR 

macrophages were infected as in (C). Cell lysates were prepared at the indicated times post-

infection and p-T446 PKR protein levels were analyzed by western blotting.  Fold increase of 

protein expression in THP-PKR macrophages is shown relative to THP-Ø macrophages at the 

corresponding time points. Error bars represent the mean ± SEM of three independent western 

blots.   
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3.1.6 PKR expression alters the immunological profile of macrophages during M. 

tuberculosis infection 

 

To determine whether sustained PKR expression and activation impacts the 

antibacterial response of macrophages, we first examined the effect of PKR expression on the 

production of cytokines during Mtb infection. Antibody-based bead multiplex assays were 

performed to compare cytokine and chemokine production by uninfected and Mtb-infected 

THP-Ø and THP-PKR macrophages using culture supernatants collected at 24 h post-

infection. Consistent with previous reports (161, 307), Mtb infection induced production of 

IL-6, IL-10, TGF-1, IL-1, TNF, and IP-10 by THP-Ø control macrophages (Figure 11 A-

F). Importantly, overexpression of PKR significantly altered production of cytokines that are 

of relevance to Mtb infection. The most striking observation was that Mtb-infected THP-PKR 

macrophages produced 15-fold lower levels of IL-6 compared to THP-Ø macrophages 

(Figure 11A). Mtb is reported to induce production of IL-6 by infected macrophages to inhibit 

IFN-mediated macrophage activation and autophagy (160, 161). Remarkably, Mtb-infected 

THP-PKR macrophages produced even less IL-6 than uninfected THP-Ø macrophages 

(Figure 11A). We also observed that THP-PKR macrophages produced decreased levels of 

IL-10 and TGF-1 compared to THP-Ø macrophages (Figure 11 B, C). IL-10 and TGF- are 

reported to be conducive to Mtb survival due to their inhibitory effect on pro-inflammatory 

cytokine production and T cell activation (167). Furthermore, IL-10 is reported to inhibit 

autophagy in Mtb-infected macrophages (320). Infected THP-PKR macrophages also 

produced lower levels of IL-1 and TNF compared to control macrophages (Figure 11 D, 

E), two cytokines that are critical for host resistance to Mtb due to their pro-inflammatory 

effects and their role in activating macrophage cell death (145, 147, 157, 321). Mtb-infected 

THP-PKR macrophages also produced increased levels of IP-10 (Figure 11F), an IFN-
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inducible chemokine. IP-10 functions as a chemoattractant for activated T cells and monocytes 

and has also been positively correlated to autophagy induction (322). Importantly, a role for 

IP-10 in restricting Mtb growth has been reported (323). Consistent with this, Mtb-infected 

THP-PKR macrophages also produced higher levels of IFN compared to THP-Ø 

macrophages (Figure 11G). IFN is a key cytokine in Mtb immunity due to its critical role in 

macrophage activation to enhance phagocytosis, apoptosis, autophagy, and the production of 

reactive nitrogen species (119, 161). Levels of IL-2, MCP-1, IL-4, IL-8, and IL-17A were also 

measured but their production did not differ significantly between THP-Ø and THP-PKR 

macrophages (Figure 11 H-L). Collectively, our data show that THP-PKR macrophages 

produced lower levels of cytokines that are permissive for Mtb infection (IL-6, IL-10, TGF-

1) and increased levels of anti-mycobacterial cytokines (IP-10, IFN), which supports our 

hypothesis that sustained PKR expression could enhance the anti-Mtb response in 

macrophages. 
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Figure 11. PKR expression alters cytokine production by macrophages during M. 

tuberculosis infection. (A-L) THP-Ø and THP-PKR macrophages were infected with Mtb at 

an MOI of 5 and cell culture supernatant was collected at 24 h post-infection. Production of (A) 

IL-6, (B) IL-10, (C) TGF-1, (D) IL-1, (E) TNF, (F) IP-10, (G) IFN, (H) IL-2, (I) MCP-1, 

(J) IL-4, (K) IL-8, and (L) IL-17A was measured in cell culture supernatant using antibody-

based bead multiplex assays. Error bars represent the mean ± SEM of three independent 

biological replicates. *p < 0.05; **p < 0.01; ***p < 0.001. 
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3.1.7 Sustained expression of PKR reduces survival of M. tuberculosis in macrophages  

 

Since our cytokine profiling data suggested that PKR expression could enhance the 

antibacterial response of Mtb-infected macrophages, we next sought to determine whether 

PKR expression functions to limit the intracellular survival of Mtb. Since Mtb-infected THP-

PKR macrophages produced higher levels of IFN and IFNγ-stimulated genes (IP-10) (Figure 

11 F,G), we also wanted to investigate whether PKR functions through an IFN-dependent 

mechanism. We thus performed bacterial survival assays in either mock-treated or IFN-

treated THP-PKR and THP-Ø macrophages. At day 4 post-infection, the bacterial burden of 

Mtb in the mock-treated condition was 26% lower in THP-PKR macrophages compared to 

THP-Ø macrophages (Figure 12). In addition, treatment with IFN further reduced the 

intracellular survival of Mtb in THP-PKR macrophages, resulting in a decrease in bacterial 

burden of 59% at day 4 post-infection compared to THP-Ø macrophages (Figure 12). 

Although IFN treatment is reported to reduce Mtb burden in mouse macrophages (123), IFN 

treatment did not reduce Mtb survival in the THP-Ø control macrophages (Figure 12). This 

may be explained by the fact that IFN reduces Mtb survival via NO-dependent apoptosis, but 

PMA-differentiated THP-1 macrophages are reported to have limited NO production (123, 

324). Altogether, these findings suggest that the function of PKR to limit the survival of Mtb 

in macrophages could be enhanced by addition of IFN. This finding is consistent with the 

cytokine data demonstrating that THP-PKR macrophages produced significantly lower levels 

of IL-6 and IL-10 compared to THP-Ø macrophages (Figure 11 A, B), which antagonize the 

macrophage activating effects of IFN (160, 320, 325).  
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Figure 12. Overexpression of PKR reduces survival of M. tuberculosis in macrophages. 

THP-Ø and THP-PKR macrophages were mock-treated or pre-treated for 24 h with IFN (100 

ng/ml) as indicated. Macrophages were then infected with Mtb-luciferase at an MOI of 5. IFN 

was maintained in the medium for the duration of the experiment and replenished every second 

day. Cells were lysed at the indicated time post-infection and viable bacteria were determined 

by measuring the luminescence signal (RLU, Relative Light Units). Error bars represent mean 

± SEM of three independent biological replicates. **p < 0.01.  
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3.2 The molecular mechanism by which PKR controls M. tuberculosis 

survival in macrophages 
 

3.2.1 Inhibition of autophagic flux with bafilomycin A1 blocks the anti-mycobacterial 

effect of PKR overexpression   

 
Next, we wanted to determine the specific IFN-dependent mechanism responsible for 

the enhanced ability of PKR overexpressing macrophages to kill Mtb. Since IL-6 is reported 

to inhibit IFN-induced autophagy in Mtb-infected macrophages (161), we hypothesized that 

autophagy could be the mechanism responsible for the reduced Mtb survival in THP-PKR 

macrophages. This hypothesis is also consistent with our observation that Mtb-infected THP-

PKR macrophages produced increased levels of IP-10 (Figure 11F), a chemokine linked to 

induction of autophagy (322). Furthermore, although the role of PKR in autophagy during 

bacterial infection has not yet been studied, PKR is reported to induce autophagy during viral 

(283) and parasitic (286) infections. To investigate whether autophagy is the mechanism 

responsible for the reduced Mtb survival in THP-PKR macrophages, we examined the impact 

of bafilomycin A1 treatment on the bacterial burden in Mtb-infected macrophages. 

Bafilomycin A1 is a vacuolar H+-ATPase inhibitor that blocks the autophagic flux by 

inhibiting lysosome acidification (326). After determining a non-cytotoxic concentration of 

bafilomycin A1 (Figure 13), we measured the intracellular survival of Mtb in mock-treated 

or bafilomycin A1-treated macrophages. Consistent with our previous bacterial survival assay 

(Figure 12), mock-treated THP-PKR macrophages showed decreased bacterial burden, with 

79% lower intracellular Mtb survival compared to THP-Ø macrophages (Figure 14). The 

percent decrease in intracellular Mtb survival is higher in Figure 14 than that observed in 

Figure 12, likely because it was at a later time point during infection (day 6 versus day 4 post-

infection). Importantly, treatment with bafilomycin A1 completely inhibited the ability of 
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THP-PKR macrophages to limit Mtb replication. Indeed, bafilomycin A1-treated THP-PKR 

macrophages had a 52% increase in bacterial burden compared to THP-Ø macrophages 

(Figure 14) at day 6 post-infection. These data suggest selective autophagy as a potential 

mechanism responsible for the enhanced ability of THP-PKR macrophages to control 

intracellular Mtb replication. However, bafilomycin A1 also inhibits acidification of Mtb-

containing phagosomes, a molecular pathway distinct from autophagy (122). Therefore, we 

next sought to examine specific markers of autophagy activation to support this hypothesis.  
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Figure 13. Bafilomycin is non-cytotoxic in THP-1 cells. THP-Ø macrophages were treated 

with bafilomycin A1 at the indicated concentrations. Bafilomycin A1 was maintained in the 

medium for the duration of the experiment and replenished every second day. At the indicated 

time points, resazurin was added to the wells and fluorescence was measured following a 4 h 

incubation. Fluorescence values were normalized to untreated cells as 100% and reported as % 

cell viability. Error bars indicate mean ± SEM of three independent biological replicates.  
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Figure 14. Inhibition of autophagic flux blocks the anti-mycobacterial effect of PKR 

overexpression. THP-Ø and THP-PKR macrophages were mock-treated or pre-treated for 1 h 

with bafilomycin A1 (12 nM) as indicated. Macrophages were then infected with Mtb-luciferase 

at an MOI of 5. Bafilomycin A1 was maintained in the medium for the duration of the 

experiment and replenished every second day. Cells were lysed at the indicated time post-

infection and viable bacteria were determined by measuring the luminescence signal (RLU, 

Relative Light Units). Error bars represent mean ± SEM of three independent biological 

replicates. **p < 0.01; ***p < 0.001. 
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3.2.2 PKR expression activates the autophagy pathway in M. tuberculosis-infected 

macrophages 

 

To ascertain that autophagy is indeed the mechanism responsible for reduced Mtb 

survival in PKR overexpressing macrophages, we examined specific markers of selective 

autophagy. We compared protein expression levels of p62, phosphorylated p62 (p-S403 p62), 

and LC3-II in Mtb-infected macrophages treated with bafilomycin A1 (Figure 15A). LC3-II 

and p62 are well-characterized markers for selective autophagy (327). LC3-II is extensively 

used to measure autophagic flux, which is the dynamic process of autophagy that takes into 

account autophagic degradation activity (327). It is necessary to use bafilomycin A1 to block 

the degradation of autophagy markers when performing western blot experiments to enable a 

true representation of the autophagic flux (327). An increase in LC3-II expression in 

bafilomycin A1-treated cells is thus associated with an increase in autophagy. Phosphorylation 

of serine403 (p-S403) on p62 regulates selective autophagy through the recognition of 

ubiquitinated bacteria targeted for autophagic degradation (328), and as such, increased levels 

of p-S403 p62 in bafilomycin A1-treated cells is also an indicator of increased autophagy. 

Western blot analysis revealed that during Mtb infection, bafilomycin A1-treated THP-PKR 

macrophages showed 3-fold higher expression levels of LC3-II and 2-fold higher expression 

of p-S403 p62 compared to THP-Ø macrophages (Figure 15 A, B). Therefore, our western 

blot data suggest that THP-PKR macrophages have increased autophagy activation compared 

to control macrophages. However, since western blot analysis of cell lysates only measures 

bulk autophagy and not selective autophagy, we then used fluorescence microscopy to 

quantify the specific colocalization between intracellular Mtb and LC3. Immunofluorescence 

microscopy showed that PKR expression induced LC3 association with Mtb (Figure 15C). A 

significantly higher percentage of LC3+ Mtb autophagosomes was observed in THP-PKR 
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macrophages (12%) compared to control THP-Ø macrophages (8%) (Figure 15D). 

Altogether, these data suggest that PKR expression activates selective autophagy.  
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Figure 15. PKR expression activates the autophagy pathway in M. tuberculosis-infected 

macrophages. (A) THP-Ø and THP-PKR macrophages were pre-treated with bafilomycin A1 

(12 nM) for 1 h where indicated and then infected with Mtb at an MOI of 10. Bafilomycin A1 

was maintained in the medium for the duration of the experiment. Cell lysates were prepared at 

24 h post-infection and phosphorylated p62 (p-S403 p62), total p62, and LC3-II protein levels 

were analyzed by western blotting. (B) Densitometry analysis of the blot in (A) was performed 

using ImageJ to quantify p-S403 p62, total p62, and LC3-II band intensities in Mtb-infected, 

bafilomycin A1-treated macrophages as normalized to GAPDH (A.U., arbitrary units). (C) 

THP-Ø and THP-PKR macrophages were infected with Mtb-GFP at an MOI of 10. At 24 h 

post-infection, cells were fixed, permeabilized, and incubated with an anti-LC3 antibody to 

visualize autophagosomes. Representative images show nuclei (blue channel), Mtb (green 

channel), and LC3 (red channel) as detected by fluorescence microscopy. Yellow arrow denotes 

colocalization between Mtb and LC3. Scale bar, 5 m. (D) Quantification of percent Mtb 

colocalization with LC3 (LC3+Mtb) per total number of intracellular Mtb. A minimum of 20 

visual fields, each with 15-30 infected cells, were counted per cell-line. Data represent the mean 

± SEM of all the analyzed visual fields. *p < 0.05. 
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3.2.3 PKR expression enhances autophagolysosomal degradation of M. tuberculosis  

 

Although THP-PKR macrophages had a higher percentage of LC3+ Mtb 

autophagosomes, it was important for us to determine the status of the autophagosomes, since 

Mtb inhibits autophagolysosome formation by blocking autophagosome fusion with 

lysosomes (213). THP-Ø and THP-PKR macrophages were pre-loaded with dextran, a 

lysosome marker (329), prior to Mtb infection, and then immunofluorescence microscopy was 

performed. When specifically counting only Mtb autophagosomes, which are denoted as LC3+ 

Mtb, we found a higher percentage of lysosome colocalization in THP-PKR macrophages 

(36%) compared to THP-Ø macrophages (12%) (Figure 16 A, B). This supports our 

hypothesis that sustained PKR expression enhances the activation of autophagy and promotes 

increased autophagolysosome fusion. Furthermore, the ability of PKR to increase 

autophagolysosome fusion explains the reduced bacterial burden observed in THP-PKR 

macrophages (Figure 12). Importantly, there was no difference in the percentage of lysosome 

colocalization with LC3-negative Mtb, which are presumed to be located mostly in 

phagosomes, when comparing THP-PKR and THP-Ø macrophages (Figure 16B). This 

suggests that the effect of PKR overexpression is specific to the selective autophagy pathway 

and not the phagosome maturation pathway. Altogether, these findings demonstrate that PKR 

expression induces selective autophagy in Mtb-infected macrophages, thereby contributing to 

the reduced intracellular survival of Mtb.  
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Figure 16. PKR expression enhances autophagolysosomal degradation of M. tuberculosis 

(A) THP-Ø and THP-PKR macrophages were loaded with dextran (lysosome marker) for 24 h 

and then infected with Mtb-GFP at an MOI of 10. At 24 h post-infection, cells were fixed, 

permeabilized, and incubated with an anti-LC3 antibody to visualize autophagosomes. 

Representative images show Mtb (green channel), LC3 (red channel), and lysosomes (blue 

channel) as detected by fluorescence microscopy. Yellow arrow denotes colocalization between 

Mtb and LC3, and white arrow denotes colocalization of Mtb with both LC3 and lysosomes. 

Scale bar, 5 m. (B) Quantification of lysosome colocalization with LC3-negative or LC3-

positive Mtb is reported as percentage over the total number of LC3-negative or LC3-positive 

intracellular Mtb, respectively. A minimum of 20 visual fields, each with 15-30 infected cells, 

were counted per cell-line. Data represent the mean ± SEM of all the analyzed visual fields. **p 

< 0.01. 
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3.2.4 Sustained expression of PKR does not alter macrophage cell death pathways  

 

Our data indicate that sustained expression of PKR induces selective autophagy and 

reduces intracellular survival of Mtb. However, differences in bacterial burden between cell-

lines can also be caused by changes in cell death or phagocytosis efficiency. Our cytokine 

profile revealed that THP-PKR macrophages had altered IL-1 and TNF production 

compared to control macrophages (Figure 11 D, E), cytokines that are positively correlated to 

macrophage cell death (145, 321). Furthermore, although the role of PKR in macrophage 

apoptosis during bacterial infection is unclear, it has been well-established to activate stress-

induced apoptosis during viral infection or serum starvation (256). As such, we sought to rule-

out any potential differences in cell death and phagocytosis between the cell-lines as the cause 

of the reduced bacterial burden in THP-PKR macrophages to further support our hypothesis 

that autophagy is the mechanism responsible for this effect. We first examined the impact of 

PKR expression on the apoptosis of Mtb-infected macrophages. At day 1 post-infection, there 

was no significant difference in apoptosis levels between THP-Ø and THP-PKR macrophages, 

as measured by Annexin V assays (Figure 17A). At day 3 post-infection, THP-PKR 

macrophages showed slightly lower levels of apoptosis (Figure 17A). However, uninfected 

THP-PKR macrophages also showed a minor decrease in baseline apoptosis compared to 

THP-Ø macrophages (Figure 17A). When accounting for this, there was no significant 

difference in fold-change in apoptosis of infected cells relative to uninfected cells when 

comparing THP-PKR and THP-Ø macrophages (Figure 17B). These results suggest that PKR 

expression does not induce apoptosis in Mtb-infected macrophages. However, PKR is also 

reported to induce other forms of cell death, including pyroptosis (288) and necroptosis (306). 

To rule-out all types of cell death caused by modulating PKR, we measured overall cell death 
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using the Real-Time Cell Analysis (RTCA) assay, a method that quantifies the viability of 

adherent cells over time (330). The RTCA system measures changes in impedance between 

electrodes at the bottom of E-well plates, which is then translated into a dimensionless value 

known as the Cell Index (CI). An increase in the CI reflects an increase in macrophage 

adherence (differentiation), whereas a decrease in the CI reflects the loss of macrophage 

viability as they detach from the bottom of the well (231).  RTCA data revealed that there was 

no difference in cell death between Mtb-infected THP-Ø and THP-PKR macrophages over 

the course of infection (Figure 17C). Therefore, we concluded that overexpression of PKR 

does not affect cell death in Mtb-infected macrophages. 
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Figure 17. Sustained expression of PKR does not alter macrophage cell death pathways. 

(A, B) THP-Ø and THP-PKR macrophages were infected with Mtb at an MOI of 5. At the 

indicated time post-infection, cells were stained with Annexin V and analyzed by flow 

cytometry to measure (A) the percentage of apoptotic cells, and (B) the fold change in apoptosis 

relative to uninfected cells. (C) THP-Ø and THP-PKR macrophages were infected with Mtb at 

an MOI of 5 and changes in cell adherence were monitored by RTCA as indicated by the Cell 

Index. Cell Index (viability) was measured continuously for 96 h post-infection. Error bars 

indicate mean ± SEM of three independent biological replicates. *p < 0.05.   
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3.2.5 Sustained expression of PKR does not alter the phagocytic ability of macrophages 

 

We also wanted to ensure that the reduced bacterial burden observed in THP-PKR 

macrophages was not due to an altered ability to phagocytose Mtb. We infected THP-Ø and 

THP-PKR macrophages with Mtb expressing GFP for 4 h to allow for bacterial uptake. After 

4 h, extensive washes were performed to remove extracellular bacteria and the macrophages 

were analyzed by flow cytometry to compare the level of phagocytosis using GFP as a marker 

for internalized Mtb. We observed no significant differences in the percentage of GFP-positive 

cells or in the numbers of Mtb per macrophage between the two cell-lines (Figure 18). 

Therefore, we concluded that the reduced Mtb burden in THP-PKR macrophages is not due 

to an impact of PKR expression on the phagocytic ability of macrophages. These data indicate 

that the reduced Mtb survival in THP-PKR macrophages is not due to an effect of PKR 

expression phagocytosis, further supporting our hypothesis that autophagy is the predominant 

mechanism responsible for this effect.  
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Figure 18. Sustained expression of PKR does not alter the phagocytic ability of 

macrophages. THP-Ø and THP-PKR macrophages were infected with Mtb-GFP at an MOI of 

10. At 4 h post-infection, PBS washes were performed to remove the extracellular bacteria and 

the macrophages were analyzed by flow cytometry to quantify the level of phagocytosis using 

GFP as a marker for internalized Mtb. (MFI, mean fluorescence intensity). Error bars indicate 

mean ± SEM of three independent biological replicates.  
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3.2.6 Pharmacological induction of autophagy potentiates the anti-mycobacterial effect 

of PKR overexpression   

 

Since we observed that genetic upregulation of PKR can limit Mtb survival in 

macrophages by inducing selective autophagy, we wanted to determine whether 

pharmacological activation of autophagy in PKR overexpression macrophages could enhance 

this effect. Rapamycin, an mTOR inhibitor (244), was used to pharmacologically activate 

autophagy. After selecting 50 nM as a non-cytotoxic dose of rapamycin (Figure 19A), a 

western blot was performed to verify that this concentration of rapamycin was enough to 

induce LC3-II expression (Figure 19 B, C). We then measured the intracellular survival of 

Mtb in mock-treated or rapamycin-treated THP-Ø and THP-PKR macrophages (Figure 20). 

Interestingly, while mock-treated THP-PKR macrophages did not show a decrease in Mtb 

survival compared to THP-Ø macrophages at day 2 post-infection, rapamycin-treated THP-

PKR macrophages showed a 45% reduction in Mtb burden relative to similarly treated THP-

Ø macrophages (Figure 20). This result showed that rapamycin treatment accelerated and 

enhanced the effect of PKR overexpression on reducing Mtb burden. At day 4 post-infection, 

the percent decrease in Mtb burden relative to THP-Ø macrophages remained larger in 

rapamycin-treated THP-PKR macrophages (66%) than mock-treated THP-PKR macrophages 

(59%) (Figure 20). This proof-of-concept experiment supports our hypothesis that PKR 

functions to decrease Mtb survival through a mechanism dependent on activation of 

autophagy. Importantly, these findings also suggest that induction of PKR 

activation/expression in combination with autophagy activation could be a promising strategy 

for HDT against TB. 
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Figure 19. Rapamycin induces LC3-II expression at a non-cytotoxic concentration. (A) 

THP-1 macrophages were treated with rapamycin at the indicated concentrations. Rapamycin 

was maintained in the medium for the duration of the experiment and replenished every second 

day. At the indicated time points, resazurin was added to the wells and fluorescence was 

measured following a 4 h incubation. Fluorescence values were normalized to untreated cells 

as 100% and reported as % cell viability. (B) THP-1 macrophages were treated with rapamycin 

at the indicated concentrations. Cell lysates were prepared at 24 h post-treatment and LC3-II 

protein levels were analyzed by Western blotting. (C) Densitometry analysis of the blot in (B) 

was performed by ImageJ to quantify LC3-II band intensities in rapamycin-treated 

macrophages as normalized to tubulin (A.U., arbitrary units). Data in (A) represent the mean ± 

SEM of three independent biological replicates.  
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Figure 20. Pharmacological activation of autophagy enhances the anti-mycobacterial 

effect of PKR overexpression. THP-1 macrophages were mock-treated or pre-treated with 

rapamycin (50 nM) for 1 h and then infected with Mtb-luciferase at an MOI of 5. Rapamycin 

was maintained in the medium for the duration of the experiment and replenished every second 

day. Infected macrophages were lysed at the indicated time post-infection and viable bacteria 

were determined by measuring the luminescence signal (RLU, Relative Light Units). RLU 

signals were normalized to THP-Ø as 100% and reported as % Mtb burden. Error bars indicate 

mean ± SEM of three independent biological replicates. ***p < 0.001.  
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4. DISCUSSION 

 

4.1 Modulation of host proteins to alter intracellular M. tuberculosis 

survival 
 

A screen of differentially expressed genes in macrophages led Wu and colleagues to 

explore PKR as a potential target for HDT against TB (305). However, this group investigated 

the effects of PKR deletion rather than activation, since PKR deletion leaves mice in good 

health and shows limited or no phenotype upon challenge with certain viruses (274). While 

Wu and colleagues initially reported that PKR deficiency in mice decreases Mtb burden in the 

lungs (305), there was a discrepancy between the genetic backgrounds of the mutant and 

control mice used in the study (290). Indeed, a follow-up study by Mundhra and colleagues 

using mutant and control mice from the same genetic background revealed that PKR 

deficiency has no effect on Mtb burden (290, 316). In contrast, Ranjbar and colleagues 

recently reported that PKR knockdown in THP-1 cells increases intracellular survival of Mtb 

(289). The discrepancy in findings could be due to a difference in experimental systems used, 

as Mundhra and colleagues used an in vivo mouse model whereas Ranjbar and colleagues 

tested human THP-1 cells in vitro. The discrepancy could also be due to a difference in the 

method of PKR perturbation used in the studies. While Ranjbar and colleagues used a CRISPR 

guide RNA targeting the PKR promoter, the follow-up study by Mundhra and colleagues used 

mice with a deletion in the catalytic domain of PKR. Importantly, it has been shown that the 

catalytic domain of PKR is not required for NF-B activation. Indeed, PKR binds IKK to 

indirectly activate NF-B, and a catalytically inactive PKR mutant is still capable of exerting 

this effect (270). In contrast, dsRNA-dependent NF-B signalling is diminished in MEFs with 
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an N-terminal truncation in PKR (262). NF-B plays an important role in regulating 

inflammation and has been shown to control Mtb load in granulomas (331). As such, it is 

possible that PKR knockdown inhibited NF-B signalling and led to increased Mtb burden in 

the study by Ranjbar and colleagues, whereas NF-B activation was not impaired in mice 

lacking PKR catalytic activity and therefore there was no effect on Mtb burden observed by 

Mundhra and colleagues. It is also possible that the lack of effect of PKR deficiency observed 

by Mundhra and colleagues was due to a redundant role of PKR. There are four EIF2 kinases, 

and the catalytic domain of PKR is shared among all four of these kinases. Indeed, one group 

showed that EIF2 is still phosphorylated after PKR deletion, albeit to a lesser extent, 

suggesting that one or more of the other known EIF2 kinases may compensate for the loss 

of PKR (272).  

We successfully reproduced the results reported by Ranjbar and colleagues by 

observing that Mtb burden is increased in PKR knockout macrophages compared to control 

cells (Figure 7B) (289). Therefore, we speculated that that PKR expression and activation 

could instead produce a pro-host effect to reduce Mtb burden. Pharmacological activation or 

genetic overexpression of PKR has been shown to be well-tolerated in mice (296, 332), and 

PKR is reported to play a role in the innate immune response to viral and parasitic infection 

(283, 286). As such, we decided it was worthwhile to investigate PKR overexpression as a 

strategy for TB HDT. Importantly, our findings show that macrophages overexpressing PKR 

have significantly lower Mtb burden compared to control cells, suggesting that PKR is indeed 

a promising target for novel TB therapeutics (Figure 12). This finding is consistent with a 

report that EIF2, the main substrate of PKR, is phosphorylated during infection with the 

intracellular bacteria Listeria monocytogenes, Yersinia pseudotuberculosis, and Chlamydia 
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trachomatis, and that cells expressing a non-phosphorylatable mutant of EIF2 have increased 

bacterial burden (315).  

Previous reports support our conclusion that modulation of host proteins is a promising 

strategy for HDT against TB. Indeed, a chemical screen identified 133 host-targeting small 

molecules that restrict intracellular Mtb growth in macrophages (241). Among these, 15 were 

kinase activators or inhibitors. Importantly, there are approved pharmacological kinase 

inhibitors that offer the potential to be repurposed for TB treatment. For example, imatinib, 

an Abelson tyrosine kinase inhibitor used for cancer therapy, was observed to reduce bacterial 

load and associated pathology in Mtb-infected mice (333). In the same study, imatinib was 

able to reduce the bacterial burden of antibiotic-resistant mycobacteria and worked 

synergistically with RIF treatment to lower Mtb burden. As such, imatinib underlines the 

promising potential of modulating host proteins as a strategy for TB HDT. Host phosphatase 

inhibition has also been explored in the context of TB HDT. Schaaf and colleagues 

demonstrated that Mtb induces the expression of host phosphatase PPM1A to inhibit 

macrophage apoptosis (231). Importantly, knockdown of PPM1A increased apoptosis of Mtb-

infected macrophages, thus suggesting that pharmacological inhibition of PPM1A could be a 

promising strategy for TB HDT (231). Lastly, although inhibition of host kinases (such as 

tyrosine kinases) is a more common therapeutic strategy, pharmacological activation of host 

kinases is starting to gain research interest. For example, the antidiabetic drug metformin and 

the anticonvulsant drug carbamazepine have both been shown to reduce intracellular Mtb 

survival by activating the autophagy-inducing kinase AMPK (240, 246). These studies with 

AMPK activators exemplify the promising potential of pharmacologically activating kinases 

as an anti-TB therapy and reinforces our conclusion that PKR is a feasible target for TB HDT.  
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4.2 Alteration of cytokine production by PKR in response to mycobacterial 

infection  
 

Our data showing an antibacterial effect for PKR is consistent with a previous report 

that PKR is required for the production of anti-mycobacterial cytokines in response to BCG 

infection (267). While Cheung and colleagues observed that PKR inhibition by a 

pharmacological compound or by the transfection of a transdominant negative PKR mutant 

decreases production of IL-6, IL-10, and TNF during BCG infection (267), we report that 

PKR overexpression decreases the production of these cytokines during Mtb infection (Figure 

11 A,B,E). This discrepancy in findings is likely due to the strain of mycobacteria used, since 

Mtb is capable of escaping into the macrophage cytosol to trigger the cytosolic surveillance 

pathway and the induction of autophagy (193) whereas BCG is known to be incapable of 

escaping the phagosome (186). In addition, Cheung and colleagues used macrophage 

precursors, human CD14+ blood monocytes, and promonocytic U937 cells, whereas we used 

primary human MDMs and differentiated THP-1 macrophages. Cheung and colleagues 

suggest that the effect of PKR on anti-BCG cytokine production is due to downstream 

activation of NF-B, since pharmacological inhibition of NF-B lowered the production of 

IL-6, IL-10, and TNF in response to BCG infection, and treatment with the PKR inhibitor 

2-AP prevented NF-B activation (267). However, 2-AP inhibits the catalytic activity of PKR, 

and as discussed in section 4.1, NF-B activation by PKR can occur regardless of its catalytic 

activity. Furthermore, 2-AP has been shown to inhibit other kinases (334). Taken together, 

these findings suggest that the effect of 2-AP treatment on NF-B inhibition observed by 

Cheung and colleagues may be due to PKR-independent effects of the compound. Further 

investigation is required to identify the mechanisms responsible for the impact of PKR on 

anti-mycobacterial cytokine production. 



 127 

Our observation that Mtb-infected macrophages overexpressing PKR have reduced 

IL-1 (Figure 11D) and TNF (Figure 11E) production was also unexpected since these 

cytokines are reported to assist in Mtb clearance (145, 147, 157, 321), yet PKR overexpressing 

macrophages had reduced bacterial burden despite lower production of these cytokines. 

However, Mtb-infected PKR overexpressing macrophages also produced lower amounts of 

IL-10 (Figure 11B) and TGF-1 (Figure 11C), two anti-inflammatory cytokines that function 

to counteract the effects of TNF and IL-1 (167). As such, it is possible that PKR 

overexpressing macrophages require a lower threshold of TNF and IL-1 to prevent hyper-

inflammation. Consistent with our findings, PKR has been previously suggested to inhibit IL-

1 production. Yim and colleagues observed that primary macrophages from PKR knockout 

mice had increased IL-1 production following inflammasome activation by LPS and 

nigericin treatment (335). Since PKR induces the production of type I IFN in response to 

certain viruses (281), and type I IFN have been observed to downregulate IL-1 mRNA 

expression in Mtb-infected macrophages (336), it is possible that our PKR overexpression 

macrophages had reduced IL-1 production as a result of increased type I IFN production.  

 

4.3 The impact of PKR on macrophage cell death regulation  

 Our findings suggest that PKR does not regulate macrophage apoptosis during Mtb 

infection (Figure 17 A,B). This finding is inconsistent with previous reports that PKR induces 

apoptosis during viral infection (337) and is required for macrophage apoptosis following 

TLR4 activation by Salmonella Typhimurium, Yersinia pseudotuberculosis, and Bacillus 

anthracis infection (287). However, a crucial aspect of Mtb virulence is to inhibit macrophage 

apoptosis. Indeed, while PKR has been reported to play a role in TNF-induced apoptosis 
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(338, 339), virulent Mtb strains release soluble TNF receptor-2, which forms a complex with 

the inactive cytokine to inhibit TNF-induced apoptosis (340). Furthermore, PKR mediates 

apoptosis in a FADD-dependent manner (278, 341), but macrophages collected from 

pulmonary TB patients by bronchoalveolar lavage showed decreased FADD expression (342). 

In addition, MAPK p38, NF-B, and p53 are downstream effectors of PKR that may play a 

role in PKR-induced apoptosis (265, 279, 339), however Mtb secretes protein-tyrosine 

phosphatase PtpB to inhibit these effectors (343). Indeed, PtpB has been observed to 

simultaneously block NF-B and p38 signal pathways and inhibit p53 expression (343). 

Altogether, these findings indicate that Mtb inhibits many pro-apoptotic effectors utilized by 

PKR to induce apoptosis. Since Mtb is effective at inhibiting macrophage apoptosis, our 

finding that PKR overexpression did not impact apoptosis of Mtb-infected macrophages was 

not surprising.  

Our RTCA data did not reveal differences in general cell death between THP-PKR 

and THP-Ø macrophages (Figure 17C), which suggests that PKR does not induce pyroptosis 

or necroptosis. Whether PKR plays a role in inflammasome activation and subsequent 

pyroptosis induction is still in debate. Four studies have assessed the role of PKR in 

inflammasome activation, and there is disagreement between the findings from each study. 

Lu et al. and Hett et al. both reported that PKR promotes inflammasome activation (288, 344), 

whereas He et and colleagues reported that PKR is dispensable for inflammasome activation 

(345). Most recently, Yim and colleagues concluded that PKR represses inflammasome 

activity (335). There are many factors that could explain the discrepancy between these 

reports, such as variation in the cell models used. For example, He et al. reported that PKR 

did not impact inflammasome activity in murine bone marrow-derived macrophages, but these 
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cells require cytokine supplementation for survival in vitro and were demonstrated by Yim 

and colleagues to have diminished PKR-dependent responses (335). In contrast, Yim and 

colleagues used primary mouse peritoneal macrophages which are differentiated in vivo and 

do not require manipulation following isolation (335).  Another point of variance between the 

studies is the murine strains that were used. Although Hett et al. and Lu et al. observed 

increased inflammasome activity by PKR, these groups used mice that were variable on the 

129v background. Importantly, the 129 mouse strain has attenuated inflammasome activity 

due to reduced caspase-11 expression (346). Caspase-11 expression is induced by the 

CCAAT-enhancer protein homologous protein, and EIF2 phosphorylation controls 

expression of this protein (347). As such, it is unsurprising that PKR activity could rescue the 

impaired inflammasome activity in the 129 strain by restoring caspase-11 expression. Overall, 

the role of PKR in inflammasome activation and pyroptosis remains unclear. Our results 

suggest that PKR does not impact pyroptosis, which aligns most closely to the report from He 

and colleagues. Future studies should examine the effect of PKR modulation on 

inflammasome activity during Mtb infection to determine whether PKR plays a role in Mtb-

induced pyroptosis.  

There is one report that PKR is required for IFN-induced necroptosis (306). However, 

this form of necroptosis occurred in an artificial system comprising MEFs with a genetic 

deletion of FADD or expressing a phosphomimetic FADD mutant. PKR is reported to induce 

apoptosis in a FADD-dependent manner (278, 341), therefore it is questionable whether this 

PKR-dependent form of necroptosis would occur under normal conditions without artificial 

inactivation or deletion of FADD. Furthermore, stimulation with exogenous IFN was 

required for this form of PKR-dependent necroptosis to occur (306). We observed that both 
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uninfected and Mtb-infected THP-1 macrophages produced low concentrations of IFN 

(Figure 11G), therefore it is unsurprising that PKR did not induce necroptosis in our system. 

The role of PKR in necroptosis during bacterial infection has not yet been studied, therefore 

further investigation is required to determine whether this kinase is involved in Mtb-induced 

necroptosis.  

 

4.4 Activation of cytosolic nucleic acid sensors by mycobacteria  

Our findings demonstrate that PKR expression and activation is induced during Mtb 

infection (Figures 4, 5). These findings are consistent with previous reports that Mtb activates 

cytosolic nucleic acid sensors. Multiple groups have shown that the DNA sensor cGAS 

recognizes Mtb DNA, thus triggering the STING pathway and type I IFN production (193, 

348, 349). However, it has also been observed that cGAS or STING knockout mice have 

comparable lung bacterial burden and inflammation compared to WT mice, suggesting that 

other sensors may compensate during inhibition of the DNA sensing pathway (193, 349, 350).  

More recently, it was reported that cytosolic Mtb RNA induces IFN production 

through the activation of retinoid acid-inducible gene I (RIG-I), an RNA sensor (351). This 

discovery indicated that Mtb nucleic acids are recognized by both DNA and RNA sensors. It 

has also been shown that the RNA sensor MDA-5 contributes to IFN production and 

bacterial control in Mtb-infection macrophages (250). However, RIG-I recognizes specific 

Mtb mRNAs that are not recognized by MDA-5 (351). This indicates that distinct Mtb 

products are recognized by different cytosolic RNA sensors and that MDA-5 and RIG-I have 

nonredundant roles during Mtb infection. Although PKR signals independently from the 

MDA-5 and RIG-I pathway, PKR has been reported to be activated by bacterial RNA (Chai 
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et al, 2020). As such, Ranjbar and colleagues investigated the effect of Mtb infection on PKR 

activation. Importantly, this group observed that PKR expression and activation is induced in 

macrophages during Mtb infection (289). Therefore, our findings in Figures 4 and 5 are 

consistent with those of Ranjbar and colleagues.  

Although we and others have observed that PKR expression and activation is triggered 

by Mtb infection, the upstream effectors responsible for PKR induction remain unknown. 

Since PKR is an RNA sensor, it is reasonable to speculate that PKR is directly activated by 

cytosolic Mtb RNA. However, there is evidence that PKR can be activated by the DNA-

sensing pathway. Indeed, Hu et al. recently reported that exogenous DNA recognition by 

cGAS triggers PKR activation (352). The cGAS/STING/TBK-1 axis leads to activation of 

IRF-3, which induces transcription of IFN (353). IFN triggers assembly and nuclear 

translocation of the transcription factor interferon-stimulated gene factor 3 (ISGF3), which 

regulates the PKR promoter (354). It is therefore possible that the DNA-sensing pathway 

indirectly induces PKR by triggering IFN production and downstream ISGF3 activation. 

Overall, PKR may be activated by both cytosolic Mtb RNA and DNA. It is important to note 

however that BCG has been observed to trigger PKR phosphorylation (267). Importantly, 

BCG lacks ESX-1 and is incapable of perforating the phagosome (185, 186, 355), suggesting 

that PKR can be activated in the absence of cytosolic mycobacterial DNA or RNA. Since Mtb 

glycoliproteins, lipoproteins, and glycolipids are reported to be ligands for TLR4 and TLR2 

(356, 357), Ranjbar and colleagues suggest that TLR recognition of Mtb is responsible for 

PKR induction during Mtb infection (289). Similar to the cGAS/STING/TBK-1 pathway, 

TLR2 and TLR4 signaling can trigger IRF-3 activation and the production of type I IFN (356). 

Taken together, we speculate that PKR can be activated by a variety of pathways during Mtb 
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infection, including cytosolic RNA- and DNA-sensing pathways and TLR signalling (Figure 

21).  
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Figure 21. Proposed model of PKR activation and downstream autophagy induction 

during Mtb infection. Mtb glycoproteins, lipoproteins, and glycolipoproteins are ligands for 

macrophage PRRs such as TLR2 and TLR4. TLR2 and TLR4 signaling leads to activation of 

IRF-3. Cytosolic Mtb DNA is recognized by the DNA sensor cGAS, which also triggers IRF-3 

activation via the STING pathway. IRF-3 drives the transcription of IFN, which triggers the 

assembly and nuclear translocation of the transcription factor ISGF3. ISGF3 then regulates the 

PKR promoter to induce transcription of PKR. Cytosolic Mtb RNA and other Mtb products 

may also interact directly with PKR to trigger its activation. PKR may indirectly activate 

autophagy by inhibiting the production of IL-6, a cytokine that hinders macrophage autophagy 

activation by preventing MAPK p38 and JNK phosphorylation. Alternatively, PKR expression 

may induce autophagy by activating MAPK p38 and JNK.   



 135 

4.5 The role of PKR during selective autophagy  

PKR has been demonstrated to play a role in bulk autophagy activation during 

starvation or in response to chemical autophagy inducers (282, 358). However, knowledge of 

the role of PKR during selective autophagy of pathogens is limited. Our data suggest a new 

role for PKR in the regulation of selective autophagy in response to intracellular bacterial 

infection. Western blot analysis of autophagy markers and immunofluorescence microscopy 

analysis of LC3 and lysosome colocalization with Mtb reveal that PKR expression induces 

selective autophagy of Mtb (Figures  15, 16). Inhibition of autophagy also reversed the effects 

of PKR overexpression on intracellular Mtb survival (Figure 14). These findings are 

consistent with previous reports that PKR induces LC3-associated autophagy of Toxoplasma 

gondii (286) and is required for autophagic degradation of HSV-1 (283).  

Given the key role that IFN plays in induction of macrophage autophagy (122), and 

considering that IL-6 inhibits IFN-induced autophagy (161), we speculate that the increased 

activation of autophagy observed in PKR overexpressing macrophages is due, at least in part, 

to decreased production of IL-6 and increased production of IP-10 and IFN by these cells. 

Consistent with this, we observed that addition of IFN enhanced the ability of THP-PKR 

macrophages to limit the intracellular survival of Mtb (Figure 12). IFN activates autophagy 

in Mtb-infected macrophages by inducing phosphorylation of MAPK p38 and JNK, whereas 

IL-6 inhibits phosphorylation of these kinases to block IFN-induced autophagy (161). The 

dependence of IFN-induced autophagy on p38 activation has also been shown in Listeria 

monocytogenes- and Salmonella Typhimurium-infected macrophages (359). Although the 

specific mechanisms by which p38 and JNK activate autophagy during bacterial infection 

have not yet been elucidated, these two proteins are reported to induce autophagy during 
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starvation through indirect effects on beclin-1. p38 plays a critical role during starvation-

induced autophagy by activating MK2 and MK3, which then phosphorylate beclin-1 (209). It 

is not understood why beclin-1 must be phosphorylated, but it was shown that this 

phosphorylation is critical for starvation-induced autophagy since the expression of a non-

phosphorylatable mutant of beclin-1 severely inhibited this process (209). JNK activates 

autophagy during starvation by phosphorylating Bcl-2, triggering its dissociation from beclin-

1 (208). Bcl-2 is a negative regulator of autophagy that binds to beclin-1 to prevent it from 

interacting with ATG14 in the class III PI3K complex during the phagophore formation stage 

of autophagy (360). Interestingly, PKR is reported to activate JNK and p38 in response to 

viral infection (265) and bacterial endotoxin challenge (361). As such, it is possible that the 

induction of autophagy in PKR overexpressing macrophages is dependent on a mechanism 

involving JNK and p38 activation, whether by a direct effect of PKR on MAPK activation 

and/or an indirect effect from decreased IL-6 production by PKR overexpressing macrophages 

(Figure 21). Future studies will identify the specific downstream effectors regulated by PKR 

to activate selective autophagy in Mtb-infected macrophages.   

  

4.6 Activation of selective autophagy as a host-directed therapy strategy  

 Activation of  macrophage autophagy is frequently explored as an HDT strategy for 

TB, since this process serves as an antibacterial response that can assist in the clearance of 

Mtb (122, 123, 215, 217). In fact, current TB antibiotics PYZ and INH activate autophagy in 

Mtb-infected macrophages, and inhibition of autophagy reduces the effectiveness of these 

drugs (218). Importantly, pharmacological activation of autophagy is a feasible treatment 

strategy, since many existing small molecule drugs have been shown to induce autophagy 
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during Mtb infection and offer the potential for being repurposed for anti-TB therapy. 

Carbamazepine, rapamycin, and NTZ are examples of such drugs. Carbamazepine is an anti-

convulsant drug that was shown to induce autophagy via AMPK activation (246). This drug 

was observed to reduce Mtb burden and lung pathology in mice infected with MDR-TB and 

also induced autophagic killing of Mtb in primary human macrophages (246). While 

rapamycin is used as an immunosuppressant to prevent organ rejection following 

transplantation, this drug is known to activate autophagy by inhibiting mTOR (244). Due to 

its role in autophagy activation, rapamycin has been suggested as a candidate for TB HDT 

(243). Indeed, inhalable particles containing rapamycin are being investigated as a means to 

enhance autophagy in AMs during Mtb infection (362). Furthermore, our results demonstrated 

that rapamycin treatment accelerated and enhanced the decrease in Mtb burden observed in 

PKR overexpressing macrophages relative to control cells (Figure 20). However, the poor 

solubility, long intracellular half-life, and immunosuppressive effects of rapamycin decreases 

its appeal for use as a TB therapeutic (243). More promisingly, NTZ has an excellent clinical 

safety record when used as an anti-parasitic agent (363, 364) and has been shown to induce 

autophagosome formation and inhibit mTOR signaling in Mtb-infected macrophages (365). 

Importantly, multiple groups have reported that NTZ reduces intracellular survival of Mtb in 

macrophages (289, 365). Although approved drugs such as carbamazepine, rapamycin, and 

NTZ have been shown to be successful in limiting Mtb survival, these repurposed drugs have 

multiple effects in the host. As such, it is difficult to discern whether the effects are solely due 

to autophagy activation. TB HDT is lacking novel host targets and new drugs that can 

specifically target the autophagy pathway. Importantly, our findings unveil PKR as a novel 

host target that activates autophagy and reduces Mtb survival in macrophages.  
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It is also important to determine whether these repurposed drugs have direct 

antibacterial activity. Indeed, NTZ has been shown to directly kill Mtb (366), which raises the 

question of whether NTZ inhibits Mtb replication in macrophages solely by targeting the 

bacteria themselves or through its effects on autophagy induction. Therapeutics that have 

direct bactericidal activity are accompanied with increased risk of drug resistance, whereas 

HDTs that solely function to boost the host response can circumvent the development of drug-

resistant bacteria. In the case of NTZ, a concentration of 10 M was shown to completely 

inhibit mTOR signaling and strongly stimulate autophagy, whereas this concentration was less 

effective at directly inhibiting Mtb growth in liquid culture (365). Furthermore, this 

concentration of NTZ inhibited the replication of Mtb in THP-1 cells more strongly than it 

inhibited Mtb directly. As such, it was suggested that concentrations of NTZ that directly kill 

Mtb would also activate autophagy, and that the autophagy-activating effects of NTZ 

contribute more than its direct antibacterial activity to the inhibition of Mtb growth (365). 

Importantly, NTZ has been observed to limit the growth of both replicating and non-

replicating Mtb, suggesting it can evade the emergence of NTZ-resistant Mtb (366).  

 

4.7 Feasibility of using pharmacological PKR activators for host-directed 

therapy 
 

Altogether, our findings suggest that PKR is a promising target for HDT against TB. 

Importantly, pharmacological activation of PKR is well-tolerated in mice (296), suggesting 

that pharmacological activation of PKR would be a safe treatment strategy in humans. As 

such, we sought to assess the feasibility of using pharmacological PKR activators as a TB 

HDT. We examined the effect of DHBDC, a small molecule PKR activator, on the Mtb burden 

in primary human macrophages. Although DHBDC treatment did not reduce the Mtb burden 



 139 

(Figure 9 A-C), our studies using PKR knockout macrophages demonstrated that DHBDC has 

off-target effects (Figure 9D). This is consistent with a previous finding that DHBDC activates 

PERK in addition to PKR (302). To our knowledge, this is the first report of a direct effect of 

DHBDC on PKR phosphorylation, as a previous study used activation of EIF2 as a 

downstream marker for PKR activation (302). Although DHBDC did not reduce intracellular 

Mtb survival, PKR still offers a feasible target for HDT. Indeed, it has been demonstrated that 

PKR can be activated by other small molecules, such as BEPP and heparin (301, 367). 

Endogenous heparin is located in secretory granules within mast cells and is not present in the 

cytosol, therefore it is not likely to activate PKR in vivo (367). However, the ability of heparin 

to induce PKR phosphorylation in vitro demonstrates the ability of molecules as small as 2 

kDa to activate PKR, thus providing incentive to search for novel small molecule PKR 

activators (367). Future work will investigate the effects of more specific pharmacological 

PKR activators on Mtb burden both in vitro and in mouse models.  

There are also existing drugs that offer the potential for being repurposed as PKR 

activators, including bozepinib and NTZ. Bozepinib is an anti-tumour agent that is particularly 

promising for use as a pharmacological PKR activator since it not only induces 

phosphorylation of PKR but also increases expression levels (295). This suggests that 

bozepinib would mimic our model closely since THP-PKR cells had both increased 

expression and phosphorylation of PKR compared to control cells (Figure 10). Importantly, 

bozepinib is non-toxic at high concentrations in the mouse model, suggesting this PKR 

activator could be safe for use in humans (296). Unfortunately, this compound is not available 

commercially, which is why we could not test it in this study. Interestingly, in addition to its 

autophagy-inducing effects, NTZ has been shown to trigger PKR activation (297, 298). 
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However, two groups have reported contrary findings that NTZ does not induce PKR 

phosphorylation (289, 368). It is important to note that both groups used a concentration of 10 

M NTZ, which was previously shown to be inadequate in triggering PKR phosphorylation. 

Indeed, while treatment of cells with 10 M NTZ had little or no effect on PKR activation, 25 

M NTZ resulted in phosphorylation of both PKR and EIF2 (298). Overall, NTZ has been 

shown to induce autophagy, trigger PKR phosphorylation, and reduce Mtb burden in 

macrophages (289, 298, 365). As such, NTZ exemplifies the feasibility and promising 

potential of pharmacologically activating PKR and/or autophagy as a strategy for TB HDT.  

 

4.8 Conclusion 

There is an urgent need for the development of novel TB therapeutics due to the 

emergence of antibiotic-resistant Mtb strains. Autophagy induction in Mtb-infected 

macrophages is a promising HDT strategy, however currently approved drugs that can be 

repurposed as autophagy activators have many targets in the host. Identification of novel 

autophagy-inducing drugs with a specific host target would be extremely beneficial in the 

field of TB HDT. Since PKR has been suggested as a potential target for host-directed therapy 

against TB infection (220, 289, 305), we investigated the role of PKR in the antibacterial 

response of Mtb-infected macrophages. The work presented in this thesis provides evidence 

to support that PKR is a promising target for HDT (Figure 22). We show that PKR expression 

and activation is triggered by Mtb infection (Figures 4 and 5), and that PKR enhances the 

immunological profile of Mtb-infected macrophages by stimulating or inhibiting the 

production of autophagy-regulating proteins IL-6, IL-10, and IP-10 (Figure 11 A, B, F). 

Importantly, we show that PKR expression limits the intracellular survival of Mtb in 
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macrophages through a mechanism dependent on the activation of selective autophagy 

(Figures 12-16). PKR is a feasible target for TB HDT since there are existing pharmacological 

PKR activators with good safety profiles in vivo, and there is also the potential for identifying 

novel small molecules that can activate this kinase. As such, future work will focus on 

assessing the efficacy of specific PKR activators both in vitro and in the mouse model. 

Furthermore, it will be beneficial to characterize the upstream events that induce PKR 

activation/expression during Mtb infection and identify the downstream effectors regulated 

by PKR to activate selective autophagy.  
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Figure 22. Model depicting the role of PKR in the antibacterial response of M. 

tuberculosis-infected macrophages. Mtb infection triggers phosphorylation and expression of 

PKR. PKR expression increases macrophage production of the autophagy-inducing protein IP-

10 and decreases production of autophagy-inhibiting cytokines IL-6 and IL-10. PKR expression 

also activates selective autophagy targeting cytosolic Mtb, as indicated by increased p-S403 

p62 and LC3-II expression and Mtb colocalization with autophagolysosomes. The bacteria are 

degraded in the autophagolysosomes, resulting in reduced intracellular survival of Mtb.  
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