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Abstract 

The interaction of macrophages with the intracellular pathogen Mycobacterium 

tuberculosis (Mtb) is critical in determining disease outcomes. Presently, we lack 

human macrophage models that are genetically tractable, karyotypically normal, and 

available in large cell numbers. Thus, new human macrophage models are required 

to facilitate the study of host-pathogen interactions, especially where genetic 

manipulation is required.  

In this thesis I set up and characterise a stem cell derived model of human 

macrophages (iPSDM). iPSDM recapitulate many known interactions between Mtb 

and human macrophages. An RNA-seq comparison of the transcriptional response 

to infection between Mtb WT and the attenuated strain Mtb ΔRD1, which lacks the 

ESX-1 secretion system, revealed commonalities with previous studies along with a 

novel, RD1 dependent response at 48 h post infection.  

In macrophages, the autophagy pathway plays diverse roles in infection with 

intracellular pathogens, including capturing cytosol invading pathogens and 

targeting them for lysosomal killing. The role of the autophagy pathway during Mtb 

infection is still unclear. Live cell imaging in iPSDM revealed, following membrane 

damage by Mtb, the induction of LC3 positive tubulovesicular structures, which fail 

to capture the bacteria. Correlative 3D focussed ion beam scanning electron 

microscopy showed the bacteria in the macrophage cytosol following successful 

dissociation from autophagic structures. Genetic disruption of the autophagy 

pathway through the knockout of Atg7 failed to alter intracellular Mtb replication or 

rescue replication of the attenuated mutants Mtb ΔRD1 and Mtb ΔCpsA, which has 

previously been shown to be more susceptible to restriction by non-canonical 

autophagy. On the other hand, knockout of Atg14 resulted in enhanced Mtb 

replication, likely through an autophagy-independent mechanism.  

This work validates iPSDM to study hitherto unexplored aspects of human 

macrophage-Mtb interactions. Moreover, these data revealed novel autophagy 

dynamics in space and time and evasion mechanisms employed by Mtb to subvert 

this host defence pathway.  
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Impact Statement 

With antibiotic resistance continuing to impact health globally and previously 

treatable infections now claiming more lives, it is increasingly important to investigate 

novel therapeutic routes. One much touted route is through the use of host-directed 

therapies; that is enhancing the body’s natural defence mechanisms against 

infection to promote bacterial killing and restoration of health. This applies to many 

infections, including for people suffering with tuberculosis (TB), especially those 

infected with multi- or extensively-drug resistant strains.  

The autophagy pathway, a cellular recycling process whereby cellular contents are 

targeted for lysosomal degradation, is capable of capturing many bacteria, including 

Mycobacterium tuberculosis, in order to restrict their replication. Autophagy induction 

has been the subject of drug development as a potential host-directed therapy for 

TB patients, as well as in many other diseases. To fully understand the potential for 

these therapies, it is important to understand the role of the autophagy pathway 

during infection in relevant human models.  

The work presented here demonstrates how studying fundamental biology of the 

virulent pathogen in its natural host can yield unexpected insights into subversion of 

host defence pathways by pathogens. Without fully understanding the basic biology 

behind the success of Mtb as an intracellular human pathogen we risk wasting time, 

resources and money pursuing treatments that will not work because the data 

supporting them is based on incorrect models. 

More widely, Mtb is just one of many pathogenic bacteria capable of infecting and 

replicating within macrophages. The current limitations of human macrophage 

models, along with an over-reliance on mouse models that may poorly reflect the 

interaction between pathogen and human host, mean many fundamental questions 

remain unanswered. Thus, the development and further characterisation of human 

induced pluripotent stem cell derived macrophages, as well as protocols for plasmid 

DNA transfection will enable research into a wide range of pathogens. 
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Additionally, tools generated within this thesis will provide a useful resource for 

researchers working in diverse fields. Both canonical and non-canonical autophagy 

have been implicated in protecting against diverse diseases including cancer and 

neurodegeneration. The ability to differentiate the autophagy knockout induced 

pluripotent stem cell lines created here into multiple disease relevant cell types will 

enable their use to understand the role of these processes in during disease 

development and progression. 
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1. Introduction 

1.1 Mycobacterium tuberculosis interactions with macrophages 

Mycobacterium tuberculosis infection is complex and difficult to treat 

The bacterium Mycobacterium tuberculosis (Mtb) is the etiological agent of 

tuberculosis (TB) in humans and causes the death of more people worldwide than 

any other single infectious agent. In 2019, TB killed an estimated 1.4 million people 

and caused disease in a further 10 million people. Moreover, there is believed to be 

a large, latently infected pool of individuals who can develop and spread TB in later 

life. Finally, antibiotic resistant strains are an ever-increasing problem and are 

associated with very high mortality rates (World Health Organisation, 2020). 

Infected individuals with active TB expel aerosols containing Mtb through coughs 

and sneezes, which are inhaled by those around them and the bacteria are 

distributed throughout the upper and lower airways. In the upper airways, Mtb can 

cause disease in the oropharynx and cervical lymph nodes whilst epithelial cells 

appear to be largely protected from infection by mucus. In the lower airways various 

cell types become infected including myeloid cells such as alveolar macrophages, 

neutrophils and dendritic cells and non-myeloid cells such as Type II alveolar 

epithelial cells (Randall et al., 2015; Ganbat et al., 2016; Lerner et al., 2015). Alveolar 

macrophages are the first cells to become infected in mice (Cohen et al., 2018), 

whereas in patient sputum neutrophils are the predominantly infected myeloid cell 

(Eum et al., 2010). As well as causing disease in the lungs – pulmonary TB – Mtb 

can also cause disseminated disease in almost any organ of the body, for example 

the lymph nodes. A hallmark of human TB in the lung is the formation of granulomas; 

highly ordered structures of mostly immune cells that should restrict bacterial growth 

and dissemination, but necrosis and granuloma failure can release bacteria into the 

airway for transmission (Russell et al., 2009; Kaplan et al., 2003). Granuloma 

formation and active disease are only seen in approximately 10% of infected 

individuals; the remaining 90% either clear the infection completely or develop a 

latent infection. Latently infected individuals can experience active disease later in 

life, often due to immunosuppression (Flynn and Chan, 2001b). Overall, the 
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heterogeneous distribution of Mtb in different organs, cell types and structures such 

as granulomas, makes the understanding of TB pathogenesis very difficult and 

poses challenges for antibiotic therapy.   

The roles of macrophages in Mtb infection 

Macrophages are one of several professional phagocytic cells of the immune system 

(Silva and Correia-Neves, 2012). They play essential roles in homeostasis, tissue 

development, wound repair, inflammation, and innate immune defence (Lugo-

Villarino et al., 2019). 

Macrophages are arguably the most important cell type during Mtb infection. Alveolar 

macrophages provide a first line of defence against inhaled pathogens, such as Mtb, 

that reach the alveoli. Depletion of alveolar macrophages in mice leads to reduced 

bacterial burden and improved survival following Mtb infection, therefore implicating 

them as being critical for establishing infection (Leemans et al., 2001), likely due to 

supporting intracellular Mtb replication (Pisu et al., 2020). Additionally, infected 

alveolar macrophages migrate into the lung interstitium and this precedes 

dissemination to other immune cells, which migrate to disseminate disease in mice 

(Cohen et al., 2018). In the zebrafish and M. marinum model, macrophages also 

contribute to the dissemination of bacteria and their transport across epithelial and 

endothelial barriers (Clay et al., 2007). 

Following Mtb infection, the release of chemokines drives the recruitment of 

circulating monocytes to the lung where they can transmigrate into the interstitium 

and differentiate into macrophages. The mycobacterial lipid phenolic glycolipid 

(PGL) activates the production and secretion of C-C motif chemokine ligand 2 

(CCL2) from alveolar macrophages to recruit monocytes that are permissive to 

bacterial replication and dissemination (Cambier et al., 2017). The secretion of other 

monocyte and macrophage chemotactic proteins is upregulated following Mtb 

infection, including monocyte chemoattractant protein-1 (MCP-1) and macrophage 

inflammatory protein-1α (MIP-1α), however this is an underexplored area of research 

during Mtb infection and further studies are warranted (Sadek et al., 1998; Lin et al., 

1998; Flynn and Chan, 2001a). 
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In mice, alveolar and recruited macrophages respond differently to Mtb infection. 

Alveolar macrophages become M2 polarised, showing increased fatty acid oxidation 

and decreased pro-inflammatory cytokine levels, whereas interstitial macrophages 

are M1 polarised, showing increased glycolytic activity and enhanced pro-

inflammatory cytokine secretion (Pisu et al., 2020). Furthermore, murine alveolar 

macrophages are more permissive for Mtb replication compared with the interstitial 

macrophages (Pisu et al., 2020). This is different from a study in zebrafish using M. 

marinum where the recruited macrophages were more permissive (Cambier et al., 

2017). 

Cytokine secretion by macrophages to establish a pro-inflammatory environment is 

essential for control of Mtb in mice. Tumour necrosis factor-α (TNF-α) is one of the 

major cytokines released and is essential for effective control of infection (Clay et 

al., 2008; Iliopoulos et al., 2006; Flynn et al., 1995). Both interleukin (IL)-1α and β 

are secreted by macrophages in response to Mtb infection and mice deficient in the 

receptor for these cytokines are highly susceptible to Mtb infection (Cooper et al., 

2011; Sugawara et al., 2001). Whilst IL-6 plays a role in controlling Mtb during the 

innate phase of infection, IL-6 deficiency does not have an impact in mice following 

onset of the adaptive immune response (Flynn and Chan, 2001a). However, not all 

macrophage-derived cytokines play a protective role, for example high levels of IL-

10 and Type I interferon (IFN) (IFN-α and -β) are, in certain contexts, detrimental to 

infection outcomes (Cooper et al., 2011; Moreira-Teixeira et al., 2018). 

As well as providing a signal for the recruitment of monocytes and macrophages, the 

release of chemokines attracts other cell types including neutrophils, dendritic cells, 

and T cells. Whilst high levels of neutrophils are detrimental for the host (Lowe et al., 

2012), dendritic cell (Tian et al., 2005) and T cell recruitment (Orme et al., 1993) is 

essential for successful immune defence (O’Garra et al., 2013). Once infected with 

Mtb, dendritic cells migrate to lung-draining lymph nodes where they prime naïve T 

cells towards a Th1 response (O’Garra et al., 2013), for which macrophage and 

dendritic cell derived IL-12 is important (Flynn and Chan, 2001a). These activated T 

cells then to migrate to the lung, where they secrete large amounts if IFN-γ, a key 
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cytokine in the protective immune response to Mtb (Figure 1.1.1). IFN-γ is a potent 

activator of macrophages (Nathan et al., 1983) and individuals with polymorphisms 

in the receptor are highly susceptible to mycobacterial infections (Bustamante et al., 

2014). Stimulation of mouse macrophages with IFN-γ restricts Mtb replication 

(Flesch and Kaufmann, 1987), although there are conflicting reports regarding the 

effect of IFN-γ on Mtb replication in human macrophages (Douvas et al., 1985; 

Lerner et al., 2017; Flynn and Chan, 2001a). Regardless, studies generally agree 

that any anti-mycobacterial response induced by IFN-γ is lower in human 

macrophages compared with mice (Rook et al., 1986). The protective role of IFN-γ 

mediated macrophage activation is likely through increasing phagosome maturation, 

inducing autophagy (Gutierrez et al., 2004a), induction of nitric oxide (NO) 

production (Ehrt et al., 2001), and combining with TNF-α and Vitamin D to increase 

the production of reactive nitrogen intermediates (Rockett et al., 1998; Bonecini-

Almeida et al., 1998).  

Macrophages also play a key role in maintaining the adaptive immune response. 

Macrophages are antigen presenting cells and therefore display derivatives of 

bacterial components at the plasma membrane though major histocompatibility 

complex (MHC) class I and II. Following migration to the lung, primed T cells interact 

with these displayed antigens to stimulate release of IFN-γ (Flynn and Chan, 2001a) 

(Figure 1.1.1). Without the successful induction of adaptive immunity, TB cannot be 

controlled (Lazarevic et al., 2005).  

Finally, macrophages are essential for the initiation of granuloma formation (Davis 

and Ramakrishnan, 2009). As the granuloma forms and evolves several 

macrophage subtypes, including multinucleated giant cells (Helming and Gordon, 

2008), epithelioid and foamy macrophages (Russell et al., 2009), and pro- and anti-

inflammatory macrophages (Mattila et al., 2013), are required for its maintenance 

(Figure 1.1.1). Whilst only a small proportion of granuloma macrophages are 

thought to be infected with Mtb bacilli (Flynn et al., 2011), macrophages at the 

surface of granulomas contain Mtb (Kaplan et al., 2003). Additionally, during the 
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innate phase of infection in zebrafish, infected macrophages migrate out from one 

granuloma, to seed secondary granulomas (Davis and Ramakrishnan, 2009).  

 

 

Figure 1.1.1 Macrophages are crucial for immune responses in TB. Macrophages play many 

roles during Mtb infection. Following phagocytosis of Mtb macrophages secrete a range of cytokines 

and chemokines to create an inflammatory immune response and recruit additional immune cells to 

the site of infection. Additionally, during adaptive immunity macrophages activate naïve T cells to 

secrete IFN-γ, which then activates antibacterial programs in the macrophages. Moreover, 
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macrophages seed, and are a key cell type in, granuloma formation and maintenance. TCR: T cell 

receptor, Treg: regulatory T cell, DC: dendritic cell, NK: Natural killer. Created with BioRender.com 

The origins of macrophages 

The single term ‘macrophage’ belies the complex heterogeneity found with this cell 

type. Specialised macrophages are found within tissues, with each adapting to its 

specific niche through interactions with the cellular components of the tissue and 

other cues from the microenvironment (T’Jonck et al., 2018). In mice, tissue resident 

alveolar macrophages are derived from yolk sac macrophages or foetal monocytes 

a few days after birth (van de Laar et al., 2016) and form a self-renewing pool of 

macrophages in the lung (Guilliams et al., 2013). Whether this also applies to 

humans remains uncertain (Ginhoux and Guilliams, 2016). It is also possible for adult 

monocytes to differentiate into tissue specific macrophages, such as Kupffer cells in 

the liver, following destruction of the pre-existing tissue resident cells (Bonnardel et 

al., 2019). A similar situation occurs in the lung where adult monocytes repopulate 

the alveolar niche when the resident macrophages are depleted, for example during 

influenza or gammaherpesvirus infection (Misharin et al., 2017; Machiels et al., 

2017). At resting state, the ontogeny of tissue macrophages does not appear to play 

much of a role in function, likely due to thorough imprinting of function by the niche 

(Bonnardel and Guilliams, 2018). However, following inflammation it is possible that 

the different macrophages react heterogeneously based on, for example, epigenetic 

differences and during the recovery phase the recruited macrophages are 

transcriptionally distinct from tissue resident cells (Bonnardel and Guilliams, 2018). 

Macrophages can also differentiate from monocytes circulating in the blood in 

response to wounds, infection, inflammation, and tissue damage, the mechanisms 

of which have been elucidated mostly using mouse systems. The monocytes are 

derived from haematopoietic stem cells found within the bone marrow (van Furth 

and Cohn, 1968; Hettinger et al., 2013). Under resting conditions monocytes are 

mostly retained within the bone marrow, although some circulate in the blood stream 

or patrol the lining of vessels sensing injury or infection that requires mobilisation of 

a defence response. Following inflammation or infection local secretion of 

chemokines, especially CCL2 and CCL7, triggers the rapid recruitment of these 
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monocytes (Shi and Pamer, 2011). CCL2 production by bone marrow stromal cells 

triggers the release of monocytes from the bone marrow and CCL2 also triggers 

transmigration of monocytes across the blood vessel endothelium. C-C chemokine 

motif receptor 2 (CCR2) knockout mice, which cannot respond to CCL2 or 7, are 

more susceptible to bacterial, parasitic and fungal infections, demonstrating the 

importance of these recruited macrophages in resolving infection and repairing the 

damaged tissue (Shi and Pamer, 2011).  

Further complexity is added as macrophages can be activated by various stimuli and 

these will polarise the macrophage response. In vitro studies of mouse macrophages 

have shown that stimulation with IFN-γ and lipopolysaccharide (LPS) leads to a 

classically activated, or M1 phenotype, whereas activation with IL-13 and IL-4 leads 

to alternatively activated, M2 polarisation. Whilst M1 macrophages are pro-

inflammatory, M2 have a more regulatory and anti-inflammatory role in the immune 

response (Atri et al., 2018). In vivo, the M1 phenotype is associated with intracellular 

pathogens and inflammatory cytokines such as TNF–α, whereas M2 polarisation in 

implicated in wounding, parasite infection and anti-inflammatory cytokines such as 

IL-10 (Atri et al., 2018). This nomenclature is widely used in mouse immunology with 

clear markers for each subset, however how well it is reflected in human systems 

remains unclear. Studies have shown M1 and M2 like responses in human 

macrophages (Tarique et al., 2015). Altogether, it is clear these states represent two 

ends of a broad spectrum and macrophages are very plastic and can repolarise in 

response to changes in stimuli and environment (Atri et al., 2018; Xu et al., 2013).  

Human monocytes can differentiate into macrophages in response to either 

macrophage colony stimulating factor (M-CSF) or granulocyte macrophage colony 

stimulating factor (GM-CSF). GM-CSF stimulation is linked with M1 and M-CSF to 

M2 polarisation. GM-CSF is essential for alveolar macrophage differentiation and 

maintenance throughout life (Draijer et al., 2019). M-CSF is also important for proper 

alveolar macrophage development with mice lacking functional M-CSF having low 

numbers shortly after birth, but this is recovered by 4 months of age (Shibata et al., 

2001). A direct comparison between M-CSF and GM-CSF differentiated human 
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macrophages infected with Mtb showed no significant differences in terms of 

bacterial replication or subcellular localisation (Lerner et al., 2017). When comparing 

gene expression in human and mouse macrophages after M-CSF or GM-CSF 

differentiation, there was minimal overlap between the species (Lacey et al., 2012). 

Moreover, the gene expression landscape is largely similar between resting M-CSF 

and GM-CSF differentiated human macrophages but the relatively small proportion 

of differentially expressed genes likely convey functional differences in, for example, 

the immune response (Lacey et al., 2012). 

Overall several key questions surrounding the origins of human macrophages 

remain. As highlighted above, much of the work on distinct macrophage populations, 

e.g. tissue resident vs recruited, has been conducted using the mouse model 

system, thus it will be important to validate how this relates to humans. The influence 

of environment on these macrophage populations is also important, for example, 

mice are housed in very clean, pathogen free environments whereas humans are 

continuously exposed to stimuli such as pathogens and pollutants, how this affects 

macrophage activation and recruitment remains to be determined. Moreover, the 

stimuli used to deplete tissue resident macrophages and study the repopulation of 

the niche are very strong and often totally deplete the resident macrophage pool 

(Bonnardel et al., 2019), thus the ability of recruited macrophages to repopulate the 

niche under less harsh, more physiological conditions remains to be determined.  

Phagocytosis and phagosome maturation 

The innate immune function of macrophages relies on their ability to phagocytose 

pathogens and target them for lysosome-mediated killing by phagosome maturation. 

Phagocytosis commences following recognition of a pathogen by receptors at the 

plasma membrane; many cells are capable of phagocytosis but professional 

phagocytes – macrophages, dendritic cells and neutrophils – are the most proficient 

(Rabinovitch, 1995). Various receptors participate in triggering phagocytosis 

including pattern recognition receptors (PRR) and opsonic receptors such as FcγR 

(Flannagan et al., 2012). Following ligation of these receptors, the actin cytoskeleton 

is rearranged to produce plasma membrane protrusions that internalise the 
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pathogen into a phagosome. In the context of Mtb many PRRs are required for 

efficient internalisation including toll like receptors (TLR), C-type lectins, scavenger 

receptors, cluster of differentiation (CD) 14, and nucleotide oligomerisation domain 

(NOD) like receptors (NLR), which recognise components of the Mtb cell wall (Killick 

et al., 2013).  

Following phagocytosis, the resulting phagosome containing the internalised cargo 

undergoes a process of maturation; a series of regulated sequential fusion events 

with early and late endosomes, into a phagolysosome (Flannagan et al., 2012) 

(Figure 1.1.2). Phagosomes initially have a neutral pH of 7 and as they mature the 

pH drops to approximately 4.5 and the membrane and luminal composition changes 

(Flannagan et al., 2012). Early phagosomes have membranes containing high levels 

of phosphatidylinositol-3-phosphate (PI3P) and Rab5, whereas late phagosomes 

are enriched for Rab7 and phosphatidylinositol-3,5-bisphosphate (PI3,5P2). It is 

these differences in membrane composition that allow the regulation of the 

directionality of maturation. Rab5 and PI3P recruit effectors such as early endosome 

antigen 1 (EEA1), which is important for tethering and fusion with endosomes, 

whereas Rab7 recruits Rab-interacting lysosomal protein (RILP), which is required 

for lysosome fusion (Flannagan et al., 2012). Ultimately, phagocytosed cargo is 

delivered to the phagolysosome, an acidic organelle loaded with degradative 

proteases, lipases and hydrolases aimed to degrade their content. In this context, 

the vacuolar type H+ ATPase (v-ATPase) plays an essential role in phagosomal 

acidification and the decreased pH is required for the activity of some proteolytic and 

other degradative enzymes. 
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Figure 1.1.2 Phagosome maturation. Phagosomes undergo sequential fusion with vesicles of the 

endocytic network leading to changes in the membrane and luminal contents, as well as pH. 

Ultimately, the formation of the phagolysosome creates a degradative environment capable of 

restricting pathogen replication through a low pH and the presence of degradative enzymes such as 

cathepsins. EE – early endosome; LE – late endosome; Lys – lysosome. 

Manipulation of phagosome maturation by intracellular pathogens 

Successful intracellular pathogens have all adapted to survive through either 

subverting phagosome maturation or resisting the normally toxic environment of the 

phagolysosome. Some bacteria, such as Listeria monocytogenes and Shigella 

flexneri, have adapted to successfully invade the cytosol of the infected cell thus 

evading the phagolysosome; for these bacteria cytosolic access is essential for their 

replication and cell-to-cell spread. For L. monocytogenes the secretion of the pore 

forming toxin listeriolysin O (LLO) leads to the rupture of the phagosomal membrane 

(Gaillard et al., 1987); indeed Bacillus subtilis expressing LLO is able to translocate 

into the cytosol of infected cells and undergo enhanced replication (Bielecki et al., 

1990). The S. flexneri Type III secretion system (T3SS) substrate proteins IpaB and 

IpaC, which can insert into host membranes, induce vacuolar rupture (High et al., 

1992; Blocker et al., 1999). Whilst Salmonella typhimurium bacteria are capable of 

successfully replicating inside the vacuole, a subset of the bacteria damage the 

vacuolar membrane through the action of a T3SS and undergo hyper replication in 

the cytosol of epithelial cells (Knodler et al., 2010). 

The parasite Leishmania donovani inhibits fusion events with late endosomes and 

lysosomes through the action of cell surface lipophosphoglycan to prevent the 
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acidification of the phagosome (Scianimanico et al., 1999). This mechanism is also 

used by Brucella abortus, which uses bvr-R and bvr-S to inhibit phagosome 

maturation and forms a compartment with autophagic and ER like morphology 

(Pizarro-Cerdá et al., 1998; Sola-Landa et al., 1998). Legionella pneumophila reside 

in a non-acidified phagosome that is devoid of markers of phagosome maturation, 

such as Rab7 and lysosome associated membrane protein (LAMP)-2, which is 

achieved through the action of the Type IV secretion system proteins dotA and Icm 

(Horwitz and Maxfield, 1984; Roy et al., 1998). It has been proposed that dotA/Icm 

is important for maintaining phagosome integrity, however proving this using solely 

electron microscopy is difficult (Molmeret et al., 2007). As previously mentioned, S. 

typhimurium can replicate in vacuoles, which interact with components of the early 

and late endocytic network. It is known that S. typhimurium acquires late endocytic 

markers such as Rab7 and the v-ATPase. However, the Salmonella containing 

vacuole does not acquire the cation-independent mannose-6-phosphate receptor 

(M-6-PR) and many of the proteases that require M-6-PR for their trafficking, thus 

maturation is not completed and the vacuole is non-degradative (Méresse et al., 

1999; Steele-Mortimer et al., 1999; Mcgourty et al., 2012).  

Manipulation of intracellular trafficking by Mtb 

As an intracellular pathogen, Mtb is no exception and extensive studies have shown 

that mycobacteria are able to subvert the phagosome maturation pathway to 

facilitate survival and replication. Early electron microscopy observations of 

mycobacteria in macrophages revealed that whilst some phagosomes have 

phagolysosomal morphology (Armstrong and D’Arcy Hart, 1975), many bacilli are 

found in non-acidified compartments that lack markers of phagolysosomes (Crowle 

et al., 1991; Clemens and Horwitz, 1995). Decades of work, primarily using the 

attenuated strain M. bovis BCG, have subsequently shown the exclusion of Rab5 

and Rab7 effectors from the mycobacterial phagosome is responsible for arresting 

phagosome maturation. EEA1 is an important Rab5 effector for tethering and fusion 

of early endosomes. The secreted acid phosphatase (SapM) hydrolyses PI3P in the 

early M. bovis BCG containing phagosome membrane (Vergne et al., 2005), nuclear 

diphosphate kinase (Ndk) inactivates Rab5 (Sun et al., 2010), and the cell wall lipid 
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mannose-capped lipoarabinomannan (ManLAM) inhibits Ca2+ dependent signalling 

events (Fratti et al., 2001, 2003; Vergne et al., 2003), all leading to EEA1 exclusion 

(Figure 1.1.3). In addition Ndk inactivates Rab7 to prevent the recruitment of RILP, 

an important mediator of late phagosome-lysosome fusion (Sun et al., 2007, 2010). 

Protein kinase G (PknG) also contributes to the survival of M. bovis BCG within 

macrophages by blocking phagosome maturation, however the mechanism for this 

remains unknown (Walburger et al., 2004; Scherr et al., 2009). The v-ATPase is 

excluded from the mycobacterial phagosome (Sturgill-Koszycki et al., 1994), likely 

as a result of the mechanisms described above, plus the action of protein tyrosine 

phosphatase A (PtpA) (Wong et al., 2011; Bach et al., 2008). Thus, the 

mycobacterium containing phagosome is a highly modified and unusual 

compartment largely devoid of its normal components and function.  

Whilst it was initially shown that M. bovis BCG phagosomes fail to undergo the Rab5 

to Rab7 conversion associated with phagosome maturation (Via et al., 1997), live 

cell imaging of Mtb in mouse macrophages revealed that this conversion does 

indeed take place (Schnettger et al., 2017). This suggests that at least some Mtb 

containing phagosomes undergo phagosome maturation. For Mtb that are exposed 

to an acidic lysosomal environment, they are eventually able to detoxify it; for 

example by shedding the lipid 1-tuberculosinyladenosine (1-TbAd) to neutralise the 

pH (Buter et al., 2019). Additionally, the serine protease MarP enables Mtb and M. 

marinum to survive within acidic environments; likely through modifying the bacterial 

cell wall to preserve intrabacterial pH (Levitte et al., 2016; Vandal et al., 2008; Small 

et al., 2013; Botella et al., 2017) (Figure 1.1.3).  

The majority of the early work deciphering the manipulation of phagosome 

maturation by mycobacteria used the attenuated model M. bovis BCG, which, whilst 

being closely related to Mtb, lacks key virulence factors (Pym et al., 2002; Brodin et 

al., 2006). Moreover, many of these studies used mouse macrophage models of 

infection, which fail to reflect some aspects of Mtb infection that are observed in 

human cells (Bussi and Gutierrez, 2019). Thus, to what extent these mechanisms 

are important during Mtb infection of human macrophages remains partially 
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unresolved. Additionally, as highlighted in (Schnettger et al., 2017), the use of live 

cell imaging-based dynamic studies can reveal details of relatively transient, but 

important trafficking events during Mtb infection. Most studies to date have used 

fixed cell fluorescence and electron microscopy-based techniques to understand the 

phagosome maturation pathway in mycobacteria infected macrophages. Overall, it 

is important to test these findings in human macrophage models infected with Mtb 

and use live imaging to understand the temporal dynamics of the process. 

 

Figure 1.1.3 Phagosome maturation manipulation by Mtb. Mtb secretes several proteins and 

lipids (bold text) that are able to manipulate phagosome maturation to prevent trafficking of the 

bacteria to a phagolysosome. Almost all stages of maturation are affected including endosomal 

fusion, luminal acidification and membrane integrity. 

Accessing the cytosol 

For many intracellular pathogens, the best way to avoid being targeted to the 

lysosome is likely to escape from the phagosome into the cytosol, as is seen with 

Listeria and Shigella. Although there are sensors that detect and aim to prevent 

cytosolic access by pathogens (Thurston et al., 2012) (see below), or to induce cell 

death following cytosolic pathogen detection (Wandel et al., 2020; Santos et al., 

2020; Fisch et al., 2020), the cytosol can provide a spacious and potentially nutrient 

rich niche for replication (Case et al., 2016). Mtb was initially observed in the cytosol 

of macrophages decades ago (Leake et al., 1984; McDonough et al., 1993), however 
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this finding was largely ignored until 2007 when it was shown by transmission 

electron microscopy (TEM) in human dendritic cells that a proportion of Mtb is 

cytosolic (van der Wel et al., 2007). Hereafter a number of reports showed Mtb in 

the cytosol of various cell types including human macrophages (Simeone et al., 

2012; Lerner et al., 2017) and lymphatic endothelial cells (Lerner et al., 2016). In 

human macrophages, cytosolic access occurs relatively early during infection, with 

approximately 20% of bacteria in the cytosol after 2 h with the numbers of cytosolic 

bacilli increasing to 50% over 48 h of infection (Lerner et al., 2017). In cultured 

human lymphatic endothelial cells (hLEC) up to 75% of Mtb is in the cytosol by 48 h 

after infection (Lerner et al., 2016). In dendritic cells, a small number of cytosolic 

bacteria are also detected by 2 h post infection and this number increases as the 

infection progresses over several days (van der Wel et al., 2007). Using a Förster 

resonance energy transfer (FRET) based assay, Simeone et al. demonstrated that 

Mtb can access the cytosol of THP-1 cells as early as 2 h post infection, and the 

FRET signal increases over time, suggesting increasing cytosolic access as the 

infection progresses (Simeone et al., 2012). 

Some of the mycobacterial factors that contribute to phagosome rupture and 

cytosolic access have been described (Queval et al., 2017). The ESX-1 Type VII 

secretion system (T7SS), especially the substrates early secreted antigen target 6 

kDa (ESAT-6 or EsxA) and culture filtrate protein 10 kDa (CFP-10 or EsxB), is 

important for cytosolic localisation in several human cell models (van der Wel et al., 

2007; Simeone et al., 2012; Lerner et al., 2017, 2016). The mechanism of ESX-1 

dependent phagosomal rupture remains poorly understood, however contact of 

ESX-1 with the plasma membrane appears to cause large perturbations in the 

membrane rather than pores, as was previously reported (Conrad et al., 2017). The 

cell wall lipid phthiocerol dimycocerosates (PDIM) facilitates this cytosolic 

translocation (Augenstreich et al., 2017; Lerner et al., 2018; Quigley et al., 2017; 

Barczak et al., 2017; Osman et al., 2020), potentially through insertion into the 

phagosomal membrane and increasing the activity of EsxA (Augenstreich et al., 

2019, 2020).  
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The ESX-1 secretion system is the most intensively studied of the five T7SS 

encoded by the Mtb genome. Mycobacteria capable of causing disease in 

immunocompetent people encode ESX-1 and its deletion from M. bovis is 

responsible for the attenuation of the vaccine strain M. bovis BCG (Pym et al., 2002; 

Majlessi et al., 2005; Brodin et al., 2006). The majority of the components of ESX-1 

are encoded by the region of difference 1 (RD1) of the Mtb genome and deletion of 

this region inactivates the secretion system. The deletion of the RD1 region from Mtb 

mimics M. bovis BCG and Mtb lacking RD1 is unable to replicate efficiently or elicit 

cell death in THP-1 macrophages or peripheral blood mononuclear cells (PBMC), as 

well as showing severe attenuation in the mouse model of TB (Lewis et al., 2003). 

M. marinum lacking RD1 is unable to induce macrophage aggregation that precedes 

granuloma formation in Zebrafish (Volkman et al., 2004). The expression of key 

ESX-1 genes is controlled by the stress responsive transcription factor WhiB6 (Chen 

et al., 2016) and PhoPR two component system (Kumar et al., 2016; Frigui et al., 

2008). Interestingly, ESAT-6 secretion is higher in clinical isolates of Mtb than in the 

lab adapted strain H37Rv (Solans et al., 2014). Whilst structures of the ESX-3 T7SS 

have recently been published, a full understanding of their secretion mechanism 

remains elusive, especially regarding how secreted proteins cross the periplasm and 

outer cell wall (Famelis et al., 2019; Poweleit et al., 2019). 

The complex lipids PDIMs are also required for virulence, with all pathogenic 

mycobacteria and clinical isolates of Mtb expressing PDIMs (Onwueme et al., 2005; 

Goren et al., 1974). Mtb strains lacking PDIMs are attenuated in mice as they are 

more efficiently cleared by the innate immune response (Cox et al., 1999; Day et al., 

2014). PDIMs also shield pathogen associated molecular patterns (PAMPs) to 

restrict the microbicidal activation of macrophages (Cambier et al., 2014). 

The importance of cytosolic access during Mtb infection is not well understood. Mtb 

is able to replicate in membrane bound compartments (Lerner et al., 2016) and is 

able to cause disease in mice in vivo, where cytosolic access is yet to be shown. 

However, smuggling Mtb lacking the RD1 region or unable to synthesise PDIMs into 

the cytosol increases their replication and allows virulence-associated cording 
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(Lerner et al., 2020); suggesting that successful localisation to the cytosol may 

increase virulence. Moreover, whilst several virulent strains of mycobacteria have 

been shown to access the cytosol, non-pathogenic strains and mutants do not 

(Houben et al., 2012). Additionally, given the essential roles for both ESX-1 and 

PDIM in cytosolic access and virulence, a link between the two is highly likely. 

Further, complementation of M. bovis BCG restored cytosolic localisation of the 

bacteria and virulence in mice (Houben et al., 2012; Brodin et al., 2006; Pym et al., 

2002).  

It is also important to distinguish the difference between cytosolic access and being 

free in the cytosol. Whilst assays such as the FRET approach in (Simeone et al., 

2012) can show a loss of phagosome membrane integrity, facilitating contact 

between the β-lactamase and substrate, it cannot determine if the bacteria has fully 

accessed the cytosol and has no host membranes around it. Electron microscopy 

(EM) based approaches, such as those used by (van der Wel et al., 2007; Lerner et 

al., 2017), can, however, demonstrate bacteria free in the cytosol. One important 

caveat to the 2D EM approach is that it cannot be determined if host membranes 

partially cover the bacteria in areas not imaged.   

Several consequences of phagosome damage and cytosolic access by Mtb are 

known. Initially, damage to the phagosome membrane triggers targeting to 

autophagy (Watson et al., 2012), which can also be subverted by Mtb in an ESX-1 

dependent manner (Romagnoli et al., 2012), discussed in detail later. In THP-1 cells 

phagosome damage is rapidly followed by plasma membrane damage, NOD- LRR- 

and Pyrin-domain containing protein 3 (NLRP3) inflammasome activation and 

pyroptotic cell death (Beckwith et al., 2020). Primary human macrophages and THP-

1 cells can survive for several days following Mtb infection before undergoing 

necrotic cell death, in an RD1 dependent manner, with Mtb replicating in the necrotic 

corpses (Lerner et al., 2017; Simeone et al., 2012). Human dendritic cells undergo 

increased apoptotic cell death when infected with Mtb WT but not M. bovis BCG or 

Mtb RD1 mutants (van der Wel et al., 2007). Regardless of the mode, cytosolic 
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access eventually triggers cell death and lysis facilitating cell-to-cell spread of Mtb 

(Beckwith et al., 2020). 

1.2 Intracellular membrane damage and repair 

Causes of intracellular membrane damage 

Damage to intracellular membranes occurs due to various insults including pathogen 

infection, osmotic stress, and crystal formation. As well as being pathological, 

membrane damage can be important for normal biological processes, for example 

selective damage to lysosomes plays a role in chromosome segregation during 

mitosis (Hämälistö et al., 2020). Regardless of the cause of the membrane damage 

cells need to be able to either repair it or degrade the damaged organelle. Failure to 

do so can be cytotoxic and this may play a role in many human diseases, including 

Parkinson’s disease (Repnik et al., 2017; Herbst et al., 2020; Papadopoulos et al., 

2020).  

As with Mtb, many other intracellular pathogens damage their limiting host 

membrane in order to access the cytosol. For most of these, a role for both bacterial 

and host proteins and processes has been described. Listeria uses LLO in concert 

with bacterial phospholipases (Smith et al., 1995). The action of LLO is potentiated 

by host proteins including the cystic fibrosis transmembrane conductance regulator 

(CFTR) and γ-interferon inducible lysosomal thiol reductase (GILT) (Radtke et al., 

2011; Singh et al., 2008). The Salmonella T3SS, SPI-1, has been implicated in 

damaging the membrane of the Salmonella containing vacuole (SCV) (Knodler et 

al., 2010; Malik-Kale et al., 2012; Roy et al., 2004). This process is aided by the 

dynamic expansion and shrinkage of the SCV through fusion with macropinosomes 

and tubule-based membrane removal (Stévenin et al., 2019). Infection associated 

macropinosomes also increase IpaB and IpaC triggered rupture of the Shigella 

vacuole, through a contact dependent mechanism (Weiner et al., 2016; Mellouk et 

al., 2014).  

The formation of pores is a common mechanism deployed by many pathogen 

effectors in order to induce membrane damage. Some gram positive bacteria encode 

proteins belonging to the cholesterol-dependent cytolysin family, for example Listeria 
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derived LLO and streptolysin-O produced by Group A Streptococcus (GAS), which 

form pores in membranes to facilitate cytosolic access (Schnupf and Portnoy, 2007; 

Nakagawa et al., 2004; Feil et al., 2014).  

Recognition of membrane damage by galectins 

Given that endomembrane damage can cause significant cellular damage and be 

cytotoxic (Papadopoulos et al., 2020), it is important that cells are able to detect 

perturbations in membrane integrity. Following endomembrane damage select 

members of a family of cytosolic lectins, called galectins (Gal), recognise luminal 

sugar moieties exposed to the cytosol (Thurston et al., 2012; Paz et al., 2010). From 

the galectin family, Gal3, Gal8 and Gal9 have had their functions best characterised 

(Figure 1.2.1). Gal3 regulates the recruitment of the endosomal sorting complex 

required for transport (ESCRT) machinery to coordinate repair of small damage (Jia 

et al., 2020b). Gal9 activates AMP dependent kinase (AMPK) to promote 

autophagosome biogenesis (Jia et al., 2018, 2020a). Gal8 controls autophagy 

through inhibiting mechanistic target of rapamycin complex 1 (mTORC1) (Jia et al., 

2018) and recruitment of the initiation machinery (Thurston et al., 2012; Ravenhill et 

al., 2019). Following recognition of membrane damage Gal8 recruits the adaptor 

protein nuclear dot protein 52 (NDP52) (Thurston et al., 2012), which facilitates 

recruitment of the Unc-51 like autophagy activating kinase 1 (ULK1) complex directly 

to the bacteria to initiate selective autophagy, known as xenophagy (Ravenhill et al., 

2019). A similar pathway operates during mitophagy, where damaged and 

dysfunctional mitochondria are targeted for degradation (Vargas et al., 2019; Turco 

et al., 2019).  

The recognition of extensive membrane damage by galectins is preceded by flipping 

of sphingomyelin from the inner to the outer leaflet of endomembranes and the 

presence of small, 100-200 nm pores (Ellison et al., 2020). Molecular dynamics 

simulations have shown that lipids likely move between bilayers through a flip-flop 

mechanism during various pore-forming processes (Marrink et al., 2009). As 

transbilayer movement of lipids can be an energetically costly process, it is often 

assisted by lipid flippases, floppases and scramblases (Hankins et al., 2015). 
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Whether such events are required to transfer sphingomyelin, or if it undergoes flip-

flop due to small pores is unknown. Moreover, alterations in membrane lipid content, 

especially cholesterol, are linked to alterations in membrane stability, damage 

susceptibility and pore forming toxin activity (Rojko and Anderluh, 2015; Raffy and 

Teissié, 1999). For example, clusters of sphingomyelin are associated with the 

insertion of the pore forming toxins lysenin, which is now used as a probe for 

sphingomyelin (Yamaji et al., 1998; Ellison et al., 2020). If, and how, sphingomyelin 

flipping prior to or during membrane damage is detected by cells, and the cellular 

response to this flipping currently requires further study. 

Repair of damaged intracellular membranes 

Following successful recognition of membrane damage cells are thought to initially 

attempt repair of the damage, so long as it is limited and small (Skowyra et al., 2018). 

If the damage extends, or if repair fails then the autophagy machinery – introduced 

in detail below – will degrade the damaged organelle (Gutierrez and Carlton, 2018; 

Radulovic et al., 2018; Herbst et al., 2020).  

The ESCRT-III machinery recognises a reverse membrane topology and brings 

about scission during multivesicular body formation (Babst et al., 2002a; b; 

Katzmann et al., 2001). The ESCRT machinery has subsequently been shown to 

have diverse roles in cells where similar membrane topologies are observed such 

as cell division and nuclear envelope reformation (Carlton and Martin-serrano, 2007; 

Olmos et al., 2015). Additionally, the ESCRT machinery participates in the repair of 

damaged endolysosomal membranes (Skowyra et al., 2018; Radulovic et al., 2018). 

It is believed that the ESCRT machinery will repair small damage to endolysosomes, 

in the order of less than 100 nm in diameter, as was shown for ESCRT-mediated 

plasma membrane repair (Jimenez et al., 2014). The exact mechanism of how repair 

is achieved is unknown. Putative hypotheses include pinching off of small vesicles 

to seal the two ends of the membrane, or forming spiral disks occluding the hole to 

allow membrane to flow over and seal the sap (Gutierrez and Carlton, 2018). One 

question that is still not answered is what triggers the recruitment of the ESCRT 

machinery. Calcium has been proposed (Scheffer et al., 2014; Skowyra et al., 2018) 
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however this was not recapitulated by (Radulovic et al., 2018). Ca2+ dependent, 

leucine rich repeat kinase 2 (LRRK2) mediated phosphorylation of Rab8 also plays 

a role, although the mechanistic link between Rab8 and ESCRT recruitment is still 

unknown (Herbst et al., 2020). 

In addition to repairing endolysosomal damage, some components of the ESCRT 

machinery are also recruited to mycobacterial phagosomes (López-Jiménez et al., 

2018; Mittal et al., 2018). Interestingly, the recruitment of ESCRT-III is enhanced by, 

but not dependent on, the ESX-1 T7SS (Mittal et al., 2018), suggesting that whilst 

the ESX-1 machinery is required for large enough damage to facilitate phagosome 

escape, smaller damage may occur without it. Alternatively, the ESCRT machinery 

could have a different function in non-damage related activities on Mtb ΔRD1 

phagosomes. The correct functioning of the ESCRT machinery is disrupted in Mtb 

infected macrophages. Through the secretion of EsxG and EsxH by the ESX-3 T7SS 

Mtb blocks the action of the ESCRT machinery in repairing membranes damaged by 

Mtb or L-leucyl-L-leucyl methyl ester (LLOMe), a compound that damages lysosomal 

membranes (Mittal et al., 2018). EsxH interacts with Hrs, a component of the 

ESCRT-0 machinery responsible for cargo recognition during endosomal sorting, to 

disrupt phagosome maturation (Mehra et al., 2013). This interaction between EsxH 

and Hrs is not required for inhibiting ESCRT-III mediated endomembrane repair, thus 

the precise mechanism of EsxGH mediated inhibition of ESCRT-III action is 

unknown (Mittal et al., 2018). Although no direct link has been made, it is tempting 

to speculate there is a link between the EsxH mediated inhibition of antigen 

presentation and T cell activation and its ability to block phagosome maturation and 

endomembrane repair (Portal-Celhay et al., 2016). 

When endosomal and phagosomal membranes have been more extensively 

damaged and the ESCRT machinery is unable to close the gap autophagosomes 

may contribute to repair; as reported with damaged Salmonella containing 

endosomes (Kreibich et al., 2015). During macrophage infection with the fungal 

pathogen Candida albicans continued influx of lysosomal membranes facilitates 

maintenance of phagosome membrane integrity as the pathogen replicates 
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(Westman et al., 2020). Disruption of lysosomal membrane influx leads to increased 

membrane damage, enhanced inflammasome activation and increased cell death. 

It has been postulated that the lysosomal protein Synaptotagmin VII, which plays a 

role in plasma membrane repair through lysosomal fusion (Reddy et al., 2001), aids 

in repairing or recapturing Yersinia pseudotuberculosis, and possibly Salmonella, 

following phagosome permeabilisation through increased lysosomal fusion (Roy et 

al., 2004).  

Removal of damaged membranes 

Terminally damaged organelles, such as lysosomes, are removed and degraded by 

the autophagy machinery (Maejima et al., 2013; Settembre et al., 2011). Signals for 

removal include Gal8 recruitment (Thurston et al., 2012) and polyubiquitination 

(Maejima et al., 2013; Koerver et al., 2019). Polyubiquitin chains, particularly K63 

linked, decorate terminally damaged lysosomes. This ubiquitination requires the E2 

UBE2QL1 but the implicated E3 enzymes have yet to be identified (Koerver et al., 

2019). The removal of damaged lysosomes by the autophagy pathway is important 

for the restoration of the cellular pool of acidified lysosomes as the previously 

damaged lysosomes re-acidify (Maejima et al., 2013). 

Lysosomal damage also leads to replacement of lysosomes in order to restore 

lysosomal function. This requires translocation of the transcription factor EB (TFEB) 

to the nucleus and membrane protein recycling (Eriksson et al., 2020). TFEB 

regulates the transcription of lysosomal biogenesis genes, as well as genes for 

proteins that regulate the autophagy pathway (Napolitano and Ballabio, 2016). The 

lysosome resident, energy sensing kinase mTORC1 inhibits TFEB activity through 

phosphorylation (Settembre et al., 2012; Roczniak-Ferguson et al., 2012) so the 

inactivation of mTORC1 by Gal8 upon recognition of damage leads to the lysosome 

replacement program (Jia et al., 2018).  
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Figure 1.2.1 Recognition and resolution of endomembrane damage. Damage to membranes of 

the endosomal and phagosomal systems can be induced by chemicals, crystals and intracellular 

pathogens. Galectins and polyubiquitin serve as recognition signals for damaged endomembranes. 

Through the recruitment of additional proteins, galectins can coordinate the repair of damage by 

ESCRTs, removal of irreparable damage by autophagy and replacement of lysosomes through TFEB 

regulated transcription. Membrane protein ubiquitination further enhances autophagic clearance of 

damaged organelles through an interaction with autophagy receptors, such as p62. Overall, this 

system achieves endomembrane homeostasis to prevent cytotoxicity from the leaking of luminal 

contents into the cytosol. 

1.3 Autophagy and immune defence 

Autophagosome biogenesis, maturation and degradation 

Macroautophagy, hereafter referred to as autophagy, is the process by which cells 

enwrap regions of cytoplasm in a double membraned organelle – the 

autophagosome – for targeting to the lysosome for degradation (Eskelinen and 

Saftig, 2009). Initially discovered in yeast as a starvation response, autophagy is 
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highly conserved across eukaryotes with diverse functions (Yang and Klionsky, 

2009). Autophagosome biogenesis in response to starvation is tightly regulated by 

the two energy-sensing kinases – mTOR and AMPK. Autophagy begins with the 

formation of a membrane structure called the phagophore from the endoplasmic 

reticulum (ER) followed by rapid expansion of this membrane to form an 

autophagosome, which closes to isolate the luminal contents from the rest of the 

cytoplasm (Figure 1.3.1). During cellular energy depletion, which causes mTORC1 

inactivation and AMPK activation, the ULK1 complex localises to the ER and 

phosphorylation changes lead to the initiation of autophagosome biogenesis (Kim et 

al., 2011b). ULK1 activates the lipid kinase activity of phosphatidylinositol-3-kinase 

(PI3K) catalytic subunit type 3 (Vps34) to generate PI3P at defined sites on the ER, 

termed the omegasome (Russell et al., 2013; Park et al., 2016; Axe et al., 2008). 

WD40 repeat domain phosphoinositide interacting protein 2b (WIPI2b) binds to PI3P 

to recruit the Atg5-12-16L1 complex (Dooley et al., 2014), which proceeds to 

conjugate Atg8 family proteins (LC3s, GABARAPs) to phosphatidylethanolamine 

lipids in the forming phagophore (Fujita et al., 2008; Sou et al., 2006). The 

recruitment of Atg8 proteins is essential for elongation and closure of the 

phagophore as well as cargo recruitment (Slobodkin and Elazar, 2013). Once the 

forming autophagosome has two ends that are close together, a fusion event, 

mediated by the ESCRT machinery and Atg8, leads to completion of the 

autophagosome (Takahashi et al., 2018; Zhou et al., 2019; Zhen et al., 2020; 

Nakatogawa et al., 2007). A Rab5 dependent interaction of Atg17 with the ESCRT-

III component Snf7 is implicated in the recruitment of ESCRTs to the phagophore 

(Zhou et al., 2019) and depletion of ESCRT-III components leads to increased 

numbers of open phagophores, as observed by electron microscopy (Takahashi et 

al., 2018), and a failure to engulf mitochondria in closed autophagosomes (Zhen et 

al., 2020).  

Following closure, autophagosomes dissociate from the ER and mature in a similar 

way to endosome maturation in the endocytic pathway (Tooze et al., 2014; Lamb et 

al., 2013). Following lysosomal fusion to form autophagolysosomes, the luminal 

contents and inner membrane are degraded (Zhao and Zhang, 2019). Initially, fusion 
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events of autophagosomes with early and late endosomes leads to the formation of 

the amphisome – an Atg8 positive structure with a single membrane and 

autophagosomal and endosomal material in the lumen. The molecular machinery 

governing these fusion remains poorly understood (Zhao and Zhang, 2019). Finally, 

the amphisome fuses with lysosomes to generate a hydrolytic and acidic 

environment in order to degrade the luminal contents. The fusion of amphisomes 

with lysosomes is regulated by two soluble n-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE) complexes consisting of syntaxin (STX)17-

synaptosomal associated protein (SNAP)29-vesicle associated membrane protein 

(VAMP)8 (Itakura et al., 2012) and YKT6-SNAP26-STX7 (Matsui et al., 2018). 

STX17 is targeted to autophagosomes by immunity-related GTPase (IRG)-M 

(Kumar et al., 2018) and collapse of the inner autophagosome membrane leads to 

dissociation of STX17, independently of acidification (Tsuboyama et al., 2016). The 

small GTPase Rab7 plays a crucial role in autophagosome-lysosome fusion 

(Gutierrez et al., 2004b) through the targeting of various tethers, including ectopic P 

granules protein 5 (EPG5) (Wang et al., 2016), the homotypic fusion and protein 

sorting (HOPS) complex (Hegedus et al., 2016; Gao et al., 2018), and pleckstrin 

homology domain containing family member 1 (PLEKHM1) (McEwan et al., 2015; 

Tabata et al., 2010; Nguyen et al., 2016), to lysosomes. These tethers work to 

stabilise the SNARE complexes and promote fusion. Other tethers including Atg14 

(Diao et al., 2015) and GRASP55 (Zhang et al., 2018) have been implicated in 

enhancing the activity of autophagosomal SNARE complexes.  

Of the Atg8 family proteins, of which there are six in humans: LC3A/B/C, GABARAP, 

GABARAPL1, and GABARAPL2 (Shpilka et al., 2011), LC3 is the most commonly 

studied and is frequently used as a specific marker for autophagic compartments. 

LC3 localisation to autophagosomes is dependent on form II formation, i.e. the 

lipidation onto lipids, primarily phosphatidylethanolamine, in the 

phagophore/autophagosome membrane (Kabeya et al., 2004, 2000) and both LC3s 

and GABARAPs are essential for autophagy (Weidberg et al., 2010). Prior to 

lipidation, Atg8s must be activated through a C-terminal cleavage event mediated 

by Atg4 (Agrotis et al., 2019) and then loaded onto the E1- and E2-like enzymes, 
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Atg7 and Atg3 respectively, prior to lipid conjugation by the Atg5-12-16L1 E3-like 

complex. Proteins containing either an LC3 interacting region (LIR) or GABARAP 

interaction motif (GIM) (Rogov et al., 2017) can bind to members of their respective 

Atg8 family in order to be recruited to the autophagosome. Through this recruitment 

of proteins Atg8s are important for cargo recruitment, membrane elongation, and 

autophagosome trafficking (Olsvik et al., 2015). Whilst a large degree of sequence 

and structural homology exists among Atg8s, key differences provide specificity for 

receptor and adaptor recruitment. For example the cargo receptor NDP52 

specifically binds to LC3C (von Muhlinen et al., 2012) and the trafficking protein 

FYVE and coiled-coil domain containing protein 1 (FYCO1) preferentially binds 

LC3A/B (Olsvik et al., 2015). GABARAPs are particularly important in 

autophagosome maturation, likely due to the presence of a GIM in PLEKHM1 

(Weidberg et al., 2010; Rogov et al., 2017).  

Monitoring LC3B processing is frequently used to monitor autophagosome formation 

and degradation, known as flux, due to a wide range of tools available including 

fluorescent protein constructs and validated antibodies. By Western blot, LC3 

conjugated to lipids (LC3-II) – thus incorporated into autophagic membranes – runs 

at 15 kDa whereas the Atg4 processed, unconjugated, cytosolic form (LC3-I) runs at 

18 kDa. By measuring changes in the ratio of these two forms or levels of LC3-II, 

one can identify changes in levels of autophagosomes. By inhibiting lysosomal 

function, e.g. by inhibiting the v-ATPase with Bafilomycin A1 (BafA1), and thus 

blocking autophagosome degradation it is possible to determine if changes in LC3 

processing are due to changes in biogenesis or degradation (Klionsky et al., 2016). 

Additionally, the conjugated form will produce puncta by fluorescence microscopy so 

counts of LC3B puncta show how autophagosome numbers change in response to 

stimuli.   

The source of the autophagosomal membrane is one of the most controversial 

questions in the field. The ER is a well-defined and broadly accepted platform for 

autophagosome biogenesis (Hayashi-Nishino et al., 2010; Biazik et al., 2015), with 

ER-mitochondria contact sites being the specific subdomain where this occurs 
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(Hamasaki et al., 2013). The expansion of the phagophore requires an influx of 

membrane and lipids from various sources including mitochondria, the Golgi 

apparatus, recycling endosomes, and the ER (Yamamoto et al., 2012; Valverde et 

al., 2019; Osawa et al., 2019; Maeda et al., 2019; Hamasaki et al., 2013; De Tito et 

al., 2020). Moreover, lipid influx from the ER is mediated by Atg2 and these lipids 

are directly incorporated into the autophagosomal membrane (Valverde et al., 2019; 

Tang et al., 2019; Osawa et al., 2019; Maeda et al., 2019). 

 

 

Figure 1.3.1 Autophagosome biogenesis. Autophagosome biogenesis is controlled by the two 

energy sensing kinases mTOR and AMPK. Activation of autophagosome biogenesis is triggered 

through the activity of a protein and lipid kinase complex to generate PI3P enriched microdomains of 

the ER. PI3P facilitates the recruitment of WIPI proteins, which recruit the Atg5-12-16L1 E3 like 

complex to lipidate Atg8 family proteins onto the phagophore. An influx of lipids and membranes from 

various sources facilitates the elongation of the phagophore to the fully formed autophagosome. After 

formation, autophagosomes eventually fuse with lysosomes to degrade the inner membrane and 

luminal contents. 
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Non-canonical autophagy 

Over the past decade, research has uncovered alternative pathways that co-opt 

components of the autophagy machinery to conjugate Atg8 family proteins, 

especially LC3, onto single membranes. This single membrane autophagy is broadly 

known as non-canonical autophagy. Initially discovered as a response following 

neutralisation and swelling of endolysosomal compartments by compounds such as 

monensin and chloroquine, it is now known to also play a role during entosis, the 

engulfment of living cells (Florey et al., 2011, 2015). Moreover, a form of non-

canonical autophagy, known as LC3-associated phagocytosis (LAP), has also been 

shown to play a role in immune defence (see below) (Martinez et al., 2011). Finally, 

in microglia LC3-associated endocytosis (LANDO) has been implicated in clearance 

of Aβ to prevent neurodegeneration (Heckmann et al., 2019). 

Autophagy and pathogen immunity 

Targeting of bacteria to autophagy mediated clearance, known as xenophagy, has 

been implicated in defending multiple cell types against multiple pathogens 

(Gutierrez et al., 2004a; Randow and Münz, 2012; Nakagawa et al., 2004; 

Birmingham et al., 2006). Xenophagy refers to the recognition of bacteria, usually as 

they translocate into the cytosol, and their capture by newly formed autophagosomes 

(Figure 1.3.2), as is discussed in detail below. Defects in xenophagy are frequently, 

but not always, associated with increased pathogen replication and poorer outcomes 

of infection both in vitro and in vivo.  

The non-canonical autophagy pathway of LAP leads to the direct conjugation of LC3 

to the phagosomal membrane with the resulting structure referred to as a LAPosome 

(Martinez et al., 2011, 2015; Sanjuan et al., 2007) (Figure 1.3.2). LAP is independent 

of the ULK1 complex and does not require Atg14 but instead uses UV radiation 

resistance-associated gene (UVRAG) and Rubicon as subunits of the Vps34 

complex (Martinez et al., 2015). In the context of canonical autophagy, Rubicon is a 

negative regulator (Matsunaga et al., 2009). The non-canonical autophagy pathways 

require the lipidation machinery of Atg4, Atg7, Atg3 and Atg5-12-16L1. LAP is 

triggered following ligation of pathogen recognition receptors such as TLRs (Sanjuan 
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et al., 2007), Dectin1/2 (Ma et al., 2012) or antibody receptors like FcγR2a. This 

initiates signalling pathways involving Syk (Tam et al., 2014) and diacylglycerol 

(DAG) mediated recruitment of protein kinase C (PKC) isoform δ (Shahnazari et al., 

2010) to assemble active NADPH oxidase on the nascent phagosome (Huang et al., 

2009) and this triggers LAP through the generation of reactive oxygen species 

(ROS). The Rubicon containing PI3K complex generates PI3P to recruit the p40phox 

subunit of NAPH oxidase and Rubicon itself stabilises the p22phox subunit (Martinez 

et al., 2015; Yang et al., 2012; Bagaitkar et al., 2017; Nunes et al., 2013). In addition 

to conjugation to phosphatidylethanolamine, LC3 is also conjugated to 

phosphatidylserine during non-canonical autophagy (Durgan et al., 2020). 
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Figure 1.3.2 Mechanisms of canonical vs non-canonical autophagy in pathogen infection. 

Following phagocytosis pathogens can be targeted to LC3 positive compartments by a canonical 

pathway, xenophagy (a), or non-canonical autophagy, LAP (b). Whilst xenophagy requires all 

components of the autophagosome biogenesis machinery and the de novo formation of an 

autophagosome, LAP conjugates LC3 directly onto the newly formed phagosomal membrane. Both 

pathways deliver their contents to lysosomes for degradation. Reproduced from (Upadhyay and 

Philips, 2019), copyright 2019 with permission of Elsevier. 
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Another mechanism by which bacteria could be targeted to autophagic 

compartments is through the fusion of the phagosome directly with an 

autophagosome (Figure 1.3.3). Whilst evidence for this is currently lacking, it is 

feasible that phagosomes could fuse with autophagosomes, as is seen with 

autophagosome-endosome fusion during amphisome generation (Zhao and Zhang, 

2019), if they have the required tethering and fusion machinery.  

Initiation of xenophagy 

Commonly, the autophagy machinery targets bacteria as they translocate to the 

cytosol through two predominant mechanisms: recognition of the membrane 

damage event (Thurston et al., 2012) or ubiquitination of pathogens and/or host 

proteins (Perrin et al., 2004; Zheng et al., 2009) (Figure 1.3.3). As described earlier, 

endomembrane damage leads to the recruitment of galectins (Thurston et al., 2012). 

In the context of xenophagy, Gal8 is required for successful autophagic targeting 

through the recruitment of NDP52, ULK1, TANK binding kinase 1 (TBK1) and Tax-1 

binding protein 1 (TAX1BP1) (Thurston et al., 2012; von Muhlinen et al., 2012; 

Thurston et al., 2016; Ravenhill et al., 2019; Bell et al., 2020). Gal3 recruits the 

ubiquitin ligase tripartitie motif containing protein (TRIM) 16 in the context of Mtb 

infection and defects in this pathway reduce ubiquitination and lysosomal targeting 

of Mtb (Chauhan et al., 2016). During infection with L. pneumophila, Gal3 recruits 

guanylate binding proteins (GBP), although this is not associated with autophagy, 

further supporting the concept of galectins having multiple autophagy dependent and 

independent functions during infection (Feeley et al., 2017).  

In general, ubiquitination follows the galectin-mediated recognition of membrane 

damage (Chauhan et al., 2016; Noad et al., 2017). Ligation of polyubiquitin to 

bacteria and/or damaged membranes serves as a platform for enhancing autophagic 

targeting (Perrin et al., 2004; Zheng et al., 2009). Ubiquitin is able to recruit cargo 

receptors such as p62, NDP52, TAX1BP1, Optineurin, and next to BRCA1 gene 

(NBR1), which also contain LIRs (Wild et al., 2011; Tumbarello et al., 2015; Zheng 

et al., 2009; Thurston et al., 2009; Franco et al., 2016). LIRs enable the targeting of 

ubiquitinated substrates to autophagosomes by binding to LC3 on the luminal 
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surface of the forming autophagosome. It is likely that cargo receptors provide a 

scaffolding role to shape the growing autophagosome and anchor it to the bacteria. 

Additionally, Atg16L1 is able to bind ubiquitin directly, through its C-terminal WD40 

domain, to initiate xenophagy (Fujita et al., 2013).  

The substrates for ubiquitination are poorly characterised but are likely a 

combination of both bacterial and host proteins (Fiskin et al., 2016; Chai et al., 2019). 

Further argument for ubiquitination of the bacterial surface comes from in vitro 

experiments performed with GAS where NO induced S-guanylation of surface 

proteins increases K63 polyubiquitin and autophagic targeting (Ito et al., 2013). 

Ubiquitination of host proteins also occurs; however, whether this impacts 

xenophagy is unclear. Ubiquitination of host proteins is important for autophagy 

mediated clearance of membrane remnants from phagosomal rupture by Shigella to 

limit early inflammasome activation (Dupont et al., 2009). 

It is generally accepted that the successful re-localisation of bacteria from a 

membrane bound compartment into the cytosol is detrimental for the cell. Cytosolic 

bacteria are not exposed to the bactericidal environment of the phagolysosome, 

have greater space for replication and potentially increased nutrient availability; all 

of which will favour bacterial survival (Case et al., 2016). In the context of Salmonella, 

successful access to the cytosol is associated with hyper-replication (Brumell et al., 

2002). Additionally, successful escape into the cytosol allows actin-mediated cell-to-

cell spread of certain pathogens such as Listeria and Shigella (Bernardini et al., 

1989; Tilney and Portnoy, 1989). Ultimately, uncontrolled pathogen replication in the 

cytosol will lead to cell death (Fredlund and Enninga, 2014). Thus, having temporally 

regulated responses likely provides fail-safes to prevent bacterial replication, cell-to-

cell spread and cell death. 

There are multiple ubiquitin binding cargo receptors that lead to autophagic 

targeting, likely to provide multiple layers of regulation. It is possible that this is simply 

a mechanism for redundancy in the system, indeed deletion of any single cargo 

receptor only has a small effect on pathogen autophagic targeting (Thurston et al., 

2009; Zheng et al., 2009). Combined knockdown of NDP52 and Optineurin doesn’t 
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have an additive effect on increasing Salmonella burden in HeLa cells, suggesting 

some redundancy (Wild et al., 2011). Autophagy receptor expression is also 

restricted in tissues, for example TAX1BP1 is only detected in human brain and 

kidney, although cell type specific expression was not analysed in this work (Sarraf 

et al., 2020). NDP52 is an autophagy adaptor that contains a LIR motif with 

specificity for LC3C binding and is particularly important for xenophagy (von 

Muhlinen et al., 2012). Additionally, polyubiquitin chains formed through different 

lysine residues in ubiquitin are associated with bacteria and these alternative 

linkages have different downstream consequences (Huett et al., 2012; Noad et al., 

2017; Polajnar et al., 2017). Linear ubiquitin, synthesised by the E3 ligase linear 

ubiquitin assembly complex (LUBAC) on the surface of Salmonella, specifically 

recruits Optineurin for xenophagy as well as NF-κB essential modulator (NEMO) to 

induce NF-κB signalling (Noad et al., 2017). In Mtb infection the E3 ubiquitin ligase 

Parkin catalyses the formation of K63 and SMURF1 K48 polyubiquitin (Franco et al., 

2016; Manzanillo et al., 2013). Knockdown of SMURF1 decreased NBR1 but not 

p62 recruitment, implicating K48 linked polyubiquitin in NBR1 but not p62 recruitment 

(Franco et al., 2016). In addition to recruiting the autophagy machinery, K48 linked 

polyubiquitin recruits the proteasome to bacteria (Perrin et al., 2004; Franco et al., 

2016). Specific recognition of different signals is also implied by the localisation of 

Optineurin, NDP52 and p62 to different microdomains around Salmonella (Cemma 

et al., 2011; Wild et al., 2011).  

Atg16L1 is important for the process of xenophagy as cells carrying the T300A 

mutation, which increases caspase mediated cleavage and is associated with 

Crohn’s disease (Murthy et al., 2014), show increased replication of S. flexneri 

(Lassen et al., 2014). This phenotype can be explained as the result of a direct 

interaction between Atg16L1 and the v-ATPase to initiate xenophagy (Xu et al., 

2019) and NOD1 and NOD2 dependent recruitment Atg16L1 to sites of bacterial 

entry (Travassos et al., 2010) thus implicating Atg16L1, and the Atg5-12-16L1 

complex, as key for efficient xenophagy.  
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Following phagocytosis and membrane rupture, cytosolic Shigella polymerise actin 

for intracellular motility and to facilitate cell-to-cell spread. At these sites of actin 

polymerisation, Septins form rings which assemble into cages to restrict Shigella 

prior to formation of the actin tail. Interestingly, these Septin cages colocalised with 

ubiquitin, p62 and LC3B suggesting a link with xenophagy (Mostowy et al., 2010). 

Disrupting Septin cage formation by siRNA decreased autophagic targeting of 

Shigella and depleting key autophagy proteins disrupted Septin cage formation, 

suggesting an intricate link between these processes (Mostowy et al., 2010). 

Activation of one of the critical kinases controlling autophagy, AMPK, during Mtb 

infection or as a result of Salmonella outer membrane vesicles enhances the 

xenophagy response (Losier et al., 2019; Yang et al., 2014). Chemical activation of 

AMPK in Mtb infected murine bone marrow derived macrophages (BMDM) blocks 

Mtb induced mTOR phosphorylation to promote autophagosome biogenesis and 

increases targeting of Mtb to LC3 positive compartments (Yang et al., 2014). 

Salmonella outer membrane vesicles prime uninfected cells by phosphorylation 

events so the cells are ready to defend themselves following infection, without 

affecting basal autophagy (Losier et al., 2019). 

An essential kinase for efficient xenophagy is TBK1, with multiple downstream 

targets being implicated. TBK1 was initially described for its role in induction of Type 

I IFN in anti-viral immune responses. TBC1D9 is recruited to GAS through ubiquitin 

and Ca2+ binding to promote TBK1 activation for xenophagy mediated clearance of 

GAS (Nozawa et al., 2020). Rab35 mediated recruitment of NDP52 facilitates the 

recruitment of TBK1 to Salmonella (Thurston et al., 2009; Minowa‐Nozawa et al., 

2017). In Mtb infection TBK1 is activated by stimulator of interferon genes (STING) 

following cytosolic DNA sensing and elimination of M. bovis BCG by xenophagy 

requires both Rab8B and TBK1 (Pilli et al., 2012; Watson et al., 2015). In the context 

of xenophagy, TBK1 phosphorylates multiple cargo receptors, including Optineurin 

and p62, to enhance their ubiquitin and LC3 binding (Richter et al., 2016; Wild et al., 

2011; Pilli et al., 2012). As well as controlling autophagosome biogenesis, TBK1 also 

appears to play a role in autophagosome maturation (Pilli et al., 2012). 
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Figure 1.3.3 Pathogen targeting to autophagic compartments. Xenophagy is initiated following 

membrane damage by the recruitment of Gal8 and polyubiquitin to the damaged membranes and 

pathogen. Both the pathogen and the phagosome membrane remnants can be targeted for 

autophagy mediated degradation. Alternatively, LC3 can be fused directly to the phagosome 

membrane following the recruitment of the NADPH oxidase complex and generation of phagosomal 

ROS. Direct fusion of phagosomes and autophagosomes or autophagolysosomes would result in 

pathogens that localise in LC3 positive compartments. 

Expansion of the phagophore to engulf large cargoes 

Whilst autophagosomes induced by starvation are generally 0.5-2 µm in diameter 

(Klionsky and Eskelinen, 2014), in order to engulf large cargoes such as 

mitochondria and bacteria the autophagosomes need to be much larger. During both 
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mitophagy and xenophagy evidence has emerged for the generation of multiple 

phagophores or multiple initiation events around the cargo, which should then fuse 

to form one complete autophagosome (Ravenhill et al., 2019; Dalle Pezze et al., 

2020). During the induction of mitophagy, p62 mediates the clustering of 

mitochondria, however this is not required for mitophagy to occur but may improve 

efficiency (Narendra et al., 2010). 

One of the first live imaging studies of xenophagy was reported with Salmonella and 

clearly shows the steady expansion of the autophagosome around the bacterium 

(Kageyama et al., 2011). However, there is a lack of studies specifically investigating 

membrane sources and dynamics during xenophagy. As with starvation induced 

autophagosome biogenesis, multiple membrane sources are likely to be important.  

Xenophagy and Mtb 

Following phagosomal rupture, Mtb DNA is released into the cytosol in an ESX-1 

dependent manner and is recognised by cyclic GMP-AMP (cGAMP) synthase 

(cGAS) to elicit the production of cGAMP to activate STING which in turn activates 

TBK1 (Watson et al., 2012, 2015) (Figure 1.3.4). The precise mechanism of Mtb 

DNA release into the cytosol remains to be defined. As with other pathogens, the 

activation of TBK1 is crucial for an effective xenophagy response (Watson et al., 

2012; Thurston et al., 2009). Additionally, TBK1 phosphorylates interferon regulatory 

factor (IRF) 3 to promote the transcription of Type I IFNs. Genetic disruption of this 

pathway at any stage results in decreased ubiquitination, autophagy receptor and 

LC3 recruitment to Mtb (Watson et al., 2012, 2015). The Type I IFN response is 

negatively regulated by TRIM14 and TRIM14 KO macrophages show improved 

control of Mtb replication (Hoffpauir et al., 2020).  

The best characterised trigger for xenophagy of Mtb is polyubiquitination. Several 

E3 ubiquitin ligases are involved in the polyubiquitination response to phagosomal 

rupture by Mtb including Parkin, SMURF1 and TRIM16 (Manzanillo et al., 2013; 

Franco et al., 2016; Chauhan et al., 2016). Deletion of any of these E3 ligases 

attenuates, but does not abolish, autophagic targeting implying redundancy amongst 

the E3 ligases or, alternatively, ubiquitin independent mechanisms for counteracting 
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cytosol invading Mtb. In addition to its ubiquitination function, the recruitment of 

TRIM16 by Gal3 facilitates the recruitment of ULK1 and Beclin1 to Mtb (Chauhan et 

al., 2016). Additionally, the Mtb protein Rv1468c directly recruits ubiquitin to the 

bacterial surface leading to p62 recruitment and xenophagy (Chai et al., 2019).  

As with other pathogens, several autophagy receptors transduce the ubiquitination 

signal to the autophagy pathway. NDP52 is important for transduction of 

cGAS/STING mediated ubiquitination (Watson et al., 2012, 2015). In the zebrafish 

M. marinum model, depletion of either optineurin or p62 increases bacterial burden, 

whereas their overexpression increases autophagic targeting (Zhang et al., 2019). 

In murine dendritic cell lines, the receptor p62 colocalises with ubiquitin and LC3 

positive Mtb and plays a role in xenophagic targeting (Seto et al., 2013). Both p62 

and optineurin, but not NDP52, are phosphorylated upon Mtb infection, which is 

associated with increased activity (Budzik et al., 2020; Wild et al., 2011; Richter et 

al., 2016; Pilli et al., 2012). Gal8 recruits TAX1BP1 to Mtb (Bell et al., 2020), where 

it is also phosphorylated in response to Mtb infection and mouse macrophages 

lacking TAX1BP1 show disrupted autophagic targeting of Mtb and increased Mtb 

replication (Budzik et al., 2020).  

In addition to ubiquitination, several other proteins have been shown to be important 

for efficient recognition and capture of Mtb by the autophagy machinery. Ubiquilin1 

associates with the surface of Mtb to promote the anti-mycobacterial induction of 

autophagy by IFN-γ in BMDMs (Sakowski et al., 2015). The DNA damage regulated 

autophagy modulator protein (DRAM1) is induced by Mtb infection and induces 

autophagy through both STING and p62 (Van Der Vaart et al., 2014). The knockout 

of DRAM1 in zebrafish leads to increased macrophage pyroptosis following M. 

marinum infection (Zhang et al., 2020b). The GTPase IRGM is recruited to M. bovis 

BCG phagosomes and likely regulates an effective autophagy response through the 

recruitment of STX17 for autophagosome maturation (Singh et al., 2006; Kumar et 

al., 2018). On the other hand, Coronin1a is a negative regulator of autophagic 

targeting in mouse macrophages, potentially through interfering with the actin 

cytoskeleton (Seto et al., 2012).  
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As with other intracellular pathogens, Gal3, Gal8 and Gal9 are recruited to Mtb 

following phagosomal rupture. The knockout of Gal8 in mouse macrophages leads 

to improved bacterial replication, whereas its overexpression enhances bacterial 

control. This effect is mediated, at least in part, through the recruitment of TAX1BP1. 

Whilst deletion of Gal3 or Gal9 does not affect Mtb replication, Gal9 overexpression 

improves restriction of Mtb growth in macrophages (Bell et al., 2020). In vivo, KO of 

Gal3 or Gal8 in mice leads to increased Mtb burdens and worse disease outcomes 

(Chauhan et al., 2016; Jia et al., 2018).   

Given studies in other cytosol invading pathogens showing the role of membrane 

damage in triggering xenophagy (Thurston et al., 2012), the requirement of ESX-1 

for cytosolic access of Mtb (van der Wel et al., 2007; Lerner et al., 2017) and 

autophagic targeting (Watson et al., 2012; Lerner et al., 2016), it is assumed that 

cytosolic access is required for triggering xenophagy of Mtb. However, the vaccine 

strain M. bovis BCG, which lacks the RD1 region that encodes ESX-1, is targeted to 

LC3 positive compartments despite not being able to damage membranes or localise 

to the cytosol (Gutierrez et al., 2004a).  
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Figure 1.3.4 Xenophagy responses during Mtb infection. Targeting of Mtb by xenophagy is 

triggered upon phagosome membrane permeabilisation. The release of Mtb DNA into the 

macrophage cytosol activates the cGAS/STING/TBK1 pathway to trigger type I IFN transcription and 

promote autophagic targeting, likely through phosphorylation of the autophagy receptors. The 

ubiquitin ligases Parkin and SMURF1 are responsible for catalysing the assembly of polyubiquitin 

chains on the membranes and/or bacteria, potentially alongside other unidentified E3 ligases. 

Ubiquilin1 localises to the phagosome and increases the recruitment of ubiquitin, p62 and LC3. 

DRAM1 increases xenophagic targeting in a manner dependent on STING and p62. The galectins 

Gal3 and Gal8 are also involved through the recruitment of the ULK1 kinase complex to trigger local 

phagophore biogenesis. 
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Following xenophagy, mycobacteria containing autophagosomes can be endowed 

with further bactericidal activity through accumulation of antimicrobial peptides. 

GBPs traffic antimicrobial peptides to Mtb autophagosomes (Kim et al., 2011a) and 

p62 recruits proteins into vesicles for the generation of antimicrobial peptides 

(Ponpuak et al., 2010). 

The consequence of autophagic targeting appears to be species dependent; in 

mouse macrophages autophagy induction through starvation or rapamycin 

treatment leads to restriction of Mtb replication (Gutierrez et al., 2004a), whereas in 

primary human macrophages autophagy induction by rapamycin increases Mtb 

replication (Andersson et al., 2016) but in THP-1 cells rapamycin treatment starting 

at 48 h after infection restricts Mtb (Kumar et al., 2010). Activation of the autophagy 

pathway in macrophages with IFN-γ or by mTOR inhibition is important for the 

successful targeting of Mtb to xenophagy in mouse macrophages (Gutierrez et al., 

2004a).  

Disrupting autophagy in vitro in mouse macrophages through knockdown of various 

autophagy proteins involved in all stages of xenophagy increases Mtb survival 

(Jayaswal et al., 2010; Watson et al., 2012; Kim et al., 2012b). Whilst myeloid 

specific Atg5 KO mice show worse disease progression following Mtb infection 

(Castillo et al., 2012; Kimmey et al., 2015); the knockout of many other autophagy 

genes, including Atg16L1, did not lead to changes in disease severity (Kimmey et 

al., 2015). Based on this work, it is postulated that Atg5 is playing an autophagy 

independent role in limiting Mtb pathogenesis, potentially through control of 

neutrophilic inflammation (Kimmey et al., 2015). Atg5 is known to have non-

autophagic functions in vivo, for example it is required for IFN inducible GTPase 

trafficking to, and rupture of, the parasitophorous vacuole during Toxoplasma gondii 

infection (Zhao et al., 2008). The lack of an in vivo phenotype with the majority of 

autophagy deficient mice could be explained in several ways. Firstly, autophagic 

control of Mtb replication may not be important in vivo as Mtb may already 

successfully subvert autophagy thus loss of autophagy does not have an effect. 

Secondly, for some knockouts it is possible that redundant mechanisms exist that 
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compensate for the loss of one protein. It is also possible that other cell types with 

intact autophagy are able to complement any loss of function in myeloid lineages. 

Finally, it is interesting that Gal3 and Gal8 KO mice succumb to Mtb infection more 

rapidly than their WT littermates (Chauhan et al., 2016; Jia et al., 2018) suggesting 

that they may have autophagy independent functions that are important in vivo. 

Ultimately, the validity of extrapolating in vivo data from mice to human disease 

needs to be considered given that there are significant differences between the 

mouse and human disease, and commonly used C57BL/6 mice are mostly resistant 

to the infection (Kramnik and Beamer, 2016). A genome wide siRNA screen in THP-

1 cells showed that autophagy regulating genes were important for control of Mtb 

infection, although no genes that are essential for autophagy were identified (Kumar 

et al., 2010). 

Subversion of xenophagy by intracellular pathogens 

Given the importance of xenophagy in the control of intracellular pathogens, it is not 

surprising that successful subversion of xenophagy has been implemented by 

multiple intracellular pathogens as a virulence strategy. For most cytosol dwelling 

intracellular pathogens, xenophagy subversion may be essential for their successful 

survival (Upadhyay and Philips, 2019).  

Some intracellular pathogens block key steps in the recruitment of the autophagy 

machinery, for example the Salmonella effector SopF can ADP-Ribosylate the v-

ATPase to block its interaction with Atg16L1 (Xu et al., 2019). Salmonella also 

employs SseF and SseG to block the activation of Rab1A and inhibit the recruitment 

of ULK1 (Feng et al., 2018). Additionally, L. monocytogenes strains lacking the 

phospholipase PlcA show increased autophagic targeting; likely to due to an inability 

to dephosphorylate PI3P, although definitive evidence for this is missing (Mitchell et 

al., 2015; Birmingham et al., 2007; Mitchell et al., 2017). Some serotypes of GAS 

secrete a cysteine protease, SpeB, which cleaves the autophagy receptors NDP52, 

p62 and NBR1 to block autophagic targeting (Barnett et al., 2013). Shigella icsB 

counteracts the pro-autophagic activity of virG by outcompeting binding of Atg5 

(Ogawa et al., 2005) and recruiting Toca-1 (Baxt and Goldberg, 2014).  
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Other pathogens block the proper functioning of autophagosomes. The L. 

pneumophila protease RavZ cleaves LC3 from autophagosomes preventing their 

formation and function (Choy et al., 2012). Yersinia pestis blocks maturation and 

acidification of autophagosomes thus rendering them unable to restrict pathogen 

growth (Pujol et al., 2009). 

L. monocytogenes employs several virulence factors to disguise its presence from 

host cells. L. monocytogenes ActA blocks ubiquitination through recruitment of the 

Arp2/3 complex (Yoshikawa et al., 2009). Expression of inlK by L. monocytogenes 

recruits the host major vault protein (MVP) and bacteria coated with MVP show 

failure of autophagosomes to form around the bacteria by live cell imaging (Dortet et 

al., 2011). Additionally, LLO and phospholipase mutants of L. monocytogenes show 

increased localisation in multi-membrane, autophagosome-like compartments 

potentially implicating these effectors in successful escape from xenophagy (Gedde 

et al., 2000).  

Francisella tularensis O antigen mutants display increased recruitment of ubiquitin 

and autophagy components however the mechanism behind this is unknown (Case 

et al., 2014). Legionella sphingosine-1-phosphate lyase alters host cell sphingosine 

metabolism and subverts autophagy induction (Rolando et al., 2016); indeed 

sphingolipids are important for many steps in the autophagy pathway (Harvald et al., 

2015). Salmonella SpvB is implicated in defects in autophagosome biogenesis in 

infected cells, potentially through modulation of actin polymerisation (Chu et al., 

2016; Li et al., 2016).   

Instead of subverting the xenophagy response and evading capture, some 

pathogens have taken to converting autophagosomes into a replicative niche. 

Coxiella burnetii replicates in an acidified compartment with features reminiscent of 

autophagosomes, including the presence of LC3 on the vacuole (Berón et al., 2002). 

Increasing the interaction of the Coxiella vacuole with the autophagy pathway led to 

increased bacterial replication; likely through delivery of nutrients and providing 

membrane to enlarge the vacuole. (Gutierrez et al., 2005; Winchell et al., 2014). 

After replication in the cytosol, F. tularensis uses autophagy to re-enter the 
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endolysosomal system in mouse macrophages (Checroun et al., 2006), although the 

effect of this on the bacteria remains unknown and does not appear to occur in 

human cells (Akimana et al., 2010). Yersinia pseudotuberculosis shows hampered 

replication during autophagy disruption (Moreau et al., 2010). Through the secretion 

of a Beclin1 binding protein, to recruit the Atg14 containing PI3K complex, and 

subsequently preventing lysosomal fusion Anaplasma phagocytophilum establishes 

immature autophagosomes as a niche for replication (Niu et al., 2012, 2008). A 

similar mechanism is employed by Staphylococcus aureus although eventual 

escape is required to induce host cell death and dissemination (Schnaith et al., 

2007). 

Unsurprisingly, Mtb has also developed many mechanisms to subvert and supress 

the xenophagy response at all stages. During Mtb infection of macrophages, various 

microRNAs targeting autophagy proteins including UVRAG, Atg5, Atg12, LC3B and 

DRAM2 have been identified as being upregulated (Kim et al., 2015; Ouimet et al., 

2016; Kim et al., 2017; Chen et al., 2015). SapM, which is known to interfere with 

phagosome maturation, is similarly able to inhibit the action of Rab7 in promoting the 

fusion of autophagosomes with lysosomes (Hu et al., 2015; Chandra et al., 2015). 

Mtb mediated inhibition of autophagic flux is dependent on ESX-1 (Romagnoli et al., 

2012).The role of Mtb Eis appears to be 2 fold; through increasing IL-10 secretion 

mTOR activity is increased to supress autophagy and through inhibiting ROS 

production by NADPH oxidase and mitochondria (Duan et al., 2016; Shin et al., 

2010). Mtb lacking PE_PGRS47 show increased autophagy induction, LC3 

colocalisation and lysosomal targeting in RAW264.7 macrophages (Saini et al., 

2016). Whilst not directly shown to have an effect on autophagy, ManLAM inhibits 

the action of Vps34, the lipid kinase required for autophagosome biogenesis (Vergne 

et al., 2003). As well as proteins, Mtb lipids can affect autophagic targeting of Mtb. 

PDIMs block phagosome-damage independent autophagy and sulfoglycolipids act 

as a TLR2 antagonist to also block this pathway (Bah et al., 2020). Although these 

methods impair the function of xenophagy to some extent, none of them sufficiently 

explain why Mtb localises to the cytosol and not immature autophagosomes.  
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LC3-associated phagocytosis and pathogens 

LAP targets a wide range of pathogens including fungi, bacteria, and parasites as 

well as apoptotic cells (Florey et al., 2011; Martinez et al., 2011, 2015; Hubber et al., 

2017; Choi et al., 2014). Maturation of fungi containing LAPosomes in macrophages 

appears to occur rapidly thus efficiently targeting pathogens for degradation. 

Disruption of LAP increases Aspergillus fumigatus burdens in vivo (Martinez et al., 

2015; Sanjuan et al., 2007). In dendritic cells, LAP has been shown to slow down 

phagosome maturation of fungus containing LAPosomes to promote MHC class II 

antigen presentation (Romao et al., 2013; Ma et al., 2012). Additionally, LAPosome 

formation in dendritic cells did not affect phagosome maturation or Saccharomyces 

cerevisiae survival (Ma et al., 2012); thus, there appears to be cell-type specific 

functions of LAP.  

Lysosomal swelling, which eventually could induce small amounts of membrane 

damage, is also known to induce conjugation of LC3 to single membranes (Florey et 

al., 2015); this has been shown to share some common mechanisms with LAP. 

Mammalian Atg16L1 contains a C terminal WD40 domain, which is absent in yeast, 

and is dispensable for macroautophagy. The WD40 domain broadens the functions 

of Atg16L1 and is required for the induction LAP (Fletcher et al., 2018). Given the 

WD40 domain dependence and FIP200 independence of v-ATPase mediated 

recruitment of Atg16L1 in (Xu et al., 2019), the v-ATPase mediated recruitment of 

Atg16L1 may be required for LAP and not necessarily xenophagy. 

As with xenophagy, we have begun to understand mechanisms employed by 

pathogens to subvert LAP in order to successfully enter and survive within 

phagocytes. Mtb secretes CpsA to inhibit the function of NADPH oxidase in mouse 

macrophages, leading to a block in LAP. Mtb lacking CpsA is attenuated in vitro and 

in vivo in an NADPH oxidase dependent manner (Köster et al., 2017). Blocking ROS 

accumulation to prevent LC3 accumulation is also employed by F. tularensis (Rabadi 

et al., 2016) and Streptococcus suis (Fang et al., 2015) through the action of bacteria 

encoded superoxide dismutase; although whether this is LAP or xenophagy remains 
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elusive. Shigella icsB and virA mutants show increased LC3 recruitment to single 

membranes (Campbell-Valois et al., 2015). 

Autophagy and inflammation 

In addition to directly contributing to intracellular pathogen control through 

xenophagy, the autophagy pathway plays wider roles in immunity through controlling 

inflammation. Several autophagy genes have polymorphisms that are associated 

with chronic inflammatory and autoimmune conditions including Chron’s disease, 

systemic lupus, asthma and multiple sclerosis (Martin et al., 2012; Han et al., 2009; 

Yang et al., 2013; Ramos et al., 2011; Harley et al., 2008; Murthy et al., 2014; 

Schuster et al., 2015). Moreover, functional non-canonical autophagy, likely LAP, in 

microglia is required to limit neuroinflammation in a mouse model of multiple 

sclerosis through clearance of phagocytosed myelin (Berglund et al., 2020). 

Increased inflammation as a result of dysfunctional autophagy is linked to 

inflammasome activation and cytokine secretion. The assembly and activation of the 

inflammasome, which is essential for processing and secretion of IL-1β and IL-18, is 

tightly controlled. Mice with reduced levels of Atg16, which serve as a model for 

Chron’s disease, show increased levels of IL-1β and IL-18 with blockade of these 

cytokines rescuing the disease phenotype (Saitoh et al., 2008; Cadwell et al., 2008). 

It is thought that dysfunctional mitophagy leads to increased ROS and oxidised 

mitochondrial DNA, both endogenous inflammasome ligands (Nakahira et al., 2011; 

Zhou et al., 2011; Matsuzawa-Ishimoto et al., 2018). As well as removing 

inflammasome activating ligands, autophagy can target core components such as 

AIM2 and NLRP3 for degradation thus limiting inflammation (Shi et al., 2012).  

Additionally, it is known that autophagy limits the induction of Type I IFN. 

Displacement of Rubicon from the Vps34 complex enhances autophagosome 

biogenesis to remove cytosolic DNA, the ligand important for cGAS activation and 

downstream transcriptional responses. The cGAS-STING signalling cascade is 

further inhibited by autophagy related proteins such as Beclin-1 mediated inhibition 

of cGAS (Liang et al., 2014) and cGAMP activation of ULK1 to promote autophagy 

and inhibit STING (Konno et al., 2013). 
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Autophagy and the adaptive immune response 

Compelling evidence indicates that adaptive immune responses are also essential 

for efficient control of TB. Without the onset of CD4 and CD8 positive T cell mediated 

immunity individuals are highly susceptible to TB. Mice depleted for T cells by 

various means are unable to control Mtb replication and rapidly succumb to disease 

(Orme and Collins, 1984; Tascon et al., 1998; Muller et al., 1987). Moreover, high 

incidences of new and reactivation of TB in HIV positive individuals is linked to the 

loss of T cell mediated immunity (Flynn and Chan, 2001a; Selwyn et al., 1989). Here, 

once again, autophagy has a role to play. Antigen presentation by professional 

antigen presenting cells, including macrophages, is essential for priming the 

adaptive immune response. NOX2 dependent formation of autophagosomes 

stabilises antigens for MHC-II presentation in macrophages (Romao et al., 2013). 

Moreover autophagy may be important for delivering cytosolic antigens to late 

endosomes and lysosomes to facilitate loading onto MHC-II (Levine and Deretic, 

2007). In dendritic cells autophagy is important for the loading of cytosolic antigens 

onto MHC-II and delivering internalised antigens to compartments for MHC-I cross-

presentation (Matsuzawa-Ishimoto et al., 2018).  

Autophagy also plays key roles in regulating T cell functions including, negative 

selection, priming and activation. During negative selection of self-reactive T cells, 

autophagy is important for MHC-II mediated cross presentation by thymic epithelial 

cells and mice with defective thymic autophagy develop fatal multiple organ failure 

due to cross reactive T cells (Nedjic et al., 2008). CD4+, CD8+ and regulatory T cells 

(Treg) all show increased apoptosis and dysregulated homeostasis following 

autophagy disruption, likely due to impaired mitochondrial clearance by mitophagy 

(Macian, 2019). Whilst effector functions of CD4+ or CD8+ T cells seem to remain 

intact despite autophagy disruption, memory T cell formation is disrupted (Clarke 

and Simon, 2019). Moreover, proliferation of T cells following activation by T cell 

receptor ligation is hampered following deletion of key Atg genes (Macian, 2019). 

Some phenotypes of autophagy deficient T cells appear to be dependent on the 

precise gene deleted and the model being investigated, therefore further study will 

be important to define the mechanism behind these differences.   
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1.4 In vitro models to study Mtb-macrophage interactions 

Despite over a century of research since Mtb was initially discovered by Robert 

Koch, several aspects of the interaction between the human host and Mtb, such as 

the cytosolic localisation of Mtb, have only recently become known. Importantly, as 

an intracellular pathogen, several fundamental questions remain to be answered 

including: where does Mtb replicate intracellularly, how does its intracellular 

localisation affect antibiotic efficacy and what intracellular environments are truly 

capable of restricting Mtb replication? Thus, it is essential that we continue to 

innovate new approaches to explore the intracellular lifestyle of Mtb and answer 

questions that hitherto are unresolved. 

Mouse macrophage models 

Mouse macrophages have been widely used to study Mtb infection and probe the 

impact of both host and Mtb genetic manipulation on the outcome of infection. 

Sources of mouse macrophages include (1) cell lines such as RAW264.7 and J774 

macrophages and (2) primary cells including BMDMs and peritoneal macrophages. 

These systems have several advantages including being readily available in large 

numbers and their genetic tractability. Cell lines are relatively amenable to 

transfection with plasmid DNA or siRNA and BMDMs can be derived from genetically 

modified mouse models. Additionally, in vitro findings can readily be translated to in 

vivo mouse models. 

Immunologically, there are important differences between mouse and human 

macrophages. In response to immune activation, for example TLR ligation, the two 

species have unique gene signatures. LPS binding to TLR4 upregulates C-X-C motif 

chemokine (CXCL) 13 expression in human cells, but this is not seen in mice 

(Schroder et al., 2012). Inflammasome activation is ATP driven in human cells 

(Piccini et al., 2008), but cholesterol driven in mouse (Duewell et al., 2010). Non-

coding RNAs are also extremely divergent between the two systems. These 

differences extend to the overall architecture of human and mouse immunology 

(Mestas and Hughes, 2004). As a result, the response of the two systems to immune 

challenge is likely to vary substantially. 



66 
 

Whilst many findings in mouse macrophages infected with Mtb can be translated 

across to human macrophage systems, there are key differences that limit their 

usefulness. One major difference is in the subcellular localisation of the bacteria. In 

human macrophages cytosolic Mtb can detected within 4 h of infection (Lerner et al., 

2017) whereas in BMDMs no cytosolic bacteria are observed up to 48 h post 

infection (Schnettger, 2016). However, Mtb can damage membranes and contact 

the cytosol in mouse macrophages (Schnettger et al., 2017; Simeone et al., 2015). 

This suggests that mouse macrophages are better able to repair damage inflicted 

by Mtb or recapture bacteria from the cytosol, as Gal8 and polyubiquitin can still be 

found colocalising with Mtb (Schnettger et al., 2017). Additionally, the role of NO in 

Mtb infection may be different. In vitro, mouse macrophages produce high, 

bactericidal levels of NO (Chan et al., 1992) whereas the levels in human 

macrophages are variable and if NO is required for mycobacterial control remains 

elusive (Rich et al., 1997; Aston et al., 1998). Overall, the role of NO in human 

macrophage control of Mtb is still subject to debate and more robust methods to 

detect NO are required (Chan et al., 2001).  

Other innate immune factors are different between human and mouse macrophages. 

For example, that is the case with two important families of GTPases involved in 

innate immune defence, the IRGs and GBPs. Whilst the mouse genome encodes 

for 23 IRGs and 11 GBPs, the human genome only has one IRG – IRGM – and 7 

GBPs. Thus, important immunity related proteins may serve different functions in the 

two models. This is directly relevant for Mtb infection, for example GBP1 and 7 

restrict BCG replication in mouse macrophages and IRGM is important for 

maturation of Mtb containing autophagosomes (Singh et al., 2006).  

Human macrophage models 

To more accurately reflect Mtb-macrophage interactions in human disease, 

especially when studying events likely to be affected by the cytosolic localisation of 

Mtb, it is important to use human macrophages. For this, several cell lines and 

primary macrophage models are available, each with their own advantages and 

disadvantages (Figure 1.4.1).  
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Cell lines like the monocyte lines THP-1 (Tsuchiya et al., 1980) and U937 

(Sundström and Nilsson, 1976), which can be differentiated to macrophages using 

phorbol esters, provide a large number of cells for experiments and are relatively 

easy and cheap to culture. Additionally viral transduction can be used to express 

fluorescent proteins for live cell imaging or protein knockdown and CRISPR 

mediated gene editing can be used for generating knockouts (Beckwith et al., 2020). 

However one major disadvantage with the use of cell lines is the presence of large 

genetic rearrangements (Odero et al., 2000), which will undoubtedly impact cellular 

responses to infection. Additionally, the use of phorbol esters such as phorbol 12-

myristate 13-acetate (PMA) to trigger the differentiation of the monocytes to 

macrophages activates the cells, including for example NF-κB, thus priming the 

macrophages prior to infection and altering the response to subsequent infection. 

Several signalling pathways, including inflammasome activation, are only partially 

functional in THP-1 when compared to primary monocytes (Gaidt et al., 2016).  

A potential alternative to THP-1 are BlaerE1 cells (Gaidt et al., 2018). These cells 

were produced from malignant B-lineage cells that can be converted to 

monocyte/macrophage lineage through inducing nuclear translocation of a C/EBPα 

transgene. These cells show transcriptional and signalling pathway activity more 

akin to human monocyte derived macrophages (hMDM) but have the genetic 

tractability of THP-1 (Gaidt et al., 2018). They are, however, still not a primary 

macrophage and will eventually contain genetic abnormalities. 

In order to obtain karyoptypically normal macrophages, primary cells derived from 

patients or healthy donors represent a widely used system. The most commonly 

used approach involves the isolation of monocytes from blood donations and their 

subsequent differentiation to hMDM with M-CSF or GM-CSF (Lerner et al., 2017). 

Whilst this yields a large number of cells, there are several limitations. Firstly, it is 

technically difficult to get blood from the same donor each time and donor-to-donor 

variability can confound results. Additionally genetic manipulation, for example by 

CRISPR or siRNA, is challenging with only limited reports of success (Hiatt et al., 

2020). Finally, in order to image the dynamics of trafficking events, the expression 
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of fluorescent proteins and introduction of plasmid DNA to primary human 

macrophages is challenging and often leads to cell death. 

As Mtb initially infects alveolar macrophages these are a highly relevant macrophage 

to use for in vitro studies. These cells can be obtained by bronchoalveolar lavage 

(BAL) during bronchoscopy. As well as suffering with the genetic intractability seen 

with hMDM, alveolar macrophages are hard to obtain in sufficient quantities for large 

scale experiments. Despite this they have been used to study the effect of smoking 

(O’Leary et al., 2014; Gleeson et al., 2018) and the use of retinoic acid to modulate 

autophagy in Mtb infection (Coleman et al., 2018). 
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Figure 1.4.1 In vitro human macrophage models. Various in vitro cellular models exist for human 

macrophages, including tumour derived cells, primary macrophages from donors and those derived 

from human stem cells. Each of these models has advantages and disadvantages. The leukemic 

monocytic cell line THP-1 can be differentiated to adherent macrophage-like cells through the use of 

phorbol esters such as PMA. B cells can be lineage converted to form macrophages. Primary 

macrophages can be obtained from bronchoalveolar lavage (BAL) to yield alveolar macrophages or 

from differentiation of CD14 positive monocytes in the blood. Human induced pluripotent stem cells 

(iPSC) can be differentiated to macrophages through directed differentiation with cytokines that drive 

haematopoiesis. Adapted with permission from (Bussi and Gutierrez, 2019). 

Altogether there is a clear need for a human macrophage system that combines the 

benefits of cell lines and primary macrophages to further develop our understanding 

of host-pathogen interactions in Mtb infection. This system should be genetically 

tractable, scalable to enable the production of large quantities of homogenous 

macrophages over time and be capable of reflecting the diversity of macrophages 

observed in vivo. 

1.5 Induced pluripotent stem cell derived macrophages 

Induced pluripotent stem cells as a revolution in biology 

For a number of years researchers have used embryonic stem cells to study human 

development as well as to generate differentiated cells for studying a wide range of 

diseases (Ilic and Ogilvie, 2017). However, these come with numerous ethical 

concerns as their isolation requires the destruction of a human embryo. It is possible 

to convert fibroblasts into a pluripotent state through the introduction of the 

transcription factors Oct4, Sox2, c-Myc, and Klf4, now known as the Yamanaka 

factors, resulting in the production of induced pluripotent stem cells (iPSC) 

(Takahashi and Yamanaka, 2006). This work has subsequently been expanded 

upon and we are now able to convert multiple cell types to iPSCs through a variety 

of methods including Sendai virus and mRNA (Hayes and Zavazava, 2013). Further 

refinement revealed that excluding Oct4 produces higher quality iPSCs with less 

epigenetic alterations (Velychko et al., 2019).  

After the establishment of robust and reliable protocols to obtain iPSC, these 

technologies have revolutionised our ability to study human diseases. Somatic cells 
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isolated from healthy donors or patients with a disease of interest can be 

reprogramed to iPSCs and then differentiated to a relevant cell type(s) for studies in 

vitro. Ground-breaking studies in developmental biology, neuroscience and cancer 

have all stemmed from iPSCs in recent years. Building on simple, 2D culture models 

iPSCs allow the creation of organoids; small miniature organs containing varied cell 

types and more accurately mimicking structures and physiology found in vivo (Bar-

Ephraim et al., 2020; Rossi et al., 2018; Kim et al., 2020). Combining these 

advances, with modern genome engineering techniques to model diseases as well 

as correcting disease causing genetic mutations has the potential to transform our 

understanding of many diseases (Cyranoski, 2018; Scudellari, 2016). Moreover, 

iPSC derived neurons have been used in drug screening to identify novel drug 

candidates (Lee et al., 2012; Cao et al., 2016).  

As well as providing new models to study disease processes, iPSCs are being 

heralded as a future treatment for many conditions. By generating iPSCs from 

somatic cells isolated from a patient, correcting genetic mutations causing their 

condition, differentiating into the right cell type, and transplanting back into the 

patient we may be able to treat diseases that are currently untreatable. This is 

particularly feasible for monogenic diseases, such as cystic fibrosis where a single 

base change – something now readily achievable with CRISPR/Cas9 – can restore 

production of fully functional proteins. Replenishing RPE cells differentiated from 

iPSCs have entered into human clinical trials in the USA from the treatment of age 

related macular degeneration, having shown promise in animal studies (Sharma et 

al., 2019). One patient has been successfully treated with this before (Cyranoski, 

2014; Bragança et al., 2019). Additionally, a trial has started in Japan using iPSC 

derived dopaminergic neurons to treat Parkinson’s disease (Trial ID 

UMIN000033564) (Stoddard-Bennett and Pera, 2019).  

iPSC models of human macrophages 

Given the potential of iPSCs to differentiate into any cell type, protocols have 

emerged to produce macrophages (iPSDM). Since the initial publications 

demonstrating protocols for the production of macrophages from iPSCs (Kambal et 
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al., 2011; Choi et al., 2011; Senju et al., 2011) several improved protocols have 

emerged. Whilst the initial protocols required co-culture with mouse stromal cells or 

rounds of purification, later protocols used more defined serum and feeder free 

conditions (van Wilgenburg et al., 2013). Some protocols produce macrophages 

from a monolayer of iPSCs within a matter of a few weeks but only yield one harvest 

(Takata et al., 2017), whereas others use embryonic bodies to produce large 

numbers of macrophages over several months but can take longer to produce cells 

(van Wilgenburg et al., 2013). 

Several studies have sought to compare iPSDM and hMDM, primarily at the 

transcriptional level, in order to validate them as a relevant system for studying 

human macrophage biology. Following stimulation with LPS, iPSDM and hMDM 

show a highly similar response by RNA-seq (Alasoo et al., 2015). Differences include 

increased changes in antigen presentation, neutrophil attracting chemokine and 

tissue remodelling genes (Alasoo et al., 2015). Comparing iPSDM and isogenic 

hMDM revealed that M0, M1 and M2 polarised macrophages from both routes show 

similar transcriptional and cytokine secretion profiles (Zhang et al., 2015). Both of 

these studies report increased antigen presentation pathway activation in hMDM 

compared to iPSDM (Alasoo et al., 2015; Zhang et al., 2015). Further comparison 

with blood derived monocytes and macrophages revealed significant similarities 

between iPSDM and hMDM polarised towards M1 or M2 (Cao et al., 2019; Gutbier 

et al., 2020) and iPSDM recapitulate important alternative splicing events observed 

in hMDM (Lin et al., 2016). 

Whilst iPSDM closely match hMDM at the transcriptional level, they are 

developmentally more closely related to tissue resident macrophages. Buchrieser 

and colleagues knocked out either Myb, RUNX1 or SPI1, transcription factors 

important for macrophage differentiation, in iPSCs prior to macrophage 

differentiation. Whilst the transcription factor Myb, which is required for monocyte 

differentiation from haematopoietic stem cells (HSCs), is not important for the 

production of tissue resident, yolk sac derived macrophages, the transcription factors 

RUNX1 and SPI1 are required. Knockout of Myb, but not RUNX1, blocks iPSDM 
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differentiation, thus iPSDM are more closely related to yolk sac derived, tissue 

resident macrophages (Buchrieser et al., 2017). Indeed, at the transcriptional level 

the precursors to iPSDM – originally termed monocytes – do not bare much 

resemblance to CD14+ monocytes isolated from blood, further suggesting these 

cells have a different developmental origin and should be more correctly called 

macrophage precursors (Zhang and Reilly, 2017).  

An important and debated aspect of in vitro studies with macrophages is the 

generation of the right ‘type’ of macrophage that mimics the physiological and 

functional outcomes observed in vivo. In vivo, macrophages come in various 

subtypes such as tissue resident and monocyte derived. Additionally, depending on 

the local microenvironment of the macrophage they have different identities, with 

unique gene expression profiles and differing responses to infection and other stimuli 

(Bonnardel et al., 2019; T’Jonck et al., 2018; Bonnardel and Guilliams, 2018; 

Guilliams and Scott, 2017). Therefore, THP-1 and hMDM are unlikely to be able to 

recapitulate the wide variety of macrophages found in vivo. Through co-culture of 

iPSDM with cells of the local niche or in vivo organ transfer it is possible to generate 

more specialised macrophage types such as microglia (Takata et al., 2017; 

Haenseler et al., 2017), thus overcoming this limitation of THP-1 and hMDM. 

Transplantation of murine iPSDM into a mouse model of pulmonary alveolar 

proteinosis (PAP) led to long term engraftment, further differentiation to an alveolar 

macrophage like phenotype – determined by transcriptomics – and reduced disease 

severity (Mucci et al., 2018). 

A further advantage of iPSDM is the ability to make them from genetically modified 

iPSC to probe the effect of protein knockout or mutagenesis. For example, knockout 

of LRRK2, a kinase implicated in Parkinson’s disease, in iPSDM led to decreased 

Mtb replication (Härtlova et al., 2018). Further studies have used lentivirus to 

introduce corrected versions of the GM-CSF receptor alpha gene to iPSC from 

patients with PAP, which leads to more functional iPSDM (Lachmann et al., 2014). 

Correction of a mutation involved in chronic granulomatous disease rescued disease 

relevant phenotypes in iPSDM precursors (Flynn et al., 2015). 
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A major use of iPSDM to date has been the modelling of diseases using patient 

derived iPSDM. People with polymorphisms in the IFN-γ receptor show increased 

susceptibility to mycobacterial disease (Bustamante et al., 2014), this was 

recapitulated in iPSDM where cells were unable to control M. bovis BCG in response 

to IFN-γ and showed decreased antigen presentation (Neehus et al., 2018; Haake 

et al., 2020). Other diseases that have been successfully modelled in vitro with iPSC 

include Gaucher disease (Aflaki et al., 2014; Panicker et al., 2012), chronic 

granulomatous disease (Jiang et al., 2012), Blau syndrome (Takada et al., 2018), 

and CINCA syndrome (Tanaka et al., 2012).  

iPSDM have been infected with multiple pathogens in order to characterise their 

response. Infection with Salmonella identified them as a suitable model (Hale et al., 

2015) and further studies identified changes in enhancer priming, as well as a role 

for IL-10 in supressing prostaglandin E2 to enhance Salmonella control (Alasoo et 

al., 2018; Mukhopadhyay et al., 2020). iPSDM support the replication of Chlamydia 

trachomatis and loss of IRF5 or IL10RA in iPSDM reduces control of the infection 

(Yeung et al., 2017). iPSDM are also a suitable host for studying viral infection 

including HIV (van Wilgenburg et al., 2013), zika virus and dengue virus (Lang et al., 

2018). Recently, iPSDM were shown to be a naïve macrophage, lacking distinct M1 

or M2 polarisation and displaying similarities to macrophages isolated from TB 

patient lungs (Nenasheva et al., 2020). Notably, these iPSDM failed to show 

restriction of Mtb replication following IFN-γ treatment. The immunological response 

of iPSDM to BCG infection has been studied, revealing that TNFα secretion and 

apoptosis as seen in THP-1 macrophages (Hong et al., 2018). 

Human embryonic stem cell derived macrophages have also been used as an in 

vitro drug discovery pipeline with Mtb to identify new molecules capable of restricting 

intracellular Mtb, including drug resistant strains (Han et al., 2019). The potential for 

iPSDM as a treatment during infection has been demonstrated in a mouse model of 

Pseudomonas aeruginosa infection whereby large-scale production of iPSDM in a 

bioreactor followed by intra-pulmonary transplantation reduced bacterial loads 

(Ackermann et al., 2018). 
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Altogether, iPSDM are being touted as the future of in vitro study of tissue resident 

macrophages (Lee et al., 2018) as well as for investigating Mendelian factors 

affecting infection susceptibility (Zhang and Reilly, 2017). With their ability to 

combine the primary macrophage status of hMDM and the genetic tractability of cell 

lines they have the potential to transform our ability to understand human 

macrophage biology. 

1.6 Aims of this thesis 

Given the limitations of current in vitro human macrophage models and ongoing 

discrepancies regarding the role of the autophagy pathway during Mtb infection, this 

project aimed to establish human iPSDM as a relevant and valuable model for 

studying host-pathogen interactions in human macrophages. Following the 

establishment of the model the aim was to use it to uncover the dynamics of 

autophagic targeting as well as to dissect the impact of genetic disruption of the 

autophagy pathway on Mtb replication. 

Aim 1: To establish a robust experimental system to work with human 

macrophages 

Given the recent interest in the use of iPSDM to study infection (Hale et al., 2015; 

Yeung et al., 2017), as well as their potential to overcome some of the limitations of 

current human macrophage models, I aimed to establish their differentiation within 

our lab and determine their suitability as a host for studying Mtb infection. Through 

a variety of cell biology approaches I compared the response of iPSDM to Mtb 

infection with previously published work probing this interaction in other human 

macrophage models.  

Transcriptomic studies have revealed insights into host defence pathways, and their 

manipulation, during infection with many intracellular pathogens. The transcriptional 

response of mouse and human macrophages to Mtb infection has been well studied 

and provides a useful tool for comparison with iPSDM responses (Papp et al., 2018; 

Blischak et al., 2015; Silver et al., 2009; Chaussabel et al., 2003; Thuong et al., 

2008). Interestingly, no published study compares the response of macrophages to 
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infection with Mtb WT and the attenuated mutant Mtb ΔRD1, lacking the ESX-1 

T7SS. To understand how iPSDM respond to Mtb infection, and the impact of ESX-

1 dependent secretion events on this response, we performed bulk RNA-seq on Mtb 

WT and Mtb ΔRD1 infected iPSDM at 2 h and 48 h post infection.  

Aim 2: To analyse the dynamics of xenophagy of Mtb in human macrophages 

Whilst the targeting of Mtb to autophagosomes has been widely examined by fixed 

time point fluorescence studies in mouse macrophages (Watson et al., 2012; Köster 

et al., 2017), no live cell imaging of this exists in the published literature and a 

dissection of the pathway in human macrophages is also missing. To fill this gap in 

knowledge I aimed to utilise iPSDM to study the dynamics of autophagic targeting of 

Mtb at high spatial and temporal resolution using live cell imaging, partnered with 

correlative 3D electron microscopy, to define the localisation of Gal8 and LC3B 

positive membranes as well as Mtb. 

Aim 3: To dissect the role of canonical and non-canonical xenophagy of Mtb 

in human macrophages 

Genetic disruption of the autophagy pathway in mouse macrophages in vitro, 

through knockout or knockdown of a range of proteins important for autophagosome 

biogenesis or cargo recognition, results in reduced control of Mtb (Manzanillo et al., 

2013; Franco et al., 2016). However, in mouse models of TB, only Atg5 seem to play 

a role during infection (Castillo et al., 2012; Kimmey et al., 2015) and only limited 

studies have examined the role of autophagy in human macrophages during Mtb 

infection (Kumar et al., 2010). I aimed to study the impact of autophagic disruption, 

through knockout of Atg7 or Atg14 in iPSDM, on Mtb replication and trafficking. 
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2. Materials and Methods 

2.1 Cell Biology 

iPSC culture 

hiPSC lines, EIKA2 (European Collection of Authenticated Cell Cultures 

#66540075), KOLF2_C1 (European Collection of Authenticated Cell Cultures 

#77650100) and Atg13 KO KOLF2_C1 (a gift from Nick Ksistakis), were maintained 

in E8 (ThermoFisher Scientific #A1517001) on Vitronectin XF (StemCell 

Technologies #07180) coated plates at 37°C and 5% CO2. Cells were passaged 1:6 

at confluency using Versene (ThermoFisher Scientific #15040033). Cells were 

cryopreserved in Knockout Serum Replacement (ThermoFisher Scientific 

#10828028) + 10% DMSO (Sigma-Aldrich #D2650). On thawing, cells were 

incubated in E8 + 20 µM Y-27632 (ROCKi) (Tocris #1254) for the first 24 h. 

iPSDM differentiation 

iPSCs were detached with TryplE Select for 5 min at 37°C (ThermoFisher Scientific 

#12563011) to form a single cell suspension and seeded at 4x106 cells per well of 

an AggreWell 800 plate (StemCell Technologies #34815) in E8 + 10 µM ROCKi to 

form embryonic bodies (EBs). Each day, for three days, two 50% media changes 

were carried out with E8 + 50 ng/ml bone morphogenic protein 4 (BMP4) (Peprotech 

#120-05) + 50 ng/ml vascular endothelial growth factor (VEGF) (Peprotech #100-20) 

+ 20 ng/ml stem cell factor (SCF) (Peprotech #300-07). Four days after formation, 

EBs were flushed out of the wells, washed twice with PBS and seeded at 300 EBs 

per 225 cm2 flask (ThermoFisher Scientific #159934) in 30 ml factory media (X-Vivo 

15 (Lonza #BEBP02-061Q) + 2 mM Glutamax (ThermoFisher Scientific #35050038) 

+ 50 µM β-Mercaptoethanol (ThermoFisher Scientific #31350010) + 100 ng/ml M-

CSF (Peprotech #300-25) + 25 ng/ml IL-3 (Peprotech #200-03)). 20 ml fresh factory 

media was added each week for 4-5 weeks, until monocytes appeared in the 

supernatant. Up to 50% of the supernatant containing monocytes was harvested 

each week, and replaced with 20 ml of factory media. Monocytes were centrifuged 

at 300 x g for 5 min then seeded at 1.2x107 per 15 cm petri dish (StarLabs #CC7672-

3614) and differentiated to macrophages in X-Vivo + 2 mM Glutamax + 50 µM β-
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Mercaptoethanol + 100 ng/ml M-CSF, a 50% media change was performed on day 

3 or 4 of differentiation. For KOLF2_C1 iPSDM, where monocytes were more 

proliferative, a full media change was performed on day 3 or 4. To detach iPSDM, 

plates were washed once with PBS then incubated with Versene for 15 min at 37°C 

and 5% CO2 before diluting 1:3 with PBS and gently scraping. Macrophages were 

centrifuged at 300 x g for 3 min and plated for experiments in X-Vivo 15 + 2 mM 

Glutamax + 50 µM β-mercaptoethanol. 

Human monocyte derived macrophage differentiation 

CD14 positive monocytes were isolated from Leukocyte cones (NHS Blood and 

Transplant Service, UK) as described previously (Lerner et al., 2017). Red blood 

cells were removed by centrifugation on Ficoll-Paque (GE Healthcare #28-4039-56 

AG) and red cell lysis buffer (Sigma-Aldrich #11814389001) and monocytes 

positively selected using a magnetic cell separation system with anti-CD14 mAb-

coated microbeads (Miltenyi Biotec #130-050-201). Monocytes were seeded into 

RPMI 1640 (ThermoFisher Scientific #72400054) supplemented with 50 ng/ml M-

CSF and allowed to differentiate for 7 days with a 50% media addition on day 3. 

Macrophages were detached in ice cold 0.5 mM EDTA in PBS (Miltenyi Biotec #130-

091-222) and seeded as required.  

iPSDM electroporation 

iPSDM were electroporated with 1 µg plasmid DNA using the Neon electroporation 

system (ThermoFisher Scientific #MPK500S). Briefly, iPSDM were harvested, 

washed in PBS (ThermoFisher Scientific #70011051) and resuspended at 2.5x107 

cells/ml in Buffer R and plasmid DNA added. For electroporations using multiple 

plasmids, equal amounts of each were used to a total of 1 µg. Cells were 

electroporated at 1700 V for 30 ms, with 1 pulse then plated into dishes as required. 

Plasmids used are listed in Table 2.1.1.  
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Plasmid Source Catalogue Number Reference 

pEGFP-LC3B Addgene 21073 (Kabeya et al., 2000) 

pEGFP-hLC3B Addgene 24920 (Lee et al., 2008) 

RFP-Gal8 In house N/A (Bernard et al., 2021) 

GFP-Gal8 In house N/A This work 

Table 2.1.1 Plasmids used for electroporations. 

iPSC transduction with lentivirus 

EGFP-hLC3B was sub-cloned from Addgene #24920 into pLenti-EF1-MCS-PGK-

PURO using NheI and BamHI restriction enzymes and lentivirus particles produced 

by Alstem Inc (USA). iPSC were seeded in a 6 well plate and transduced with 2 ml 

E8 + 5x105 IU/ml Lentivirus + 10 µg/ml Polybrene (Sigma-Aldrich #TR-1003-G) 

overnight. The following day media was changed. After 48 h, cells were harvested 

and 1500 cells seeded in a 10 cm dish in E8 + CloneR (Stem Cell Technologies 

#05889). Cells were fed according to CloneR manufacturer’s instructions. Individual 

colonies were picked manually, expanded then sorted by fluorescence-activated cell 

sorting (FACS) for EGFP positive cells on a FACS Aria III (BD Bioscience) with a 

100 µm nozzle. 

Atg7 and Atg14 knockout in iPSC by CRISPR/Cas9 editing 

Guide RNA design 

Considering the transcript architecture of these genes, as well as the downstream 

screening for putative KO clones it was decided to knockout critical exons for each 

gene to produce frameshifts that would not lead to functional protein. For Atg7 exons 

2 and 3 were chosen for deletion, which removes the start codon and leaves the 

remaining DNA without an in-frame ATG for an alternative start site (Table 2.1.2). 

For Atg14 exon 5 was chosen for deletion as this will produce a frame shift in the 

remaining coding sequence and delete key amino acids important for function should 

a shortened transcript be produced and not removed by nonsense mediated decay 

(Table 2.1.3). Two guide RNAs (gRNA) were designed 5’ and 3’ of the targeted 

exons, with protospacer adjacent motifs (PAM) facing in opposite directions to 

maximise the chances of successful exon deletion (Table 2.1.4). 
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Exon 

# 

Exon/Intron Start 

Phase 

End 

Phase 

Sequence 

1 ENSE00001942

132 

- - GGAAGTTGAGCGGCG 

- Intron 1-2 - - gtaagtgagccgcggcgggc...gttattgttta
aagagtatagagttccagttttgcaagatgaa
aaagttctggagatctgtttcacaacgttgtgatt
atacttaatatcacctaactgtttacctcaaaat
aatcaagatggtaaagtatatgttatgtgtttctt
accacaatccaaaaagaagttgtgtttcaagg
tagcctgtaaacatctcattactttttgtttgtttga
attaaactttattacaaatgttctttctcaccaggt
tttgcatggatatgttattttgctgtgttctgttttgttt
tttaatag 

2 ENSE00003638

636 

 

- 1 GCAAGAAATAATGGCGGCAGCT
ACGGGGGATCCTGGACTCTCTA
AACTGCAGTTTGCCCCTTTTAGT
AGTGCCTTGGATGTTGGGTTTT
GGCATGAGTTGACCCAGAAGAA
GCTGAACGAGTATCGGCTGGAT
GAAGCTCCCAAGGACATTAAGG
GTTATTACTACAATG 

- Intron 2-3   gtaggtgattgtaaatttca…gtgataatgcttc
tgtccag 

3 ENSE00003588

186 

1 2 GTGACTCTGCTGGGCTGCCAGC
TCGCTTAACATTGGAGTTCAGT
GCTTTTGACAT 

- Intron 3-4   gtgagtatttatttgttcaaaatctgaagtaaag
aatactacttttggcaaggaataagcatgcttg
cctccctcataggtggaccacaggaggacta
gggaagttcccggtgggcagagtcagccccc
ctcatgattctcttatacctcccatagagatgagt
gctggatacttaggtctgcctggttaatttttcac
cacctatttatcagagtcaattaggtgccaggt
gccatctagattgattgagacatagataatatc
cctcttgattttgattgtagttaatattttgtgtt...cg
tgtttctcttgtatctag 

4 ENSE00000902

859 

2 0 GAGTGCTCCCACCCCAGCCCGT
TGCTGCCCAGCTATTGGAACAC
TGTATAACACCAACACACTCGA
GTCTTTCAAGACTGCAGATAAG
AAGCTCCTTTTGGAACAAGCAG
CAAATGAG 
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Table 2.1.2 Atg7 exon and intron sequences. The first 4 exons of Atg7, and their separating introns 

are shown. The coding sequence is in blue, 5’ UTR in red, CRISPR gRNA sequences are highlighted 

in yellow. 

Exon 

# 

Exon/Intron Start 

Phase 

End 

Phase 

Sequence 

     

4 ENSE00001193

872 

0 1 AGATGGAAAATAATGTCCTGCA

AGATGAGGATTGAACAGTTAAA

ACAAACAATATGTAAAGGAAAT

GAAGAAATGGAGAAAA 

- Intron 4-5 - - gtaagtaattcgtgtccttc...taggaaaatcag
gtccttcctgtgctaaacttaaactcgatagttgt
tgagtgactccttttactagtgatgattacaaata
gagatccagagtcattttaatcatggttctctttg
ctttatgtgtaatatctacttgaactaaactctca
aattttccacttagtgaacattatattattcaggttt
tgctttcagtttagattgcaagggaaaacacgc
atgtttgtggggtggagctctgcagtacacagg
aactgtttgcagagataattgttgggtgtgattta
tttattttag 

5 ENSE00003599

053 

1 2 ATTCTGAAGGCCTTCTCAAAAC
CAAGGAAAAGAATCAGAAGCTT
TACAGTCGAGCACAACGGCACC
AAGAGAAAAAGGAGAAGATTCA
GAGGCATAATCGCAAACTTGGT
GACCTGGTAGAAAAAAAGACCA
TTGACTTAAGAAGTCATTATGAG
CGTCTGGCAAATCTTCGACGAT
CCCATATATTAGAGCTCACCTCT
GTCATTTTTCCAATCGAGGAAGT
AAAGACGGGTGTGAG 

- Intron 5-6 - - gtacattaagcaagtcttttgactccaggaata
gatcaagttccaaatactttttaaagtatgtcatt
accttatttattgggtcttattctagggtcattggttt
tcctggtgatggaacataagtcttatctgtttcaa
caaacagtacgcaccgcagaaagctgggg
aggcagcgaggtgaggggtggggcccaca
cttgtgtactgtcctagagcttctagatgaggtg
ctgactcacactcctgattaagaaccatctgat
ggctgggagtggtggctcacgcctataatccc
ag...gtgtgtcttcctacttgtag 
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6 ENSE00003490

931 

2 1 AGACCCCGCAGATGTGTCTTCA
GAGAGTGACAGTGCCATGACCT
CCAGCACTGTGAGCAAGCTTGC
TGAAGCCCGGAGGACAACTTAC
CTCTCAGGACGATGGGTCTGTG
ACGATCACAACGGAGACACCAG
CATTAGCATTACAGGGCCTTGG
ATTAGCCTCCCTAACAATGGGG
ACTACTCTGCCTACTACAGCTG
GGTGGAGGAGAAGAAAACAAC
CCAGGGGCCTG 

Table 2.1.3. Atg14 exon and intron sequences. The 4th, 5th and 6th exons of Atg14, and their 

separating introns are shown. The coding sequence is in blue, CRISPR gRNA sequences are 

highlighted in yellow. 

Gene gRNA number gRNA-sequence 

Atg7 1 UUAUUUUGAGGUAAACAGUU 

2 UAACAUAUCCAUGCAAAACC 

3 CUCCCUCAUAGGUGGACCAC 

4 AUCAGAGUCAAUUAGGUGCC 

Atg14 1 AUCGAGUUUAAGUUUAGCAC 

2 AACCAUGAUUAAAAUGACUC 

3 UAAGCAAGUCUUUUGACUCC 

4 GGGUCUUAUUCUAGGGUCAU 

Table 2.1.4. gRNAs used for knockout of Atg7 and Atg14 in hiPSC. 

Targeting of iPSC 

Cas9 ribonucleoprotein complexes were formed using 5 µg Cas9 (IDT #1081059) 

and 4 µg modified synthetic gRNA (Synthego Corporation, USA) at room 

temperature for 15 min. A single cell suspension of iPSC was generated with TryplE 

for 5 min at 37°C. 1x106 cells were suspended in 100 µl buffer P3 (Lonza #V4XP-

3024) and added to preformed ribonucleoprotein complexes of four gRNAs per gene. 

Cells were nucleofected using the Amaxa 4D (Lonza) program CA137 and plated in 

one well of a 6 well plate in E8 + 10 µM ROCKi. The following day, media was 

changed to E8 without ROCKi and cells were fed until confluent. 
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Single cell cloning 

Once confluent, cells were harvested as a single cell suspension using TryplE and 

2000 cells seeded in a 10 cm dish coated with Vitronectin XF in E8 + CloneR. Cells 

were fed 2 days post seeding with a full change with E8 + CloneR and 25% of initial 

media volume of E8 + CloneR was added on day 3. On day 4, media was changed 

to E8 alone. Once colonies formed, they were manually picked into duplicate 96 well 

plates. Successful KO clones were screened by PCR and picked for expansion. 

Screening for KO clones 

Following expansion of the duplicate 96 well plates, cells from one plate were lysed 

in 80 µl cell lysis buffer (50 mM KCl + 10 mM Tris pH 8 + 2 mM MgCl2 + 0.45% NP40 

+ 0.45% Tween20 + Proteinase K) at 65°C for 2 h to extract genomic DNA (gDNA). 

Proteinase K was inactivated at 80°C for 15 min and lysates diluted 1:10 with 

nuclease free water then used for a PCR screen to test for putative knockout clones. 

Using primers flanking the deleted exons (Table 2.1.5), gDNA was amplified that 

would give a 1500 base pair (bp) fragment for the WT gene but a shorter product, 

700 bp for Atg7 and 1000 bp for Atg14, if exon deletion had been successful. 

Fragments were amplified using EconoTaq polymerase master mix (Lucigen 

#30033-1), 1 µM of each primer (IDT) and 2.5 µl gDNA. PCR cycles were run as 

follows: 98°C for 2 min, then 35 cycles of 98°C 20 sec, 57°C 15 sec, 72°C 80 sec, 

and a final extension of 5 min at 72°C. Samples were run on 1% Agarose gels for 

analysis.  

Primer 

name 

Sequence Purpose 

Atg7_GF2 AGGATGGTTTTCAAAGTTGTGTCTT Amplifying Atg7 gDNA 

around exons 2&3 Atg7_GR2 ACAGTGGCTTGTATACAGAAGTAGA 

Atg14_GF1 TCTGTCTGAGAGTTTACAGCTTGTT Amplifying Atg14 gDNA 

around exon 5 Atg14_GR1 TGCCTCACAACACACAACTAATAAA 

Table 2.1.5 PCR primers for amplifying Atg7 KO and Atg14 KO regions. 
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2.2 Microbiology 

Mtb strains 

Mtb H37Rv WT (Mtb WT) and Mtb H37Rv ΔRD1 (Mtb ΔRD1) were kindly provided 

by Prof. Douglas Young (The Francis Crick Institute, UK) and Dr Suzie Hingley-

Wilson (University of Surrey, UK) respectively. Fluorescent Mtb strains were 

generated as previously reported (Lerner et al., 2016). E2Crimson Mtb was 

generated by transformation with pTEC19, a gift from Prof. Lalita Ramakrishnan 

(Addgene 30178). Strains were verified by sequencing and tested for PDIM positivity 

by thin layer chromatography (TLC) of lipid extracts from Mtb cultures (Figure 2.2.1), 

purified PDIM (BEI Resources NR-20328) and lipid extracts from Mtb ΔPDIM (Lerner 

et al., 2018) were used as positive and negative controls respectively. Mtb strains 

were cultured in Middlebrook 7H9 supplemented with 0.2% glycerol, 0.05% Tween-

80 and 10% albumin dextrose catalase (ADC). For E2Crimson strains 7H9 was 

supplemented with 50 µg/ml hygromycin (Life Technologies 10687010). 

 

Figure 2.2.1 TLC for PDIMs in Mtb strains used. Lipid extracts from all Mtb strains used were 

subjected to TLC to check for the presence of PDIMs. Arrowhead indicates the band corresponding 

to PDIMs. Strains deemed PDIM positive are marked (+) and negative (-). 
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cpsA rv3484 mutant construction in Mycobacterium tuberculosis 

The gene cpsA (rv3484) (Figure 2.2.2) was deleted from Mtb H37Rv WT using the 

ORBIT method (Murphy et al., 2018). Briefly, Mtb WT was transformed with the 

plasmid pKM461 (a gift from Kenan Murphy Addgene plasmid #108320) that allowed 

for the expression of the RecT annealase and the BxB1 phage integrase upon 

addition of 500 ng/ml anhydrotetracycline (ATc) (Sigma Aldrich 37919). Next, ATc-

induced Mtb was co-transformed with an oligonucleotide targeting the gene cpsA 

(gcgcgccagttggttcgacggcgcctggccgaggcatatgatggcgcgttctgagggcaatcgcccacgcGG

TTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACCatcgatggc

ggcggcgtgccctgcgtgaactaggtaagttatccgaccactccacgcagcccgtcggcgc) and the 

plasmid pKM496 (a gift from Kenan Murphy (Addgene plasmid #109301) carrying 

the BxB1 phage attP and attB sites respectively. RecT mediates the annealing of 

the oligonucleotide to the lagging strand during replication, leading to the 

replacement of the targeted genomic region by the BxB1 phage attP site. 

Subsequently, the integrase mediated recombination of the attP and attB sites leads 

to the introduction of the zeocin resistance marker at the deleted locus. The 

transformants were verified by PCR for the deletion of cpsA and the plasmid pKM461 

was lost by counter selection on sucrose. The final clone was confirmed by whole 

genome sequencing. The resulting strain (Mtb ΔCpsA) was cultured in the presence 

of 25 µg/ml zeocin (Gibco R25001). 

 

Figure 2.2.2 Genomic arrangement of cpsA (rv3484). Mycobacterium tuberculosis cpsA (rv3484) 

locus in the wild type strain and the deletion mutant strain generated by using the ORBIT method. 
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Black half-arrows depict the position of the primers used for validation PCR. oriE: origin of replication 

for plasmid replication in Escherichia coli, CmR: gene encoding resistance to chloramphenicol, ZeoR: 

gene encoding resistance to zeocin, Prom.: groEL promoter, attL and attR: att sites resulting from the 

recombination of Bxb1 attB and attP sites. 

Successful knockout was validated by PCR using the primers detailed in Table 2.2.1 

and shown in Figure 2.2.2. Results confirming successful deletion of CpsA are 

shown in Figure 2.2.3.  

Primer name Sequence 

cpsA_delver_1 CGTCTTGCACCGTCACCAG 

cpsA_delver_2 GCGGTTCGTTCGTCGGCATC 

cpsA_delver_3 TGGCGGTGGGTGCGGTCCAG 

cpsA_delver_4 GAAAGAGCTCGAGACCCGGG 

ZeoN-out GGCACTGGTCAACTTGGCCAT 

ZeoC-out GCAACTGCGTGCACTTCGTG 

oriE-up ACGCCTGGTATCTTTATAGTCC 

Table 2.2.1 Primers used to validate deletion of cpsA. 

 

Figure 2.2.3 Validation of deletion of cpsA (rv3484) from M. tuberculosis. Purified Mtb DNA from 

the indicated strains was analysed by PCR using the primers shown. The expected product size from 

each PCR in each strain is indicated. - : no DNA, wt: Mtb WT, Δ: Mtb ΔCpsA. 
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For complementation the gene cpsA has been amplified from Mtb WT using primers 

cpsA-rev-munI (gcgccaattgaaagcttatttaaatctagttca) and phsp60-fw-ecorV 

(gcgcgatatcttaaactctagacggtgaccac) and Phusion High Fidelity polymerase (NEB 

M0531). The fragment and the recipient vector pML2375 (a gift from Michael 

Niederweiss) cut by MunI (NEB R3589S) and EcoRV (NEB R3195S) were ligated 

with T4 DNA ligase (NEB M0202S) to yield pMS6K-Phsp60-cpsA placing the 

expression of cpsA under the control of the strong hsp60 promoter from the MS6 site 

in the mycobacterial chromosome. The resulting strain (Mtb ΔCpsA::CpsA) was 

cultured in the presence of 25 µg/ml zeocin + 25 µg/ml kanamycin (Sigma Aldrich, 

K4000).  

PDIM extraction and visualisation 

All strains used for infection were checked for the presence of PDIMs. Bacteria from 

10 ml of logarithmic culture were inactivated for 2 h at 95°C in 1 mL PBS. After 3 

washes in water, supernatants from successive incubations in chloroform:methanol 

(2:1) and methanol:chloroform (1:1) were pooled and dried at 55°C. Dried lipids were 

further resuspended in chloroform, resolved on a silica gel plate with a petroleum 

ether:ethyl acetate (98:2) solvent mix and visualized with 5% phosphomolybdic acid 

in ethanol.  

Macrophage infection with Mtb 

The day before infection, cells were seeded into dishes as required. iPSDM and 

hMDM were seeded at a density of 50,000 cells per well of a 96 well plate, 150,000 

cells per well of a 24 well plate or per Mattek gridded dish (Mattek Corporation P35G-

1.5-14-CGRD), 500,000 cells per well of a 12 well plate, 1x106 cells per well of a 6 

well plate. Mid-logarithmic phase bacterial cultures (OD600 0.5-1.0) were centrifuged 

at 2000 x g for 5 min and washed twice in PBS. Pellets were then shaken vigorously 

for 1 min with 2.5-3.5 mm glass beads (VWR 332124G) and bacteria resuspended 

in 10 ml macrophage culture media before being centrifuged at 300 x g for 5 min to 

remove large clumps. The top 7 ml of bacterial suspension was taken, the OD600 

recorded and diluted appropriately for infection. The inoculum was added at the 

correct MOI, assuming OD600 of 1 is 1x108 bacteria/ml. Infections were carried out 
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in a volume of 50 µl in a 96 well plate, 300 µl in a 24 well plate, 500 µl in a 12 well 

plate or 1 ml in a 6 well plate. After 2 h of uptake extracellular bacteria were removed 

with two washes in PBS and macrophages incubated for the required time points in 

macrophage media. At the required time post infection cells were harvested as 

appropriate. For infections in the presence of IFN-γ, cells were incubated with 20 

ng/ml IFN-γ following the washes to remove extracellular bacteria for the remainder 

of the infection. An MOI of 1 was used for all replication experiments, for all other 

experiments an MOI of 2 was used unless stated differently in the figure legend. 

2.3 Imaging 

Indirect immunofluorescence 

Cells were fixed in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences 

#15710) in PBS overnight at 4°C. Aldehydes were quenched in 50 mM NH4Cl, 

membranes permeabilised in PBS/0.1% BSA (Cell Signaling Technology 

9998S)/0.05% Saponin (Sigma Aldrich 47036) for 10 min and blocked in PBS/0.1% 

BSA for 5 min. Antibodies, indicated in Table 2.3.1, were then added sequentially 

for 1 h at room temperature. Between antibodies, cells were washed three times in 

PBS. Nuclei were stained with DAPI (ThermoFisher D1306) diluted 1:10000 in PBS 

for 10 min. Coverslips were mounted on glass slides with DAKO mounting medium 

(DAKO #S3023). Coverslips were imaged using a Leica SP5 or SP8 inverted 

confocal microscope (Leica Microsystems, Germany) with a 63X 1.4NA oil 

immersion objective. 96 well glass bottom Viewplates (Perkin Elmer 6005430) were 

imaged on an Opera Phenix high content imaging system (Perkin Elmer, Germany) 

with either a 40X 1.1NA or 63X 1.15NA water immersion objective. Images were 

acquired in confocal mode, with 2 x binning and Two Peak autofocus. 

For imaging on the Leica SP5 or SP8 DAPI was excited at 405 nm using a Diode, 

Alexa 488 was excited at 488 nm with an Argon laser, RFP was excited at 561 nm 

using a DPSS laser, and E2Crimson was excited at 633 nm with a HeNe laser. 

Fluorescence was detected using HyD detectors. Laser and detector settings were 

kept constant between conditions for each biological replicate of an experiment.  
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For imaging on the Opera Phenix DAPI was excited at 405 nm and emission 

detected from 435-480 nm, Alexa 488 was excited at 488 nm and emission detected 

from 500-550 nm, E2Crimson was excited at 633 nm and emission detected from 

650-760 nm. Fluorescence was detected using a 16 bit scMOS camera. 

Antibody Supplier Catalogue 

Number 

Dilution 

LC3B MBL PM036 1:100 

LAMP-1 Abcam ab24170 1:100 

Gal8 RnD Systems AF1305 1:100 

p40 Phox Millipore 07-503 1:100 

EEA1 BD Bioscience 610457 1:100 

Anti-rabbit AlexaFluor 

488 

ThermoFisher 

Scientific 

A11034 1:800 

Anti-mouse AlexaFluor 

488 

ThermoFisher 

Scientific 

A11029 1:800 

Anti-goat AlexaFluor 

488 

ThermoFisher 

Scientific 

A11055 1:800 

Table 2.3.1 Antibodies used for indirect immunofluorescence. 

Live cell imaging 

iPSDM were seeded in a Mattek gridded dish and infected with Mtb. Immediately 

after addition of bacteria, Mattek gridded dishes were sealed with parafilm, loaded 

into a holder and imaged on a laser scanning confocal microscope (Leica SP5, Leica 

Microsystems, Germany) at 37°C/5% CO2 using a custom-made environmental 

chamber from EMBL. Samples were imaged using a 63x 1.4NA oil immersion 

objective. For live imaging of Lysotracker, cells were stained for 15 min with 50 nM 

Lysotracker Green DND-26 (ThermoFisher Scientific #L7526) at 37°C/5% CO2 

before removal of media and addition of Mtb and immediate transfer to the 

microscope and imaging as described above. Time frames for each movie are 

detailed in figure legends. 
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Alexa 488 and Lysotracker Green were excited at 488 nm with an Argon laser, 

mCherry was excited at 561 nm using a DPSS laser, and E2Crimson was excited at 

633 nm with a HeNe laser. Fluorescence was detected using HyD detectors in 

BrightR mode. Laser and detector settings were kept constant between conditions 

for each biological replicate of an experiment.  

Transmission electron microscopy 

Sample preparation 

Cells were washed in PBS and then fixed in 2.5% glutaraldehyde (GA) (Sigma 

Aldrich 1121790025) in 200 mM HEPES pH 7.4 for 30 min at room temperature then 

overnight at 4°C. The following day the fixative was exchanged for 1% 

glutaraldehyde. After several washes in 200 mM HEPES buffer, samples were 

processed in a Pelco Biowave Pro (Ted Pella, USA) with use of microwave energy 

and vacuum. Samples were fixed and stained using a reduced osmium, 

thiocarbohydrazine, osmium (ROTO)/en bloc lead aspartate protocol. Samples for 

stereological analysis were dehydrated using an ethanol series of 50, 75, 90 and 

100% then lifted from the tissue culture plastic with propylene oxide, washed 4 times 

in dry acetone and transferred to 1.5 ml microcentrifuge tubes. Samples were 

infiltrated with a dilution series of 50, 75, 100% of Ultra Bed Low Viscosity Epoxy 

(Electron Microscopy Sciences 14310) resin to acetone mix and centrifuged at 600 

x g between changes. Finally, samples were cured for a minimum of 48 h at 60°C 

before trimming and sectioning. 

Sectioning and imaging 

Ultrathin sections (~50 nm) were cut with an EM UC7 Ultramicrotome (Leica 

Microsystems, Germany) using an oscillating ultrasonic 35° diamond Knife 

(DiaTOME, Switzerland) at a cutting speed of 0.6 mm/sec, a frequency set by 

automatic mode and, a voltage of 6.0 V. Images were acquired using a 120 kV 

Tecnai G2 Spirit BioTwin (FEI company, USA) with an Orius CCD camera (Gatan 

Inc., USA). 
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Correlative live cell fluorescence and focused ion beam scanning electron 

microscopy (FIB SEM) 

Sample preparation 

iPSDM expressing GFP-LC3B and/or RFP-Gal8 were imaged live as described 

above before a final high-resolution Z stack was acquired. Samples were fixed in 4% 

PFA overnight at 4°C before high resolution Z stacks of the fixed cells were acquired. 

Cells were then fixed in 2.5% GA for 15 min at room temperature before being 

processed for EM as described above, with the exception of using Durcupan resin. 

Samples were processed in a Pelco Biowave Pro as described above except only 

being washed twice with dry acetone. In the next steps samples were infiltrated with 

a dilution series of 50, 75 and 100% of Durcupan resin (Sigma Aldrich 44610) to 

acetone mix.  

Image acquisition 

Focused ion beam scanning electron microscopy (FIB SEM) data was collected 

using a Crossbeam 540 FIB SEM with Atlas 5 for 3-dimensional tomography 

acquisition (Zeiss, Cambridge). The grid square containing the cell of interest was 

trimmed from the resin block, mounted on a standard 12.7 mm SEM stub using silver 

paint, and coated with a 5 nm layer of platinum. The specific cell of interest was 

relocated in the SEM by imaging through the platinum coating at an accelerating 

voltage of 10 kV and correlating to previously acquired fluorescence microscopy 

images. After preparation for milling and tracking, electron micrographs were 

acquired at 5 nm isotropic resolution throughout each region of interest, using a 9 or 

10 µs dwell time. During acquisition, the SEM was operated at an accelerating 

voltage of 1.5 kV with 1 nA current. The EsB detector was used with a grid voltage 

of 1,200 V. Ion beam milling was performed at an accelerating voltage of 30 kV and 

current of 700 pA. 

Image processing and alignment 

After cropping to each region of interest, the datasets were aligned (register virtual 

stack slices, translation, default settings; Fiji), and batch processed to supress noise, 
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and enhance sharpness and contrast (gaussian blur [0.8 pixel radius], smart sharpen 

[60 percent, 10 pixel radius], smart sharpen [100 percent, 2 pixel radius], medium 

contrast curve; Adobe Photoshop CC 2015.5). For viewing, and to mitigate any 

misalignment with respect to the light microscopy orientation that was introduced 

during specimen mounting, each dataset was rotated and resliced in XY and YZ 

planes to flatten the volume with respect to the coverslip surface. The volume was 

then resliced in the XZ plane, perpendicular to the coverslip surface, to enable direct 

correlation of light and electron microscopy images. 

Scanning electron microscopy 

iPSDM were treated with an inoculum of Mtb WT at an MOI of 10 for 20 min on 13 

mm glass coverslips. Samples where then fixed with a mixture of 4% PFA, 1.25% 

GA, 0.04 M sucrose in 200 mM HEPES pH 7.4 overnight at 4°C. A Pelco 

Biowave Pro was used to process the samples as follows. Samples were washed 

twice in HEPES at 250 W for 40 s and post-fixed in 2% osmium tetroxide (Taab). 

Samples were washed in 200 mM HEPES then dehydrated using a step-wise 

ethanol series of 50, 75, 90 and 100 % at 250 W for 40 s per step. Samples were 

critical point dried using an EM CPD300 (Leica Microsystems, Germany) and 

acetone as the solvent. The samples were coated with 2 nm gold before imaging on 

a Quanta SEM (FEI, United States). 

2.4 Image Analysis 

Stereology analysis 

Fixed cells were pelleted at 600 x g after detachment from tissue culture plastic prior 

to embedding. At least 24 different infected cells per sample were imaged at ×3,900 

magnification by systematic and random sampling. Cross points of the stereological 

test grid over bacteria were counted with regard to the subcellular localization of 

bacteria, which was determined from images taken at minimum magnification of 

×16,000. Percentages were calculated from total counts per sample. The following 

criteria were followed for the assessment of subcellular membrane involvement: (a) 

Single surrounding membrane; bacteria were, at least partially, tightly surrounded by 

a phospholipid bilayer, representing the phagosomal membrane (b) cytosolic; 
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bacteria were surrounded by ribosomes, representing the cytoplasm with no 

indication of the phagosomal membrane; (c) Multiple surrounding membranes; 

bacteria were enveloped by double or multiple membrane structures. 

FIB SEM segmentation 

Datasets were imported into IMOD (Kremer et al., 1996) and manually segmented. 

The cytosol facing membranes were outlined. Where gaps existed in membranes or 

there was ambiguity as to the presence or location of a membrane they were 

introduced into the model and left as holes. Where the sample was torn during 

coverslip detachment and this affected sample preservation a hole was left.  

Fluorescence-EM correlation 

3D alignment of the fluorescence and FIB SEM image was performed using 

BigWarp. Fluorescence and FIB SEM files were converted to TIFF files and linear 

adjustments made to brightness and contrast using Fiji. The BigDataViewer and 

BigWarp plugin (Pietzsch et al., 2015) were used to align the two datasets. The FIB 

SEM stack was set as the ‘target’ and the light microscopy stack as the ‘moving 

dataset’. In landmark mode, a minimum of ten fiducials were placed in the first 

instance, across six axes (x, y, z, pitch, yaw, roll) for the initial alignment. Further 

points were chosen to increase the accuracy using a thin-plate spline method. 

2D correlative light and electron microscopy (CLEM) of single slices from the 

fluorescence and FIB SEM was performed in Icy (BioImage Analysis Unit, Institut 

Pasteur, Paris, France) using the ecCLEM plugin (Paul-Gilloteaux et al., 2017). The 

fluorescence image was deformed to map onto the unaltered FIB SEM slice using 

non rigid transformation. Bacteria and clearly defined LC3 positive structures were 

used as landmarks. 

Fixed cell image analysis 

To quantify Mtb replication, images were acquired on an Opera Phenix using a 40x 

1.1NA objective with at least 15 fields of view per well with a 10% overlap between 

adjacent fields, 3 wells per condition per experiment. Data was analysed in Harmony 

(version 4.9, Perkin Elmer Inc., Germany). Maximum projections of all planes, a total 
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of 4 with each 1 µm apart, were produced. Fields were stitched together to create a 

global image with dynamic binning and cells were segmented based on DAPI, 

excluding any cells touching the edge of the imaged area. Bacteria were detected 

using the ‘Find Spots’ or ‘Calculate Image’ building block of Harmony to produce a 

mask of the bacteria. The total bacterial area in each cell was then determined by 

Harmony. To calculate change in Mtb area/cell the mean Mtb area per cell at each 

time point was divided by the mean Mtb area per cell at 2 h. Uninfected cells, that is 

those with an Mtb area of 0, were excluded from analysis. 

To quantify marker association to Mtb from images acquired using the Leica SP5 or 

SP8 on glass coverslips images from at least 10 fields of view per replicate, acquired 

on a 63X objective, were loaded into Fiji and the mean fluorescence intensity (MFI) 

in an area marked by a mask of the bacteria was determined, as previously reported 

(Lerner et al., 2016; Schnettger and Gutierrez, 2017). Briefly, a manual threshold 

was determined to produce a mask of the bacteria then the ‘Analyse Particles’ 

function of Fiji, with size 0.5-Infinity and circularity 0.00-1.00, was used to measure 

the properties of the marker channel in the mask created. The MFI of manually 

selected marker positive and negative bacteria was calculated and used to 

determine a cut-off MFI for positive bacteria and the percentage of positive bacteria 

determined from this. Due to the nature of the LAMP-1 staining, automatic 

quantification was unreliable and so the number of positive and negative bacteria 

were counted manually. 

To quantify marker association to Mtb from images acquired using the Opera Phenix, 

cells were stained in 96 well glass Viewplates and imaged on a 63X 1.15NA water 

immersion objective. Following acquisition, images were evaluated using Harmony. 

Bacteria were identified using the ‘Find Spots’ building block and the mean 

fluorescence intensity of the marker in in each identified bacterial ‘spot’ calculated. 

The resulting analysis was examined to identify an appropriate cut off to distinguish 

bacteria positive and negative for the marker. This threshold was then used to 

compute the number of positive bacteria and thus the percentage of bacteria positive 

for the marker.  
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Live cell image analysis 

To quantify Lysotracker association, bacteria of interest were duplicated from the 

field of view and a mask of the bacteria and a ring of pixels around the bacteria was 

generated. To do this the bacteria containing channel was thresholded using a 

manually determined range and a single ‘Dilate’ command applied to expand the 

mask by 1 pixel in Fiji Is Just Image (v1.53c). This mask was then used to measure 

the mean fluorescence intensity of pixels in the green (Lysotracker) channel in the 

area defined by the mask using ‘Measure’ as previously reported (Schnettger and 

Gutierrez, 2017).  

2.5 Molecular Biology 

SDS-PAGE and Western blot  

Cells were lysed in RIPA buffer (Millipore #20-188) containing protease and 

phosphatase inhibitor cocktail (ThermoFisher Scientific #78445) for 10 min on ice. 

LDS sample buffer (ThermoFisher Scientific #NP008) and NuPage Sample 

Reducing Agent (ThermoFisher Scientific #NP009) were added and samples boiled 

at 95°C for 20 min if infected with Mtb, otherwise 10 min. Samples were loaded into 

4-12% Bis-Tris SDS-PAGE gels (ThermoFisher Scientific #WG1403BOX, 

#NP0322BOX, #NP0321BOX) at 200 V for 35 min. Proteins were transferred to 

PVDF membranes (ThermoFisher Scientific #IB24002, #IB24001) on an iBlot2 

(ThermoFisher Scientific #IB21001) using program P0. Membranes were blocked in 

5% skimmed milk (VWR B008KK2DMK) in PBS + 0.01% Tween 20 (PBS-T) for 1 h 

at room temperature with shaking. Primary antibodies, diluted in blocking buffer as 

indicated in Table 2.5.1, were incubated with membranes overnight at 4°C with 

shaking. Blots were washed three times in PBS-T and incubated with HRP-

conjugated secondary antibodies for 1 h at room temperature. Blots were developed 

with ECL (Millipore, WBULF0500) and imaged on a GE Amersham Imager 680 (GE 

Healthcare, U.K.). Molecular weight ladder (Abcam, #116028).  
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Antibody Dilution Supplier Catalogue Number 

LC3B 1:1000 Abcam ab48394 

p62 1:1000 Cell Signaling Technology #5114 

Atg7 1:1000 Cell Signaling Technology #8558 

Atg14 1:1000 Cell Signaling Technology #5504S 

IDO 1:1000 Cell Signaling Technology #12006 

iNOS 1:250 Novus Biologicals NBP1-67618 

Ubiquitin 1:1000 Cell Signaling Technology #3936 

β-actin-HRP 1:5000 Cell Signaling Technology #12262 

Anti-rabbit HRP 1:10000 Promega W4011 

Anti-mouse HRP 1:10000 Promega W4021 

Table 2.5.1 Antibodies used for Western blotting. 

Analysis of autophagic flux by Western blot 

iPSC or iPSDM were seeded into 6 well or 12 well plates respectively and iPSC 

allowed to grow to confluency. Cells were washed twice with PBS then incubated for 

2 h in full medium or starved of amino acids with Hanks Balanced Salt Solution 

(HBSS, ThermoFisher Scientific #14170088) with or without 100 nM Bafilomycin A1 

(Merck B1793-10UG) or 50 µM monensin (Sigma Aldrich M5273-5G) as detailed in 

figure legends. Samples were processed for SDS-PAGE and Western blot as 

described above. 

Flow cytometry 

Cells were stimulated with 20 ng/ml IFN-γ (Peprotech #300-02) + 500 ng/ml LPS 

(Sigma-Aldrich #) overnight. Cells were collected and incubated in PBS/0.1% BSA 

+ 5 µl FC block per million cells for 20 min. 50 µl of cells were then incubated with 

50 µl antibody cocktail diluted in PBS/0.1% BSA for 20 min on ice in the dark. Cells 

were washed in 2 ml PBS and fixed in 2% PFA prior to analysis. Cells were analysed 

on an LSRII flow cytometer (Becton, Dickinson and Company (BD), USA). 

Antibodies were purchased from BD and are detailed in Table 2.5.2. Flow cytometry 

data was analysed and plotted in FlowJo (BD, USA). 
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Antibody Clone Volume 

used (µl) 

Catalogue 

Number 

CD14-

Alexa647 

MΦP9 5 562690 

CD119-PE GIR-

208 

5 558934 

CD86-BV421 2331 5 562433 

CD11b-APC ICRF44 20 561015 

CD163-FITC GHI/61 5 563697 

CD169-PE 7-239 5 565248 

CD206-BV421 19.2 5 564062 

IgG1κ-PE - 20 554680 

IgG1κ-FITC - 5 554679 

IgG1κ-APC - 20 555751 

IgG1κ-BV421 - 5 562438 

IgG2bκ-

Alexa647 

- 5 557903 

Table 2.5.2 Antibodies used for Flow Cytometry. 

Cytokine measurement 

200 µl of supernatant from infected cells in a 96 well plate was collected and filtered 

twice through 0.2 µm PVDF membranes and stored at -80°C. Cytokine levels were 

analysed using a 20plex human inflammation panel from Invitrogen (EPX200-12185-

901) according to the manufacturer’s instructions. Samples were analysed on a Bio-

Plex 200 (BioRad). 

Plasmid cloning and purification 

Human LGALS8 was sub-cloned from pET-Galectin-8 FL (Addgene #68805) into 

pmRFP-C1 (Clontech) or pEGFP-C1 (Clontech) using BglII (ThermoFisher Scientific 

#FD0083) and KpnI (ThermoFisher Scientific #FD0524). All plasmids were 

transformed into TOP10 chemically competent E.coli (ThermoFisher Scientific 
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#C404010) and cultured in LB with appropriate antibiotic. Plasmids were purified by 

miniprep (Qiagen #27104). 

Nitric oxide detection 

200 µl of supernatant was collected from iPSDM treated with 500 ng/ml LPS, 20 

ng/ml IFN-γ or both in combination overnight in 96 well plates. Samples were then 

analysed for levels of nitrite and nitrate using Nitric Oxide Assay Kit (ThermoFisher 

Scientific EMSNO) following the manufacturer’s instructions. 

RNA-seq gene expression analysis of iPSDM infected with Mtb 

RNA-sequencing sample preparation 

1x106 EIKA2 iPSDM were seeded in 6 well plates and infected at an MOI of 2 for 2 

h. Extracellular bacteria were removed with 2 PBS washes and cells were then 

incubated in macrophage media for 2 h or 48 h. At the respective time point samples 

were incubated in 1 ml TriZol (ThermoFisher Scientific #15596026) at room 

temperature for 5 min. Samples were stored at -80°C until ready for library 

preparation. 3 biological replicates were performed. 

RNA-seq library preparation 

RNA libraries were constructed using TruSeq Stranded Total RNA Library Prep Gold 

kit (Illumina #20020596) where ribosomal and mitochondrial RNA were depleted by 

RiboZero beads according to manufacturer’s protocol. The final libraries were 

assessed using TapeStation 2200 System (Agilent). All libraries were sequenced on 

an Illumina Hi-Seq 4000 instrument with SR75 reactions. 

RNA-seq data analysis 

The quality of the sequencing fastq files was analysed using FastQC (v0.11.5) and 

low-quality samples were excluded from further differential gene expression 

analysis. Sequence reads were adapter- and quality- trimmed using Trimmomatic 

(v0.36) before aligning to the human genome (Ensembl GRCh38 build 88) using 

STAR aligner (v2.5.2a). Gene expression was quantified using RSEM (v.1.2.29) and 

differential gene expression analysis was performed using DESeq2 (v1.20.0) with 

default parameters. DESeq2 uses a generalized linear model to estimate log2 fold 
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change (log2FC) between comparison groups and the Benjamini-Hochberg false 

discovery rate was applied for multiple testing corrections, resulting in an adjusted 

p-value (padj) for each gene per comparison. Functional canonical pathways and 

disease networks associated with the differentially expressed genes were identified 

using Ingenuity IPA (Qiagen) with a cut off of padj<0.01 for differentially expressed 

genes. 

RNA-seq data availability 

RNA-seq data is published in (Bernard et al., 2021) and has been deposited to the 

Gene Expression Omnibus with accession number GSE132283. 

Graph plotting and statistical analysis 

Violin plots were produced using RStudio (The R Project for Statistical Computing) 

and the ggplot2 package. All other graphs, including heatmaps, were produced in 

GraphPad Prism V9.0 (GraphPad Software LLC, USA). Statistical analyses, as 

detailed in figure legends, was carried out in GraphPad Prism V9.0. Figures were 

compiled using Adobe Illustrator 2020 V24.3 (Adobe Inc. USA). 
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3. Results 

3.1 Set up and characterisation of human iPSDM as an in vitro 

model of Mtb infection 

Given that the available human macrophage models for studying host-pathogen 

interactions, especially in the context of Mtb infection, were not suitable to answer 

the questions in the aims of this thesis, iPSDM were chosen as the model of choice 

for this work.  

Their normal karyotype, ability to reflect primary human macrophage responses to 

immunological stimuli (Lin et al., 2016; Zhang et al., 2015; Alasoo et al., 2015) and 

amenability to CRISPR mediated genome engineering (Härtlova et al., 2018) 

provided an opportunity to explore as-yet unanswered questions. As this model was 

not established in the lab, nor had it been used to study the cell biology of Mtb 

infection before, it was important to characterise the differentiation status and cellular 

responses of iPSDM after Mtb infection. 

Production and characterisation of iPSDM  

Several published protocols were available for deriving macrophages from iPSCs 

(Lee et al., 2018), here a well characterised protocol that allowed long-term 

production of cells over approximately 4 months was followed. Initially, embryonic 

bodies were formed and then differentiated towards haematopoietic lineages 

through the use of BMP4, VEGF and SCF. Then, in flasks, haematopoietic cells were 

stimulated to differentiate and generate monocytes through the use of IL-3 and M-

CSF (van Wilgenburg et al., 2013) as outlined in Figure 3.1.1. Although labour 

intensive, this system reproducibly yielded large volumes of pure macrophages for 

downstream experiments. The initial set up of the iPSDM model was performed in 

the EIKA2 hiPSC line, which is derived from a healthy white adult male between 45 

and 49 years of age. This line had the whole genome sequence available, 

successfully differentiated to macrophages in other laboratories (Alasoo et al., 

2018), and displayed a normal karyotype.  
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Figure 3.1.1 Differentiation of hiPSC to iPSDM. Human EIKA2 iPSC are cultured to confluency 

then seeded into AggreWell800 dishes to form embryonic bodies. Addition of BMP4, VEGF and SCF 

for 3 days begins the differentiation process before ~300 EBs are seeded into T225 cm2 flasks for 

monocyte factory production. After 4-5 weeks monocytes appear in the supernatant, from which they 

can be harvested and terminally differentiated to macrophages with M-CSF. Following differentiation 

macrophages display dense cortical actin staining. Scale bar in light sheet micrograph 300 µm. 

Flow cytometry analysis of the monocytes showed high levels of CD14 and moderate 

levels of CD11b surface expression along with low levels of CD86 and high levels of 

CD119 surface expression (Figure 3.1.2A). The phagocytic receptors CD169, 

CD163 and CD206 were all expressed to varying degrees on the surface of the 

monocytes (Figure 3.1.2A). Following 7 days of differentiation in M-CSF, the 

macrophages upregulated CD11b surface expression but showed little CD14 at the 

cell surface. The levels of CD86 surface expression remained moderate whilst 

CD119 was high; following classical LPS and IFN-γ stimulation the levels of CD86 

increased and CD119 was undetectable. After differentiation, CD169 was the only 

one of the three phagocytic receptors examined detectable at the cell surface. 

Overall, this analysis was consistent with previous reports in human macrophages 

(Schulz et al., 2019). To complement this analysis, RNA-seq was performed and 
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reads for macrophage specific transcription factors and differentiation markers 

analysed. Reads mapping to macrophage specific transcription factors including 

PPARG, RUNX3, ID2, ID3 and MEF2C (Lee et al., 2018) were detected. Moreover 

RUNX1 was also detected whereas Myb was not detectable by this method (Figure 

3.1.2B), a finding that was consistent with previous reports that iPSDM production 

is RUNX1 dependent and Myb independent (Buchrieser et al., 2017). When 

compared to AmpliSeq data from hMDM and human alveolar macrophages (Papp 

et al., 2018), a broadly similar expression of transcription factors was observed 

(Figure 3.1.2C&D). Transcript analysis for common macrophage markers, including 

the surface markers in the flow cytometry analysis, revealed the expression of many 

common macrophage markers including CD14, CD16, CD68, CD11b and CD119. 

In contrast, reads mapping to stem cell markers, such as CD34, Oct4 and Nanog, 

were not detected (Figure 3.1.2E).  
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Figure 3.1.2 Human iPSDM express a range of macrophage markers. A. iPSDM were analysed 

by flow cytometry on day of harvest (Day 0) or after 7 days of differentiation in M-CSF for surface 

expression of several monocyte and macrophage markers. Macrophages were left unstimulated or 

activated overnight with 50 ng/ml LPS and 20 ng/ml IFN-γ prior to flow cytometry analysis as 

indicated. Data representative of 2 biological replicates. B. RNA-seq data from 2 h uninfected iPSDM 
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was examined for reads mapping to macrophage specific transcription factors. Data are mean ± SD 

from 3 biological replicates. Each point represents an independent biological replicate. C & D. 

AmpliSeq data from hMDM (C) and human alveolar macrophages (hAM) (D) in Papp et al. 2018 was 

analysed for reads mapping to the same transcription factors as in B. E. RNA-seq data from 2 h 

uninfected iPSDM was examined for reads mapping to common macrophage and stem cell markers. 

Data are mean ± SD from 3 biological replicates. Each point represents an independent biological 

replicate. 

At the functional level, iPSDM were observed to have classical phagocytic and 

macropinocytic features when infected with Mtb and examined by scanning electron 

microscopy (SEM) (Figure 3.1.3A). In response to LPS and IFN-γ treatment, iPSDM 

expressed both indoleamine-2,3-dioxygenase (IDO) and inducible nitric oxide 

synthase (iNOS), however it was not possible to detect nitric oxide in the cell culture 

supernatant (Figure 3.1.3B&C), as has previously been reported in THP-1 and 

human alveolar macrophages (Roshick et al., 2006; Gross et al., 2014). 
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Figure 3.1.3 Human iPSDM are phagocytic and express iNOS and IDO in response to LPS and 

IFN-γ treatment. A. iPSDM were incubated with Mtb WT at an MOI of 10 for 20 min before being 

examined by SEM. Representative images of phagocytosis and micropinocytosis-like events are 

shown. Scale bar 5 µm. B & C. iPSDM were treated overnight with 50 ng/ml LPS, 20 ng/ml IFN-γ or 

both before Western blotting for IDO and iNOS (B) or analysing the concentration of nitrates in the 

cell culture supernatant (C). Data representative of 1 biological replicate. 

Response of iPSDM after infection with Mtb 

After infection of iPSDM with Mtb stably expressing the fluorophore E2Crimson 

(E2Crimson-Mtb), confocal microscopy showed Mtb was intracellular between 2 h 

and 72 h of infection, indicating that iPSDM were able to phagocytose Mtb. After 72 

h of infection, Mtb WT replicated approximately 4-fold when compared to the uptake, 

while the attenuated mutant Mtb ΔRD1 only replicated 2-fold (Figure 3.1.4). When 

infected cells were incubated with exogenous IFN-γ for the course of the infection 

there was no difference observed in the replication of Mtb WT or Mtb ΔRD1, as was 

recently reported in iPSDM (Nenasheva et al., 2020) and has been previously 

reported in hMDMs (Lerner et al., 2017). Whether the observed replication defects 
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could be rescued through complementation with the RD1 region could not be 

confirmed due to technical limitations with the Mtb ΔRD1 complemented strain. 

 

Figure 3.1.4 Mtb WT replicates efficiently in iPSDM. iPSDM were infected with E2Crimson 

expressing Mtb WT or Mtb ΔRD1 at an MOI of 1 and incubated with media with or without 20 ng/ml 

IFN-γ throughout the infection period. Cells were fixed at indicated time points and imaged on an 

Opera Phenix microscope. A. Representative confocal micrographs of iPSDM after 72 h of infection. 

Scale bar 10 µm B. Fold change in mean Mtb area per infected cell over time from 3 biological 

replicates each with 3 technical replicates. Data are mean ± SD. Data analysed by one way ANOVA 

with Holm-Sidak’s multiple comparisons test, * p<0.05. C. Change in % of infected cells over time for 

each strain and stimulation from the same experiments plotted in B. Data are mean ± SD of 3 

biological replicates. 

At the subcellular level, both Mtb WT and Mtb ΔRD1 were observed to reside within 

membrane bound compartments that were positive for the late endosomal marker 

LAMP-1 (Figure 3.1.5C-D). In contrast, no colocalisation with the early endosomal 

marker EEA1 was observed (Figure 3.1.5 A-B). In agreement with these localisation 

studies and consistent with previous reports of cytosolic access by Mtb in human 

cells (van der Wel et al., 2007; Lerner et al., 2017), Mtb WT localised to the cytosol 

of iPSDM as early as 2 h post infection and by 48 h the majority of Mtb WT was 
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cytosolic (Figure 3.1.5E&F). In contrast, Mtb ΔRD1 was found within single 

membranes up to 48 h post infection (Figure 3.1.5F). 

 

Figure 3.1.5 Mtb localises to heterogeneous subcellular environments in iPSDM. A&C. iPSDM 

infected with fluorescently labelled Mtb WT or Mtb ΔRD1 at an MOI of 2 for 2 h, 24 h or 48 h were 

subjected to immunofluorescence for EEA1 (A) or LAMP1 (C). Scale bar 10 µm. Zooms of the areas 
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marked by white boxes are shown to the right of each main image. B. Quantification of the mean 

EEA1 intensity in each bacterial object. Data are mean ± SD from 1 biological replicate, representative 

of 3. D. Quantification of the percentage of LAMP1 positive bacteria from images represented in C. 

Data are mean ± SD of 2 biological replicates. E. Representative transmission electron micrographs 

of Mtb WT at 48 h post infection in iPSDM. Mtb bacilli are indicted by *. F. Stereological analysis of 

transmission electron micrographs represented in E to identify subcellular localisation of the bacteria. 

Data are mean ± SEM of 2 biological replicates. At least 49 infected cells were analysed for each 

condition. 

The lysosomotropic dye Lysotracker (LTR) accumulates in endolysosomes where it 

is irreversibly protonated and is unable to cross the endolysosomal membrane. If 

there is a compromise in endomembrane integrity, LTR leaks out and thus can be 

used to monitor membrane integrity (Repnik et al., 2017; Schnettger et al., 2017). 

After infection of iPSDM with RFP-Mtb WT, distinct profiles of LTR association with 

mycobacteria were observed by live cell imaging. In some cases, LTR positive Mtb 

lost the fluorescent signal and this was not recovered during the duration of imaging 

(Figure 3.1.6A&B). On the other hand, in some cases Mtb transiently lost LTR 

straining followed by a re-accumulation and dissociation, suggesting rounds of 

damage, recapture and re-escape (Figure 3.1.6C&D). A proportion of the bacteria 

retained LTR signal throughout the imaging period (Figure 3.1.6E&F). LTR positive 

vacuoles appeared in the vicinity of, but not directly around, Mtb WT in some cells 

suggesting normal LTR accumulation in membrane bound compartments around the 

bacteria (Figure 3.1.6G). 
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Figure 3.1.6 Mtb can fluctuate between Lysotracker positive and negative compartments. 

iPSDM stained with Lysotracker Green DND-26 were infected with RFP-Mtb WT at an MOI of 2 and 

imaged live with frames every 5 min for 24 h. A, C, E & G. Stills presented as maximum projections 

with linear adjustments made to brightness and contrast. Scale bar 10 µm. Arrows indicate the 

bacterium to follow, insets show a zoom of this bacterium at each time point. A. Mtb WT is able to 

damage the phagosomal membrane, leading to a loss of Lysotracker Green staining that does not 

recover. B. Quantification of Lysotracker association to the bacterium indicated in panel A. dashed 

line indicates cut off for bacteria to be considered Lysotracker negative. C. Mtb WT goes through 
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multiple rounds of cytosolic access, recapture and acidification and further membrane damage. D. 

Quantification of Lysotracker association to the bacterium indicated in panel C. E. Mtb WT localises 

to Lysotracker positive compartments for several hours. F. Quantification of Lysotracker association 

to the bacterium indicated in panel E. G. Mtb WT induced the formation of large Lysotracker positive 

vacuoles. 

RNA-seq analysis of the iPSDM response to Mtb infection 

The transcriptional response in the blood of TB patients has been widely studied and 

revealed a predominant Type I IFN signature during active disease (Berry et al., 

2010; Singhania et al., 2018). In vitro transcriptomic analysis has been performed in 

murine and human macrophages infected with Mtb WT (Andreu et al., 2017; Thuong 

et al., 2008; Papp et al., 2018), and some studies have compared responses to Mtb 

WT and attenuated mutants such as H37Ra (Silver et al., 2009; Blischak et al., 

2015). However, a detailed comparison between infection of macrophages with Mtb 

WT and the attenuated mutant Mtb ΔRD1, which lacks a functional ESX-1 secretion 

system, were not available. This comparison can help to identify host transcriptional 

responses linked to RD1 dependent process, such as membrane damage and 

cytosolic access. To define the response, iPSDM were infected with Mtb WT or Mtb 

ΔRD1 for 2 h or 48 h and analysed by bulk host RNA-seq. The 2 h time point was 

chosen to probe early changes when the bacterial burden was similar (Figure 3.1.4), 

but RD1 dependent differences, such as subcellular localisation (Figure 3.1.5), have 

begun to emerge. The 48 h time point was chosen to reflect changes as a result of 

the growth and manipulation of the macrophages by Mtb WT, whilst Mtb ΔRD1 has 

only undergone minimal replication.   

At 2 h post infection, both Mtb WT and Mtb ΔRD1 infected iPSDM showed differential 

expression of circa 5000 genes compared to uninfected controls. However, there 

were no significant differences in gene expression when Mtb WT and Mtb ΔRD1 

infected cells were compared (Figure 3.1.7). By 48 h, the response of iPSDM to Mtb 

WT increased with circa 9000 differentially expressed genes (DEG) whereas the 

response to Mtb ΔRD1 infection decreased to 800 DEGs (Figure 3.1.7). When 

comparing the Mtb ΔRD1 to Mtb WT infected iPSDM at 48 h, 8000 DEGs were found, 



110 
 

with the majority being expressed at lower levels in Mtb ΔRD1 infected macrophages 

(Figure 3.1.7 and Figure 3.1.10A). 

 

Figure 3.1.7 Mtb WT induces sustained changes in gene expression over the first 48 h of 

infection in iPSDM. EIKA2 iPSDM were infected with RFP-Mtb WT or Mtb ΔRD1 at an MOI of 2 for 

2 h or 48 h before total RNA was isolated and analysed by RNA-seq. The number of differentially 

expressed genes for each infection condition and time point compared to uninfected controls or each 

other is presented. Data from 3 independent biological replicates. ND: none detected. 

At 2 h post infection the most upregulated genes (defined by p value or fold change) 

were immune modulators and immune signalling genes known to have a function in 

defence against pathogens (Figure 3.1.8A). Transcripts for cytokines such as TNFα, 

IL-6, IL-1α, and IL-1β were highly upregulated in both Mtb WT and Mtb ΔRD1 

infected iPSDM (Figure 3.1.8A). Other transcripts that were highly upregulated 

include those for proteins that serve to transduce and respond to the activation of 

pattern recognition receptors such as IRAK2 and PTX3 and molecules involved in 

inducing chemotaxis like CCL4L2 and CCL20 (Figure 3.1.8A). DEGs were analysed 

using Ingenuity Pathway Analysis (IPA) and this also reflected a major early 

response to infection being immunomodulatory. Signaling through the TNF 

receptors, TLRs, NF-κB and interferon signalling were amongst the most significantly 

upregulated pathways (Figure 3.1.8B&C). An interesting finding was the 

identification of actin nucleation by the ARP-WASP complex, suggesting changes in 

cell motility or potentially phagocytosis in response to infection (Figure 3.1.8B&C).  
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Figure 3.1.8 Mtb WT and Mtb ΔRD1 induce a similar transcriptional response in iPSDM at 2 h 

post infection. A. All detected genes from the 2 h time point of the RNA-seq study were plotted on 

volcano plots for each comparison made. Green points indicate upregulated genes with a fold change 

> 2, red spots down regulated genes with a fold change <-2, grey spots indicate differentially 

expressed genes with a fold change between -2 and 2, black spots indicate not significantly changed 

genes. B&C. Differentially expressed genes from the 2 h time point, with a cut off of p < 0.01, were 

analysed by IPA to identify common pathways that were altered in Mtb WT (B) or Mtb ΔRD1 (C) 

infected compared to uninfected cells. Left hand bar chart indicates the top 20 dysregulated pathways 

by P value with the percentage of upregulated genes in green and downregulated in red. Right hand 
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bar chart indicates the P value for each pathway. Heat map shows activation status of the pathway 

by Z score, grey boxes indicate an incomputable Z score. 

At 48 h post infection, a strong immune activation signature was still present in the 

Mtb WT infected iPSDM with the most highly upregulated genes including CCL4, 

CLEC4E, SEMA4A and NCF1 (Figure 3.1.9A). IPA analysis also showed highly 

activated pathways such as interferon signalling, antigen presentation and TREM1 

signalling (Figure 3.1.9B). Additionally, the top dysregulated pathway in Mtb WT 

infected iPSDM at 48 h was EIF2 signalling, which was significantly downregulated 

implying disruption of mRNA translation (Figure 3.1.9B). Protein ubiquitination was 

significantly activated in the iPSDM infected with Mtb WT but not Mtb ΔRD1 (Figure 

3.1.9B). In the Mtb ΔRD1 infected iPSDM at 48 h the transcriptional signature 

changed towards being more immunosuppressive with upregulation of genes such 

as TIFAB, PLA2GD, RARRES2 and LILRB2 (Figure 3.1.9A). Whilst IPA analysis 

revealed a degree of immune-related pathway activation, such as interferon 

signalling and antigen presentation, in these Mtb ΔRD1 infected iPSDM a metabolic 

reprogramming signature was also clear. Genes involved in lipid metabolism were 

upregulated with cholesterol biosynthesis and LXR/RXR activation both predicted to 

be activated by Z score (Figure 3.1.9C). Another significant signal was the priming 

of the adaptive immune response with antigen presentation, OX40 signalling and 

communication between innate and adaptive immune cells among the pathways that 

were upregulated in iPSDM infected with Mtb ΔRD1 at 48 h (Figure 3.1.9C).  
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Figure 3.1.9 Mtb WT leads to sustained changes in gene expression over the first 48 h of 

infection whereas Mtb ΔRD1 infection leads to lower levels of transcriptional dysregulation. 

A. All detected genes from the 48 h time point of the RNA-seq study were plotted on volcano plots 

comparing each infection to the uninfected controls. Green points indicate upregulated genes with a 

fold change > 2, red spots down regulated genes with a fold change <-2, grey spots indicate 

differentially expressed genes with a fold change between -2 and 2, black spots indicate not 

significantly changed genes. B&C. Differentially expressed genes from the 48 h time point, with a cut 
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off of p < 0.01, were analysed by IPA to identify common pathways that were altered in Mtb WT (B) 

or Mtb ΔRD1 (C) infected vs uninfected cells. Left hand bar chart indicates the top 20 dysregulated 

pathways by P value with the percentage of upregulated genes in green and downregulated in red. 

Right hand bar chart indicates the P value for each pathway. Heat map shows activation status of the 

pathway by Z score, grey boxes indicate an incomputable Z score.  

When comparing the transcriptional response of iPSDM infected with Mtb WT and 

Mtb ΔRD1 at 48 h the majority of dysregulated pathways were downregulated in Mtb 

ΔRD1 infected cells (Figure 3.1.10B). Many of these downregulated pathways were 

immune related, reflecting the lower degree of immune activation in macrophages 

infected with Mtb ΔRD1 (Figure 3.1.10B). Indeed, genes downregulated in 

macrophages infected with Mtb ΔRD1 were immunomodulatory such as SEMA4A, 

CD274, IDO and CXCL11 (Figure 3.1.10A).  
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Figure 3.1.10 iPSDM infected with Mtb ΔRD1 at 48 h have lower expression of key immune 

defence genes and lower activation of immune defence pathways than Mtb WT infected 

macrophages. A. Volcano plot showing changes in all genes detected when comparing Mtb ΔRD1 

to Mtb WT infected iPSDM at 48 h. Green points indicate upregulated genes with a fold change > 2, 

red spots down regulated genes with a fold change <-2, grey spots indicate differentially expressed 

genes with a fold change between -2 and 2, black spots indicate not significantly changed genes. B. 

Differentially expressed genes from the 48 h time point when comparing Mtb ΔRD1 and WT infected 

iPSDM, with a cut off of p < 0.01, were analysed by IPA to identify common pathways that were 

altered. Left hand bar chart indicates the top 20 dysregulated pathways by P value with the 

percentage of upregulated genes in green and downregulated in red. Right hand bar chart indicates 

the P value for each pathway. Heat map shows activation status of the pathway by Z score, grey 

boxes indicate an incomputable Z score. 

Whilst many immune-related pathways remained activated in the Mtb ΔRD1 infected 

iPSDM at 48 h, the degree of activation was far lower than in the Mtb WT infected 

cells (Figure 3.1.11A). Furthermore, transcription of pro-inflammatory cytokine 
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encoding genes including IFNA, IFNB, IL6, CCL2, CCL3, CCL4 and TNF was 

robustly upregulated at 48 h in Mtb WT but not Mtb ΔRD1 infected iPSDM. This 

increased transcription was reflected in increased secretion of pro-inflammatory 

cytokines after infection with Mtb WT at 48 h (Figure 3.1.11B). The secretion of IFN-

α, one of the type I IFNs, was entirely ESX-1 dependent (Figure 3.1.11B), as has 

been previously reported (Stanley et al., 2007). The secretion of other cytokines 

important in the immune response to TB in vivo, such as TNFα and IL-1α, was also 

upregulated in iPSDM infected with Mtb WT infected cells more than in Mtb ΔRD1 

infected iPSDM, although this did not reach statistical significance. Overall, many of 

the cytokines were found at higher concentrations in supernatant from iPSDM 

infected with Mtb WT than Mtb ΔRD1, however this did not always reach statistical 

significance (Figure 3.1.11B).  
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Figure 3.1.11 Mtb WT infection leads to a sustained immune defence response in iPSDM that 

is reduced in Mtb ΔRD1 infected cells. A. Heat map showing activation status, by Z score, of 

selected immune signalling pathways from IPA analysis of DEGs from the RNA-seq dataset for 

comparisons indicated. B. Heat map showing log2foldchange for selected cytokines from the RNA-

seq dataset for comparisons indicated. Un: uninfected. C. Supernatant from iPSDM infected with Mtb 

WT or Mtb ΔRD1 for 48 h at an MOI of 2 was analysed by Luminex for inflammatory cytokines shown. 

Data are medians from 3 biological replicates, each with 3 technical replicates with whiskers indicating 
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the maximum and minimum. Analysed by one way ANOVA and Dunn’s multiple comparisons test ns 

not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Genes in the protein ubiquitination pathway were upregulated in Mtb WT infected 

iPSDM at both 2 h and 48 h post infection (Figure 3.1.12A). These genes included 

ubiquitin itself as well as a range of E2 and E3 ligases (Figure 3.1.12B). The E2 

UBE2QL1, which is required for efficient lysophagy (Koerver et al., 2019), and the 

E3 SMURF1, which conjugates polyubiquitin for xenophagy initiation during Mtb 

infection (Franco et al., 2016), were both upregulated. PRKN, which codes for the 

E3 ligase Parkin that also plays a role in xenophagy induction during Mtb infection 

(Manzanillo et al., 2013), was downregulated after 48 h of infection with Mtb WT. 

Western blot analysis showed that Mtb WT infected iPSDM at 48 h had an increased 

level of polyubiquitnated proteins whereas Mtb ΔRD1 infected cells showed no 

changes compared to uninfected controls (Figure 3.1.12C).  

 

Figure 3.1.12 Mtb WT infection induces accumulation of polyubiquitnated proteins in iPSDM. 

A. Bar chart showing percentage of genes upregulated in the protein ubiquitination pathway when 

compared to uninfected controls. ns: not significant. B. Heat map showing selected genes from the 

ubiquitination pathway identified by RNA-seq showing log2fold change in all comparisons made. C. 
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iPSDM were infected with RFP-Mtb WT or Mtb ΔRD1 at an MOI of 2 for 2 h or 48 h and subjected to 

Western blotting for ubiquitin. Image representative of 3 biological replicates. Un: uninfected. 

In summary, the data presented in this chapter showed the establishment of 

protocols to reliably produce human macrophages from iPSCs that recapitulate 

many well-established interactions with Mtb reported with other in vitro systems. The 

RNA-seq analysis showed immunomodulatory changes in iPSDM infected with Mtb 

and highlighted important differences specifically triggered by the Mtb ESX-1 

system. Changes in gene expression were initially common between Mtb WT and 

Mtb ΔRD1 infection but diverged by 48 h post infection with Mtb WT infected cells 

more strongly maintaining their immune activation status.  
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3.2 Mtb induces dynamic rearrangement of the autophagy 

machinery upon phagosome membrane damage 

Many of the previous studies of autophagy during Mtb infection have used snapshot 

imaging to determine bacterial localisation over the course of hours at specific time 

points (Watson et al., 2012; Manzanillo et al., 2013; Gutierrez et al., 2004a). When 

beginning this work, there were no studies looking at the spatiotemporal dynamics 

of the process at high resolution in human macrophages. Moreover, it was yet to be 

established how, following membrane damage, Mtb was able to access the cytosol 

without being captured by the autophagy machinery. Thus, having established 

iPSDM as a relevant model for studying Mtb infection, this system was used to probe 

autophagic targeting of Mtb through correlative live cell imaging and electron 

microscopy approaches. 

The dynamics of membrane damage during Mtb infection of iPSDM 

Following phagocytic uptake, Mtb damages the phagosomal membrane, a process 

that exposes carbohydrates on the luminal surface (Thurston et al., 2012). This is 

recognised by Gal8 in both mouse macrophages and human lymphatic endothelial 

cells (Schnettger et al., 2017; Lerner et al., 2018). To validate that this also occurs 

in human macrophages, iPSDM were infected with Mtb WT or Mtb ΔRD1 and the 

distribution of endogenous Gal8 was analysed. Mtb WT colocalisation with Gal8 

peaked at early time points post infection, with 10.3 ± 1.8% (mean ± SD) of Mtb 

positive at 2 h and this decreased over time with 5.2 ± 0.8% positive at 48 h (Figure 

3.2.1). Whilst a small number of Mtb ΔRD1 colocalised with Gal8, 0.2 ± 0.3% at 2 h, 

this was to a much lower extent than Mtb WT.  
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Figure 3.2.1 Mtb WT association with Gal8 is significantly higher than Mtb ΔRD1. iPSDM 

infected with E2Crimson Mtb WT or Mtb ΔRD1 at an MOI of 2 for 2 h, 24 h or 48 h were examined by 
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immunofluorescence for Gal8 recruitment. A. Representative confocal images of Gal8 recruitment to 

Mtb, representative of 3 biological replicates. Scale bar 10 µm. Zooms of regions highlighted in white 

squares are shown below each main image. B. Quantification of the percentage of Gal8 positive 

bacteria for each condition. Graph shows mean ± SD of 3 biological replicates. Data analysed by one 

way ANOVA and Holm-Sidak’s multiple comparison test, ns not significant, * p<0.05, ** p<0.01, **** 

p<0.0001. 

As observed previously in hMDMs, THP-1 and dendritic cells (Lerner et al., 2017; 

Simeone et al., 2012; van der Wel et al., 2007), Mtb WT was able to localise to the 

cytosol of iPSDM (Figure 3.1.5); suggesting a failure of the autophagy machinery to 

capture Mtb as it ruptures the phagosomal membrane. In order to test this 

hypothesis, iPSDM transiently expressing EGFP-Gal8 were infected with mCherry 

Mtb WT and analysed by live cell imaging to explore the dynamics of membrane 

damage during Mtb infection. Following phagocytosis, Mtb WT was rapidly 

recognised by EGFP-Gal8 (Figure 3.2.2A) and over the course of several hours 

EGFP-Gal8 dissociated, forming distinct vesicles (Figure 3.2.2A). When examined 

by electron microscopy the bacteria that dissociated from Gal8 (Bacteria 2) localised 

in the cytosol (Figure 3.2.2A&B). Bacteria that had not associated with Gal8 

(Bacteria 3) were localised within a single membrane bound compartment (Figure 

3.2.2A&C). These observations are consistent with Gal8 recognising damaged 

phagosomes, suggesting Mtb is able to shed the damaged membranes to access 

the macrophage cytosol. 
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Figure 3.2.2 Mtb WT accesses the cytosol following membrane damage in iPSDM. iPSDM 

expressing EGFP-Gal8 were infected with mCherry-Mtb WT at an MOI of 2 and imaged live with 

frames every 3 min. A. Maximum projection stills from live cell imaging of 3 different bacteria in one 

cell, time 0 represents the phagocytosis event for each bacterium. Images processed by Gaussian 

blur of radius 1. Scale bar 3 µm. Images representative of 2 biological replicates. B & C. TEM images 

of bacterium 2 (B) and bacterium 3 (C) from panel A. Scale bar 500 nm. * indicates Mtb. Arrow 

indicates phagosomal membrane. 

Mtb impairs autophagic flux at 24 h and 48 h post infection in iPSDM 

Previous reports indicated that Mtb efficiently blocks autophagic flux in human 

macrophages (Chandra et al., 2015; Romagnoli et al., 2012). Western blotting for 

the autophagy markers LC3B and p62 in iPSDM infected with Mtb WT or Mtb ΔRD1 

revealed no changes at 2 h post infection. In contrast, at 24 h and 48 h post infection, 

LC3-II and p62 accumulated in iPSDM infected with Mtb WT but not with Mtb ΔRD1. 
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As expected, the accumulation of LC3B-II and p62 was further enhanced by BafA1 

treatment but no more so than observed in uninfected controls suggesting the 

increase observed in Mtb WT infected iPSDM at 48 h was due to a blockade in 

autophagic flux rather than an induction of autophagosome biogenesis (Figure 

3.2.3).  

 

Figure 3.2.3 Mtb WT impairs autophagic flux in iPSDM. Protein extracts from iPSDM infected with 

Mtb WT or Mtb ΔRD1 at an MOI of 2 for 2 h, 24 h or 48 h in the absence or presence of 100 nM 

Bafilomycin A1 (BafA1) were subjected to Western blotting for autophagy markers p62 and LC3B. 

Blots representative of 3 biological replicates. 

Mtb induces LC3B tubulovesicular structures in human macrophages 

Given that Gal8 functions to recruit the autophagy machinery for xenophagic 

targeting (Thurston et al., 2012) but Mtb was able to shed EGFP-Gal8 positive 

membranes to enter the cytosol (Figure 3.2.2), the dynamics of the autophagy 

machinery during Mtb infection were examined in more detail. Live cell imaging of 
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iPSDM transiently expressing EGFP-LC3B and infected with Mtb WT revealed a 

striking, dynamic rearrangement of autophagosomes whereby EGFP-LC3B rapidly 

localised to large tubular and swollen autophagosomes several microns in size 

(Figure 3.2.4A) (Bernard et al., 2021). These autophagic structures were observed 

to persist for several hours (Figure 3.2.4A). Given the similarities between these 

structures and those observed during starvation and calcium phosphate precipitate 

induced autophagy and during Hepatitis B virus infection (Gao et al., 2010; Inoue et 

al., 2015), we name them LC3 tubulovesicular structures (LC3-TVS). Over time, it 

was observed that Mtb shed these LC3-TVS and dissociated from EGFP-LC3B. 

During this process, the vacuoles shrank and by end of the imaging period were no 

longer present in the macrophages (Figure 3.2.4A). In addition to the large EGFP-

LC3B positive structures, thinner and more transient EGFP-LC3B positive tubules 

were observed to protrude from the LC3-TVS (4:45 h image in Figure 3.2.4A). The 

induction of autophagy and LC3-TVS was only observed in Mtb WT infected cells, 

those infected with Mtb ΔRD1 showed no changes in the autophagy machinery over 

the first 24 h of infection (Figure 3.2.4B). The scattered autophagosomes, visible as 

LC3B puncta, moved throughout the Mtb ΔRD1 infected macrophages as expected 

but did not clearly associate with the mycobacteria. 
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Figure 3.2.4 Mtb induces the formation of large, EGFP-LC3B positive vacuoles and tubules in 

an RD1 dependent manner. A & B. iPSDM expressing EGFP-LC3B were infected with E2Crimson-

Mtb WT (A) or E2Crimson-Mtb ΔRD1 (B) at an MOI of 2 and imaged live with frames every 5 min for 

A and 3 min for B. Images are maximum projection stills, with time 0 being the frame of phagocytosis. 

Arrows in A indicate bacteria of interest. Scale bar 5 µm.  
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To define whether the observed EGFP-LC3B dynamics were caused by high levels 

of overexpression or the introduction of DNA into the macrophage cytosol, likely 

stimulating an induction of Type I IFN prior to infection, KOLF2 iPSDM stably 

expressing EGFP-hLC3B were infected with Mtb WT and examined by live cell 

imaging. Similar EGFP-LC3B dynamics to those observed in Figure 3.2.4 were 

found, with transient production of LC3-TVS, which are lost over time (Figure 3.2.5).  

 

Figure 3.2.5 iPSDM stably expressing EGFP-hLC3B also show induction of large LC3B positive 

vacuoles during Mtb WT infection. KOLF2 iPSDM stably expressing EGFP-hLC3B were infected 

with E2Crimson-Mtb WT at an MOI of 1 and imaged live with frames every 30 min. Images are 

maximum projection stills of two different bacteria in two cells, representative of 2 biological replicates. 

Scale bar 5 µm. Images were processed with the Smooth function in FIJI.  

Interestingly, as well as single LC3-TVS induction events, some Mtb WT were 

observed to trigger two consecutive rounds of LC3-TVS (Figure 3.2.6). 

Approximately 1.5 h after phagocytosis an initial, relatively small induction of LC3-

TVS was observed and after a further 3 h the bacterium was observed to be LC3 

negative. An hour later, a second, large induction of LC3-TVS was observed; 

suggesting the trigger for LC3-TVS can occur multiple times around one bacterium. 
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Figure 3.2.6 Mtb WT is able to induce multiple rounds of LC3-TVS formation. iPSDM transiently 

expressing EGFP-LC3B and infected with E2Crimson Mtb WT at an MOI of 2 were imaged live with 

frames every 4 min. Images are maximum projection stills from this live cell movie and are a zoom of 

one bacterium from one cell followed over time, with time 0 being the frame of the phagocytic event. 

Scale bar 2 µm.  

Moreover, when examining endogenous LC3B in iPSDM infected with Mtb, large 

LC3B positive membranes juxtaposing Mtb WT were observed but were absent in 

the Mtb ΔRD1 infected cells (Figure 3.2.7A). These structures were found at 2 h, 24 

h and 48 h after infection with circa 40% of all LC3B positive Mtb WT showing this 

phenotype (Figure 3.2.7B). Given the similarity of these structures to those 

observed in the live cell imaging (Figure 3.2.4-6) it is likely these structures formed 

even under endogenous levels of LC3B expression and were not a consequence of 

overexpression artefacts. To exclude the possibility this is a phenomenon solely 

observed in the iPSDM model, the localisation of endogenous LC3B was analysed 

in hMDM infected with Mtb WT or Mtb ΔRD1. Similar tubular and vacuolar LC3B 

positive structures were observed at 2 h post infection. However, at 24 h of infection 

these structures were no longer observed (Figure 3.2.7C&D). TEM analysis also 

revealed a very complex membranous organisation in iPSDM infected with Mtb WT, 

showing multi-lamellar compartments, sometimes containing organelles such as 

lipid droplets, adjacent to Mtb bacilli (Figure 3.2.7E).  
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Figure 3.2.7 Large LC3B positive vacuoles are observed in both iPSDM and hMDM infected 

with Mtb WT. A. iPSDM were infected with RFP-Mtb WT or ΔRD1 at an MOI of 2 and examined by 

immunofluorescence of LC3B at 48 h post infection. Scale bar 10 µm. B. Manual quantification of the 

percentage of LC3B positive Mtb in iPSDM showing enlarged LC3B positive vacuoles adjacent to the 

bacteria as shown in A. Data are mean ± SD from 3 biological replicates. C. hMDM were infected 

with E2Crimson-Mtb WT or Mtb ΔRD1 at an MOI of 2 and examined by immunofluorescence of LC3B 

at 2 h post infection. Representative images of 2 biological replicates. D. Manual quantification of the 

percentage of LC3B positive Mtb in hMDM showing enlarged LC3B positive vacuoles adjacent to the 

bacteria as shown in C. Data are mean ± SEM from 2 biological replicates. E. TEM images of iPSDM 

infected with RFP-Mtb WT at 48 h post infection. Scale bar 200 nm. Asterisks indicate Mtb. 
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Phagosome membrane damage precedes LC3-TVS formation 

The RD1 dependency of the observations in Figures 3.2.4-7, and the similarity of 

some aspects with the live cell imaging of EGFP-Gal8 in Figure 3.2.3, indicated this 

rearrangement of the autophagy machinery was likely triggered by phagosome 

membrane damage. Live cell imaging of iPSDM co-expressing EGFP-LC3B and 

RFP-Gal8 infected with E2Crimson-Mtb WT showed association of RFP-Gal8 

immediately prior to recruitment of EGFP-LC3B (Figure 3.2.8A). Confirming the 

previous results, EGFP-LC3B was recruited to large LC3-TVS, some of which were 

positive for RFP-Gal8. Interestingly, some of the large EGFP-LC3B tubules 

originating for the vacuoles were RFP-Gal8 negative. After chemical fixation, it was 

still possible to visualise the LC3B positive vacuoles and tubules (Figure 3.2.8B). 

However, due to the time from imaging to fixation, some structures changed between 

the last frame of the live cell imaging, likely due to the protracted time to fix the 

sample in a BSL3 laboratory. Following fixation, the sample was imaged by focussed 

ion beam scanning electron microscopy (FIB SEM), a technique previously used to 

image subcellular structures at ultra-high resolution in infection (Weiner and 

Enninga, 2019; Fredlund et al., 2018). 3D correlative light and FIB SEM analysis 

revealed that the EGFP-LC3B positive membranes were large, multi-membranous 

structures (Figure 3.2.8C). Although fixation and processing artefacts cannot be 

excluded, these swollen autophagosomes had regions of electron dense lumen and 

electron-lucent areas. Segmentation of the FIB SEM data revealed an incomplete 

double membrane surrounding the bacteria (Figure 3.2.8D), suggesting a partially 

formed autophagosome. Whilst in some sections, a complete double membrane 

resembling an autophagosome was observed around the bacteria (Figure 3.2.8Di) 

in other areas well-defined ends of the double membrane were clear (Figure 

3.2.8Dii). Notably, this three dimensional analysis showed the localisation of lipid 

droplets to the EGFP-LC3B positive structures, suggesting a potential induction of 

lipophagy during Mtb infection (Figure 3.2.8E).  
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Figure 3.2.8 Gal8 recruitment after membrane damage precedes the formation of Mtb-induced 

LC3-TVS. iPSDM expressing EGFP-LC3B and RFP-Gal8 infected with E2Crimson Mtb WT were 

imaged live with frames every 5 min. A. Maximum projection stills from live cell imaging. Images were 

filtered using the Smooth function in FIJI. Representative of 2 biological replicates. B. Single Z slice 

from post-fixation confocal imaging of cell shown in A. C. 3D CLEM of post fixation Z stack and FIB 

SEM of cell in panels A and B. Scale bar 2 µm, arrow indicates Mtb. D. Segmentation of FIB SEM 
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dataset showing the partial encasement of bacteria (cyan) in A&B in double membrane structures 

(green), that are LC3B positive. Fluorescence image is a 3D projection of the post fixation Z stack. (i) 

Shows a slice through the bacteria from the FIB SEM where the double membrane appears complete. 

(ii) Shows a slice through the bacteria from the FIB SEM where the double membrane appears 

incomplete. Scale bar 0.2 µm. E. Correlation of fluorescence with FIB SEM section showing lipid 

droplets (black square) in a double membrane LC3 positive compartment. 

Mtb spatially segregates from LC3B positive damaged membranes 

The shedding of the EGFP-LC3B positive membranes observed in Figure 3.2.4-6 

along with the partial envelopment of the bacteria in double membranes in Figure 

3.2.8 suggested that Mtb may use this to evade successful capture by the autophagy 

machinery. Live cell imaging of EGFP-LC3B expressing iPSDM enabled the 

identification of bacteria that had undergone different EGFP-LC3B dynamics (Figure 

3.2.9A&B). Whilst some bacteria managed to shed the EGFP-LC3B positive 

membranes (Figure 3.2.9A) others still showed partial colocalisation (Figure 

3.2.9B). Imaging immediately prior to fixation also identified bacteria entirely coated 

with EGFP-LC3B (Figure 3.2.9C&G). FIB SEM analysis of the bacteria that was 

completely EGFP-LC3B negative (ROI1 in Figure 3.2.9C) showed cytosolic bacteria 

contacting organelles such as lipid droplets and in close apposition to mitochondria 

(Figure 3.2.9D). The EGFP-LC3B membranes shed from the bacteria were 

complex, multi-membraned structures as previously observed in Figure 3.2.8 

(Figure 3.2.9E). The 3D FIB SEM reconstruction of the bacilli partially surrounded 

by an EGFP-LC3B positive membrane showed that the majority of the bacterial 

surface was exposed to the cytosol with one pole being enwrapped in a double 

membrane (Figure 3.2.9F). Within this double membrane there were small 

intraluminal vesicles. Mtb entirely enclosed by an EGFP-LC3B positive membrane 

in the image prior to fixation were localised within a partially complete double 

membrane, which also contained ER-like sheets of membrane (Figure 3.2.9G). 
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Figure 3.2.9 Mtb WT escapes LC3-TVS to reside in the cytosol. iPSDM expressing GFP-LC3B 

(green) and infected with E2Crimson-Mtb WT (red) were followed by confocal live cell imaging A & B 

with frames every 5 min. Images are maximum projection stills, filtered with a Gaussian blur, radius 

0.8, showing 2 small clumps of bacteria. Scale bar 2 µm. C. Maximum projection of 15 Z slice image 

of cell shown in A and B taken immediately prior to fixation. Scale bar 10 µm. ROI1, 2 and 3 are 

shown in detail in panels D, F and G respectively. Arrowheads A and B indicate LC3 positive 

membranes that were previously associated with Mtb and are shown in detail in panel E. D. Section 
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from FIB SEM showing one of the bacteria (*) in ROI1 in the cytosol in contact with a lipid droplet 

(LD) and a mitochondrion (M). E. Section from FIB SEM showing LC3 positive membranes (indicated 

by arrowheads in C) that have been shed from Mtb in ROI2. F. Correlative light and FIB-SEM of ROI2 

in C. Scale bar in FIB SEM section 0.5 µm. G. Correlative light and FIB-SEM of ROI3 in C. Scale bar 

in FIB SEM section 0.5 µm. 

In conclusion, the data presented in this chapter demonstrated that Mtb induced 

phagosome damage leads to targeting of the damaged phagosomal remnants for 

autophagy. Additionally, the induction of large LC3-TVS is associated with 

successful evasion of autophagic targeting and localisation of Mtb in the cytosol of 

macrophages. Altogether, the ultrastructure analysis revealed a very complex 

autophagic membrane reorganisation after Mtb infection of iPSDM.  
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3.3 An autophagy independent role for Atg14 in restricting Mtb 

replication in iPSDM 

Having demonstrated the effective evasion of autophagic capture by Mtb in human 

macrophages in chapter 3.2, it was of interest to dissect the impact of autophagy 

disruption in iPSDM on Mtb replication. I next capitalised on the main advantage of 

iPSC to knockout specific genes by CRISPR and test the function of autophagy 

deficient iPSDM. As both canonical and non-canonical autophagy have been 

implicated in controlling bacterial infections, including Mtb (Köster et al., 2017; 

Gutierrez et al., 2004a), it was important to develop tools to dissect both pathways. 

iPSDM express a truncated and functional form of Atg13 

In order to harness this potential, readily available Atg13 knockout (KO) in the 

KOLF2_C1 iPSC background (Nicholas Ksistakis, Babraham Institute, Cambridge, 

U.K.) were used to probe the effect of canonical autophagy disruption on Mtb 

infection induced autophagy and Mtb replication. As expected, the Atg13 KO iPSCs 

showed impaired starvation-induced autophagy and did not accumulate LC3-II in 

response to BafA1 treatment (Figure 3.3.1A). Unexpectedly, the Atg13 KO 

macrophages showed a normal autophagy response to starvation (Figure 3.3.1B). 

Western blotting analysis for Atg13 showed that in the WT iPSCs the main band was 

at approximately 60 kDa, the predicted molecular weight of the full-length protein, 

with a faint band at around 50 kDa (Figure 3.3.1A). In the iPSDM the 60 kDa band 

diminished and the 50 kDa band became the predominant band (Figure 3.3.1B). 

Analysis of the gene and transcript architecture on Ensembl showed there was an 

alternative start site in the gene within Exon 4 that would produce a truncated protein 

missing the first 79 amino acids with a predicted molecular weight of 51 kDa (Figure 

3.3.1C). The gRNA used to make the knockout aligns within Exon 4 and is 5’ to the 

alternative start site. Therefore following macrophage differentiation the dominant 

isoform of Atg13 is still expressed and the cells show no defects in autophagy. 
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Figure 3.3.1 iPSDM express a truncated form of Atg13 that is capable of supporting starvation 

induced autophagy. iPSDM were derived from WT or Atg13 KO KOLF iPSCs and their autophagy 

response to canonical autophagy stimuli was examined by Western blot. A. KOLF WT and Atg13 KO 

iPSCs were treated as indicated for 2 h and subjected to Western blot analysis for Atg13, p62 and 

LC3B. Fed: full media, St: starvation, BafA1: bafilomycin A1. Blot representative of 2 biological 

replicates B. KOLF WT and Atg13 KO iPSDM were treated as indicated for 2 h and examined by 

Western blot for Atg13, p62 and LC3B. Blot representative of 1 biological replicate. C. Ensembl 
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transcript tracks for human Atg13. Transcript Atg13-216 represents a truncated form of the protein 

that is observed to be abundantly expressed in macrophages.  

Indeed, during Mtb infection, autophagy induction still occurred at 48 h post infection 

(Figure 3.3.2). Thus, the predominant isoform of Atg13 that is expressed in iPSDM 

is a truncated 50 kDa version that retains functionality in autophagosome biogenesis 

and supports both starvation- and Mtb infection-induced autophagy. Therefore, 

these macrophages were not suitable for studying the effects of autophagy 

disruption. 

 

Figure 3.3.2 The truncated form of Atg13 is able to support autophagy induction by Mtb 

infection. WT and Atg13 KO KOLF iPSDM were infected with Mtb WT or Mtb ΔRD1 at an MOI of 2. 

Western blot of LC3B and p62 at 48 h post infection. BafA1: bafilomycin A1, Un: uninfected. 

Representative of 3 biological replicates.  

Generation and characterisation of Atg7 and Atg14 KO iPSDM 

In parallel to the studies with Atg13, autophagy knockouts were made in both EIKA2 

and KOLF2 iPSCs to disrupt either canonical and non-canonical autophagy, or 

canonical autophagy alone. In order to disrupt all autophagic processes Atg7 KO 

iPSCs were generated, as this has previously been widely reported to disrupt both 

canonical and non-canonical autophagy (Martinez et al., 2015, 2011; Tanida et al., 

1999; Kim et al., 1999). This also avoids the complications of the autophagy 

independent phenotype, shown in mice with genetic deletions of Atg5 infected with 

Mtb (Kimmey et al., 2015). In order to specifically disrupt canonical autophagy, whilst 
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leaving non-canonical autophagy functional, Atg14 was selected (Martinez et al., 

2015).  

Following clonal isolation, PCR screens were used to identify homozygous KO 

clones; that is those only producing only the shorter product. This identified six 

homozygous Atg14 KO clones in the KOLF2 (Figure 3.3.3A), six Atg14 KO clones 

in the EIKA2 (Figure 3.3.3D) and one Atg7 KO clone in the EIKA2 (Figure 3.3.3C). 

No homozygous Atg7 KO clones were identified in the KOLF2 (Figure 3.3.3B), this 

is likely due to a heterozygous SNP within one of the 5’ gRNAs and the other guide 

not being as efficient at generating a cut.  



139 
 

 

Figure 3.3.3 PCR screen identifies Atg7 KO and Atg14 KO iPSCs. PCR amplication of gDNA 

extracted from single clones of KOLF2 (A&B) or EIKA2 (C&D) iPSCs following CRISPR/Cas9 

targeting for deletion of exons in Atg7 (B&C) or Atg14 (A&D). Amplification of Atg7 around the cut 

sites (B&C) yields a band of approximately 1500 bp in WT cells and a band of approximately 700 bp 

following successful gene editing. Amplification of Atg14 (A&D) yields a band band of approximately 
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1500 bp in WT cells and a band of approximately 1000 bp following successful gene editing. * indicate 

homozygous KO clones. 

Selected PCR validated KO clones were expanded and screened by Western blot 

for the autophagy response and loss of the corresponding protein. EIKA WT iPSCs 

accumulated LC3-II in response to canonical autophagy induction by starvation, 

blockade of autophagosome degradation by BafA1 or induction of non-canonical 

autophagy by monensin treatment (Florey et al., 2015) (Figure 3.3.4A). In contrast, 

the Atg7 KO EIKA iPSCs had undetectable levels of LC3-II under fed or starvation 

conditions however, BafA1 or monensin treatment led to detectable levels of LC3B 

at 15kDa, albeit much lower than is seen in the WT cells (Figure 3.3.4A). 

Additionally, Atg7 KO iPSCs showed accumulation of p62 under all conditions when 

compared with WT iPSCs. p62 levels were not altered by BafA1 or monensin 

treatment; whereas WT iPSCs accumulated p62 following both of these treatments 

(Figure 3.3.4A). As expected, the Atg14 KO iPSCs showed increased p62 over WT 

cells, even in the fed condition, and failed to alter levels of LC3-II in response to 

either starvation or BafA1 (Figure 3.3.4B). In contrast, monensin treatment led to an 

increase in LC3-II levels and undetectable levels of LC3-I in with WT and Atg14 KO 

iPSCs indicating functional non-canonical autophagy in these cells (Figure 3.3.4B). 

Altogether, these data showed that Atg7 KO iPSCs are defective in both canonical 

and non-canonical autophagy, whereas the Atg14 KO iPSCs were only defective in 

canonical autophagy.  
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Figure 3.3.4 Characterisation of the autophagy response in Atg7 KO and Atg14 KO iPSC. A. 

Western blot of Atg7, p62 and LC3B in EIKA WT and EIKA Atg7 KO F4 iPSCs following treatment 

with starvation, bafilomycin A1 or monensin for 2 h. B. Western blot of Atg14, p62 and LC3B in KOLF 

WT and KOLF Atg14 KO B10 iPSCs following treatment with starvation, bafilomycin A1 or monensin 

for 2 h. Blots representative of 3 biological replicates. BafA1: bafilomycin. 

To test if macrophage differentiation affected the autophagy phenotypes of the Atg7 

and Atg14 KOs the same experiment as in Figure 3.3.4 was repeated in the iPSDM. 

Atg7 protein was not detected in the Atg7 KO iPSDM (Figure 3.3.5A) and Atg7 KO 

iPSDM showed two bands for LC3B, one at 15 kDa and one at 18 kDa. A small 

increase in LC3-II was observed after treatment with BafA1, although the effect was 

lower when compared with WT iPSDM (Figure 3.3.5A). The autophagy receptor p62 

levels were higher in Atg7 KO iPSDM under resting conditions (Figure 3.3.5A). 

Unfortunately, the Atg14 antibody failed to detect Atg14 in WT macrophages so it 

was not possible to validate the loss of protein at this stage. Functionally, however, 

the Atg14 KO macrophages showed no significant changes in LC3B processing after 

starvation and only minor changes after BafA1 treatment. Following induction of non-

canonical autophagy with monensin a small induction of LC3-II was observed, which 

was to a similar level as in the WT iPSDM (Figure 3.3.5B). The levels of p62 

remained largely unchanged in both WT and Atg14 KO iPSDM under all conditions 

tested (Figure 3.3.5B). 
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Figure 3.3.5 Characterisation of the autophagy response in Atg7 and Atg14 KO iPSDM. A. 

Western blot of Atg7, p62 and LC3B in EIKA WT and EIKA Atg7 KO F4 iPSDM following treatment 

with starvation, bafilomycin A1 or monensin for 2 h. Data representative of 2 biological replicates B. 

Western blot of p62 and LC3B in KOLF WT and KOLF Atg14 KO B10 iPSDM following treatment with 

starvation, bafilomycin A1 or monensin for 2 h. Data representative of 1 biological replicate. BafA1: 

bafilomycin. 

Mtb lacking the protein CpsA is attenuated in human macrophages 

Deletion of the protein CpsA (rv3484), a member of the LytR-CpsA-Psr (LCP) 

domain containing family, impaired Mtb replication in BMDM and THP-1. In mouse 

macrophages this restriction is associated with an enhanced recruitment of NADPH 

oxidase and induction of LAP, a form of non-canonical autophagy (Köster et al., 

2017). Using the Atg7 and Atg14 KO iPSDM in combination with two mutant strains 

of Mtb, Mtb ΔRD1 and Mtb ΔCpsA, which are unable to induce canonical or to block 

non-canonical autophagy respectively, I aimed to dissect the roles of canonical and 

non-canonical autophagy in Mtb infection.  

The growth of Mtb WT, Mtb ΔRD1, Mtb ΔCpsA and Mtb ΔCpsA::CpsA in 7H9 broth 

was similar (Figure 3.3.6). It was initially important to validate that Mtb ΔCpsA 

replication was restricted in iPSDM. Whilst uptake of Mtb was unaffected by CpsA 

or RD1 deletion, replication of Mtb ΔCpsA and Mtb ΔRD1 – as shown before (Figure 

3.1.4) – was significantly attenuated in iPSDM (Figure 3.3.7). This replication defect 

was rescued through complementation of CpsA with integration of the gene at a 
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different chromosomal locus and expression driven by a constitutive promoter (Mtb 

ΔCpsA::CpsA). As growth in broth was not altered (Figure 3.3.6), the deletion of 

CpsA specifically affects intracellular bacterial replication. 

 

Figure 3.3.6 Mtb CpsA does not show a growth defect in broth. Mtb strains were grown to 

exponential phase before dilution down to OD600 0.05 and monitoring Mtb growth by recording the 

OD600 every 24 h. Data from one representative experiment of 2 biological replicates 
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Figure 3.3.7 Mtb ΔCpsA replication is attenuated in iPSDM. iPSDM infected with Mtb WT, Mtb 

ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA were analysed for Mtb replication by confocal microscopy at 

2 h, 24 h, 48 h and 96 h pot infection. A. Representative micrographs of iPSDM infected with each 

strain for 96 h. Scale bar 50 µm. B. Violin plot of Mtb area per cell from one representative biological 

replicate of 3. White circles indicate mean Mtb area/cell. C. Change in Mtb area per cell over 96 h is 

shown for all strains, data represented as mean ± SD of 3 biological replicates. ** p < 0.01. Data were 

analysed by one way ANOVA with Holm-Sidak’s multiple comparisons test. D. Percentage of infected 

cells from the same 3 biological replicates in C. Data are mean ± SD. 

Next, to examine if the observed attenuation of Mtb ΔCpsA in iPSDM was potentially 

linked with NADPH oxidase, the recruitment of the endogenous, membrane 

associated subunit p40 Phox to Mtb was monitored by confocal microscopy. No 

differences in the recruitment of p40 Phox to Mtb WT and Mtb ΔCpsA were observed 

after 2 h of infection (Figure 3.3.8). However, at 48 h post infection, the levels of 

association of p40 Phox with Mtb ΔCpsA were significantly higher when compared 

to Mtb WT in infected iPSDM. 
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Figure 3.3.8 Mtb ΔCpsA retains p40 Phox recruitment at 48 h post infection. iPSDM infected 

with Mtb WT, Mtb ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA for 2-48 h were stained for p40 Phox by 

immunofluorescence. A. Representative images of p40 Phox recruitment to each strain, at each time 

point. Images representative of 3 biological replicates. Scale bar 10 µm. Close-ups of region marked 

by white box are shown below each main image. B. Quantification of p40 Phox recruitment to Mtb 

from images represented in A. Data are mean ± SD of 3 biological replicates. Data analysed by one 

way ANOVA and Holm-Sidak’s multiple comparisons test, ns not significant, * p < 0.05. 

Proteins with an LCP domain are responsible for cell wall biosynthetic processes in 

many Gram-positive bacteria, as well as in Mtb. In Mtb both CpsA and rv3267 are 

the LCP domain containing proteins responsible for conjugation of arabinogalactan 

to peptidoglycan in the bacterial cell wall (Harrison et al., 2016; Grzegorzewicz et al., 

2016). It is possible that CpsA deletion may subtly impact cell wall constituents and 

thus affect the assembly of secretion systems, including ESX-1, and other 

membrane proteins and complexes. To examine if the Mtb ΔCpsA mutant was 

defective in its ability to induce phagosome membrane damage, recruitment of Gal8 

was monitored as described before (Figure 3.2.1). No differences in Gal8 

recruitment were observed between Mtb WT and Mtb ΔCpsA (Figure 3.3.9), 

suggesting no defects in phagosome damage by Mtb ΔCpsA compared with Mtb 

WT. 
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Figure 3.3.9 Mtb CpsA is able to damage the phagosomal membrane. iPSDM infected with Mtb 

WT, Mtb ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA for 2 h, 24 h or 48 h were analysed for Gal8 

recruitment by immunofluorescence. A. Representative images, insets highlight examples of positive 

bacteria marked by white square in main image. Scale bar 10 µm. B. Quantification of percentage of 

Gal8 positive Mtb for each condition shown in A. Data are mean ± SD of 3 biological replicates. 

Analysed by one way ANOVA, ns not significant. 

Western blot analysis of Mtb infected iPSDM showed no differences in LC3B 

lipidation at 2 h post infection when comparing Mtb WT and Mtb ΔCpsA infected 

cells. After 48 h of infection, an accumulation of p62 was observed in Mtb WT, but 

not Mtb ΔRD1 infected iPSDM (Figure 3.3.10), as shown previously in Figure 3.2.3. 

Whilst a small RD1 dependent increase in LC3-II levels was observed here, it was 

not as pronounced as observed in Figure 3.2.3. Mtb ΔCpsA and Mtb ΔCpsA::CpsA 

infected iPSDM also showed an accumulation of LC3-II and p62, suggesting that 

CpsA is dispensable for blockade of autophagic flux by Mtb.  

 

Figure 3.3.10 Mtb CpsA is not required for blockade of autophagic flux after infection. Protein 

extracts from iPSDM infected with Mtb WT, Mtb ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA for 2 h or 

48 h were examined for changes in autophagy induction by Western blot. Blots are representative of 

3 biological replicates.  
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Mtb replication is not affected in Atg7 KO iPSDM 

To determine if the Mtb infection induced accumulation of LC3-II (Figure 3.2.3) was 

blocked in Atg7 KO iPSDM, macrophages were infected for 48 h and LC3B and p62 

analysed by Western blot (Figure 3.3.11). The accumulation of LC3-II in Mtb WT 

infected iPSDM was blocked in Atg7 KO macrophages (Figure 3.3.11) whereas the 

accumulation of p62 was enhanced (Figure 3.3.11). No changes in LC3-II or p62 

were observed after infection of WT or Atg7 KO iPSDM with Mtb ΔRD1 when 

compared to the uninfected control.   

 

Figure 3.3.11 Atg7 KO iPSDM do not accumulate LC3-II following Mtb infection. Protein extracts 

from EIKA WT or Atg7 KO iPSDM infected with Mtb WT or Mtb ΔRD1 for 48 h were subjected to 

Western blotting for LC3B and p62. Data are representative of 3 biological replicates. Un: uninfected. 

Whilst disruption of the autophagy pathway through knockout of key selective 

autophagy genes in mouse macrophages in vitro enhances Mtb replication (Köster 

et al., 2017; Manzanillo et al., 2013; Franco et al., 2016; Watson et al., 2012); a 

genetic approach targeting the autophagy machinery has not, to the best of our 

knowledge, been used in human macrophage models. An siRNA screen in THP-1 

cells to identify host proteins required to control an established infection did not 

identify any Atg proteins as being required (Kumar et al., 2010). After 96 h of 

infection, no differences in replication of Mtb WT or Mtb ΔRD1 were observed when 

comparing WT and Atg7 KO iPSDM (Figure 3.3.12A-C). The lack of observed 

differences was not due to a change in bacterial uptake or dissemination in Atg7 KO 

iPSDM as the bacterial area per cell at uptake and percentage of infected cells at all 
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time points was similar in both cell types (Figure 3.3.12D-F). Of note, in one of the 

two biological replicates, total cell numbers (as measured by number of nuclei 

counted) were lower in Atg7 KO iPSDM infected with Mtb WT at 96 h. It is therefore 

possible that there is increased cell death in the Atg7 KO and this may mask any 

differences in Mtb replication. However, at least up until 48 h post infection no 

differences were observed in cell number. 

Interestingly, whilst Atg7 KO BMDM were unable to restrict Mtb ΔCpsA up to 72 h 

post infection (Köster et al., 2017), we were unable to repeat this findings in iPSDM 

(Figure 3.3.12A-C). Mtb ΔCpsA showed attenuated replication in the Atg7 KO 

iPSDM, which cannot carry out either LAP of xenophagy. This suggests that neither 

canonical nor non-canonical autophagy were responsible for the restriction of Mtb 

ΔCpsA replication in human macrophages.   
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Figure 3.3.12 Mtb replication is unaltered in Atg7 KO iPSDM. EIKA2 WT and Atg7 KO iPSDM 

were infected with Mtb WT, Mtb ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA for 2 h, 24 h, 48 h or 96 h 

and Mtb replication analysed by confocal microscopy. A. Representative confocal fluorescence 

images at 96 h post infection. Scale bar 50 µm. B&C. Quantification of the change in Mtb area per 

cell, relative to uptake, in WT (B) or Atg7 KO (C) iPSDM. Data are mean + SD of 2 biological 

replicates. D. Violin plot of Mtb area per cell from 1 biological replicate, representative of 2. White 

circles represent the mean Mtb area per cell for each condition. E&F. Percentage of infected cells at 

each time point for WT (E) and Atg7 KO (F) iPSDM. Data are mean + SD of 2 biological replicates.   
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Atg14 is required in iPSDM to control Mtb replication 

In order to determine if non-canonical autophagy was induced at 48 h post infection 

and at all responsible for the increased LC3-II seen previously (Figure 3.2.3), Atg14 

KO iPSDM infected with Mtb WT, Mtb ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA were 

subjected to Western blotting. Atg14 KO iPSDM showed higher LC3-II levels 

compared to WT macrophages under resting conditions. Notably, after infection of 

Atg14 KO iPSDM with Mtb WT there was no induction of LC3 processing, suggesting 

that LC3B-II accumulation in WT iPSDM is due to a blockade of canonical 

autophagic flux (Figure 3.3.12). The levels of p62 in Atg14 KO iPSDM were higher 

compared to WT iPSDM in all conditions tested (Figure 3.3.13). 

 

Figure 3.3.13 Atg14 KO iPSDM do not accumulate LC3-II or p62 following Mtb WT infection. 

Protein extracts from KOLF WT or Atg14 KO iPSDM infected with Mtb WT, Mtb ΔRD1, Mtb ΔCpsA 

or Mtb ΔCpsA::CpsA for 48 h were Western blotted for LC3B and p62. Image is representative of 2 

biological replicates. Un: uninfected.  

Reports in Atg14 KO murine BMDMs and mice with a myeloid specific deletion of 

Atg14 showed a small, but not significant, increase in bacterial burden (Kimmey et 

al., 2015; Köster et al., 2017). Whether Atg14 is required to restrict Mtb replication 

in human macrophages is unknown and, given that Atg7 KO iPSDM showed no 

differences in Mtb burden up to 96 h of infection, any differences would likely be 

independent of an autophagic function of Atg14. Thus, KOLF WT and Atg14 KO 
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(clone B10, see Figure 3.3.3) iPSDM were infected for up to 96 h with Mtb WT, Mtb 

ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA and their replication analysed. Replication 

of Mtb WT was significantly enhanced in Atg14 KO iPSDM compared with WT 

macrophages, showing 10 fold compared to 4 fold replication over 96 h (Figure 

3.3.14A-E). This difference was not related to differences in phagocytosis as a 

similar proportion of cells were infected in both genetic backgrounds, and the 

bacterial area per cell was similar at 2 h of infection (Figure 3.3.14D, F&G). Mtb 

ΔRD1, Mtb ΔCpsA and Mtb ΔCpsA::CpsA also showed a slight, but not statistically 

significant, increase in replication over 96 h in Atg14 KO iPSDM (Figure 3.3.14A-E).   
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Figure 3.3.14 Mtb replication is enhanced in Atg14 KO iPSDM. KOLF WT and Atg14 KO iPSDM 

were infected with Mtb WT, Mtb ΔRD1, Mtb ΔCpsA or Mtb ΔCpsA::CpsA for 2 h, 24 h, 48 h or 96 h 

and Mtb replication analysed by confocal microscopy. A. Representative confocal fluorescence 

images at 96 h post infection. Scale bar 50 µm. B&C. Quantification of the change in Mtb area per 

cell, relative to uptake, in WT (B) or Atg14 KO (C) iPSDM. Data are mean + SD of 3 biological 

replicates. D. Violin plot of Mtb area per cell from 1 biological replicate, representative of 3. White 

circles represent the mean Mtb area per cell for each condition. E. Plot of the change in Mtb area per 

cell at 96 h, relative to uptake for the 3 biological replicates shown in B&C. Line represents the mean 

of each condition, each point represents one biological replicate. Data analysed by one way ANOVA 

and Holm-Sidak’s multiple comparison, ns not significant, ** p<0.01. F&G. Percentage of infected 

cells at each time point for WT (F) and Atg14 KO (G) iPSDM. Data are mean + SD of 3 biological 

replicates. 
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In conclusion, data presented in this chapter revealed that the LAP mediated 

restriction of Mtb ΔCpsA observed in BMDM by (Köster et al., 2017) was not 

recapitulated in human macrophages. Moreover, genetic dissection of autophagy 

through two specific Atg knockouts revealed that blockade of all LC3 lipidation 

dependent autophagic process had no effect on Mtb replication but a potential 

autophagy independent role for Atg14 in restricting Mtb replication was identified. 

  



156 
 

4. Discussion 

4.1 iPSDM as a human macrophage model for studying Mtb 

infection 

The study of human macrophage-Mtb interactions has largely been hampered by 

the lack of a scalable, genetically tractable source of karyotypically normal, primary-

like human macrophages (Bussi and Gutierrez, 2019). Whilst hMDM and cell lines 

such as THP-1, alongside studies in mouse macrophages, have enabled the 

dissection of certain key aspects of these interactions, neither provides the 

opportunity for reverse genetics in fully functional human macrophages, or the 

generation of specialised tissue-resident like macrophages. Herein, I have 

established and utilised iPSDM to overcome some of these limitations revealing 

previously unknown dynamics and roles of the canonical and non-canonical 

autophagy pathways during Mtb infection. 

The establishment of iPSDM production (Figure 3.1.1) yielded large numbers of 

macrophages week-on-week enabling reproducible, large scale experiments. The 

macrophages expressed classical markers by FACS, such as CD11b, CD86 and 

CD119 on their surface and mRNA for these and other markers, such as CD14, 

CD16 and CD68, were also detected by RNA-seq (Figure 3.1.2), consistent with 

previous reports in human macrophages (Lerner et al., 2017; Schulz et al., 2019). 

Importantly, reads for stem cell markers were largely absent indicating thorough, 

pure differentiation. As previously reported, iPSDM expressed the transcription 

factor RUNX1 but not Myb, indicative of an ontogeny similar to tissue resident 

macrophages (Buchrieser et al., 2017).  

iPSDM were able to support the intracellular replication of Mtb WT, whilst restricting 

the replication of Mtb ΔRD1 (Figure 3.1.4), as happens in other human macrophage 

models (Lerner et al., 2017). IFN-γ, a potent activator of macrophages (Nathan et 

al., 1983), that is important for control of Mtb infection in mouse macrophages 

(Gutierrez et al., 2004a; Flesch and Kaufmann, 1987) as well as for protecting 

against mycobacterial infection in humans (Bustamante et al., 2014), was unable to 
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restrict the replication of Mtb WT in iPSDM. These data are in agreement with a 

recent study in iPSDM (Nenasheva et al., 2020) as well has previous studies with 

hMDM (Douvas et al., 1985; Lerner et al., 2017), where IFN-γ treatment had no effect 

on or marginally increased Mtb replication. The reason for this apparent species-

dependent difference may be several fold. IFN-γ stimulation markedly alters the 

transcriptional and functional landscape of macrophages (Ehrt et al., 2001; Nathan 

et al., 1983) and the human and mouse genomes encode different interferon 

responsive genes, e.g. IRGs (Hunn et al., 2011). Many of the proteins encoded by 

these genes have unknown functions and could potentially be implicated in the 

restrictive effect of IFN-γ in mouse macrophages. Mtb infected human macrophages 

have also been shown to be refractory to induction of transcriptional changes 

following IFN-γ treatment (Ting et al., 1999). Mouse macrophages induce iNOS 

expression and NO production following LPS and IFN-γ stimulation (Kamijo et al., 

1994; Gross et al., 2014) and the production of NO is capable of restricting Mtb 

replication (Chan et al., 1992). However, human macrophages either do not induce 

iNOS expression and NO production following IFN-γ and LPS treatment due to 

epigenetic silencing (Gross et al., 2014) or any NO produced is insufficient to restrict 

Mtb (Rich et al., 1997; Aston et al., 1998) (Figure 3.1.3). Thus, an important effector 

of IFN-γ mediated restriction of Mtb in mouse macrophages, NO (Ehrt et al., 2001), 

is not active in the human system. The production of Type I IFN generates 

macrophages that are resistant to IFN-γ mediated restriction of Mtb replication and 

this may play a role in this in vitro system (Lienard et al., 2016). Additional studies 

probing the effect of treatment of iPSDM with IFN-γ before infection will be useful in 

determining if pre-activated human macrophages are more capable of restricting Mtb 

replication, however no difference was observed in hMDM (Lerner et al., 2017). 

Cytosolic access of Mtb WT was observed within 2 h post infection and proceeded 

to become the dominant subcellular location of Mtb in iPSDM after 48 h of infection 

(Figure 3.1.5). This early cytosolic access is observed in other human in vitro 

models, including macrophages, dendritic cells and endothelial cells (van der Wel et 

al., 2007; Simeone et al., 2012; Lerner et al., 2016). The iPSDM show a greater 

proportion of cytosolic bacteria at early time points than seen in other models; 



158 
 

however, hMDM and lymphatic endothelial cells show approximately 50% and 75% 

of Mtb in the cytosol at 48 h respectively (Lerner et al., 2016, 2017), which is more 

similar to what is seen in iPSDM. The reasons behind the high level of early cytosolic 

access are unknown, and warrant further investigation. It is important to note, that 

EM requires chemical fixation and some membranes could be altered by this 

process. It is therefore possible that the proportion of bacteria in the cytosol could 

be either under- or over- estimated in some conditions. The definitive proof will come 

from high pressure freezing studies, which allow for better membrane preservation 

(Tsang et al., 2018), but these approaches are currently not possible because of the 

lack of these technologies in BSL3 laboratories. Importantly, we do not know the 

precise proportion of cytosolic bacteria in macrophages within the lungs of patients 

with TB thus it is not possible to conclude which model most accurately reflects what 

is seen in macrophages in, for example, granulomas. The increasing proportion of 

cytosolic bacteria over time could be explained by either continuous phagosome 

damage and escape of more bacteria, or preferential replication of bacteria following 

cytosolic access, as has been observed in hLEC (Lerner et al., 2020). Whilst 

recruitment of Gal8 to Mtb WT at 24 h and 48 h after infection is observed (Figure 

3.2.1), providing evidence of continuing phagosome damage, the relatively low 

percentage is unlikely to account for the large increase in the proportion of cytosolic 

bacteria. Evidence that the cytosol may support enhanced replication of Mtb comes 

from a study in hLEC whereby smuggling of Mtb ΔRD1 into the cytosol by coinfection 

with Mtb WT leads to increased replication and cording of the attenuated mutant 

(Lerner et al., 2020). Indeed, for other intracellular pathogens such as Salmonella, 

cytosolic access leads to increased bacterial replication (Knodler et al., 2010; Malik-

Kale et al., 2012) and it has recently been reported that cytosolic Salmonella have 

greater access to nutrients (Roder et al., 2020). The response of Mtb to successful 

cytosolic access at the transcriptional and metabolic level is yet to be fully 

understood and is an area that requires significant tool development to explore.  

One important question that remains to be answered is which environments promote 

Mtb re-localisation into the cytosol? Additionally, what is the stimulus that triggers 

Mtb to attempt cytosolic access rather than hide in the maturation-arrested 
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phagosome? Whilst much work is still required to establish when ESX-1 

transcription, translation and activation occur in cellulo it is known that the system is 

functional in conventional culture conditions in broth (Chen et al., 2013). 

Interestingly, the PhoPR system, which regulates several key ESX-1 genes (Kumar 

et al., 2016; Frigui et al., 2008), is activated by low pH in vitro (Abramovitch et al., 

2011). Mtb with mutations or loss of PhoP are unable to secrete ESAT-6 due to loss 

of expression of key components of the secretion system (Ryndak et al., 2008). 

Thus, in response to the low pH of the lysosome transcription of key ESX-1 

components should be upregulated, and thus ESAT-6 secretion, should theoretically 

be enhanced however direct proof of this is missing. Although an acidic pH enhances 

the membrane damaging function of ESAT-6 in vitro (De Jonge et al., 2007), this is 

not required in THP-1 macrophages infected with M. marinum (Conrad et al., 2017) 

and neutralising lysosomal pH enhances cytosolic access in RAW264.7 mouse 

macrophages infected with Mtb (Simeone et al., 2015). The loss of LTR association 

with Mtb in cellulo in both mouse macrophages (Schnettger et al., 2017) and iPSDM 

(Figure 3.1.6) suggests that Mtb is able to damage phagosomal membranes 

following phagosome maturation and potentially acidification. In iPSDM, some 

bacteria in intact compartments that retained LTR were able to cause leakage of 

LTR staining that did not re-accumulate during the time course of the experiment. 

This suggests that these bacteria have successfully escaped from the 

phagolysosome or, if the membrane has been repaired, the phagosome or 

autophagosome does not mature. The presence of bacteria that underwent multiple 

rounds of LTR accumulation and leakage suggests that Mtb can return to intact 

membrane bound compartments in iPSDM. The mechanisms implicated in the 

dynamics of phagosome repair and recapture of cytosolic bacteria in human 

macrophages warrants further study, however ESCRT mediated repair (López-

Jiménez et al., 2018; Mittal et al., 2018), Rab20 mediated endosomal fusion 

(Schnettger et al., 2017), and autophagy (Kreibich et al., 2015) may all play a role. 

Because some bacilli eventually remain LTR negative, this implies Mtb is able to 

subvert, potentially through subsequent rounds of membrane damage, this repair 

and/or recapture to reside in a non-acidified environment. Meanwhile, those bacteria 
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that accumulate and retain LTR likely represent a subset of bacilli that are unable to 

arrest phagosome maturation or damage the phagosomal membrane, potentially 

due to being in a different metabolic or replicative state. 

As well as providing a model capable of reflecting many well-known and established 

findings in the context of Mtb-human macrophage interactions, iPSDM have the 

ability to open new avenues and uncover novel biology. Through co-culture of 

iPSDM with cell types relevant to the tissue niche of interest – either in vitro or in 

vivo – it is possible to induce differentiation to a more tissue resident like state 

(Takata et al., 2017; Haenseler et al., 2017). Moreover, the potential for use of 

macrophages differentiated from patient derived iPSC to study the mechanisms of 

inherited susceptibility to diseases and infections will help uncover the underlying 

cause, as has already been done with IFN-γ receptor polymorphisms (Neehus et al., 

2018; Haake et al., 2020). The relative ease of genome engineering in these cells 

has the potential to facilitate studies requiring genetic knock-in or knockout (Härtlova 

et al., 2018; Lee et al., 2020; Hall-Roberts et al., 2020) (Figure 3.3.3) that, to date, 

have not been feasible in primary human macrophages; an important aspect that is 

discussed further below. Combining these technologies with recently developed 

models, such as the lung on a chip (Thacker et al., 2020), provides an exciting 

opportunity to investigate the interaction of Mtb with multiple cell types in more 

physiologically relevant conditions. 

There are, of course, disadvantages to the use of iPSDM. The process of 

differentiation is expensive, especially given the large volumes and high 

concentration of M-CSF containing media required, hence making it difficult to do all 

experiments in multiple genetic backgrounds or with multiple clones. Recent 

developments have facilitated cost reductions, as well as more definition of media 

components (Vaughan-Jackson et al., 2020), and further cost reductions are likely 

to come as the technology develops. Whilst it is possible to produce very high yields 

of iPSDM each week – in the order of 1x107 per T225 cm2 flask – this requires time 

consuming tissue culture and this must be considered when considering the 

feasibility of experiments.  
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4.2 The ESX-1 T7SS dependent transcriptional response of 

human macrophages to Mtb infection 

The use of RNA-seq approaches has significantly improved our understanding of 

cellular responses to stimuli over recent decades. However, the majority of studies 

into the macrophage response to Mtb infection have used microarrays to study the 

transcriptional landscape (Silver et al., 2009; Chaussabel et al., 2003). The major 

disadvantage of this approach is that it is limited to the pre-selected transcripts in the 

microarray and may miss novel transcripts as well as having a smaller dynamic 

range and decreased sensitivity. Thus, our study is one of the first to use bulk RNA-

seq analysis to identify RD1 dependent changes in the human macrophage 

transcriptome. This RD1 dependent signature is likely the result of the action of the 

ESX-1 T7SS as loss of the RD1 region results in the loss of essential components 

of this complex (Pym et al., 2002; Majlessi et al., 2005; Brodin et al., 2006). iPSDM 

displayed a common response to infection with both Mtb WT or Mtb ΔRD1 at 2 h of 

infection (Figure 3.1.8). A novel but clear ESX-1 dependent signature became 

apparent at 48 h post infection (Figure 3.1.10). 

As expected, the initial response of iPSDM to Mtb infection, either with virulent Mtb 

WT or the attenuated mutant Mtb ΔRD1, is to upregulate immune sensing and 

defence pathways in order to combat the infection (Figure 3.1.8). This largely 

reflects the response observed in hMDM and human alveolar macrophages infected 

with Mtb WT where the top activated pathways were related to the immune response 

(Papp et al., 2018). Some of the most highly upregulated pathways include TNF-α 

signalling, which is important for Mtb defence in vivo (Flynn et al., 1995), and 

transduction of signals following PRR ligation such as TLR and NF-κB signalling. 

The absence of a differential response to Mtb WT and Mtb ΔRD1 at 2 h was initially 

surprising. Given that Mtb WT has elicited membrane damage (Figure 3.2.1) and 

translocated into the cytosol (Figure 3.1.5) by this time point, it was predicted that a 

differential transcriptional response may be evident. For example, cytosolic Mtb will 

activate different PRRs e.g. through cytosolic DNA and RNA sensing (Watson et al., 

2015; Cheng and Schorey, 2018), and thus elicit an altered transcriptional response. 
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It is possible that this time point is too early to see some of these changes and any 

subtle differences may be masked by the activation of similar signalling pathways by 

other PRRs. It also suggests that responses elicited through extracellular recognition 

of Mtb do not diverge due to the loss of RD1. Indeed, other RNA-seq studies 

comparing the response of hMDM to infection with Mtb WT, heat killed Mtb or 

attenuated mycobacteria such as M. bovis BCG and M. smegmatis have shown that 

the transcriptional response is largely driven by antigens rather than strain specific 

virulence factors (Blischak et al., 2015). However, as we report here, Blischak et al., 

also observed a greater transcriptional dysregulation in cells infected with virulent, 

rather than killed or attenuated mycobacteria and were able to identify genes only 

showing altered transcription following infection with virulent Mtb at 18 h and 48 h 

after infection.  

A major signalling pathway activated in the iPSDM at both 2 h and 48 h post infection 

was IFN signalling (Figure 3.1.9), likely through the action of Mtb induced secretion 

of IFNs, including IFN-α (Figure 3.1.11), on the macrophages. Indeed, IFN signalling 

was more activated in Mtb WT than Mtb ΔRD1 infected iPSDM at 48 h, tallying with 

the increased concentration of IFN-α in the supernatant of Mtb WT infected iPSDM. 

IFN signalling, from both Type I and II IFN, is a transcriptional signature seen in 

patients with active TB (Berry et al., 2010). The action of Type I IFN has been 

demonstrated to have both beneficial and detrimental impacts on the outcome of 

Mtb infection, overall hyper activation of Type I IFN secretion and signalling is likely 

to be harmful to the host (Moreira-Teixeira et al., 2018), potentially through driving 

the expression of IL-1 receptor antagonist (IL-1Ra) to block the action of IL-1β, an 

important cytokine in TB infection (Ji et al., 2019). Type I IFN signalling in 

macrophages has been linked to induction of a regulatory macrophage phenotype 

that are unable to restrict Mtb replication (Lienard et al., 2016) and induction of 

macrophage cell death (Zhang et al., 2020a). Thus, the identification of RD1 

dependent Type I IFN secretion (Figure 3.1.11) and IFN signalling (Figure 3.1.10) 

in iPSDM recapitulates a well-known response to Mtb infection. 
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Dysregulated protein ubiquitination was observed at 48 h post infection with Mtb WT 

(Figure 3.1.12). In addition to its role in xenophagy targeting (Fujita et al., 2013), 

ubiquitination of Salmonella recruits the proteasome to the bacterial surface to 

restrict its replication (Perrin et al., 2004). Moreover, protein ubiquitination is 

important for modifying the proteome through proteasomal degradation, modulating 

endosomal sorting and modifying protein function (Komander and Rape, 2012). 

Alterations in multiple post-translational modifications have been observed in 

primary mouse macrophages infected with Mtb and multiple other pathogens (Budzik 

et al., 2020; Johnson et al., 2020). Differentially ubiquitinated proteins identified 

included many involved in the immune response such as Clec4e, Il1b, Nos2 and 

Ifit1, as well as proteins important for autophagy (Budzik et al., 2020). When 

comparing protein ubiquitination in Mtb WT and Mtb ΔESX-1 infected macrophages, 

proteins in macroautophagy, lysosome function, defence response and regulation of 

innate immunity were all altered more in Mtb WT infected macrophages (Johnson et 

al., 2020). It will be important and interesting to determine which proteins are 

differentially ubiquitinated in the iPSDM following Mtb infection as well as the effect 

this has on their abundance and function. Further, some of these ubiquitinated 

proteins are likely to be important for xenophagic targeting through autophagy 

receptor recruitment and thus will enhance our understanding of how ubiquitin 

regulates selective autophagy. 

EIF2 signalling is an important component of the stress response and reprograms 

the transcriptional and translational landscape to cope with cellular stress as well as 

being important for the assembly of stress granules (Pakos‐Zebrucka et al., 2016). 

Therefore, its predicted inactivation following 48 h of Mtb WT infection was very 

interesting (Figure 3.1.9). For instance, EIF2 signalling is important for NF-κB 

signalling and changes in translation, for example the increased production of pro-

inflammatory cytokines, and this is inhibited by the Yersinia effector YopJ (Shrestha 

et al., 2012). Macrophages in Mtb lesions in mice show increased staining for 

phosphorylated EIF2α, which is required for stress induced transcriptional and 

translational changes, due to induction of ER stress (Seimon et al., 2010). 
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Over time, Mtb WT infected iPSDM increased the number of DEGs, whereas this 

was decreased in Mtb ΔRD1 infected macrophages (Figure 3.1.7). Overall, this 

suggests that macrophages infected with Mtb ΔRD1 are transcriptionally switching 

to a more resting-like state by 48 h after infection whereas Mtb WT infected 

macrophages remain activated. This response translates as, for example, sustained 

activation of immune signalling pathways and pro-inflammatory cytokine 

transcription and secretion in Mtb WT infected macrophages (Figure 3.1.11). These 

observations are in agreement with microarray data showing that Mtb H37Rv is able 

to induce stronger pro-inflammatory responses in human alveolar macrophages 

when compared with attenuated Mtb H37Ra, which has mutations in the PhoP 

subunit of two component systems that are required for virulence (Silver et al., 2009; 

Zheng et al., 2008). Many of the pro-inflammatory cytokines and chemokines 

detected play an important role during TB disease. IL-1α and TNF-α are both 

important for protection against TB, whereas increased IFN-α appears to play a 

detrimental role in disease progression (Flynn et al., 1995; Di Paolo et al., 2015). 

Many of these cytokines, including IL-6, have previously been shown to be secreted 

by hMDM following Mtb infection (Giacomini et al., 2001). 

In iPSDM infected with Mtb ΔRD1, the 48 h pathway analysis revealed changes in 

transcripts for proteins involved in lipid metabolism (Figure 3.1.9). These transcripts 

mapped to pathways including cholesterol biosynthesis and LXR/RXR activation. 

The lipidomic profile of human macrophages infected with Mtb WT shows increased 

triacylglycerols and sterols after 96 h of infection (Greenwood et al., 2019). 

Moreover, host cholesterol consumption by Mtb is implicated in bacterial dormancy 

(Pandey and Sassetti, 2008), thus the observed transcriptional response to Mtb 

ΔRD1 infection may be linked to replenishing cholesterol consumed by the bacilli. 

Importantly, cholesterol metabolic pathways were also altered in Mtb WT infected 

cells at 48 h post infection and these pathways were not differentially affected by 

RD1 dependent responses. Transcriptional profiling alone is insufficient to determine 

the changes in lipid profiles, thus a full lipidomic analysis is required to validate these 

hypotheses.  
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Going forward, it will be important to investigate the importance of these pathways 

during Mtb infection through biochemical analysis. Proteomic analysis of post-

translational modifications, as performed in mouse macrophages (Budzik et al., 

2020), will aid in the identification of novel ubiquitinated proteins for further 

investigation. With respect to EIF2 signalling, the changes in pathway activity will 

need formal validation for example by Western blot of relevant transcripts and 

proteins. Next mechanisms and consequences of this altered activation can be 

deciphered, potentially through genetic manipulation of the pathway. 

4.3 Mtb effectively avoids xenophagic capture 

For bacterial pathogens such as Salmonella the recruitment of galectins, especially 

Gal8, is intimately linked with efficient targeting to xenophagy to prevent cytosolic 

access (Thurston et al., 2012). Meanwhile, for professional cytosol dwelling 

pathogens like Listeria and Shigella, these damaged membranes can be shed to 

escape successful xenophagy (Mitchell et al., 2015; Dupont et al., 2009). In the 

context of Mtb infection, Gal8 is recruited in both mouse macrophages and hLEC 

(Schnettger et al., 2017; Lerner et al., 2018) and mediates the recruitment of 

autophagy receptors including TAX1BP1 following membrane damage (Bell et al., 

2020). However, given that successful cytosolic localisation is observed in human 

but not mouse macrophages (Lerner et al., 2017; Schnettger, 2016) it is important 

to understand the dynamics of membrane damage and subsequent autophagy 

activation in human experimental systems.  

Experiments in chemically fixed cells showed that membrane damage predominantly 

occurs at 2 h after infection in iPSDM but also continues at least over the first 48 h 

(Figure 3.2.1), as has been previously reported in other cellular models (Lerner et 

al., 2018; Schnettger et al., 2017; Bell et al., 2020). Interestingly, we identified a 

small subset of Mtb ΔRD1 that also colocalised with Gal8, which has not been 

observed in human macrophages before. It is possible this is due to the presence of 

PDIM in this Mtb ΔRD1 strain, whereas previous strains used were PDIM negative. 

As Mtb ΔRD1 was not found in the cytosol of iPSDM (Figure 3.1.5), any membrane 

damage that does occur likely is efficiently repaired to prevent translocation of Mtb 
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ΔRD1 into the cytosol. This implies that Mtb WT may block host-dependent repair 

pathways, such as the Rab20 mediated fusion of endosomes, which are not 

disrupted by Mtb ΔRD1 (Schnettger et al., 2017). Indeed, in Rab20 KO 

macrophages, Mtb ΔRD1 was observed to colocalise with Gal8 suggesting that Mtb 

ΔRD1 is able to damage membranes, albeit inefficiently, and this damage is 

efficiently repaired (Schnettger, 2016). 

Live cell imaging of EGFP-Gal8 during Mtb infection of iPSDM revealed that within 

hours of phagocytosis Mtb is able to induce membrane damage that is recognised 

by EGFP-Gal8. Then, over the course of several hours this EGFP-Gal8 coat is shed 

in vesicles (Figure 3.2.2). Correlative electron microscopy revealed that shedding of 

the damaged membranes and EGFP-Gal8 coat correlated with cytosolic localisation 

of the bacilli. Thus, in human macrophages Mtb is able to efficiently shed damaged 

phagosomal membranes to access the cytosol. One important remaining question 

is the long-term fate of these phagosomal remnants following shedding from Mtb. 

Live imaging of iPSDM co-expressing RFP-Gal8 and EGFP-LC3 revealed that LC3 

is recruited to these damaged membranes, suggesting a role for autophagy in 

targeting them for removal (Figure 3.2.8), as occurs during Shigella infection 

(Dupont et al., 2009). The shedding of host proteins in this manner is also seen in 

Shigella infection whereby a coat of GBPs, which assemble directly on the bacterial 

surface to restrict replication and activate pyroptosis (Wandel et al., 2020), is shed 

following ubiquitination by an E3 ligase secreted by Shigella (Wandel et al., 2017). 

Live cell imaging of the autophagic targeting of bacteria, or indeed most other large 

cargoes, is largely absent in the literature. In mouse embryonic fibroblasts infected 

with Salmonella live cell imaging showed the formation of an autophagosome tightly 

associated to the bacterial surface (Kageyama et al., 2011). Additionally, Ivermectin 

induced mitophagy leads to the formation of a tight autophagosome around 

fragmented mitochondria (Zachari et al., 2019). Both of these live imaging 

experiments show autophagosome formation appearing to complete over timescales 

in the order of 10 minutes. iPSDM infected with Mtb WT did not show such a simple 

recruitment of the autophagy machinery following phagosome damage. Instead, 
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large tubulovesicular autophagosomes, LC3-TVS, formed around the bacteria 

(Figure 3.2.8). These unusual autophagic structures have also been observed in 

THP-1 cells infected with Mtb (Beckwith et al., 2020). Additionally, various patterns 

of LC3 recruitment to M. marinum in D. discoideum have been reported, including 

coats, patches and dots (Cardenal-Muñoz et al., 2017) with some of these 

observations resembling our live and fixed cell imaging observations (Figure 3.2.4 

and Figure 3.2.7). Moreover, during starvation and calcium phosphate precipitate 

induced autophagy and hepatitis B virus (HBV) infection such LC3-TVS have been 

observed (Gao et al., 2010; Inoue et al., 2015). In the context of HBV infection, LC3-

TVS increase lysosomal delivery and reduce the secretion of virions (Inoue et al., 

2015). Finally, during Plasmodium berghei infection, autophagy proteins, including 

LC3, are directed into a tubulovesicular network highly reminiscent of those 

described here, before being shed as vesicles into the cytoplasm; a process that is 

important for completion of the liver stage of the parasite lifecycle (Agop-Nersesian 

et al., 2017). The role of the LC3 positive tubulovesicular structures, which seem to 

be a general response during infection with various pathogens, will be an interesting 

area of research.  

Our correlative FIB SEM analysis revealed the striking membrane complexity 

generated following phagosomal damage and autophagy activation. The damaged 

RFP-Gal8 and EGFP-LC3B positive membranes were highly complex with multiple 

internal membranes and vesicles (Figure 3.2.8). Similar observations were made 

during FIB SEM analysis of Mtb in THP-1 following Gal3 recruitment (Beckwith et 

al., 2020) and the damaged M. marinum vacuole and recruited autophagy machinery 

in D. discoideum revealed structures very similar to those seen here (López-Jiménez 

et al., 2018). Moreover, dense membrane structures containing ubiquitinated host 

and bacterial proteins have been observed in primary mouse macrophages infected 

with M. marinum (Collins et al., 2009). Finally, in BMDM infected with Mtb multi-

membrane structures, which were p62 positive, were observed (Schnettger et al., 

2017). The multi-membrane nature of these structures, together with the observed 

membrane damage event prior to their formation strongly suggests this process is 

linked to xenophagy rather than a form of non-canonical autophagy.  
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Some of the autophagic compartments generated by Mtb contained organelles such 

as lipid droplets, suggesting a possible induction of lipophagy (Figure 3.2.9). A 

similar observation has previously been reported in D. discoideum infected with M. 

marinum (Barisch and Soldati, 2017a), suggesting lipophagy as a mechanism for 

trafficking lipid droplets to the M. marinum phagosome. Recently, lipid droplets in 

human macrophages were shown to dramatically change their protein content 

following immune stimuli, such as LPS treatment, in order to become immune 

signalling hubs and adopt antibacterial properties (Bosch et al., 2020). Furthermore, 

lipid droplets serve as a reservoir for accumulation of the antibiotic bedaquiline and 

can transfer the antibiotic to Mtb (Greenwood et al., 2019). Thus, targeting lipid 

droplets for autophagic degradation may work to reduce their ability to contribute to 

immune responses. Whether this targeting of lipid droplets is selective and specific, 

or the result of them being coincidentally close upon LC3-TVS formation is unknown. 

Moreover, it is unclear if other organelles can also be wrapped and contained within 

LC3-TVS. 

The ultrastructural analysis of this work showed that Mtb comes into intimate contact 

with organelles, including lipid droplets, following cytosolic access (Figure 3.2.9). 

Contact between mycobacteria and lipid droplets have been reported previously and 

are known to contribute a source of lipids that support bacterial growth (Barisch and 

Soldati, 2017b; Barisch et al., 2015). Mtb has also been shown to contact lipid 

droplets, and even be localised within them, in human PBMCs (Peyron et al., 2008). 

The close proximity of Mtb and mitochondria seen here (Figure 3.2.9) has not 

previously been reported and suggests that mitochondria interact with bacteria 

localised in the cytosol. Whilst cellular metabolism (Pisu et al., 2020) and 

mitochondrial function (Abarca-Rojano et al., 2003) are altered following Mtb 

infection, the precise mechanisms behind this are largely unknown and whether 

direct contact plays a role requires further functional studies. Moreover, direct 

contact of Mtb with the plasma membrane is reported to induce damage and cell 

death (Beckwith et al., 2020), thus Mtb-mitochondrial contact may damage the 

mitochondrial membrane leading to alterations in cellular metabolism and possibly 

induction of mitophagy. Indeed, infection of macrophages with Mtb H37Rv but not 
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the attenuated strain Mtb H37Ra leads to increased cytochrome c release in 

macrophages, (Abarca-Rojano et al., 2003). As release of cytochrome c requires 

permeabilisation of the mitochondrial outer membrane (Garrido et al., 2006) it is 

possible that Mtb-mitochondrial contact could disrupt the mitochondrial membrane 

to facilitate this release and induce apoptosis. 

The formation of such large membranous structures containing internal membranes 

(Figure 3.2.8) is likely to require an influx of membrane from sources other than the 

phagosome or de novo membrane synthesis. There are several potential sources 

for this membrane e.g. endosomes, lysosomes and the ER. As a large, widely 

distributed organelle the ER is a likely candidate as a membrane source. During 

autophagosome biogenesis, Atg2 transfers lipids from the ER into the growing 

autophagosome (Maeda et al., 2019; Valverde et al., 2019; Tang et al., 2019) and 

Atg9 distributes them between the inner and outer leaflets (Matoba et al., 2020; 

Maeda et al., 2020). De novo autophagosome biogenesis following pathogen 

mediated vacuolar rupture has been reported during Salmonella infection of 

epithelial cells (Ravenhill et al., 2019). Thus, assuming some of the observed LC3-

TVS are the result of autophagosome formation, it is likely Atg2 mediated lipid 

transfer from the ER provides lipids for the expansion of these membranes. The 

biochemical analysis of LC3-TVS by (Gao et al., 2010) revealed membrane 

trafficking proteins were associated with these structures, including Rab5 and Rab7, 

which are important for endosome and lysosome fusion. Assuming these structures 

are similar to those observed during Mtb infection, it is possible that endosomal 

fusion provides membranes to the growing LC3-TVS.  

Over the course of the live cell imaging experiments, the LC3 positive membranes 

shed from the bacteria disappeared (Figure 3.2.4). This could be explained by de-

lipidation of LC3 from the membrane, as happens during Legionella infection through 

the action of the effector RavZ (Choy et al., 2012), or Atg4 activity during other 

canonical autophagy processes (Kauffman et al., 2018; Agrotis et al., 2019). 

However, as these LC3 positive membranes consist of LC3 conjugated to lipids in 

both the outer and inner membrane it is unlikely that de-lipidation alone can explain 
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the loss of EGFP signal. Given that EGFP is quenched in acidic environments it is 

tempting to speculate that these damaged membranes fuse with lysosomes for 

degradation. Indeed, during live cell imaging with LTR, large, acidified membranous 

vacuoles – reminiscent of these LC3 positive vacuoles – appeared adjacent to some 

bacteria (Figure 3.1.6). Thus, it is likely that damaged phagosomal remnants are 

targeted for lysosome mediated degradation through the autophagy pathway as 

observed during Shigella infection of epithelial cells (Dupont et al., 2009). Further 

live cell imaging experiments, for example with a GFP-RFP-LC3B reporter (Kimura 

et al., 2007) or EGFP-LC3B and a lysosomal marker such as LTR would be helpful 

here. Live imaging with the GFP-RFP-LC3B flux reporter was attempted during this 

thesis work, however relatively rapid bleaching of the RFP fluorophore made it 

difficult to conclude if the LC3-TVS acidify or not. 

An interesting idea raised by the data presented in Chapter 2 is that Mtb may block 

the completion of the formation of the autophagosome. For example, bacteria that 

were completely coated by LC3 in fluorescence microscopy did not have a complete 

double membrane around them when examined by FIB SEM (Figure 3.2.9). It is not 

possible to rule out these gaps being due to artefacts introduced by the chemical 

fixation and EM processing. How Mtb might block closure of autophagosomes is 

unknown. However, Mtb is known to block the action of the ESCRT machinery 

through secretion of EsxG and EsxH (Mehra et al., 2013; Mittal et al., 2018) and the 

ESCRT machinery is required for autophagosome closure (Takahashi et al., 2018; 

Zhou et al., 2019; Zhen et al., 2020). Therefore, it is possible that local secretion of 

these proteins blocks the action of the ESCRT machinery in closing the 

autophagosome and inhibiting efficient targeting of Mtb by xenophagy. 

As well as potentially blocking autophagosomal closure it is likely that Mtb secretes 

other, unknown factors to facilitate the shedding of the membranes. Unlike Shigella 

and Listeria, which polymerise actin at their poles in order to move within and 

between cells, Mtb is non-motile and therefore cannot actively move away from the 

damaged phagosome or forming autophagic membranes. In the case of Listeria it is 

the secretion of the phospholipase PlcA and the actin assembling protein ActA that 
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are important for xenophagy evasion after vacuolar rupture (Mitchell et al., 2015). It 

would be interesting to identify if there are Mtb factors required for the successful 

shedding of LC3 positive membranes, and if so the potential host targets. 

The fate of Mtb following escape from autophagic targeting and cytosolic access was 

not examined here but requires follow up work. It would be interesting to determine 

if, following escape, the bacteria are able to replicate more efficiently than those that 

do not damage membranes and remain inside the phagosome. Whilst this was 

attempted, the relatively low expression of EGFP-LC3B in the stably transduced 

macrophages meant high laser powers were required and bacterial replication over 

several days could not be observed. It will be important to generate new stable 

EGFP-LC3B lines using a stronger promoter, such as CMV, to facilitate these 

experiments.  

Finally, it would be interesting to determine if a stimulus prior to infection, such as 

rapamycin or IFN-γ, may increase the efficiency and effectiveness of xenophagic 

targeting. If so this could still make xenophagy an interesting target of host-directed 

therapies. 

4.4 Role of membrane tubulation in the membrane damage 

response 

In addition to the large tubular and vesicular autophagic structures that displayed a 

degree of stability lasting several hours, more transient EGFP-LC3B tubulation 

events were also observed (Figure 3.2.4). Some of these tubules were very thin and 

extended over several microns before either retracting or disconnecting. Such 

tubulation events have been observed in response to other membrane damaging 

stimuli. In Staphylococcus aureus infection the pore forming toxin α-haemolysin has 

been linked with the formation of large networks of LC3B, Rab7 and Rab1b positive 

tubules (López de Armentia et al., 2017). The formation of these tubules requires 

microtubules and the motor protein kinesin 1 suggesting some force generation by 

this motor may be involved in elongating the membrane. Whether these have a role 

in the formation of tubules during Mtb infection warrants further investigation. 

Additionally, following lysosomal damage by LLOMe, the kinase LRRK2 regulates 
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the microtubule and motor protein dependent formation of tubules from damaged 

lysosomes, which get scissioned to form vesicles that go on to contact other 

lysosomes, potentially as a mechanism of membrane recycling (Bonet-Ponce et al., 

2020). Moreover, calcium phosphate precipitate induced endosomal damage is 

associated with LC3 tubule formation (Chen et al., 2014). Overall, data presented 

here combined with the literature suggests a role for membrane tubulation during the 

endomembrane damage response that requires further study. 

The observed membrane tubulation may be as a result of attempts by the cell to 

repair the damage. It is plausible that following membrane rupture the tubules form 

to remove the pore forming toxins from the main organelle in order to restore 

membrane integrity and functioning of the organelle. For example, in the context of 

lysosomal damage removing the holes or pores and resealing the membrane would 

facilitate the restoration of a proton gradient and acidification. Alternatively, 

components of the autophagy machinery have been reported to seal damaged 

membranes during Salmonella infection (Kreibich et al., 2015), and whilst this did 

not involve tubulation there could be similar mechanisms operating here. 

Tubulation of autophagic membranes also occurs during autophagic lysosome 

reformation (ALR) (Yu et al., 2010). As the terminal step of autophagy involves fusion 

with lysosomes, it is important to regenerate new lysosomes for continued 

degradation of endocytic and autophagic cargoes. This can be achieved through 

ALR, whereby Kinesin 1 dependent production of tubules from autolysosomes leads 

to the formation of small proto-lysosomes, which acidify and acquire degradative 

properties (Du et al., 2016; Yu et al., 2010). These tubules may be different to those 

observed in (Bonet-Ponce et al., 2020) as ALR tubules are LAMP-1 positive, 

whereas those induced by LLOMe treatment appear to be negative for the 

endolysosomal protein LAMP-1. The tubules observed during ALR are highly 

reminiscent of the thin, highly dynamic EGFP-LC3B tubules seen emerging from the 

large, more stable LC3-TVS (Figure 3.2.4) as well as those seen in (López de 

Armentia et al., 2017). Notably, however, during ALR tubules are LC3 negative, 

therefore the LC3 tubules observed here likely form independently of ALR and may 
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be more akin to those observed during LLOMe induced damage to endolysosomes 

(Bonet-Ponce et al., 2020).  

Membrane tubulation has a well described role in sorting cargoes from endosomes 

(McNally and Cullen, 2018). The Retromer complex, along with sorting nexin and 

bar domain (SNX-BAR) proteins are important for the formation of these tubules, 

whether such membrane deforming proteins are required for the formation of EGFP-

LC3B tubules warrants further study. Interestingly, BAR domain containing proteins 

have been proposed to be important for the tubulation of macropinosomes following 

osmotically driven shrinking (Freeman et al., 2020). Thus, instead of removing 

damaged membranes, the membrane tubulation observed here could result in the 

removal of intact membranes and proteins for recycling. 

4.5 Mtb ΔCpsA attenuation is autophagy independent in iPSDM 

The Mtb protein CpsA is one of 3 proteins of the LCP family encoded by the Mtb 

genome. Their function in Mtb is mainly associated with the conjugation of 

arabinogalactan to peptidoglycan during cell wall biosynthesis (Harrison et al., 2016) 

and mutants lacking rv3267, one of the LCP proteins, but not CpsA show significant 

growth defects in broth and a double knockout is lethal (Grzegorzewicz et al., 2016). 

In both mouse and human macrophages, growth of CpsA knockout Mtb is attenuated 

(Köster et al., 2017) (Figure 3.3.6). In mouse macrophages this attenuation has 

been shown to be due to increased NADPH oxidase recruitment and phagosomal 

ROS production leading to LAP. However, if this attenuation was due to ROS and 

LAP was not shown in human macrophages (Köster et al., 2017). 

Here, it is shown that NADPH oxidase is retained on the Mtb ΔCpsA phagosome up 

to 48 h post infection, whereas Mtb WT shows decreased colocalisation as the 

infection progresses (Figure 3.3.7). In primary mouse macrophages, Mtb ΔCpsA 

recruited NADPH oxidase more efficiently than Mtb WT at 2 h post infection (Köster 

et al., 2017) however this was not observed in the iPSDM system (Figure 3.3.7). 

Interestingly, this could not be linked to the reported LAP dependent restriction of 

Mtb ΔCpsA as replication was not rescued in Atg7 KO iPSDM, where both canonical 

and non-canonical autophagy are disrupted (Figure 3.3.12). Additionally, no 
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changes in LC3-II levels were detected by Western blot of Mtb ΔCpsA infected 

iPSDM at 2 h post infection, indicating no significant changes in LC3 lipidation 

(Figure 3.3.10). It is possible that no changes are seen due to LC3 lipidation 

occurring only on a subset of Mtb containing phagosomes in the approximately 40% 

of infected cells at this time point, thus any changes may be below detection limits 

of Western blotting on the population level. By 48 h post infection with Mtb ΔCpsA, 

the levels of p62 and LC3B-II were similar to cells infected with Mtb WT, indicating 

that CpsA is dispensable for the blockade of autophagic flux by Mtb. 

Mtb ΔCpsA is able to induce membrane damage, as indicated by Gal8 recruitment 

(Figure 3.3.9), implying that the ESX-1 secretion system is likely functional in this 

mutant. It remains to be clarified if this membrane damage is sufficient to facilitate 

cytosolic localisation, or whether this damage is efficiently repaired leading to 

phagosomal localisation and the observed growth restriction. 

Overall, much of the experimental work to date on LAP has relied on mouse 

macrophage models including BMDM and RAW264.7 (Martinez et al., 2011, 2015, 

2016; Sanjuan et al., 2007; Cunha et al., 2018) as well as murine fibroblasts 

(Fletcher et al., 2018). The related process of LANDO has also been characterised 

in mouse macrophages and microglia (Heckmann et al., 2019). It is therefore 

important to validate these findings relating to LAP in a human macrophage system. 

There is some evidence for LAP in human monocytes playing a role in protection 

from liver inflammation (Wan et al., 2020), however it is unclear if the process also 

applied to fully differentiated macrophages. NADPH oxidase dependent recruitment 

of LC3 to phagosomes in human macrophages is, however, important for antigen 

presentation (Romao et al., 2013). 

Regarding the Mtb ΔCpsA strain generated here, it will be important to validate the 

mechanism of its restriction in human macrophages. Firstly, does the increased 

NADPH oxidase recruitment correlate with increased ROS and does altering NADPH 

oxidase recruitment rescue Mtb ΔCpsA replication? The activation of NADPH 

oxidase can be assayed using the phosphorylation status of p40phox and 

phagosomal ROS measured with probes such as DCFDA. Secondly, is there 
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increased endogenous LC3 recruitment to Mtb ΔCpsA phagosomes? Thirdly, is Mtb 

ΔCpsA impaired in its ability to access the cytosol and is it therefore restricted 

through phagosome maturation? EM studies of Mtb ΔCpsA in iPSDM, combined with 

confocal microscopy to examine recruitment of phagosome maturation markers such 

as LAMP-1 will help answer this question. Overall, establishing the mechanism of 

attenuation of Mtb ΔCpsA will reveal how this protein subverts the macrophage 

response to enable Mtb survival and replication. 

4.6 Autophagy deficient human macrophages display no defects 

in Mtb control 

Disruption of the proper functioning of the autophagy pathway through a variety of 

genetic knockout approaches significantly enhances Mtb replication in mouse 

macrophages in vitro (Manzanillo et al., 2013; Franco et al., 2016; Watson et al., 

2012). Whether knocking out these autophagy genes brings about these effects by 

directly removing xenophagy or by disrupting other functions of the autophagy 

pathway that are important for bacterial control is unknown. Moreover, many of the 

knockouts that have the greatest effect, such as Atg5, will affect both xenophagy 

and non-canonical autophagy so it could be either pathway that is important for 

restricting Mtb replication. The situation is further complicated by the fact that most 

of these knockouts, except Atg5, have no effect in vivo as measured by colony 

forming units (CFU) (Kimmey et al., 2015; Watson et al., 2012; Castillo et al., 2012). 

Moreover, as previously discussed, the ability of mouse macrophages to reflect 

events occurring in human macrophages is variable and needs to be considered in 

this context. 

Initially work was carried out in Atg13 KO iPSCs and iPSDM however these were 

found to have been ineffectively knocked out. Whilst the iPSC are unable to initiate 

changes in LC3 lipidation in response to starvation or BafA1 treatment, the WT and 

Atg13 KO iPSDM have similar LC3 processing responses (Figure 3.3.1). This cell-

type specific response can be explained by an apparent difference in dominant 

transcripts. Whilst Western blotting of the iPSCs for Atg13 revealed a major band at 

60 kDa in the WT cells that was absent in the KO, the WT iPSDM mainly expressed 
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a 50 kDa version (Figure 3.3.1). Interestingly, differentiation of these iPSCs into 

neurons yielded cells that were still defective in canonical autophagy (Nicholas 

Ksistakis, unpublished). It remains to be investigated why this truncated, yet 

apparently fully functional, form of Atg13 is the predominant form in macrophages. 

One of the aims of this thesis was to evaluate the role of both canonical and non-

canonical autophagy. To this end, Atg7 KO iPSCs were produced as a tool to block 

all forms of LC3-lipidation dependent autophagy. Validation of the Atg7 KO iPSC 

revealed, as expected, no Atg7 protein and LC3 processing is severely impaired 

under resting or starvation conditions (Figure 3.3.4). Interestingly, following BafA1 

or monensin treatment a faint band of LC3 at 15 kDa could be observed, suggesting 

that blockade of lysosomal function leads to accumulation of a form of LC3 at this 

molecular weight. Following macrophage differentiation, the band at 15 kDa, the 

molecular weight of LC3-II, was observed in all conditions (Figure 3.3.5). Given that 

Atg7 is absolutely required for LC3 lipidation, it is possible this band represents the 

pro form of LC3, prior to cleavage by Atg4, which also runs at 15 kDa (Agrotis et al., 

2019). This could be checked using immunofluorescence for LC3 puncta, however 

it should be noted that LC3 puncta can form even without LC3 lipidation (Runwal et 

al., 2019). Importantly, both WT and Atg7 KO iPSC and iPSDM showed a large 

accumulation of p62, even under resting conditions, due to being unable to degrade 

the protein by autophagy.  

In iPSDM lacking Atg7, there was no detectable LC3 processing after infection with 

Mtb (Figure 3.3.11). There is a significantly larger accumulation of the autophagy 

receptor p62 in the Mtb WT infected, Atg7 KO iPSDM compared to the WT iPSDM 

controls, suggesting further blockade of p62 degradation. When examining the RNA-

seq data, the expression of p62 was upregulated at 48 h post infection in an RD1 

dependent manner. The observed accumulation of p62 is likely due to increased de 

novo synthesis of the protein, which is unable to be degraded by the autophagy 

pathway. 

Atg7 KO cells are capable of forming autophagosomes around NBR1 puncta without 

lipidation of any Atg8s (Ohnstad et al., 2020). Whether this process of 
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autophagosome formation is sufficient to selectively target large cargoes, such as 

Mtb, is unclear. The reported Atg7-independent autophagy relies on the autophagy 

receptor TAX1BP1 and the kinase TBK1, both of which are involved in xenophagy 

of Mtb (Bell et al., 2020; Budzik et al., 2020; Watson et al., 2012). Thus, it is important 

to consider that Mtb targeting to autophagy may not be completely inhibited in Atg7 

KO iPSDM and could explain the in vivo data (Kimmey et al., 2015). 

In vitro, knockdown of Atg7 in BMDM did not alter Mtb replication after 3 days of 

infection (Köster et al., 2017), however Atg7 knockdown in ex-vivo alveolar or 

peritoneal murine macrophages did increase Mtb replication (Sivangala Thandi et 

al., 2020). Overall, Köster et al., do not observe large differences in Mtb WT 

replication upon disruption of the autophagy machinery by KO or KD of several 

proteins, including Atg5. In vivo, mice lacking Atg7 expression in myeloid cells show 

no alteration in Mtb burden or pathology (Kimmey et al., 2015). Interestingly, Atg7 

KO mice were more susceptible to M. bovis BCG infection, likely due to increased 

uptake of mycobacteria (Bonilla et al., 2013). Whilst knockdown of Atg7 in U937 cells 

decreases maturation of M. bovis BCG phagosomes, the authors did not correlate 

this with an impact on intracellular survival or replication (Singh et al., 2006). In the 

context of Atg7 independent autophagosome formation (Ohnstad et al., 2020) it is 

possible that the lack of phenotypes observed in some of these studies could be due 

to continued autophagic targeting of mycobacteria.  

Disruption of the E3 like complex of Atg5-12-16L1 is frequently used to produce 

models that are defective in all forms of autophagy. Atg5 KO mice and cell lines 

consistently show an increase in Mtb replication, bacterial burdens and pathology 

(Castillo et al., 2012; Manzanillo et al., 2013). However, the in vivo pathology is 

mostly due to increased neutrophilic inflammation and is due to an autophagy 

independent function of Atg5, the mechanism of which is yet to be described 

(Kimmey et al., 2015). Atg5 is implicated in the induction of apoptosis, independently 

of its autophagic function (Yousefi et al., 2006). Thus KO of Atg5 may result in a 

more pro-inflammatory mode of cell death, such as necrosis or pyroptosis, following 



178 
 

Mtb infection thus leading to the observed increase in pathology (Kimmey et al., 

2015). 

In Atg7 KO iPSDM, Mtb replication was unaffected by autophagy disruption (Figure 

3.3.12). Whilst this finding requires validation in additional genetic backgrounds and 

clones, it provides an interesting insight into the possibility that autophagic processes 

are sufficiently subverted by Mtb that their blockade by Atg7 KO does not enhance 

the effect. Indeed, Mtb is known to subvert autophagy flux, that process by which 

autophagosomes fuse with lysosomes for degradation (Chandra et al., 2015). 

Moreover, data presented here shows that Mtb is able to escape from the forming 

autophagosome to enter the cytosol (Figure 3.2.9). Given the discovery of Atg7 

independent autophagy (Ohnstad et al., 2020) it may be necessary to produce 

iPSDM with KO of both Atg7 and FIP200 to block both LC3 lipidation dependent and 

independent autophagy to probe the effect on Mtb replication. 

4.7 Atg14 restricts Mtb replication in an autophagy independent 

manner 

Specific disruption of canonical autophagy, requiring the de novo formation of 

autophagosomes, whilst leaving non-canonical, single membrane autophagy intact 

was achieved through knockout of Atg14 (Martinez et al., 2015). Atg14 KO iPSCs 

and iPSDM do not respond to canonical autophagy stimuli, such as starvation, but 

are able to activate non-canonical autophagy, for example in response to monensin 

(Figure 3.3.4&5). Following 48 h of Mtb WT infection, no increased LC3 lipidation 

was seen in the Atg14 KO iPSDM suggesting that the induction of LC3-II is due to 

canonical autophagy at this time point (Figure 3.3.13). Thus, these cells provide a 

tool to examine the effect of canonical autophagy disruption and the role of non-

canonical autophagy during Mtb infection.  

To date, limited work has used genetics to specifically examine the role of canonical 

autophagy in Mtb infection. Mice with a genetic knockout of Atg14 in myeloid cells 

showed a small, statistically not significant, increase in Mtb burden in the lungs 

(Kimmey et al., 2015) and a similar pattern was observed in BMDMs (Köster et al., 

2017). The in vivo analysis was performed using two mice per condition (Kimmey et 
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al., 2015), increasing this, and thus the statistical power, may reveal a statistically 

and biologically relevant difference.  

Surprisingly, whilst the Atg7 KO macrophages showed no change in Mtb replication, 

the knockout of Atg14, which disrupts canonical autophagy but leaves non-canonical 

autophagy intact, led to increased replication of Mtb (Figure 3.3.14). Thus, either 

non-canonical autophagy promotes Mtb growth whilst canonical autophagy is 

restrictive so blocking both pathways, as in Atg7 KO, leads to no net change or Atg14 

has an autophagy independent function in controlling Mtb replication in iPSDM. A 

role for LAP in establishing a niche for bacterial replication is observed with L. 

monocytogenes, where LAP contributes to the formation of spacious Listeria 

containing phagosomes (SLAPs) (Lam et al., 2013). Bacteria in SLAPs, which 

appear to be those expressing low levels of LLO, replicate more slowly and establish 

a persistent infection (Birmingham et al., 2008). 

As well as its role in the Vps34 lipid kinase complex and autophagosome biogenesis, 

Atg14 acts as a tether interacting with the STX17 and SNAP29 t-SNARE on 

autophagosomes to prime it for VAMP8 binding and fusion (Diao et al., 2015). Atg14 

regulates endosome maturation through binding to the fusogenic SNARE effector 

protein Snapin, and this was independent of its ability to bind to Beclin1 (Kim et al., 

2012a). If Atg14 plays a similar role during phagosome maturation in macrophages 

is unknown but differences in phagosome maturation could explain the higher 

replication rates of not only Mtb WT but also the small improvement in replication of 

the attenuated mutants Mtb ΔRD1 and Mtb ΔCpsA. Atg5 and Atg7, thus LC3 

lipidation, are not important for phagosome maturation of zymosan particles in 

murine fibroblasts or primary macrophages (Cemma et al., 2016), thus any effect of 

Atg14 on phagosome maturation is likely to be independent of autophagosome 

biogenesis. Whilst this contradicts the findings of (Martinez et al., 2011, 2015; 

Sanjuan et al., 2007), it is possible this is due to the models used, for example 

endogenous versus overexpressed LC3.  

Further validation of the observed replication phenotype in additional Atg14 KO 

clones and genetic backgrounds will be important. Following this, it will be interesting 
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to consider the mechanism behind these observations. Firstly, it will be important to 

examine if, and how, Atg14 is recruited to phagosomes. Assuming Atg14 is recruited 

to the phagosome it will be important to confirm this process is not related to 

autophagy induction e.g. occurring without downstream LC3 lipidation and 

independently of the formation of the complex with Beclin1 and Vps34. Finally, 

recruitment of effectors potentially regulating phagosome maturation, such as 

STX17 and Snapin, should be examined. Should these effectors not prove to be the 

mediators, a screen to find novel interacting partners, e.g. through proximity 

biotinylation studies (Rhee et al., 2013), will be informative to define potential 

autophagy independent Atg14 pathways. 

4.8 Conclusions 

In this thesis, I set up and validate iPSDM as a new model for studying Mtb-human 

macrophage interactions, especially at the cell biology level. Through a combination 

of techniques, including an in-depth RNA-seq study, I reveal their ability to 

recapitulate previously reported macrophage responses to Mtb infection. This RNA-

seq data also revealed a novel, ESX-1 dependent, transcriptional signature at 48 h 

post infection yielding potentially interesting, virulence associated host pathways for 

further study. 

Through correlative live cell imaging and 3D electron microscopy I uncover a novel 

rearrangement of the autophagy machinery as a result of phagosome damage by 

Mtb that correlates with autophagy evasion and cytosolic access by virulent Mtb 

(Figure 4.8.1).  
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Figure 4.8.1 Model of LC3-TVS formation and xenophagy evasion by Mtb. After recognition of 

ESX-1 dependent phagosome membrane damage by Gal8, large LC3-TVS are formed, which can 

contain organelles such as lipid droplets (LD). Potential membrane sources for LC3-TVS include the 

ER and endosomes and lysosomes. From these LC3-TVS thin, LC3B positive tubules emerge and 

this may be driven by Kinesin 1 and Rab7. Over time, Mtb dissociates from these LC3-TVS to reside 
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in the cytosol where it might replicate, whilst the LC3 positive membranes may fuse with lysosomes 

to be degraded.  

Finally, by using the genetic tractability of iPSCs, I produced iPSDM with 

homozygous knockout of the autophagy proteins Atg7 and Atg14 to disrupt canonical 

and non-canonical autophagy. Pairing these macrophage knockouts, with Mtb KOs 

that are unable to block autophagy, I probed the role of these separate arms of the 

autophagy pathway during Mtb infection. The Mtb mutant ΔCpsA shows restricted 

replication in iPSDM, however this is not rescued by autophagy disruption through 

knockout of Atg7 suggesting the restriction is likely mediated by a pathway that is 

not autophagy. Neither Mtb WT nor Mtb ΔRD1 showered altered intracellular growth 

in Atg7 KO iPSDM; whereas both these strains and Mtb ΔCpsA showed increased 

replication upon knockout of Atg14. These findings suggest an autophagy 

independent role for Atg14 in controlling Mtb replication, potentially through 

regulating phagosome maturation. 
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5. Future perspectives 

Going forward, there are several questions raised by the work contained in this thesis 

that are worthy of further investigation. 

1. Expansion of the iPSDM model to reflect alternative macrophage subtypes. 

2. What are the mechanisms driving LC3-TVS formation and xenophagy 

evasion by Mtb? 

3. What is the mechanism of Atg14 mediated restriction of Mtb replication? 

The potential of iPSDM to reflect tissue resident macrophages has already been 

described for microglia in vitro and alveolar macrophages in vivo. It would be helpful 

to determine if in vitro co-culture of iPSDM with Type I and II alveolar epithelial cells, 

the major cell types found in alveoli, was enough to reprogram the iPSDM to better 

reflect this cell type. Moreover, iPSDM could be incorporated into lung organoids or 

organs on a chip to examine how they interact with these cell types during infection. 

Many questions remain regarding the formation and shedding of LC3-TVS. It would 

be interesting to identify what host and bacterial effectors are required for their 

formation and dissociation. A study of the membrane sources required could yield 

insights into how the large tubules are formed. Moreover, the formation of the thin, 

transient tubules may be reliant on kinesins and microtubules and this could be 

studied further.  

The mechanism behind Atg14 mediated restriction of Mtb replication in iPSDM may 

be due to defects in phagosome maturation. Live imaging experiments examining 

Atg14 localisation during infection will help understand if Atg14 acts at the 

phagosome. Moreover, rescue of the Atg14 KO iPSC with WT, Beclin1 or Snapin 

binding deficient mutants of Atg14 (Kim et al., 2012a) would determine which of 

these interactions is important. Alternatively, studying phagosome maturation by 

using alternative models, such as latex beads, will help decipher the role of Atg14 in 

phagosome maturation.  
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