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ABSTRACT 

Macrophages are the target cell for Mycobacterium tuberculosis (Mtb) infection; 

a major reservoir for productive infection, as well as crucial effector cells for the 

control of Mtb. However, the majority of bacteria in the caseous necrotic centre 

of the TB granuloma are extracellular. Extracellular bacteria may arise from host 

cell necrosis and release of infecting bacteria, but mycobacteria have also been 

shown to exit from amoeba using a non-lytic strategy and other pathogens have 

also developed versatile strategies to exit from their host cell, providing an 

alternative mechanism to escape intracellular restriction. In this thesis I have 

developed a high throughput flow cytometric assay to quantify intracellular and 

extracellular bacteria in an in vitro model of human monocyte derived 

macrophages infected with fluorescent Mtb. I show that extracellular Mtb 

accumulate in parallel to intracellular bacteria, and make a significant contribution 

to the overall bacillary burden. These extracellular bacteria do not arise as a result 

of cellular necrosis in this low multiplicity of infection model.   I use computational 

modelling to predict that a non-lytic process is necessary to explain the observed 

data. I demonstrate experimentally, for the first time that extracellular Mtb arise 

by non-lytic egress from human macrophages. I show that this process is related 

to virulence, since the attenuated Mycobacterium Bovis Bacillus Calmette-Guérin 

does not display this behaviour.  
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IMPACT STATEMENT 

In this thesis I have developed a novel high-throughput method for quantitating 

Mtb bacilli based on flow cytometric assessment of fluorescent bacteria. This 

method correlates well with the current gold standard for bacterial enumeration- 

colony forming units (CFU). If adopted within the industry, this new methodology 

will be beneficial for all those undertaking in vitro research quantifying 

mycobacteria, negating the need for laborious CFU measurements, and 

achieving experimental results within 24 hours rather than the three weeks it 

takes for mycobacteria to grow on solid agar.  

The work presented in the thesis suggests, for the first time, that Mtb is able to 

escape macrophages via lytic and non-lytic strategies. Importantly, there seems 

to be a rapid flux of Mtb between the intracellular and extracellular compartments, 

so the development of strategies for immune control of Mtb infection, as well as 

antibacterial agents should target both compartments to achieve maximum 

protection.  

My data pave the way to dissecting the molecular mechanism that underpins non-

lytic egress. This will allow researchers to find potential new therapeutic targets 

to contain bacteria within macrophages, and potentially slow the spread of 

infection. If this were done in combination with host directed therapies to improve 

macrophage killing of Mtb, greater sterilization of infection might be achieved.  
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1 INTRODUCTION 

1.1 Macrophages 

1.1.1 The Origin and Function of Macrophages 

Macrophages are present in all tissues (Gordon and Plüddemann, 2017). During 

organogenesis, macrophages derived from embryonic yolk sac and fetal liver 

precursors are seeded throughout tissues. Under steady state conditions resident 

macrophages are largely maintained through local proliferation. Inflammatory 

responses to trauma or infection however, result in the rapid recruitment of 

monocytes to the respective tissue macrophage compartment (Yona et al., 2013). 

Monocytes are derived from myeloid progenitor cells in the bone marrow and 

released into the bloodstream. Monocytes migrate from the blood into tissue and 

differentiate into macrophages (Yona et al., 2013). Here, they may adopt different 

functional characteristics according to in their tissue microenvironment (Haldar 

and Murphy, 2014), summarised in Table 1.1. 

Macrophages are avidly phagocytic. This function underpins their ability to 

participate in host defence by intracellular killing of microbial pathogens and 

antigen presentation to T lymphocytes, but this function is also important for  

clearance of apoptotic cells and for recycling of nutrients by digesting waste 

products from tissues (Gordon et al., 2014). Macrophages are hence essential 

not only for immunity, but also for tissue homeostasis (Davies et al., 2013). 
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Tissue Macrophage Type Function 

Lung Alveolar macrophage 
 
 
Interstitial macrophages 

Immune surveillance of inhaled particles 
and pathogens, clearance of surfactant  
Regulation of DC maturation and  
activation 
 

Liver Kupffer cells 
 
 
Motile liver macrophages 

Clearance of microorganisms, cell 
debris and aged erythrocytes from 
blood.  
 
Immune surveillance  

Gut Intestinal macrophages Regulation of immune responses to 
microbiome 
 

Spleen Marginal zone macrophages 
 
Metallophilic macrophages 
 
Red pulp macrophages 
 
White pulp macrophages 
 

Immune surveillance of circulation 
 
Immune surveillance 
 
Erythrocyte clearance, iron metabolism 
 
Clearance of apoptotic cells  

Heart Atrioventricular node 
macrophages 
 
Myocardial macrophages 

Regulate cardiomyocyte electrical 
activity  
 
Response to myocardial ischaemia, 
repair and tissue remodelling 
 

CNS Microglia  
 
 
 
Perivascular macrophages 
 
Meningeal macrophages 

Promotion of neuronal survival, immune 
surveillance, removal of dead neurons, 
synaptic remodelling 
 
Immune surveillance 
 
Immune surveillance 
 

Skin Dermal macrophages 
 
Langerhans cells 
 

Immune surveillance 
 
Activation of T cells 

Adipose 
Tissue 
 

Adipose associated macrophages Insulin sensitivity and adaptive 
thermogenesis 

Bone  Osteoclasts 
 
Bone marrow macrophages 
 

Bone remodelling  
 
Support erythropoiesis 

Serosa Pleural macrophages 
 
Peritoneal macrophages 
 

Immune surveillance 
 
Immune surveillance 

 

Table 1.1 Microheterogeneity and functions of tissue macrophages 

Adapted from Davies L. Tissue-resident macrophages. Nature Immunology (2013); Gordon S. 

Tissue macrophages: heterogeneity and functions. BMC Biology (2017) 
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1.1.2 Macrophage Activation and Polarization 

In an effort to classify some aspects of macrophage functional heterogeneity, two 

subsets called M1 and M2 have been widely used to represent the two major 

opposing activities of macrophages (Martinez and Gordon, 2014). M1 

macrophages, experimentally modelled by priming cells with bacterial 

lipopolysaccharide (LPS) or the cytokine Interferon (IFN)-γ, were described as 

pro-inflammatory.  The M1 phenotype was characterized by expression of high 

production of reactive nitrogen and oxygen intermediates, promotion of a CD4+ T 

helper cell (Th)1 response, high levels of pro-inflammatory cytokines, and strong 

microbicidal and tumoricidal activity.  M2 macrophages, experimentally modelled 

by priming cells with the cytokines interleukin (IL)-4 or IL-13 were described as 

anti-inflammatory, and involved in tissue repair and remodelling, (Martinez and 

Gordon, 2014). This paradigm has now been superseded since their existence in 

vivo as pure polarized subsets came under question (Lawrence and Natoli, 2011). 

Activated macrophage phenotypes have in fact been found to be labile and 

exhibit temporal re-adaptations  (Stout et al., 2005; Stout and Suttles, 2004).  

They are now understood to be functionally dynamic, long-lived cells which are 

capable of switching their function between activation states appropriate to their 

microenvironment (Wynn et al., 2013; Xue et al., 2014). Though the data are 

incomplete, the plasticity of macrophages is thought to be determined by 

extracellular mediators (e.g. the local cytokine and cellular milieu (Martinez and 

Gordon, 2014), hypoxia, lactate production (Murray, 2017))  and mediated by 

transcriptional regulation which reprograms the function of the cell (Lawrence and 

Natoli, 2011). 
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Recently the discovery of the mixed origin of macrophages from yolk sac and 

fetal liver precursors, as well as postnatally from bone marrow derived cells 

(Marakalala et al., 2018), has seen a further shift in the understanding of 

macrophage subpopulations, since the origin of their development has also been 

shown to influence their function. For example, macrophage sub populations 

within the same tissue, but with differing cellular ontogeny, have different 

bactericidal capacity. In a mouse model of Mycobacterium Tuberculosis (Mtb) 

infection (Huang et al., 2018), alveolar macrophages (fetal origin) are pre-

programmed to be more permissive for Mtb and facilitate growth, whereas 

interstitial macrophages (monocyte derived) are able to restrict growth. In the 

zebrafish model of Mycobacterium marinum (Mm) infection resident 

macrophages are restrictive but recruited monocytes/macrophages are 

permissive to bacterial growth. Regardless of these opposing findings in different 

models, the data highlight the importance of cellular ontogeny on the functioning 

of the cell.   

1.1.3 Pathogen Recognition  

Macrophages recognize microorganisms via a limited number of germline-

encoded pattern-recognition receptors (PRRs) such as Toll Like Receptors 

(TLRs), Nod Like Receptors (NLRs) and Rig Like Receptors (RLRs) (Medzhitov 

and Janeway, 2000). They are present on the cell surface or in distinct 

intracellular compartments. PRRs identify pathogen-associated molecular 

patterns (PAMPs), which are highly conserved molecular motifs shared by many 

microbial pathogens (Akira et al., 2006).   

TLR engagement by PAMPs leads to activation of archetypal downstream 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pattern-recognition-receptors
https://www.sciencedirect.com/topics/immunology-and-microbiology/pathogen-associated-molecular-pattern
https://www.sciencedirect.com/topics/immunology-and-microbiology/pathogen-associated-molecular-pattern
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pathways including the nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFκB) pathway, the mitogen-activated protein kinase (MAPK) cascades, or 

interferon response factor 3 (IRF3) signalling (Takeuchi and Akira, 2010). NFκB 

pathway activation results in NFκB transcription factor translocation to the 

nucleus to induce innate inflammatory gene expression (Takeuchi and Akira, 

2010) for cytokine and chemokine production. Activation of the MAPK cascade 

also leads to transcription factor activity (Dong et al., 2002). Activation of some 

NLRs results in the formation of a structure called the inflammasome; this large 

multiprotein intracellular complex detects pathogenic microorganisms and sterile 

stressors, and activates the highly pro-inflammatory cytokines IL-1β and IL-18. 

Inflammasomes also induce a form of cell death termed pyroptosis, discussed in 

greater detail in section 1.1.5  (Guo et al., 2015).  

1.1.4 Cytokine Production  

A major component of cellular innate immune responses arising from activation 

of PRRs is the transcriptional upregulation and secretion of low molecular weight 

proteins called cytokines and chemokines, which mediate intercellular signals. A 

range of pro and anti-inflammatory cytokines have been described (Table 

1.2).  Pro-inflammatory cytokines further potentiate the microbicidal capacities of 

macrophages, induce increased vascular permeability and recruitment of 

inflammatory cells. Aside from local effects, these mediators also produce 

systemic effects such as fever and the production of acute inflammatory response 

proteins (Arango Duque and Descoteaux, 2014). The inflammatory response is 

beneficial for the host when pro-inflammatory cytokines are produced in 

appropriate amounts, but toxic when produced in an unregulated fashion. For 
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example, excessive production of the cytokines IL-1β and tumour necrosis factor 

(TNF)α triggers an acute generalized inflammatory response seen in septic shock 

and multi-organ failure (Arango Duque and Descoteaux, 2014). Anti-inflammatory 

cytokines control the pro-inflammatory cytokine response. 

Chemokines derive their name from their functional role in chemotaxis. In acute 

inflammation they drive leucocyte recruitment to inflammatory foci (Griffith et al., 

2014).  

Once T cells are recruited to sites of inflammation, macrophages and dendritic 

cells can instruct the adaptive immune response by degrading the intracellular 

organism and presenting pathogen-derived major histocompatibility complex 

(MHC) class II–bound peptides to T cells (Davis et al., 1998). Polarised T cell 

responses then feedback to macrophages to modulate their effector functions. 
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Pro-
inflammatory 

Role 

TNFα 
Key cytokine in host defence, induces bacterial killing in macrophages, 
induces apoptosis, co-ordination of the acute phase response 

IFNγ Key cytokine in host defence, promotes antigen presentation, induces 
autophagy and bacterial killing in macrophages, recruits CD4+ T cells 

IL-6 
Co-ordination of the acute phase response, stimulates production of 
neutrophils and monocyte recruitment  

IL-1β 
Triggers PGE2 synthesis & negatively regulates type I IFNs. 
Recruitment of neutrophils and induction of cytokines/ chemokines 

IL-12 
 

With IL-18 induces differentiation of T cells into Th1 cells that produce 
pro-inflammatory cytokines, DC maturation & migration 

IL-18 
With IL-12 induces production of IFNγ and other cytokines, chemokines 
and transcription factors. Incudes polarisation of Th1 cells 

Anti-
inflammatory  

Role 

IL-10 

Downregulates IL-12 /TNF-α. Blocks phagosome maturation, inhibits 
antigen presentation, reduces IFNγ activity and inhibits T cell 
responses, blocks trafficking of DC  

IFNβ 
Inhibits macrophage functions, suppresses IL-1, IL12 and TNF-α, 
induces IL-10, blocks macrophage activation by Th1 cells 

IL-23 
Polarisation of Th17 cells 

TGFβ 
Inhibits ROS and RNI in macrophages, suppresses proliferation of T 
cells, induces polarization of regulatory T cells and Th17 cells 

 

Table 1.2 Macrophage pro- and anti-inflammatory cytokines 

Douge G and Descoteaux D. Macrophage cytokines: involvement in immunity and infectious 

diseases. Frontiers in Immunology (2015) 
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1.1.5 Antimicrobial Actions  

Through PRRs and phagocytic receptors, pathogens are internalized by 

phagocytosis. These pathogens are contained in vacuolar structures known as a 

phagosome, which undergoes maturation to form the phagolysosome. This is a 

destructive cytoplasmic body on account of its low pH, which also serves as a 

medium for hydrolytic enzyme activity (Yates et al., 2005). Phagosomal 

maturation is governed by a network of small Rab guanosine 

triphosphate (GTP)ases (Gutierrez, 2013) 

Macrophages failing to clear pathogens by phagolysosomal fusion can induce 

autophagy- a highly conserved degradative process involving membrane-bound 

vesicles that sequester cytoplasmic organelles and intracellular pathogens into 

an autophagosome (Lamb et al., 2013). The activation of autophagy induces co-

localization of the phagosome with autophagosomes and delivers antimicrobial 

proteins to autolysosomal compartments (autophagolysosomes), achieving 

enhanced bactericidal activity. Autophagy is also responsible for the turnover of 

macromolecules and organelles through lysosomal degradation (Germic et al., 

2019), as well as participating in the processing of antigens for MHC class II 

antigen presentation (Dengjel et al., 2005; Paludan et al., 2005; Schmid et al., 

2007). 

Another critical host defence response to intracellular infection is for the host cell 

to die by programmed cell death (apoptosis) pre-emptively before the pathogen 

can replicate and kill the cell en route to further infection. This is a well-

established host response to virus infection (Barber, 2001; Clem and Miller, 

1993), but has also been frequently reported following bacterial infection, 
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resulting in reduced pathogen viability (Behar et al., 2011; Molloy et al., 1994; 

Nogueira et al., 2009; Oddo et al., 1998). 

Apoptosis is morphologically characterized by cell shrinking, fragmentation of the 

nucleus, formation of membrane blebs, and apoptotic bodies (Srinivasan et al., 

2014). Two pathways for apoptosis exist- the ‘extrinsic’ pathway driven by Fas 

ligand and caspase 8 (Itoh et al., 1991; Nagata and Tanaka, 2017), and the 

‘intrinsic pathway’ governed by B cell lymphoma (BCL)-2 (Patterson et al., 2000) 

and caspase 9 (Nagata and Tanaka, 2017; Patterson et al., 2000). In their 

landmark article on apoptosis, Kerr et al found that although large numbers of 

cells die by this process, no inflammation or tissue destruction is observed (Kerr 

et al., 1972). They found that almost all of the dead cells were inside histiocytes, 

indicating that apoptotic cells are quickly engulfed by phagocytes, subsequently 

termed ‘efferocytosis’. Therefore apoptosis and efferocytosis are thought to be 

immunologically silent and provoke less inflammation than other forms of cellular 

death, such as necrosis (Szondy et al., 2017).  

Two of the most important antimicrobial systems of phagocytic cells are the 

Nicotinamide adenine dinucleotide phosphate (NADPH) phagocyte oxidase and 

inducible nitric oxide synthase (iNOS) pathways, which are responsible for the 

generation of superoxide and nitric oxide (NO) radicals, respectively (Fang, 

2004). Although these systems both depend on NADPH and molecular oxygen, 

and sometimes function together, the NADPH phagocyte oxidase and iNOS are 

separate enzyme complexes with independent regulation (Fang, 2004). 

Superoxide and other oxygen intermediates are collectively known as reactive 

oxygen species (ROS), whereas NO and its derivatives are collectively known as 

http://www.expasy.org/cgi-bin/niceprot.pl?P35228
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reactive nitrogen species (RNS).  

ROS and RNS are directly toxic to intracellular pathogens. The main mechanism 

of ROS-dependent antibacterial activity is DNA damage (Imlay and Linn, 1988).  

RNS inhibit respiration as well as interfering with DNA replication. Both ROS and 

RNS can target microbial thiols, metal centres, protein tyrosines, and lipids 

(Nathan and Shiloh, 2000). The role of iNOS in pathogen clearance in murine 

macrophages is well-established, but evidence for this pathway in human 

macrophages is less clear (Nathan, 2002). 

Inflammasome assembly activates caspase-1 and subsequently pyroptosis, a 

form of cell death that is important to clearing infection by removing the replicative 

niche for some intracellular pathogens (Bergsbaken et al., 2009; Man et al., 

2017). Inflammasome assembly also promotes secretion of the highly pro-

inflammatory cytokines IL-1β and IL-18 (Guo et al., 2015; Ting et al., 2008), both 

of which have been shown to have a protective function in various bacterial, viral 

and fungal infections (Sahoo et al., 2011). IL-18 is thought to exert its protective 

effects via the induction of IFNγ which potentiates the microbicidal activity of 

macrophages (Sahoo et al., 2011). IL-1β has an important role in the recruitment 

of other immune cells including neutrophils, as well as negatively regulating Type 

1 IFNs, which have a detrimental role in several bacterial infections (Boxx and 

Cheng, 2016).  

Another layer of macrophage defence occurs via antimicrobial peptides (AMPs). 

These have direct antimicrobial activity, as well as functioning as 

chemoattractactants (Niyonsaba et al., 2004) and DC activators (Biragyn et al., 

2002). The two main AMP families are defensins and cathelicidins. Most AMP 

https://www.sciencedirect.com/topics/immunology-and-microbiology/caspase-1
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peptides act by damaging microbial membranes (Zasloff, 2002). This is 

suggested to be achieved by electrostatic interactions with the polar head groups 

of membrane lipids (Hoover et al., 2000) or through the creation of membrane 

pores (Ganz, 2003). AMPs exhibit a wide range of microbial targets including 

bacteria, fungi and parasites (Giacometti et al., 1999; Shin et al., 2000; Zanetti, 

2004) Specifically, the antimicrobial peptide, cathelicidin, has been shown to 

have broad-spectrum activity against Gram-positive and Gram-negative 

microorganisms (Bals et al., 1998), as well as mycobacteria (covered in greater 

detail in section 1.3.1) 

1.2 Tuberculosis 

1.2.1 Epidemiology and Clinical Course of Tuberculosis 

Tuberculosis (TB) is a communicable infectious disease, transmitted by cough 

aerosols containing Mtb bacilli. Although global tuberculosis incidence has slowly 

declined at a rate of 3% per year (World Health Organization, 2017), its impact 

remains considerable; it is the seventh leading cause of death worldwide. In 2019 

there were approximately 10 million new cases and 1.4 million deaths from TB 

disease (World Health Organization, 2020).  However, the status of TB as the 

leading cause from a single infectious agent may now be superseded; the global 

pandemic of COVID-19 (caused by the infectious agent Severe Acute Respiratory 

Syndrome-Coronovirus-2, SARS-CoV-2) caused 2.5million deaths worldwide in 

2020 alone (World Health Organization, 2021).  

Exposure to Mtb results in a spectrum of clinical outcomes including primary 

progressive disease and latent Mtb infection (LTBI) (Möller et al., 2010; Pai et al., 

2016). LTBI is defined as immunological memory (as evidenced by positive 
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Interferon Gamma Release Assay (IGRA) or Tuberculin Skin Test (TST)) to Mtb 

antigens but no clinical symptoms of active tuberculosis disease. It has long been 

thought that in individuals with latent disease, the bacilli were not cleared but 

instead persisted in a dormant state from which they would reactivate at later 

stages (Tufariello et al., 2003). In fact, recent epidemiological analyses have 

suggested that between 1% and 11% of people with TB immunoreactivity 

continue to harbour viable bacteria capable of causing disease (Behr et al., 2019). 

In the remainder the bacilli are likely cleared or exist in a non-pathogenic state. 

As a result, a small proportion of individuals (~5-10% lifetime risk) progress to 

develop active disease, typically within the first two years after exposure (Behr et 

al., 2018).  

Results of studies in non-human primates and humans have recently highlighted 

the spectrum of biological states encompassed by the term ‘LTBI’. Necropsy of 

cynomolgus macaques with latent disease has demonstrated a striking range of 

active lesions with bacterial replication, to sterile granulomas and infected lymph 

nodes, all in individual animals (Lin et al., 2014). Positron emission tomography 

(PET) combined with computed tomography (PET/CT) imaging in 35 adults with 

‘LTBI’ and asymptomatic HIV-1 infection revealed a spectrum of abnormal lesions 

in the lungs of 25 individuals, 10 of which had imaging indicative of active disease, 

with a high chance of disease progression. These data illustrate the complex 

phenotypes encompassed by the term ‘LTBI’. (Möller et al., 2018, 2010; Pai et 

al., 2016).  
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Figure 1.1 Spectrum of Mtb infection and outcomes. The bacteria enter the respiratory 
system of the host via inhaled droplets and are engulfed by macrophages. There are four 
potential outcomes after bacterial inhalation: (i) Mtb is immediately eliminated by the pulmonary 
immune system, though it remains unclear if this actually occurs (ii) the bacteria are contained 
in granulomas by recruited adaptive immune cells and infection does not progress to active TB. 
Although this containment can last for a lifetime, in some patients reactivation or reinfection with 
another mycobacterial strain can occur, resulting in active TB (iii) subclinical infection 
characterized by intermittent symptoms and periodic infectiousness, or (iv) infection develops 
into active TB.  

Adapted from Pai M. Tuberculosis. Nature Reviews Disease Primers (2016); Moller M. Past, 
present and future directions in human genetic susceptibility to tuberculosis. FEMS Immunol 
Med Microbiol. (2010); Moller M. Genetic Resistance to Mycobacterium Tuberculosis infection 
and disease. Front. Immunol (2018) 

 

 

Figure 1.2 The inflammatory seesaw of tuberculosis. Infection by Mtb can result in different 
disease states depending on the host response. When a pro-inflammatory response 
predominates, excessive granuloma formation and necrosis occur. At the other extreme, when 
the anti-inflammatory response predominates, granulomas are poorly formed, macrophages 
are le likely to be activated, and bacterial replication is not well controlled, also resulting in active 
TB. When pro- and anti-inflammatory forces are optimally balanced, granulomas are well 
structured and controlled with activated macrophages capable of restricting bacterial 
proliferation, resulting in latent infection or bacterial clearance.Figure 1.3 Spectrum of 
Mtb infection and outcomes. The bacteria enter the respiratory system of the host via inhaled 



30 
 

In most cases, the reason for reactivation from ‘latent’ to active disease remains 

poorly understood. Some risk factors related to a failure of immune control 

measures have been well described, the most striking of which is co-infection 

with HIV that increases risk of active TB by ~20 fold (World Health Organization, 

2011). Diabetes is associated with an approximate three-times increase (Jeon 

and Murray, 2008). Immunosuppressive drugs such as corticosteroids (Jick et al., 

2006), and TNFα antagonists for the treatment of rheumatological disorders are 

also associated with additive risk (Zhang et al., 2017).  

Active TB disease is accompanied by active bacterial replication and high 

bacillary load. TB is characterised by pulmonary consolidation in the well aerated 

lung apices, and if untreated, the chronic inflammatory response results in 

destruction of lung tissue with consequent cavitation (Elkington, 2013). Extra-

pulmonary involvement of virtually any organ can occur likely due to 

haematogenous spread; tuberculous meningitis and disseminated disease are 

particularly severe manifestations of infection. 

1.2.2 Mycobacterium Tuberculosis 

Mtb is an aerobic, non-motile, acid-fast bacteria that appears rod shaped, 1-10µm 

in length and 0.2-0.6µm in diameter(Pfyffer and Palicova, 2011). These bacteria 

have a highly unique and complex cell wall structure composed of proteins, lipids 

and long-chain mycolic acids that are covalently linked to peptidoglycan via an 

arabinogalactan network (Brennan, 2003; Hoffmann et al., 2008). The thick, 

hydrophobic cell wall structure provides Mtb with an efficient permeability barrier 

to harmful compounds, resistance to degradation from lysosmal enzymes, and 

contributes to the high intrinsic resistance of Mtb to many drugs (Brennan, 2003).  
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Loss of various mycobacterial cell wall components is associated with decreased 

virulence, suggesting the pathogen’s cell wall is crucial to ensuring its survival 

(Dubnau et al., 2000; Glickman et al., 2000; Rao et al., 2005).  

1.2.3 Overview of the Immune Response to Mtb 

1.2.3.1 Early Events Following Mtb Infection 

After inhalation, Mtb rapidly reaches the lung’s alveolar space where it is 

preferentially taken up by alveolar macrophages (Armstrong and Hart, 1975; 

Cohen et al., 2018). Mtb has also been shown to be ingested by, and replicate 

within, epithelial Type II pneumocytes ex vivo (Bermudez and Goodman, 1996; 

Harriff et al., 2014; McDonough and Kress, 1995). DCs are also able to 

phagocytose Mtb, and play an important role in the early host response to 

infection due to their antigen presenting capacity in activating T cells (Banchereau 

and Steinman, 1998).  

The entry of Mtb into macrophages may occur via a variety of different receptors 

(Ernst, 1998) including complement receptors (CR1, CR3, CR4) (Malik et al., 

2000; Schlesinger et al., 1990), mannose receptors (MR) (Kang et al., 2005; 

Schlesinger et al., 1994), the dendritic cell-specific intercellular adhesion 

molecule (ICAM)-3-grabbing nonintergrin (DC-SIGN) (Lugo-Villarino et al., 2018), 

surfactant protein receptors (SPR) (Downing et al., 1995), scavenger receptors 

(SR) (Zimmerli et al., 1996) and Fc receptors (FcR) (Caron and Hall, 1998). The 

precise receptor involved in phagocytic entry into the cell may have an impact on 

the fate of Mtb once inside the macrophage (Pieters, 2008). For example, FcR 

ligation is accompanied by the activation of the respiratory burst, and production 

of arachidonic acid metabolites and cytokines, such as TNFα (Caron and Hall, 
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1998; Gresham et al., 1988; Hmama et al., 2015). However, binding of opsonized 

bacteria to the CR does not trigger a respiratory burst or even inflammatory 

signals (Caron and Hall, 1998; Gresham et al., 1988; Schäfer et al., 2009). 

Engagement of the MR during the phagocytic process is a key step in limiting 

phagolysosomal fusion that would ultimately lead to Mtb degradation (Kang et al., 

2005).  

On entry into a host macrophage, Mtb initially resides in an endocytic vacuoule 

called the phagosome (Queval et al., 2017). If phagosomal maturation occurs, 

these bacteria can encounter a hostile environment that includes acidic pH in the 

phagolysosome, ROS, lysosomal enzymes, and toxic peptides. RNIs produced 

by activated mouse macrophages are major elements in antimycobacterial 

activity (Nathan, 2002; Nathan and Hibbs, 1991), and mice with mutations in the 

gene encoding iNOS are more susceptible to TB (MacMicking et al., 1997). The 

presence of RNIs in human macrophages and their potential role in disease has 

been the subject of some controversy. 

Mtb has co evolved with its host to persist within macrophages for years without 

being completely cleared by the host immune system (Höner zu Bentrup and 

Russell, 2001). Inside the hostile environment of the macrophage, Mtb is able to 

co-ordinate its global gene expression patterns in a way that suits its intracellular 

survival (Rohde et al., 2012). The strategies by which Mtb subverts macrophage 

defences will be covered in greater detail in section 1.3.2.  

1.2.3.2 The granuloma as a host protective and pathogenic structure 

Phagocytosis of Mtb by AMs and DCs initiates a cascade of events involving the 

production of cytokines and chemokines, which stimulate the activation of 
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phagocyte anti-microbial activities and recruitment of CD4+ and CD8+ T cells, 

natural killer cells and neutrophils to the site of infection. The accumulation of 

mononuclear leukocytes around foci of infected cells leads to the formation of a 

macrophage-rich cell mass known as the granuloma. Over time, the granuloma 

takes on a more organized form, exhibiting the following structure: a central 

acellular necrotic core, termed the caseum, surrounded by a diverse population 

of macrophages including epithelioid cell, multinucleated giant cell (Helming and 

Gordon, 2007) and foamy cell (Russell et al., 2009) phenotypes. This is 

circumscribed by a lymphocytic cuff of CD4+ and CD8+ T cells and B cells, and 

may have a peripheral fibrotic edge (Ramakrishnan, 2012; Russell et al., 2009). 

Granulomas have long been thought of as protective structures, containing 

bacteria and preventing their dissemination. Indeed, there is an association 

between hypersusceptibility to Mtb infection, and poorly formed granulomas. 

Disorganised granuloma occur in immunocompromised individuals with 

deficiencies of TNFα (Clay et al., 2008; Flynn et al., 1995), IFNγ (Cooper et al., 

1993), IL-12 (Cooper et al., 1997), and in those with advanced HIV disease 

(Diedrich et al., 2016; Nusbaum et al., 2016).  Further evidence for the granuloma 

as a host protective structure is inferred from the fact that there is rapid bacterial 

growth in the initial period following infection, which plateaus after the onset of 

adaptive immunity and mature granuloma formation (Desvignes and Ernst, 2009; 

Mogues et al., 2001; Russell et al., 2010a; Saunders et al., 2002). However, 

evidence from zebrafish models suggest that granulomas may actually contribute 

to early Mtb proliferation and dissemination.  

Zebrafish models of Mtb infection have shed light on the early events in disease 

https://www.nature.com/articles/nri.2017.69#df8


34 
 

pathogenesis following infection of macrophages. Infection of zebrafish is with 

Mm rather than Mtb, but this species is the closest non tuberculous relative of the 

Mtb complex, and a natural fish pathogen. In addition, zebrafish larvae are 

optically transparent, allowing researchers to directly observe the process of 

active infection in real time (Davis et al., 2002).  

In zebrafish larvae, following phagocytosis by macrophages, Mm harbouring the 

Region of Difference (RD)-1 locus (encoding several virulence factors) drives the 

recruitment of monocyte/ macrophages to the site of infection (Volkman et al., 

2004). Recruited monocytes are more permissive to Mtb replication (Cambier et 

al., 2017) and also engulf infected dying cells, facilitating the spread of infection 

to new cells (Davis and Ramakrishnan, 2009). The primary granuloma then seeds 

secondary granulomas through the migration of infected cells (Davis and 

Ramakrishnan, 2009). Mycobacterial virulence protein 6 kDa early secretory 

antigenic target (ESAT-6) induces the secretion of host matrix metalloproteinase-

9 (MMP-9) by epithelial cells which also drives the recruitment of new 

macrophages into the granuloma (Volkman et al., 2004). Reprograming of the 

adhesion pathways that are dependent on epithelial cadherin result in disordered 

granuloma formation (Cronan et al., 2016) normally associated with bacterial 

clearance, further supporting a role for the granuloma in contributing to disease 

pathogenesis (Cronan et al., 2016).  

Recent studies using both macaques (Capuano et al., 2003; Lin et al., 2014, 

2006) and rabbits with TB (Via et al., 2012), as well as surgically resected tissue 

from humans (Marakalala et al., 2016) suggest that several types of granuloma 

with different characteristics co-exist in active TB disease. These granuloma are 



35 
 

localized microenvironments that have differing trajectories (Cadena et al., 2017; 

Lin et al., 2014, 2009). For example, macaques with clinically active disease have 

both sterile granulomas and regions of severe pathology with very different 

profiles of bacterial killing. These findings shift the view of host control from a 

systemic response to a localized response within individual granulomas (Cadena 

et al., 2017). The mechanisms that establish diverging granuloma fates are 

unclear, but involve complex interactions between tissue inflammation, balanced 

host immune responses (section 1.2.3.4) and bacterial factors (Cadena et al., 

2017). 

1.2.3.3 Induction of T Cell Responses 

Induction of T cell responses immunity to Mtb is thought to be slow (Reiley et al., 

2008; Wolf et al., 2008), perhaps due to Mtb’s ability to actively modulate antigen 

presentation (Gercken et al., 1994; Hmama et al., 2015; Noss et al., 2001). In 

mouse models, Mtb grows progressively in the lungs for ~20 days prior to the 

arrival of antigen specific T cells, which coincides with a plateau in bacterial 

replication (Wolf et al., 2008). When Th1 CD4+ T cells are presented with antigens 

in the context of MHC Class II, they produce pro-inflammatory cytokines such as 

IFNγ TNFα  and  IL-12, which help to restrict mycobacterial growth (Cooper, 2009).  

In contrast Th2 CD4+ T cells induce an alternative immune response including 

production of IL-4 and IL-10. These, together with regulatory T cells may dampen 

the host response and reduce the bactericidal capacity of macrophages (Cardona 

and Cardona, 2019; Fiorentino et al., 1991; Mosser and Edwards, 2008; O’Leary 

et al., 2011).  

That CD4+ T cells are critical mediators of anti-tuberculous immunity has been 
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shown in mice antibody depleted of CD4 T cells, and those deficient in the CD4 

molecule  (Caruso et al., 1999; Mogues et al., 2001; Scanga et al., 2000). Mtb 

infection following depletion of CD4+ T cells in cynomolgus macaques results in 

severe exacerbation of primary TB with increased extrapulmonary spread and 

mycobacterial burden (Lin et al., 2012). The relevance of these studies to the 

human condition is demonstrated by the observation that HIV-mediated loss of 

CD4+ T cell renders patients susceptible to tuberculosis (Geldmacher et al., 

2010). The protection afforded to the host by CD4+ T cells is presumed to be 

mediated primarily by IFNγ. 

 IFNγ is a potent activator of macrophage function, and genetic defects of the IL-

12 and IFNγ signalling axis cause Mendelian susceptibility to mycobacterial 

diseases (MSMD), in which patients present with severe infections caused by 

both weakly virulent mycobacteria and Mtb (Al-Muhsen and Casanova, 2008). 

Individuals with mutations in the IFNγ receptor and its key downstream signalling 

molecule Signal Transducer And Activator Of Transcription (STAT) 1 are 

extremely susceptible to mycobacterial infections (Dorman and Holland, 1998; 

Jouanguy et al., 1999). 

However, whether CD4+ T cells and its effector cytokines are sufficient for 

protection is unclear, and the means by which they mediate this protection are 

still not defined (Sakai et al., 2014). The fact that most individuals exposed to TB, 

including those with active disease, develop a TB-specific Th1 response as 

evidenced by positive IFNγ release assays (IGRAs) and tuberculin skin tests 

(TSTs) demonstrates that although a Th1 response is necessary for protection 

against TB, it is not sufficient for protection.   
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Mtb-specific CD8+ T cells are also being increasingly recognized for their role in 

anti-tuberculous immunity. They recognize Mtb-infected macrophages (Kamath 

et al., 2004; Lazarevic and Flynn, 2002) and are present in granulomas (Gideon 

et al., 2015; Lin et al., 2009, 2006).   Cytotoxic activity of CD8+ T cells includes 

direct killing of Mtb via the AMPs perforin and granulysin, as well as inducing 

apoptosis of infected cells via the Fas-FasL pathway (S. Stenger et al., 1998; 

Stenger et al., 1997).  Further in vivo evidence for the importance of CD8+ T cells 

comes from the non-human primate model, where rhesus macaques depleted of 

CD8+  T cells and challenged with high dose Mtb are no longer partially protected 

by Mycobacterium Bovis bacillus Calmette-Guérin (BCG) vaccination (Chen et 

al., 2009) 

1.2.3.4 The Importance of a Balanced Immune Response 

The exact immune components that constitute protection following Mtb infection 

have remained elusive. However, experimental studies have  recently suggested 

that it is the presence of a dynamic balance between a pro- and anti-inflammatory 

response that is necessary for achieving proper granuloma formation and control 

of Mtb (Cadena et al., 2016; Flynn et al., 2011; Lerner et al., 2015; Lin et al., 

2006; Marakalala et al., 2016; Marino et al., 2015). Skewing towards a robust pro-

inflammatory response may lead to enhanced killing of Mtb, but is also 

responsible  for much of the pathophysiology seen in TB disease, including 

necrosis, liquefacation, cavity formation and destruction of the lung parenchyma 

(Cadena et al., 2017). It is essential that the infected host controls this 

inflammatory reaction with an opposing anti-inflammatory response. Anti-

inflammatory cytokines such as IL-10 and TGF-β, and cells such as regulatory T 

cells likely play roles in this counterbalance.  
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The need for a balanced immune response is further exemplified by 

investigations into the role of TNFα in the zebrafish Mm model, in which it is 

demonstrated that either too little or too much production of TNFα can drive 

disease, whereas the “just-right” amount of TNFα is protective (Roca and 

Ramakrishnan, 2013; Tobin et al., 2012) – a so-called “Goldilocks effect”. The 

downstream effects of either low or high TNFα result in macrophage necrosis and 

uncontrolled extracellular replication of bacteria (Roca and Ramakrishnan, 2013), 

and the potential relevance of this phenotype to human TB has been confirmed 

via genetic studies of homologues of implicated factors (Tobin et al., 2012). TNFα 

dysregulation in this zebrafish model is caused by lipid mediators such as 

leukotrienes and eicosanoids (Tobin et al., 2012). In the mouse model, a balance 

of pro-inflammatory IL-1 and anti-inflammatory Type 1 IFN responses controls 

the outcome of TB disease and is also functionally linked to eicosanoids (Mayer-

Barber et al., 2014).  

Overall, these investigations have begun to describe a system in which the early 

granuloma may facilitate replication and dissemination of infection. The ensuing 

cell mediated response driven by T cells and IFNγ is protective, but only in the 

context of a cytokine milieu which allows macrophages to appropriately regulate 

the burden of inflammation caused by this response, while also ensuring it can 

sterilize the pathogen. Aberrant or absent immunoregulation, within the same 

patient, and perhaps even within a single granuloma, is then suggested to lead 

to active TB disease characterized by bacterial growth and immunopathology 

(Figure 1.2 The inflammatory seesaw of tuberculosis. Infection by Mtb can 

result in different disease states depending on the host response. When a pro-

inflammatory response predominates, excessive granuloma formation and 
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necrosis occur. At the other extreme, when the anti-inflammatory response 

predominates, granulomas are poorly formed, macrophages are le likely to be 

activated, and bacterial replication is not well controlled, also resulting in active 

TB. When pro- and anti-inflammatory forces are optimally balanced, granulomas 

are well structured and controlled with activated macrophages capable of 

restricting bacterial proliferation, resulting in latent infection or bacterial 

clearance.  

Adapted from Scanga C. Mycobacterial Infections and the Inflammatory Seesaw. Cell Host and 
Microbe 2010; Cadena A. Heterogeneity in Tuberculosis. Nature Reviews Immunology 2017 

 

 

Figure 1.3 Mechanisms by which Mtb subverts macrophage defences 1. The 

type of receptor that mediates phagocytosis can prevent activation of the 

macrophage. 2. Mtb blocks phagolysosomal fusion. 3. Mtb can block autophagy. 

4. Mtb can translocate from the phagosome into the cytosol where it can further 

replicate, as well as stimulating the release of Type 1 IFNs that promote its 

survival. 5. Mtb can modify signalling via PRRs that would otherwise lead to 

macrophage activation and killing, for example, via NFκB 6. Mtb can inhibit 

antigen presentation to impair recognition by T cells. 7. Mtb can block apoptosis 

that would result in bacterial killing.Figure 1.2) 
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Figure 1.4 The inflammatory seesaw of tuberculosis. Infection by Mtb can result in different 
disease states depending on the host response. When a pro-inflammatory response 
predominates, excessive granuloma formation and necrosis occur. At the other extreme, when 
the anti-inflammatory response predominates, granulomas are poorly formed, macrophages 
are le likely to be activated, and bacterial replication is not well controlled, also resulting in active 
TB. When pro- and anti-inflammatory forces are optimally balanced, granulomas are well 
structured and controlled with activated macrophages capable of restricting bacterial 
proliferation, resulting in latent infection or bacterial clearance.  

Adapted from Scanga C. Mycobacterial Infections and the Inflammatory Seesaw. Cell Host and 
Microbe 2010; Cadena A. Heterogeneity in Tuberculosis. Nature Reviews Immunology 2017 

 

 

Figure 1.5 Mechanisms by which Mtb subverts macrophage defences 1. The type of 
receptor that mediates phagocytosis can prevent activation of the macrophage. 2. Mtb blocks 
phagolysosomal fusion. 3. Mtb can block autophagy. 4. Mtb can translocate from the 
phagosome into the cytosol where it can further replicate, as well as stimulating the release of 
Type 1 IFNs that promote its survival. 5. Mtb can modify signalling via PRRs that would 
otherwise lead to macrophage activation and killing, for example, via NFκB 6. Mtb can inhibit 
antigen presentation to impair recognition by T cells. 7. Mtb can block apoptosis that would 
result in bacterial killing.Figure 1.6 The inflammatory seesaw of tuberculosis. Infection by 
Mtb can result in different disease states depending on the host response. When a pro-
inflammatory response predominates, excessive granuloma formation and necrosis occur. At 
the other extreme, when the anti-inflammatory response predominates, granulomas are poorly 
formed, macrophages are le likely to be activated, and bacterial replication is not well controlled, 
also resulting in active TB. When pro- and anti-inflammatory forces are optimally balanced, 
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1.3 Macrophages and Mycobacterium Tuberculosis 

As has been described in the preceding sections, TB is a complex disease with 

a spectrum of disease states. Most humans who are exposed do not become 

diseased, but exposure to the pathogen does result in the development of T cell 

memory to Mtb antigens. This suggests some degree of immune mediated 

microbial control in the majority of people. The alveolar macrophage response in 

Mtb infection is critical because it is the target cell for early infection (Cohen et 

al., 2018), and a major reservoir for productive infection (Cohen et al., 2018). 

Despite this, macrophages are also primary effector cells against intracellular 

Mtb; they have been shown to display some bactericidal activity, drive both the 

pro and anti-inflammatory response, and instruct T cell mediated immunity.  

1.3.1 Macrophage Restriction of Mtb  

Macrophages are key to achieving restriction of Mtb growth-  models associated 

with a reduction in macrophage numbers (Clay et al., 2007), increased 

macrophage death (Clay et al., 2008; Roca and Ramakrishnan, 2013) or delayed 

macrophage recruitment (Davis and Ramakrishnan, 2009) are all associated with 

greater mycobacterial growth. Further, genetic deficiencies of interleukin IL-12 

and IFNγ dependent pathways that function to enhance antimicrobial pathways 

in macrophages, cause substantially increased susceptibility to mycobacterial 

infection  (Casanova and Abel, 2002; Cooper et al., 1997, 1993; Dorman et al., 

2004).  

IFNγ is reported as the archetypal cytokine that modulates macrophage function 

and enhances microbial killing. Murine macrophage studies clearly show that 
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IFNγ induces Mtb killing via the generation of RNIs (Denis, 1991; Flynn, 1993). 

RNIs are critical to antimycobacterial activity in mice (Nathan, 2002; Nathan and 

Hibbs, 1991). Though they play a less established role in humans,  the alveolar 

macrophages of a majority of TB-infected patients have also been shown to 

exhibit iNOS activity (Nicholson et al., 1996), so RNIs are likely to be involved, to 

some degree, in human macrophage restriction of Mtb.  

Aside from the generation of RNIs, the other mechanisms by which IFNγ elicits 

Mtb restriction in human macrophages remains controversial (Douvas et al., 

1985; Rook et al., 1986; Warwick-Davies et al., 1994). One landmark study 

showed that IFNγ can enhance autophagy, phagosomal maturation, the 

production of antimicrobial peptides such as cathelicidin, to restrict Mtb growth 

via a vitamin D–dependent pathway (Fabri et al., 2011). In the presence of 

specific culture conditions for human macrophages, such as physiological 

O2 levels and GM-CSF, IFNγ has also been shown to mediate antimycobacterial 

activity (Vogt and Nathan, 2011).  

Vitamin D has long been thought important in the defence against Mtb. Vitamin 

D has no direct antimicrobial activity but its active metabolite 1,25(OH)2D3 is able 

to control Mtb proliferation in human monocytes and macrophages (Crowle and 

Ross, 1989; Rook et al., 1986). It is possible that the antimycobacterial effect is 

due to the AMP cathelicidin, since 1,25(OH)2D3 induces the colocalization of 

mycobacterial phagosomes with autophagosomes in a LL-37 (the active 

metabolite of cathelicidin) dependent manner (Yuk et al., 2009). Addition of 

exogenous LL-37 to macrophages can significantly reduce the intracellular 

survival of Mtb (Martineau et al., 2007; Sonawane et al., 2011). Furthermore, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autophagosome
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activation of TLRs by Mtb triggers a Vitamin D dependent pathway, the induction 

of cathelicidin and direct killing activity (Liu et al., 2006; Thoma-Uszynski et al., 

2001). Consistent with these observations, siRNA against cathelicidin has been 

shown to inhibit antimicrobial activity and enhance intracellular growth of the 

bacilli (Liu et al., 2007).  

Another macrophage function that has come to the fore with regard to anti-

mycobacterial activity in recent years is autophagy. Although Mtb displays some 

countermeasures against autophagy (section 1.3.2.2), this mode of killing has 

been shown to reduce Mtb survival in human macrophages, mouse models and 

macrophage cell lines (Fabri et al., 2011; Ponpuak et al., 2010; Watson et al., 

2012). Activation of autophagy results in the delivery of Mtb to autolysosomes, 

which are much more robust antimicrobial compartments than conventional 

phagosomes (Ponpuak et al., 2010). Autophagy also triggers the generation of 

neo-antimicrobial peptides, to enhance mycobacterial killing (Alonso et al., 2007; 

Ponpuak et al., 2010). Autophagy by macrophages can be activated by IFNy 

(Fabri et al., 2011; Klug-Micu et al., 2013; MacMicking et al., 2003), 1,25(OH)2D3  

(Fabri et al., 2011), Vitamin D receptor and TLR signalling (Shin et al., 2010b), 

Mtb- specific T cells (Petruccioli et al., 2012), and extracellular vesicles released 

by neutrophils (Alvarez-Jiménez et al., 2018). (Bonilla et al., 2013). Recognition 

of extracellular Mtb deoxyribonucleic acid (DNA) by the Stimulator of interferon 

genes  (STING) cytosolic pathway has also been shown to induce the ubiquitin 

mediated autophagy pathway (Watson et al., 2012).  

In keeping with these in vitro observations, autophagy protects in vivo against 

bacillary burden, inflammation, lung pathology, and death from Mtb in mice with 
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autophagy defective myeloid cells (Castillo et al, 2012). Zebrafish embryos 

deficient in the autophagy inducer  DNA damage regulated autophagy modulator 

(DRAM1) also show increased mycobacterial load (van der Vaart et al., 2014).  

1.3.2 Mtb Subversion of Macrophage Defences 

Through pro-longed coevolution with its host, Mtb has developed its own 

mechanisms to subvert macrophage defences and persist within the cell. A 

summary of these mechanisms is provided in Figure 1.3 Mechanisms by which 

Mtb subverts macrophage defences 1. The type of receptor that mediates 

phagocytosis can prevent activation of the macrophage. 2. Mtb blocks 

phagolysosomal fusion. 3. Mtb can block autophagy. 4. Mtb can translocate from 

the phagosome into the cytosol where it can further replicate, as well as 

stimulating the release of Type 1 IFNs that promote its survival. 5. Mtb can modify 

signalling via PRRs that would otherwise lead to macrophage activation and 

killing, for example, via NFκB 6. Mtb can inhibit antigen presentation to impair 

recognition by T cells. 7. Mtb can block apoptosis that would result in bacterial 

killing.   

 

Figure 1.4 Pathogenic lifecycle of Mtb. Mtb infection initiates when fine aerosol 

particles containing the bacteria coughed up by an individual with active disease 

are deposited in the lungs. The bacteria recruit macrophages to the surface of 

the lung, which become infected, and serve to transport the bacteria across the 

lung epithelium to deeper tissues. As adaptive immunity develops, the granuloma 

can restrict bacterial growth. However, under many circumstances, the infected 

granuloma macrophages can undergo necrosis, forming a necrotic core that 
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supports bacterial growth and transmission to the next host.Figure 1.3. 

1.3.2.1 Phagolysosomal Fusion 

Following phagocytosis, Mtb is contained in the early endosome/ phagosome, 

characterized by the presence of Rab5. The departure of Rab5 and acquisition 

of Rab7 is the key event in transforming the phagosome into a degradative, 

lysosomal compartment (Via et al., 1997). Mtb arrests the maturation of 

phagosome at this critical point in its pathway, i.e. the acquisition of Rab 7 (Rink 

et al., 2005). Mtb also recruits to its phagosome Rab22a (Roberts et al., 2006). 

Rab22a controls the terminal stages of endosomal recycling and, upon recycling 

of the necessary reusable components, its change in activation status sends a 

signal to the trafficking machinery, allowing Rab5 to Rab7 conversion to proceed. 

The recruitment to, and maintenance of, Rab22a on Mtb phagosomes blocks 

Rab conversion, thus prohibiting acquisition of Rab7 and blocking subsequent 

acidification and proteolytic competency of a phagosome (Roberts et al., 2006). 

Recruitment of Rab20 (Schnettger et al., 2017) and sortilin (Vázquez et al., 2016) 

to Mtb phagosomes can enhance lysosomal delivery but Mtb is able to evade 

Rab20 acquisition through its ESAT-6 Secretion System  (ESX-1) (Schnettger et 

al., 2017). Tryptophan-aspartate-containing coat protein (TACO), a host protein 

normally released from phagosomes prior to fusion with lysosomes, is actively 

retained by Mtb to prevent phagolysosomal maturation (Jayachandran et al., 

2007). 

A bacterial factor shown to govern phagosomal arrest is the secreted protein 

tyrosine phosphatase (PtpA) (Bach et al., 2008; Wong et al., 2011), which binds 

to, and blocks, subunit H of the macrophage vacuolar-H(+)-ATPase (V-ATPase) 
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machinery. This multisubunit protein complex in the phagosome membrane is 

reported to drive  luminal acidification (Wong et al., 2011).  

Mtb is able to survive inside the phagosome not only by enhancing phagosomal 

arrest, but also by acquiring nutrients such as iron-loaded transferrin, from early 

endosomal organelles (Clemens and Horwitz, 1996). 

1.3.2.2 Autophagy 

A few reports have also recently revealed that Mtb has evolved immune evasion 

strategies to counteract the effects of autophagy, thus improving its intracellular 

survival. Several mycobacterial factors have been implicated including Enhanced 

intracellular survival (Eis) protein inhibition of ROS generation via the c-Jun N-

terminal kinase (JNK) signalling pathway in murine macrophages (Kim et al., 

2012; Shin et al., 2010a), the ESX-1 secretion system (Cardenal-Muñoz et al., 

2017; Romagnoli et al., 2012) that simultaneously induces autophagy and 

represses autophagic flux (Cardenal-Muñoz et al., 2017), Mtb proteins 

PE_PGRS47 (Saini et al., 2016) and Mannosylated Lipoarabinomannan 

(ManLAM) (Shui et al., 2011) via as yet undetermined pathways.  

Autophagy may also be limited by the manipulation of host factors, for example 

upregulation of the expression of host anti-autophagic factor Bfl-1/A1 (Kathania 

et al., 2011) and Coronin 1a (Seto et al., 2012). A genome-wide analysis identified 

additional host genes involved in autophagy inhibition during Mtb infection 

(Kumar et al., 2010), though their role remains ill-defined. 

1.3.2.3 Phagosomal Egress 

In addition to residing within non-acidified phagosomal compartments, Mtb has 
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been visualized outside of phagosomal compartments, within the cytoplasm of 

macrophages. This phenomenon, referred to a ‘phagosomal egress’ was initially 

demonstrated by electron microscopy (EM) of infected J774 mouse myeloid cell 

line, and seemed to be an event related to virulence- BCG was nearly always 

surrounded by a distinct vacuolar membrane, whereas Mtb H37Rv was only seen 

in in membrane enclosed vacuoles approximately half of the time, and H37Ra, 

an avirulent laboratory strain of Mtb displayed an intermediate phenotype 

(McDonough et al., 1993). These results were subsequently contradicted by Xu 

et al in primary mouse BMDMs, citing differences in the technical preparation of 

samples (Xu et al., 1994).  

The idea of phagosomal egress of Mtb therefore remained a subject of debate 

until recently when more definitive evidence was provided in a study by Stamm 

and colleagues. This demonstrated phagosomal egress of Mm by both EM and 

confocal microscopy (Stamm et al., 2003). Mm was found free in the cytosol, 

being propelled by actin tails (Stamm et al., 2003). Second, a study by van der 

Wel and colleagues in 2007 used sophisticated cryo-electron microscopy to 

demonstrate the cytosolic presence of Mtb at later stages of infection (van der 

Wel et al., 2007). Simeone et al subsequently demonstrated cytosolic access of 

Mtb using a fluorescence resonance energy transfer (FRET) based method 

(Simeone et al., 2012). In this study, and others (Hagedorn et al., 2009; Houben 

et al., 2012; Simeone et al., 2015; Stamm et al., 2003; van der Wel et al., 2007), 

phagosomal egress was dependent on the ESX-1 secretion system and its 

effector proteins including ESAT-6. BCG does not display such behaviour, owing 

to the deletion of the RD1 gene set, which contains the ESX-1 secretion system.  
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These in vitro data demonstrating phagosomal egress have been corroborated in 

vivo using an experimental mouse model, where phagosomal membrane 

disruption occurs as early as 3 hours post infection, and peaks after 2-3 days 

(Simeone et al., 2015). 

Cytoplasmic localization favours more effective suppression of autophagy in the 

host macrophage (Jamwal et al., 2016). Cytosolic translocation of Mtb also 

triggers signalling via the mammalian cytosolic DNA sensor cyclic guanosine 

monophosphate–adenosine monophosphate (cGAMP) synthase cGAS in an 

ESX-1-dependent manner (Collins et al., 2015; Majlessi and Brosch, 2015; 

Wassermann et al., 2015). cGAS catalyses the production of cGAMP, which 

triggers type I IFN (such as IFN-β) production through the stimulator of IFN genes 

(STING) (Manzanillo et al., 2012; Sun et al., 2013). IFN-β promotes bacterial 

expansion (Manca et al., 2005, 2001; Manzanillo et al., 2012; Mayer-Barber et 

al., 2011; Stanley et al., 2007), perhaps by suppressing protective IFNγ and IL-

1β responses (Novikov et al., 2011; Teles et al., 2013) 

1.3.2.4 Cell Signalling 

Following engagement of Mtb PAMPs by TLRs, the adaptor protein MyD88 and 

subsequent MAPK signalling are crucial to achieving phagolysosome fusion. 

However, Mtb LAM can block the activation of MAPK (Knutson et al., 1998). 

Phthiocerol dimycocerosate (PDIM), another cell wall lipid masks underlying 

PAMPs to prevent TLR signalling in zebrafish infected with Mm (Cambier et al., 

2014) . A related cell wall glycolipid phosphatidylinositol mannosides (PIM), and 

secreted protein ESAT-6 (or a peptide derived from it) have also been shown to 

dampen TLR signalling by inhibition of MyD88, preventing NFkB translocation 
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(Doz et al., 2009; Pathak et al., 2007) and activation of macrophages.  

1.3.2.5 Antigen Presentation 

Several studies have demonstrated that Mtb infected macrophages express less 

antigen on their surface, and are deficient in their ability to signal CD4+ T helper 

cells and stimulate T cell proliferation (Gercken et al., 1994; Hmama et al., 1998; 

Noss et al., 2001). Mtb also impairs DC-mediated antigen presentation and the 

migration of DCs to the draining lymph nodes, thereby affecting the kinetics of 

adaptive immunity (Wolf et al., 2007). Thus, Mtb can actively modulate antigen 

presentation to avoid early immune recognition by T cells (Harding and Boom, 

2010) 

1.3.3 Macrophage Cell Death and Tuberculosis 

It is apparent that macrophage cell death occurs in TB, as dead or dying 

macrophages are observed in vivo within granulomata (Ramakrishnan, 2012). 

The mechanisms of macrophage death in TB has been the subject of extensive 

research, but is inconsistent across different infection models.  

Several lines of evidence suggest that macrophage apoptosis in response to 

mycobacterial infection represents an innate defence, analogous to the 

established role for apoptosis of virus-infected cells (Barber, 2001).  BCG and the 

attenuated strain Mtb H37Ra are strong apoptosis inducers (Chen et al., 2006; 

Keane et al., 1997; Molloy et al., 1994; Oddo et al., 1998; Riendeau and Kornfeld, 

2003) resulting in the reduced viability of these strains. Furthermore, Mtb infection 

has been shown to be contained via efferocytosis of apoptotic cells (Martin et al., 

2012). 
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In order to escape macrophage restriction by programmed cell death, a significant 

body of evidence indicates that Mtb is anti-apoptotic in macrophages, diverting 

the cell to death by necrosis, and that this process is associated with virulence 

(Behar et al., 2010; Chen et al., 2008, 2006, 2006; Divangahi et al., 2009; 

Velmurugan et al., 2007). For example, virulent Mtb H37Rv rather than H37Ra 

prevents formation of the apoptotic envelope resulting in necrosis rather than 

apoptosis of the host cell (Gan et al., 2008). H37Rv, but not H37Ra can also 

cause significant mitochondrial inner membrane damage leading to necrosis 

(Chen et al., 2006). Macrophage necrosis is more consistently reported at high 

multiplicity of infection, with 10-25 bacteria representing a burst size threshold 

(Repasy et al., 2013; Welin et al., 2011). Some Mtb anti-apoptotic genes identified 

include SecA2 (Hinchey et al., 2007), PtpA (Bach et al., 2008) and nuoG 

(Velmurugan et al., 2007).  

However, the evidence for necrosis induced by virulent Mtb is conflicting. 

Particularly, when macrophages internalize low numbers of Mtb (<10), the 

frequency of cell death is similar to that of bystander cells (Mahamed et al., 2017).  

In addition, some reports show Mtb (Keane et al., 1997; Oddo et al., 1998) , and 

its virulence factor ESAT-6 (Aguilo et al., 2013; Butler et al., 2012; Martin et al., 

2012), have also been shown to induce apoptosis. One study even suggests 

apoptosis propagates Mtb infection as infected apoptotic cells are engulfed by 

bystander macrophages (Aguilo et al., 2013). 

While the data on the mode of death induced by Mtb is somewhat conflicting, 

studies do mostly support the prevailing view that apoptosis is a host defence 

mechanism and reduces bacterial viability, whereas virulent Mtb (in association 
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with a high bacterial burden) induces necrotic cell death (Behar et al., 2010).  

Importantly, the association between active TB and necrotic phenotypes in 

granulomata (Ramakrishnan, 2012) suggests that necrosis may be a particularly 

host-detrimental process. This cell death modality may confer more benefit to the 

bacteria, as two recent studies tracking human macrophages by live cell imaging 

also demonstrated acceleration in bacterial growth within cells undergoing 

necrosis (Lerner et al., 2017; Mahamed et al., 2017). The dying cells are engulfed 

by uninfected cells, leading to a macrophage killing cascade, thereby facilitating 

the survival and spread of Mtb (Mahamed et al., 2017). 

Mtb is not an obligate intracellular pathogen, and can survive outside of 

macrophages (Eum et al., 2010). Importantly in the context of this thesis, 

uncontrolled intracellular replication in necrotic cells followed by cell lysis may be 

particularly beneficial for the bacteria because bacteria are released for 

extracellular propagation. In both the zebrafish and human macrophage in vitro 

model (Clay et al., 2008, 2007; Mahamed et al., 2017), the extracellular 

environment is extremely growth permissive for Mtb. Specifically in zebrafish, 

macrophage death and deficiency results in Mm growing extracellularly with a 

cording morphology typical of unfettered growth (Clay et al., 2008, 2007).   
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Figure 1.7 Mechanisms by which Mtb subverts macrophage defences 1. The type of 
receptor that mediates phagocytosis can prevent activation of the macrophage. 2. Mtb blocks 
phagolysosomal fusion. 3. Mtb can block autophagy. 4. Mtb can translocate from the 
phagosome into the cytosol where it can further replicate, as well as stimulating the release of 
Type 1 IFNs that promote its survival. 5. Mtb can modify signalling via PRRs that would 
otherwise lead to macrophage activation and killing, for example, via NFκB 6. Mtb can inhibit 
antigen presentation to impair recognition by T cells. 7. Mtb can block apoptosis that would 
result in bacterial killing.   

 

Figure 1.8 Pathogenic lifecycle of Mtb. Mtb infection initiates when fine aerosol particles 
containing the bacteria coughed up by an individual with active disease are deposited in the 
lungs. The bacteria recruit macrophages to the surface of the lung, which become infected, and 
serve to transport the bacteria across the lung epithelium to deeper tissues. As adaptive 
immunity develops, the granuloma can restrict bacterial growth. However, under many 
circumstances, the infected granuloma macrophages can undergo necrosis, forming a necrotic 
core that supports bacterial growth and transmission to the next host.Figure 1.9 Mechanisms 
by which Mtb subverts macrophage defences 1. The type of receptor that mediates 
phagocytosis can prevent activation of the macrophage. 2. Mtb blocks phagolysosomal fusion. 
3. Mtb can block autophagy. 4. Mtb can translocate from the phagosome into the cytosol where 
it can further replicate, as well as stimulating the release of Type 1 IFNs that promote its survival. 

https://www.sciencedirect.com/topics/neuroscience/macrophages
https://www.sciencedirect.com/topics/neuroscience/epithelium
https://www.sciencedirect.com/topics/immunology-and-microbiology/adaptive-immune-system
https://www.sciencedirect.com/topics/immunology-and-microbiology/adaptive-immune-system
https://www.sciencedirect.com/topics/neuroscience/necrosis
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1.4 Extracellular Mycobacterium Tuberculosis 

1.4.1 Presence of Extracellular Mtb in Granulomas 

Several significant bodies of work have demonstrated the presence of 

extracellular bacteria in tuberculous lesions (Lenaerts et al., 2015). Seminal work 

by Canetti et al conducted in the pre chemotherapy era comprehensively detailed 

lesion morphology, bacterial number and location from specimens obtained at 

autopsy of patients with active tuberculosis (Canetti, 1955). Numerous 

extracellular bacteria were found in necrotic centre of granulomas. More recently, 

improved immunostaining techniques have successfully demonstrated 

intracellular as well as free mycobacteria in the biopsies of patients with active 

tuberculosis (Ulrichs et al., 2005). In a study of six patients with incurable TB 

disease undergoing surgery histologic examination of lung lesions revealed acid-

fast bacilli mainly at the surface of cavities (Kaplan et al., 2003). More recently, a 

study analyzing the localization of Mtb bacilli in various samples from patients 

with active TB, found 60% of bacteria located extracellularly in sputum and BAL. 

Strikingly, 80% of bacteria were located extracellularly in the cavity caseum (Eum 

et al., 2010).  

In rabbits, liquefecation of the caseous necrotic centre of granulomas is 

associated with extracellular bacterial growth (Dannenberg and Lurie, 2006); 

similarly in guinea pigs infected with Mtb, the majority of bacilli in an advanced 

disease state are found to be extracellular in necrotic lesions (Hoff et al., 2011).  
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1.4.2 Extracellular Mtb in Disease Pathogenesis 

An obligate step in all infectious diseases is transmission to new hosts.  Mtb can 

enhance its own transmission by becoming extracellular (Ramakrishnan, 2012). 

Extracellular bacilli residing within the caseum of necrotic foci (Eum et al., 2010), 

or the luminal surface of cavities (Kaplan et al., 2003) constitute the reservoir 

from which large bacterial numbers emerge following connection to patent 

airways, which facilitates efficient expectoration of the bacteria (Ernst, 2012; 

Grosset, 2003; Ramakrishnan, 2012) (Figure 1.4 Pathogenic lifecycle of Mtb. 

Mtb infection initiates when fine aerosol particles containing the bacteria coughed 

up by an individual with active disease are deposited in the lungs. The bacteria 

recruit macrophages to the surface of the lung, which become infected, and serve 

to transport the bacteria across the lung epithelium to deeper tissues. As adaptive 

immunity develops, the granuloma can restrict bacterial growth. However, under 

many circumstances, the infected granuloma macrophages can undergo 

necrosis, forming a necrotic core that supports bacterial growth and transmission 

to the next host. 

Taken from Cambier et al. Host Evasion and Exploitation Schemes of Mycobacterium 
Tuberculosis. Cell (2014) 

 

 

 

Figure 1.5 Intracellular pathogen lytic and non-lytic strategies to exit the 

host cell.Figure 1.4).  

The exit of intracellular organisms is also a crucial stage of pathogenesis since 

cellular exit is thought to facilitate spread of infection to neighbouring cells (Behar 
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et al., 2010; Roca and Ramakrishnan, 2013). Dissemination of infection can occur 

without the transfer of bacteria into the extracellular space.  For example, direct 

cell to cell transfer of Mm in amoeba (Stamm et al., 2003) and zebrafish 

macrophages (Cambier et al., 2017) has been demonstrated. Mtb has also been 

demonstrated to move directly between human fibroblasts (Byrd et al., 1998) and 

an epithelial cell line (Castro-Garza et al., 2002). Nevertheless, as for other 

organisms which have established an intracellular habitat, escaping out of host 

cells is an efficient and necessary route to dissemination (Hybiske and Stephens, 

2007; Weddle and Agaisse, 2018). Crucially, in amoeba infected with Mm, 

becoming extracellular by non-lytic ejection (covered in detail in section 1.4.3) is 

directly correlated with spreading infection (Hagedorn et al., 2009).   
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Figure 1.10 Pathogenic lifecycle of Mtb. Mtb infection initiates when fine aerosol particles 
containing the bacteria coughed up by an individual with active disease are deposited in the 
lungs. The bacteria recruit macrophages to the surface of the lung, which become infected, and 
serve to transport the bacteria across the lung epithelium to deeper tissues. As adaptive 
immunity develops, the granuloma can restrict bacterial growth. However, under many 
circumstances, the infected granuloma macrophages can undergo necrosis, forming a necrotic 
core that supports bacterial growth and transmission to the next host. 

Taken from Cambier et al. Host Evasion and Exploitation Schemes of Mycobacterium 
Tuberculosis. Cell (2014) 

 

 

 

Figure 1.11 Intracellular pathogen lytic and non-lytic strategies to exit the host cell.Figure 
1.12 Pathogenic lifecycle of Mtb. Mtb infection initiates when fine aerosol particles containing 
the bacteria coughed up by an individual with active disease are deposited in the lungs. The 
bacteria recruit macrophages to the surface of the lung, which become infected, and serve to 
transport the bacteria across the lung epithelium to deeper tissues. As adaptive immunity 
develops, the granuloma can restrict bacterial growth. However, under many circumstances, the 
infected granuloma macrophages can undergo necrosis, forming a necrotic core that supports 
bacterial growth and transmission to the next host. 

Taken from Cambier et al. Host Evasion and Exploitation Schemes of Mycobacterium 
Tuberculosis. Cell (2014) 
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1.4.3 Strategies by Which Mycobacteria Become Extracellular  

The prevailing view is that extracellular Mtb are thought to arise from cellular 

necrosis leading to release of mycobacteria, as discussed in section 1.3.3 

Necrosis, rather than apoptosis, allows Mtb to establish a new replicative niche 

(the extracellular milieu) through the release of intracellular contents following cell 

lysis.  

However, necrosis may not be the only means by which Mtb can escape the 

hostile intracellular environment of human macrophages. Several organisms 

have developed versatile strategies for escape (covered in section 1.4.3). In fact, 

although both Mtb and Mm can induce cellular necrosis (as well as pyroptosis), 

both mycobacteria can also escape out of the host cell in a non-lytic manner. The 

seminal studies demonstrating the non-lytic exit of mycobacteria were conducted 

in the social amoeba Dictyostelium.   

Dictyostelium is an alternative macrophage infection model. It is a genetically 

tractable host for pathogenic mycobacteria (Stamm e al., 2003). Amoeba 

naturally feed on different soil bacteria and have developed efficient phagocytosis 

and defence mechanisms. While not a natural host of Mtb, amoeba do interact 

with other environmental mycobacteria. Since the basic mechanisms of host 

pathogen interactions are conserved (Stamm et al., 2003), this model is emerging 

as a useful tool to study the relationship between Mtb and phagocytes.   

In amoeba, bacteria are visualized to protrude through a bulging plasma 

membrane and exit directly into another cell, or into the extracellular space 

(Hagedorn et al., 2009; Stamm et al., 2003). The host cell is left intact thereafter. 

Exit of mycobacteria is dependent on vacuolar escape into the cytosol, and 



58 
 

subsequent escape via the plasma membrane via a structure termed the 

‘ejectosome’, dense in F actin, coronin and mysosin (Hagedorn et al., 2009). Non-

lytic egress is dependent on both host factors (the small GTPase RacH in 

amoeba) and bacterial factors (ESAT-6) (Hagedorn et al., 2009). Although Mm 

(but not Mtb) have been observed to harbour actin tails when free in the 

cytoplasm (Stamm et al., 2003), during egress through the ejectosome the 

bacteria are not accompanied by actin tails, therefore the forces governing the 

propulsion of Mm are not yet fully understood. More recent data suggests a role 

for the autophagic machinery in this process (Gerstenmaier et al., 2015).  

Therefore, it is plausible, though never previously described, that both lytic and 

non-lytic strategies contribute to Mtb becoming extracellular following infection of 

human macrophages. 
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1.4.4 Exit Strategies of Other Organisms 

One of the first reports of different modes by which intracellular organisms may 

exit cells was demonstrated with Chlamydia, characterized by 2 distinct and 

independent process (i) cellular lysis and (ii) a packaged release named 

extrusion. The latter leaves the host cell intact after release of Chlamydia, and 

involves pinching of the bacterial inclusion, protrusion out of the cell within a cell 

membrane compartment, and ultimately detachment from the cell. Similarly, 

Listeria and Shigella can trigger lytic cell death in the form of pyroptosis, by 

activation of the Nucleotide-binding oligomerization domain, Leucine rich Repeat 

and Pyrin domain containing (NLRP)1B inflammasome (Neiman-Zenevich et al., 

2017), but also use actin based motility to propel themselves out of the host cell 

in a non-lytic manner and directly into neighbouring cells (Hybiske and Stephens, 

2008). O. tsutsugamushi buds out of cells by migrating to the periphery of the cell 

and slowly extruding from the cell into filamentous structures that protrude from 

the cell surface (Schaechter et al., 1957). Buds consist of a membranous 

structure, the outermost of which is the plasma membrane (Schaechter et al., 

1957). Little is known about the molecular mechanisms underpinning budding.  

Non-lytic expulsion or ‘vomocytosis’ of Cryptococcus was first reported over a 

decade ago by two separate groups (Alvarez and Casadevall, 2006; Ma et al., 

2006). While cryptococci have been found to replicate within macrophages and 

subsequently induce host cell necrosis for their release (Tucker and Casadevall, 

2002), non-lytic expulsion has also been demonstrated by live cell imaging 

(Johnston and May, 2010; Ma et al., 2006). The molecular mechanisms 

underpinning the latter process have remained relatively elusive. Non-lytic 
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expulsion is dependent on live cryptococci since it does not occur with dead 

organisms (Johnston and May, 2010). Contrary to other organisms that escape 

leaving the host cell intact, cryptococcal expulsion was in fact found to be 

inhibited by actin polymerization (Johnston and May, 2010). Recently, in a 

significant step forward to understanding of the molecular mechanisms 

underpinning non-lytic expulsion, the atypical MAP/ERK (Extracellular Signal-

Regulated Kinase) has been identified as a critical regulator of this process 

(Gilbert et al., 2017). 

Since non-lytic expulsion has been observed for a diverse range of pathogens 

(Friedrich et al., 2012; Hybiske and Stephens, 2008; Smith and May, 2013) and 

in phagocytic cells from mammals (Nicola et al., 2011) , birds (Johnston et al., 

2016) , fish (Bojarczuk et al., 2016), and amoeba (Hagedorn et al., 2009), it may 

well be an evolutionary conserved process (Gilbert et al., 2017)  

A figure summarizing the diverse repertoire of cytolytic and non-lytic processes 

by which intracellular organisms exit their host cell is shown in Figure 1.5 

Intracellular pathogen lytic and non-lytic strategies to exit the host cell.  

Adapted from Hybiske K and Stevens R. Exit strategies of intracellular organisms. Nature 
Reviews Microbiology (2008) 

 

Figure 3.1 High throughput flow cytometric assay for quantitation of 

fluorescent Mtb.  A Growth curves for Wild Type H37RV and H37Rv mCherry. 

Bacterial cultures were subpassaged to a starting OD of 0.05, and measured daily 

thereafter B representative flow cytometry plots of H37Rv mCherry and gating 

strategy to isolate bacterial population from debris and beads (which are 

fluorescent in all channels) C calculation of integrated mCherry Mtb fluorescence 
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used to enumerate bacteria D bacteria were plated and counted by CFU/ml. In 

parallel, bacteria were analysed by flow cytometry and enumerated by integrated 

(Int.) mCherry Mtb fluorescence. Figure 1.5.  

 

 

Figure 1.13 Intracellular pathogen lytic and non-lytic strategies to exit the host cell.  

Adapted from Hybiske K and Stevens R. Exit strategies of intracellular organisms. Nature 
Reviews Microbiology (2008) 

 

Figure 1.14 High throughput flow cytometric assay for quantitation of fluorescent Mtb.  A 
Growth curves for Wild Type H37RV and H37Rv mCherry. Bacterial cultures were subpassaged 
to a starting OD of 0.05, and measured daily thereafter B representative flow cytometry plots of 
H37Rv mCherry and gating strategy to isolate bacterial population from debris and beads 
(which are fluorescent in all channels) C calculation of integrated mCherry Mtb fluorescence 
used to enumerate bacteria D bacteria were plated and counted by CFU/ml. In parallel, bacteria 
were analysed by flow cytometry and enumerated by integrated (Int.) mCherry Mtb 
fluorescence. Figure 1.15 Intracellular pathogen lytic and non-lytic strategies to exit the 
host cell.  

Adapted from Hybiske K and Stevens R. Exit strategies of intracellular organisms. Nature 
Reviews Microbiology (2008) 
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1.5 Summary 

Macrophages are crucial effector cells for the control of Mtb infection. Although 

they serve as the preferred niche for Mtb, they also help to alert the immune 

system to the presence of Mtb, and, in certain circumstances, can eliminate or 

control it directly. As with most studies on the host–pathogen interactions that 

occur between the residing infecting agent and its niche cell, the focus of research 

has been concentrated on the pathogenic manipulation of macrophage entry and 

intracellular subversion of macrophage defences. The exit of Mtb from human 

macrophages has been relatively overlooked. Further, because studies 

examining mycobacterial control in various in vitro and in vivo models have not 

sought to quantify extracellular Mtb, the relative proportion of bacteria that reside 

extracellularly remains to be determined.  

How Mtb accumulates in the extracellular space is also a matter of debate. 

Certainly, there is a contribution from necrotic cell death and host cell lysis. 

However, at low bacterial burden early in the course of infection this may not be 

the primary means of exit from macrophages. Other pathogens have developed 

versatile strategies to exit from their host cell and there is increasing evidence 

that microbial exit is an organized and directed process mediated by both 

bacterial and cellular factors. Mtb may also display this behaviour, though never 

previously described to escape in a non-lytic manner from human macrophages. 
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1.6 Aim 

I aim to contribute to our understanding of the mechanisms by which Mtb evades 

intracellular restriction by macrophages. 

1.7 Hypothesis 

I hypothesise that Mtb escape from human macrophages by non-lytic egress prior 

to any cellular lysis, and that the resulting extracellular bacteria grow more rapidly 

than intracellular bacteria, consistent with a model in which non-lytic egress 

contributes to evasion of macrophage defence in early infection and onward 

transmission of infection. 

1.8 Experimental objectives 

1. Confirm the presence of extracellular Mtb is an in vitro model of human 

macrophage infection,  and determine if these bacteria accumulate as a 

result of necrotic cell death (Chapter 1) 

2. To investigate if Mtb is able to escape human macrophages by non-lytic 

egress (Chapters 1 and 2) 

3. To develop a mathematical model to determine the intracellular growth 

rate of Mtb (which cannot be experimentally measured) and thereby 

understand the niche in which the bacteria prefers to replicate (Chapter 2)  

4. To investigate the mechanism by which non-lytic egress of Mtb occurs 

(Chapter 3)  
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2 MATERIALS AND METHODS 

2.1 Isolation and Culture of Human MDM 

Human MDM were prepared from healthy individual donors. Briefly, peripheral 

blood mononuclear cells (PBMC) from heparinized whole blood were separated 

either using Leucosep Centrifuge Tubes or obtained by density gradient 

centrifugation with Ficoll-PaqueTM PLUS (GE Healthcare Biosciences) at 800 x 

g for 20 minutes according to the manufacturer’s instructions. After repeated 

washing, PBMC were resuspended at 1 x 107 cells/ml in RPMI 1640 with L-

glutamine (GIBCO, Invitrogen) containing 5% heat inactivated (56°C for 45 

minutes) pooled type AB human serum (ABS) (Sigma Aldrich) and seeded onto 

tissue culture plates (TPP). After one hour at 37°C, non-adherent cells were 

removed by sequential washes and adherent cells were incubated in RPMI 1640 

with L-glutamine containing 10% autologous serum (AS) and 20ng/ml M-CSF 

(R&D Systems) for three days at 37°C. On day 3, any remaining non-adherent 

cells and the media was refreshed with RPMI 1640 with L-glutamine (GIBCO, 

Invitrogen) supplemented with 5% ABS (Sigma Aldrich). On day 6 cells were 

considered fully differentiated and maintained in culture for up to 10 days, 

refreshing the media every 3 days. 

2.2 Mycobacteria 

2.2.1 Strains 

Mtb H37Rv strain constitutively expressing a fluorescent reporter (mCherry) 

(courtesy of Tanya Parish, Queen Mary University of London, United Kingdom) 

was cultured in Middlebrook 7H9 medium (BD Bioscience) supplemented with 
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10% oleic acid- albumin-dextrose-catalase supplement (OADC) (BD Bioscience) 

enrichment medium, 0.2% glycerol, 0.05% Tween 20, and 40mcg/ml hygromycin 

(Invitrogen) and agitated on a rotating platform at 100 rpm at 37°C. Growth curves 

of H37Rv mCherry were compared to wild type H37Rv, grown in log phase liquid 

culture and measured by optical density (OD600). 

Mycobacterium Bovis BCG harbouring phsp60-dsRed (courtesy of Maximiliano 

Guitterez, Crick Institute) was similarly cultured in Middlebrook 7H9 medium (BD 

Bioscience) supplemented with 10% OADC enrichment medium, 0.2% glycerol 

and 0.05% Tween 20 and agitated on a rotating platform at 100 rpm at 37°C. 

2.2.2 Disaggregation of Mtb 

Where required, Mtb was disaggregated using the following procedure. H37Rv 

mCherry growing at log phase was pelleted by centrifugation at 3000g for 10mins. 

The pellet was then shaken vigorously by hand with ~10 sterile 2mm glass beads 

for one minute to break up clumps. Aerosols were allowed to settle. Bacteria were 

then re-suspended in media and any residual clumps allowed to settle over 5 

minutes. Bacterial concentration was determined by OD measurement from the 

top of the bacterial suspension.  

2.2.3 Heat killing 

1ml of H37Rv Mtb suspension growing at log phase was aliquoted into 

eppendorfs and placed in a dry heat block pre-warmed to 80°C. Bacteria were 

heat killed over 30 mins. Prior to, and after, heat killing 1 aliquot was inoculated 

onto solid agar and liquid 7H9 media supplemented with 10% OADC enrichment 

medium, 0.2% glycerol and 0.05% Tween 20, 40mcg/ml hygromycin. Bacteria 
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were only removed from Biosafety Level 3 conditions if both solid and liquid 

cultures were negative after 8 weeks.  

2.3 Anti-Mtb Antibody Staining 

H37Rv mCherry was grown to log phase. A 10ml culture suspension was 

centrifuged at 3000g for 20mins to pellet the bacteria and resuspended in 3% 

normal goat serum to block non-specific binding. 10µl of Mtb culture was diluted 

in 200µl phosphate buffered saline (PBS) in round bottom tissue culture plates 

(TPP) and centrifuged again at 3000g for 20mins. PBS was carefully removed 

and Anti-Mycobacterium tuberculosis antibody (FITC) ab20962 (Abcam) up to a 

concentration of 1:10 added to H37Rv mCherry for 20mins in the dark at room 

temperature. Bacteria were subsequently re-pelleted, washed in PBS and re-

pelleted again. Bacteria were fixed in 4% PFA overnight and analyzed on the LSR 

Fortessa (BD) using excitation at 488nm to identify Anti-Mtb FITC and 610nm to 

identify H37Rv mCherry. 

2.4 Cell Culture  

2.4.1 Macrophage infection 

MDM were prepared as above. Bacterial cultures were used at mid log phase at 

OD 0.6-1.  Cells were infected with H37Rv mCherry or BCG dsRed at multiplicity 

of infection (MOI) 1 (unless otherwise specified) for four hours at 37°C, 

resuspended in RPMI supplemented with 5% ABS. After 4 hours, extracellular 

bacteria were removed and cells washed extensively PBS. For some 

experiments, the media was replaced for a short time (5seconds), and any 

remaining extracellular bacteria harvested for bacterial quantitation (post wash 
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supernatant). RPMI supplemented with 5% ABS was replaced after washing and 

cells incubated at 37°C. At the relevant time point, extracellular bacteria in the 

supernatant were collected for quantification by gentle agitation. Cells washed 

extensively again. Intracellular bacteria were released by cell lysis using distilled 

water containing 0.05% tween. 

2.4.2 Macrophage Conditioned Media 

In order to determine the extracellular growth rate, macrophage conditioned 

medium (infCoM) was generated by infecting MDM as described for 24 hours at 

MOI 1. The supernatant was harvested and filter sterilized through spin filters 

(Costar Spin-X, Corning) (primed with RPMI + 5% ABS to reduce protein binding). 

infCoM was collected in this way for 3-4 donors, and pooled to reduce donor 

variability. Both 7H9 with hygromycin 40mcg/ml (supplemented with 10% OADC 

and 0.2% glycerol) and infCoM with hygromycin were subsequently re-infected 

with 5 x 104 cfu/ml, the same number of bacteria used to infect MDM. Bacteria 

were enumerated by flow cytometry at inoculation and after 120h to determine 

extracellular bacillary growth.   

2.4.3 Chemical inhibitors 

Where required chemical inhibition of the cytoskeleton was achieved using 

Cytochalasin D (Sigma) or Nocadazole (Sigma) in Dimethyl Sulfoxide (DMSO, 

Sigma) at various concentrations.  
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2.5 Bacterial Enumeration 

2.5.1 Flow cytometry 

I developed a high throughput assay based on flow cytometric assessment of 

fluorescent bacteria to quantitate bacterial burden. Extracellular and intracellular 

bacteria harvested as described above were fixed in a final concentration of 4% 

paraformaldehyde (PFA) for deactivation. For more details on the gating strategy 

and calculation for quantification see Figure 3.1 High throughput flow 

cytometric assay for quantitation of fluorescent Mtb.  A Growth curves for 

Wild Type H37RV and H37Rv mCherry. Bacterial cultures were subpassaged to 

a starting OD of 0.05, and measured daily thereafter B representative flow 

cytometry plots of H37Rv mCherry and gating strategy to isolate bacterial 

population from debris and beads (which are fluorescent in all channels) C 

calculation of integrated mCherry Mtb fluorescence used to enumerate bacteria 

D bacteria were plated and counted by CFU/ml. In parallel, bacteria were 

analysed by flow cytometry and enumerated by integrated (Int.) mCherry Mtb 

fluorescence.  

 

Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 

mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.Figure 3.1 .H37Rv mCherry 
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fluorescence was measured on the LSR Fortessa (BD) using excitation 

wavelength 610nm. Results were recorded in BD FACSDiva Software v8.0.1 and 

analysed using FlowJo (version 7.6). I collected 10 000 events gated on 

standardised 10µm (nominal diameter) polystyrene fluorescent microsphere 

counting beads (Flow-Check Fluorospheres, Beckman Coulter). The counting 

beads were gated on the Fluorescein isothiocyanate (FITC) channel (excitation 

wavelength 488nm), thus could be excluded from further analysis on the mCherry 

channel, to ensure only fluorescent mycobacteria were quantified. Singlets beads 

were identified, and quantified for a more precise number of beads. Bacterial 

fluorescence and count was standardized to bead fluorescence and count. 

2.5.2 Colony Forming Units 

In some experiments, intracellular and extracellular H37Rv mCherry were 

enumerated by CFU/ml. Bacterial suspensions were collected as described and 

serially diluted and plated onto 7H10 agar supplements with OADC and 40mcg/ml 

hygromycin in triplicate. Plates were incubated at 37°C, 5% CO2 for 3 weeks 

when bacterial colonies were visible for counting.  

2.6 Imaging Techniques 

2.6.1 Imagestream Analysis 

Bacterial suspensions were analysed an imaging flow cytometer (Image Stream, 

Amnis, Seattle, USA) acquiring 5000 images in the bright field channel and the 

fluorescence emission channels at 561 nm (mCherry). The acquired images were 

analysed with IDEAS software (Amnis). A scatter plot of area/ mCherry 

fluorescence was generated. Image analysis was then performed on the bacteria, 
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overlaying brightfield and fluorescent images to assess for the extent of bacterial 

clumping.   

2.6.2 Cell microscopy 

MDM were infected as described, or left uninfected. At the relevant time points, 

cells were washed to remove extracellular bacteria, and fixed in 4% PFA. For 

enumeration, cells were washed permeablised with 0.1% Triton-X, then 

counterstained with 2µg/ml 4′,6-diamidino-2-phenylindole (DAPI, nuclear DNA 

stain) and 0.5µg/ml HCS Cell MaskTM Cells were imaged using Hermes Wiscan 

microscope at 10x magnification with 75% coverage of each well. Metamorph 

automated software was used to count cells per well as defined by DAPI+ nuclei 

and segmented using the cell mask. Cells were included in the analysis if the 

nuclear area fell within the 5th to 95th centiles in order to discount cell debris, 

incompletely imaged cells at the boundary of each image, and the occasional 

clump of cells where the number of nuclei could not be accurately discriminated. 

Enumeration was performed in duplicate or triplicate for each condition at each 

time point.  

In experiments where I sought to determine the number of dying infected cells 

within a culture, MDM were infected for 4 hours as described. 0.5µl LIVE/ DEAD 

Fixable Stain (Life Technologies) was spiked into each well and the culture gently 

agitated. Cultures were left for 20mins at room temperature, then gently washed 

and fixed in 4% PFA, counterstained with DAPI and cell mask, and imaged using 

Hermes Wiscan microscope. Metamorph software was used to identify DAPI+ 

cells (segmented by cell mask), that were infected with Mtb (or uninfected), and 

positive for live dead stain above a background threshold. 
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2.6.3 Confocal Microscopy 

MDM were grown on coverslips in 24 well tissue culture treated plates (TPP). On 

Day 6, cells were stimulated with nocodazole at the relevant concentration for 1 

hour, then washed and fixed in 4% PFA. Cells were washed and permeablised 

with 0.1% Triton-X, blocked with 3% normal goat serum then stained with rat 

monoclonal 1:1000 anti- tubulin YOL1/34 primary antibody (Abcam) for one hour 

at room temperature. Cells were washed with PBS and stained with anti rat 

secondary antibody.  Coverslips were mounted onto glass slides using 

Vectashield + DAPI (Vector Laboratories) and allowed to harden overnight. 

Confocal microscopy was performed on a Zeiss Observer Z1 LSM 700 Confocal 

Microscope. Single field images of 1024 x 1024 pixels were collected using 

excitation by 488 nm to visualize DAPI stained nuclei and 555 nm to visualize red 

fluorescent α tubulin. Images were taken using Zen 2012 software and reviewed 

using ImageJ 

 

2.6.4 Live cell imaging  

Prior to infection, macrophages were differentiated on a glass bottom live-cell 

dish (WillcoWells GWST-3512) in RPMI with 5% human AB serum. Mtb was 

disaggregated as described in section 2.2.2. Bacterial concentration was 

determined by OD600 measurement and macrophages were infected at a 

multiplicity of infection of 5. After two hours, cells were washed three times to 

remove unattached bacteria. 

48 hours post-infection, dishes were washed three times with media, wrapped in 
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parafilm and secured in a clamp. This was placed on the pre-warmed stage of a 

Leica SP5 confocal microscope at 37°C and 5% CO2. The dish was allowed 30 

minutes for temperature equilibration then imaged in brightfield and red 

fluorescence with excitation by the 561 laser. 7 z planes 1.88 microns apart were 

captured per frame at a resolution of 2048 x 2048 pixels, with frames every 120 

seconds. The red fluorescence channel is shown as a maximum projection of all 

in-focus planes. 

2.7 Data for Modelling 

To calculate an extracellular bacterial replication rate from the data from infected 

conditioned media, we assumed a constant rate of exponential growth and, using 

the average four-hour normalized fluorescence as an initial condition, found the 

rate than minimizes the error between the exponential growth model and the 

average data at 24 and 120 hours.  

To experimentally estimate the macrophage death rate, we first noted that cell 

loss in infected wells was not greater than cell loss in control wells, so we 

assumed that all macrophages, infected or not, had the same rate of cell death. 

We calculated the rate of macrophage loss in infected cells (attrition in cell 

number over time), assuming exponential death. 

To experimentally estimate the non-lytic egress rate, we used changes in 

measured fluorescence across 1 hour.  Non-lytic egress is assumed to occur at 

a constant per-bacteria rate, resulting in exponential decay of intracellular 

fluorescence and an equivalent increase in extracellular fluorescence. The 

increase in extracellular fluorescence over one hour provides the calculated 

egress rate. Where an extracellular measurement at the start of the hour isn’t 
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available for an experiment it is assigned the average value.  

2.8 Mathematical Modelling 

We used ordinary differential equation (ODE) models to describe the intracellular 

and extracellular bacterial fluorescence, incorporating terms describing 

processes that contribute to the bacterial burden in each compartment. We do 

not explicitly model macrophages, since the experimental setup is such that 

macrophages available for infection are not limiting. Instead, we model total 

intracellular and extracellular bacterial burden only.  

A model of intracellular and extracellular bacterial growth only, with no processes 

allowing for transfer of bacteria between compartments, is given by equations:  

𝑑𝐸

𝑑𝑡
= 𝑟𝐸𝐸 

   Equation 1 

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 

where E is the extracellular bacterial fluorescence with exponential growth rate rE 

and I is the intracellular bacterial fluorescence with exponential growth rate rI. 

This system has the explicit solution 

 𝐸(𝑡2) = 𝐸(𝑡1)𝑒𝑟𝐸(𝑡2−𝑡1) and 𝐼(𝑡2) = 𝐼(𝑡1)𝑒𝑟𝐼(𝑡2−𝑡1).  

We included macrophage death, contributing to bacterial transfer from the 

intracellular compartment to the extracellular compartment, and bacterial 

infection of macrophages, contributing to bacterial transfer from the extracellular 

to intracellular compartment, giving ODEs: 
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𝑑𝐸

𝑑𝑡
= 𝑟𝐸𝐸 − 𝛽𝐸 +  𝛿𝐼 

    Equation 2 

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 +  𝛽𝐸 −  𝛿𝐼 

In this model, the bacterial infection of macrophages occurs at a per capita rate 

β. Macrophage death occurs at rate δ, and we assumed that all intracellular 

bacteria from a dying infected macrophage becomes extracellular. We also made 

the simplifying assumption that intracellular bacteria are distributed equally 

amongst infected macrophages, and as such the change in bacterial burdens due 

to the death of macrophages is described simply with a δI term.  

 

 

 

We included non-lytic egress at rate η, giving ODEs: 

𝑑𝐸

𝑑𝑡
= 𝑟𝐸𝐸 − 𝛽𝐸 +  𝛿𝐼 +  𝜂𝐼 

                           Equation 3 

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 +  𝛽𝐸 −  𝛿𝐼 −  𝜂𝐼 

η has the following solution   −
1

𝑡
ln (1 −

𝐸(𝑡)−𝐸(0)

𝐼(0)
) (Equation 4) which describes 

the change in the extracellular bacillary load E normalised to the intracellular 

bacillary load at time 0 I(0). 
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 For each of these models, the initial condition (at four hours) for intracellular 

bacterial burden was taken from the observed data. However, an initial condition 

was not available for all experiments for extracellular bacterial burden, which 

should be minimal due to the thorough wash procedure occurring at that time 

point. Instead, to estimate the initial conditions, we used four-hour extracellular 

fluorescence measurements from 8 additional experiments and after normalizing 

by the average inoculum fluorescence. 

2.9 Parameter Estimation 

We solved the systems of ODEs using the odeint function of the integrate 

package in SciPy. Parameters were estimated to minimize the sum of squared 

error (SSE) between the model and observations for both intracellular and 

extracellular normalized fluorescence, using the optimize package in SciPy, using 

a Nelder-Mead method. Multiple model fits are performed starting from randomly 

selected initial guesses. The estimated parameter set providing the minimum 

SSE is presented. 
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3 EXTRACELLULAR MTB ACCUMULATION 

3.1 Introduction 

The fact that Mtb can evade intracellular microbicidal pathways, and adapt 

metabolically to the intracellular environment has allowed it to survive and 

replicate as a facultative intracellular pathogen (Pieters, 2008; Russell et al., 

2010b). Nonetheless, macrophage intracellular restriction of Mtb is necessary for 

protective host defence, as discussed in section 1.3.1 

In pathological specimens from the site of TB disease, Mtb is also evident outside 

cells (Canetti, 1955). This has been attributed to Mtb escape from macrophages 

as a result of lytic host cell death (Behar et al., 2010), and is likely to be necessary 

for its onward transmission to new hosts (Ramakrishnan, 2012). 

Interestingly however other facultative intracellular pathogens, have been shown 

to egress from live macrophages (see section 1.4.4), and even Mtb has been 

shown to do this from live amoeba (Hagedorn et al., 2009). This raises the 

possibility that Mtb can escape from live macrophages, and in so doing, escape 

intracellular macrophage restriction. Importantly, experimental models to study 

Mtb restriction by macrophages, have focused exclusively on the intracellular 

bacillary burden. If substantial cell death or non-lytic egress of Mtb does occur, 

then present models to study bacillary control in macrophage cultures, may 

significantly underestimate the total bacillary burden. In this chapter, I sought to 

test the hypothesis that extracellular bacteria accumulate following intracellular 

Mtb infection. I then set out to develop a mathematical model to test whether this 

accumulation is exclusively associated with cell death or occurs via non-lytic 

egress.  
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In vitro models of macrophages typically involve the differentiation of human 

peripheral blood monocytes or bone marrow derived macrophages (BMDM) from 

mouse in growth factors such as macrophage colony stimulating factor (M-CSF), 

granulocyte macrophage colony stimulating factor (GM-CSF) and cytokines 

including IL-4/IL-13 and IL-6.  

In order to model macrophage responses in vitro, we use human monocytes 

differentiated in the growth factor M-CSF to generate monocyte derived 

macrophages (MDMs). M-CSF has been shown to be a critical circulating 

regulator of the mononuclear phagocyte system  (Hume et al., 1988) and 

macrophage development in vivo is thought to be driven principally by M-CSF 

and its cognate receptor- CSF1R (Hume et al., 1988). 

GM-CSF differentiated MDM are thought to more closely resemble alveolar 

macrophages according to their surface antigen expression profile (Akagawa et 

al., 2006). Patients suffering from a deficiency in GM-CSF do not suffer from 

macrophage deficiency, but have a functional defect of surfactant clearance and 

suffer from a condition termed pulmonary alveolar proteinosis (Martinez-

Moczygemba and Huston, 2010). This demonstrates the major role of GM-CSF 

in alveolar macrophage (AM) physiology. 

The substantial heterogeneity of tissue macrophage phenotypes suggests it is 

unlikely that in vitro MDMs can precisely model all their highly specialized 

phenotypes. However, evidence for shared morphological and functional 

features, as well as a common developmental requirement for M-CSF, suggests 

M-CSF MDMs are a reasonable reductionist model to study often inaccessible 

tissue macrophages in vitro, with the clear caveat of any in vitro study - that the 
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absence of the tissue microenvironment may influence the function of the cell 

type under investigation.
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3.2 Objectives 

1. To develop and validate a rapid high throughput assay in order to evaluate 

the intracellular and extracellular Mtb growth in human macrophage 

cultures. 

2. To investigate whether bacterial load derived from intracellular Mtb is 

restricted to the intracellular compartment and whether extracellular Mtb is 

exclusively associated with cell death. 

3. To use a mathematical model to show whether Mtb egress from human 

macrophages is wholly explained by host cell death. 
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3.3 Results 

3.3.1 A high throughput flow cytometric assay to quantify Mtb  

Traditional methods of quantifying mycobacterial load in cell cultures or infected 

tissues depends largely on seeding samples onto Mtb culture media 

(Middlebrook 7H10 or Lowenstein Jensen) and counting colony-forming units 

after three to four weeks. These are time consuming and incur a biohazard risk. 

In addition mycobacterial clumping can undermine accurate quantitation (van Zyl-

Smit et al., 2011). 

In collaboration with others in our group (Elspeth Potton and Rachel Byng 

Maddick), I developed a high throughput flow cytometric assay for quantitation of 

intracellular mycobacterial growth. I utilized a virulent laboratory strain of Mtb, 

H37Rv, which constitutively expresses a fluorescent reporter protein mCherry 

fluorophore (H37Rv mCherry). H37Rv mCherry is stable and detectable under 

hypoxic conditions in vitro,(Carroll et al., 2010). Fluorescence does not diminish 

upon addition of the bacteriostatic agent chloramphenicol, but there is a loss of 

fluorescent signal with bactericidal agents, suggesting that mCherry could be 

used as a reporter for mycobacterial death (Carroll et al., 2010).  

First, I confirmed that constitutive expression of mCherry by H37Rv did not affect 

bacterial fitness by comparing the growth curves of H37Rv mCherry to wild type 

H37Rv, as measured by optical density (Figure 3.1 High throughput flow 

cytometric assay for quantitation of fluorescent Mtb.  A Growth curves for 

Wild Type H37RV and H37Rv mCherry. Bacterial cultures were subpassaged to 

a starting OD of 0.05, and measured daily thereafter B representative flow 

cytometry plots of H37Rv mCherry and gating strategy to isolate bacterial 
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population from debris and beads (which are fluorescent in all channels) C 

calculation of integrated mCherry Mtb fluorescence used to enumerate bacteria 

D bacteria were plated and counted by CFU/ml. In parallel, bacteria were 

analysed by flow cytometry and enumerated by integrated (Int.) mCherry Mtb 

fluorescence.  

 

Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 

mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.Figure 3.1A). 

Next, I showed that H37Rv mCherry can be detected by flow cytometry (Figure 

3.1 High throughput flow cytometric assay for quantitation of fluorescent 

Mtb.  A Growth curves for Wild Type H37RV and H37Rv mCherry. Bacterial 

cultures were subpassaged to a starting OD of 0.05, and measured daily 

thereafter B representative flow cytometry plots of H37Rv mCherry and gating 

strategy to isolate bacterial population from debris and beads (which are 

fluorescent in all channels) C calculation of integrated mCherry Mtb fluorescence 

used to enumerate bacteria D bacteria were plated and counted by CFU/ml. In 

parallel, bacteria were analysed by flow cytometry and enumerated by integrated 

(Int.) mCherry Mtb fluorescence.  
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Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 

mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.Figure 3.1B). In the flow cytometric 

plots, Mtb displayed a wide range of forward scatter (as a measure of size), co-

variant with fluorescence intensity (Figure 3.1 High throughput flow cytometric 

assay for quantitation of fluorescent Mtb.  A Growth curves for Wild Type 

H37RV and H37Rv mCherry. Bacterial cultures were subpassaged to a starting 

OD of 0.05, and measured daily thereafter B representative flow cytometry plots 

of H37Rv mCherry and gating strategy to isolate bacterial population from debris 

and beads (which are fluorescent in all channels) C calculation of integrated 

mCherry Mtb fluorescence used to enumerate bacteria D bacteria were plated 

and counted by CFU/ml. In parallel, bacteria were analysed by flow cytometry 

and enumerated by integrated (Int.) mCherry Mtb fluorescence.  

 

Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 

mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.Figure 3.1B). I reasoned that this 
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represented bacterial clumping and tested this hypothesis using Imagestream to 

visualize flow cytometric events with low forward scatter and fluorescence, 

compared to events with high forward scatter and high fluorescence. This 

analysis confirmed that the latter population represented clumps of bacteria 

(Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 

mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.  Bacteria imaged in the top right of 

the plot display high mCherry fluorescence and high area. The composite image 

indicates that these are clumps of mycobacteria. Bacteria imaged in the bottom 

left display low mCherry fluorescence and smaller area. Composite images 

indicate that these are single bacteria. 

 

 

Figure 3.2). In order to account for bacterial clumping, I used the product of event 

counts and mean fluorescence intensity of the bacterial population as a measure 

of total bacterial load and standardized the quantitation in each sample with 

fluorescent counting beads (Figure 3.1 High throughput flow cytometric 

assay for quantitation of fluorescent Mtb.  A Growth curves for Wild Type 

H37RV and H37Rv mCherry. Bacterial cultures were subpassaged to a starting 

OD of 0.05, and measured daily thereafter B representative flow cytometry plots 

of H37Rv mCherry and gating strategy to isolate bacterial population from debris 
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and beads (which are fluorescent in all channels) C calculation of integrated 

mCherry Mtb fluorescence used to enumerate bacteria D bacteria were plated 

and counted by CFU/ml. In parallel, bacteria were analysed by flow cytometry 

and enumerated by integrated (Int.) mCherry Mtb fluorescence.  

 

Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 

mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.Figure 3.1C). This method generated 

an integrated mCherry Fluorescence with a linear correlation to colony forming 

unit count/ml (CFU/ml (Figure 3.1 High throughput flow cytometric assay for 

quantitation of fluorescent Mtb.  A Growth curves for Wild Type H37RV and 

H37Rv mCherry. Bacterial cultures were subpassaged to a starting OD of 0.05, 

and measured daily thereafter B representative flow cytometry plots of H37Rv 

mCherry and gating strategy to isolate bacterial population from debris and beads 

(which are fluorescent in all channels) C calculation of integrated mCherry Mtb 

fluorescence used to enumerate bacteria D bacteria were plated and counted by 

CFU/ml. In parallel, bacteria were analysed by flow cytometry and enumerated 

by integrated (Int.) mCherry Mtb fluorescence.  

 

Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv 
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mCherry was passed through the Imagestream. 5000 images in the bright field 

channel and the fluorescence emission channels at 561 nm (mCherry) were 

recorded. The acquired images were analyzed with IDEAS software (Amnis). A 

scatter plot of area/ mCherry fluorescence was generated. Image analysis was 

then performed on the bacteria, overlaying brightfield and fluorescent images to 

assess for the extent of bacterial clumping.Figure 3.1D). The relationship 

remained linear but with lower R2 correlation coefficient under ~100 bacteria 

(equivalent to 50 integrated mCherry fluorescence units), which I used to 

represent the lower limit of sensitivity of the assay.  
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Figure 3.1 High throughput flow cytometric assay for quantitation of fluorescent Mtb.  A 
Growth curves for Wild Type H37RV and H37Rv mCherry. Bacterial cultures were subpassaged 
to a starting OD of 0.05, and measured daily thereafter B representative flow cytometry plots of 
H37Rv mCherry and gating strategy to isolate bacterial population from debris and beads (which 
are fluorescent in all channels) C calculation of integrated mCherry Mtb fluorescence used to 
enumerate bacteria D bacteria were plated and counted by CFU/ml. In parallel, bacteria were 

analysed by flow cytometry and enumerated by integrated (Int.) mCherry Mtb fluorescence.  

 

Figure 3.2 Imagestream Analysis of H37Rv mCherry population. H37Rv mCherry was 
passed through the Imagestream. 5000 images in the bright field channel and the fluorescence 
emission channels at 561 nm (mCherry) were recorded. The acquired images were analyzed 
with IDEAS software (Amnis). A scatter plot of area/ mCherry fluorescence was generated. 
Image analysis was then performed on the bacteria, overlaying brightfield and fluorescent 
images to assess for the extent of bacterial clumping.Figure 3.3 High throughput flow 
cytometric assay for quantitation of fluorescent Mtb.  A Growth curves for Wild Type H37RV 
and H37Rv mCherry. Bacterial cultures were subpassaged to a starting OD of 0.05, and 
measured daily thereafter B representative flow cytometry plots of H37Rv mCherry and gating 
strategy to isolate bacterial population from debris and beads (which are fluorescent in all 
channels) C calculation of integrated mCherry Mtb fluorescence used to enumerate bacteria D 
bacteria were plated and counted by CFU/ml. In parallel, bacteria were analysed by flow 
cytometry and enumerated by integrated (Int.) mCherry Mtb fluorescence.  
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Figure 3.4 Imagestream Analysis of H37Rv mCherry population. H37Rv mCherry was 
passed through the Imagestream. 5000 images in the bright field channel and the fluorescence 
emission channels at 561 nm (mCherry) were recorded. The acquired images were analyzed 
with IDEAS software (Amnis). A scatter plot of area/ mCherry fluorescence was generated. 
Image analysis was then performed on the bacteria, overlaying brightfield and fluorescent 
images to assess for the extent of bacterial clumping.  Bacteria imaged in the top right of the 
plot display high mCherry fluorescence and high area. The composite image indicates that 
these are clumps of mycobacteria. Bacteria imaged in the bottom left display low mCherry 
fluorescence and smaller area. Composite images indicate that these are single bacteria. 

 

 

Figure 3.5 Imagestream Analysis of H37Rv mCherry population. H37Rv mCherry was 
passed through the Imagestream. 5000 images in the bright field channel and the fluorescence 
emission channels at 561 nm (mCherry) were recorded. The acquired images were analyzed 
with IDEAS software (Amnis). A scatter plot of area/ mCherry fluorescence was generated. 
Image analysis was then performed on the bacteria, overlaying brightfield and fluorescent 
images to assess for the extent of bacterial clumping.  Bacteria imaged in the top right of the 
plot display high mCherry fluorescence and high area. The composite image indicates that 
these are clumps of mycobacteria. Bacteria imaged in the bottom left display low mCherry 
fluorescence and smaller area. Composite images indicate that these are single bacteria. 
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3.3.2 Detection and quantitation of extracellular and intracellular Mtb 

I used flow cytometric quantitation of Mtb to assess intracellular and extracellular 

bacillary load in MDM cultures inoculated with Mtb at an approximate ratio of one 

bacteria per cell (MOI = 1). MDM were infected with Mtb for four hours to allow 

phagocytosis of bacteria. Flow cytometric analysis of the culture supernatants at 

this time point revealed residual extracellular bacilli (Figure 3.3A). Cells were 

then washed extensively. Sampling the cell culture media after washing revealed 

very few bacilli (Figure 3.3A). Finally, the cells were lysed in water and flow 

cytometric analysis of the lysates revealed further bacilli (Figure 3.3A). Hence, 

the pre-wash culture supernatant could be used to quantify extracellular bacilli 

and the post-wash cell lysate to quantify intracellular bacillary load. In order to 

validate that this assay could be used to quantify Mtb growth and restriction, I 

investigated the change in intracellular Mtb load between four and 120 hours in 

MDM culture, with and without the anti-mycobacterial drug, isoniazid. Consistent 

with the literature on this model (Liu et al., 2016), my data revealed an increase 

in intracellular Mtb load with time, and a reduction in bacterial load in the presence 

of isoniazid (Error! Reference source not found.B). 
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Figure 3.6 Detection of intracellular and extracellular Mtb A hMDM were infected with H37Rv 
mCherry at MOI 1. After 4 hours the supernatant was removed (extracellular Mtb). hMDM were 
washed three times with phosphate buffered saline. After the third wash, fresh media was placed 
on the cells and subsequently removed for analysis (post wash supernatant). hMDM were lysed 
to release intracellular Mtb B hMDM were infected with H37Rv mCherry for 4h and then co-
cultured for a further 120h +/- isoniazid. Cells were washed and lysed at each timepoint and 
intracellular bacteria quantitated by flow cytometry 
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3.3.3 Extracellular bacteria accumulate following culture with MDM 

In the literature on Mtb-MDM infection, studies have generally focused on 

mechanisms of intracellular control of Mtb, and therefore exclusively measure the 

intracellular load of bacteria over time. As well as collecting intracellular bacteria 

from lysed cells, I collected the culture supernatants at 24 and 120 hours after 

infection, in order to quantify extracellular bacteria (Figure 3.4 Experimental 

model to measure extracellular Mtb during MDM infection. MDM were 

infected with H37Rv mCherry for four hours at MOI 1. Cultures were washed 

three times with PBS to remove all extracellular bacteria. Fresh media (RPMI + 

5% ABS) was added for the times specified. At the relevant time point 

extracellular bacteria in the supernatant were collected. Intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry  

 

 

Figure 3.5 Extracellular Mtb accumulation following co-culture with 

macrophages A MDM were infected with H37Rv mCherry for four hours at MOI 

1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for the times specified. At the relevant time 

point extracellular bacteria in the supernatant were collected. Intracellular 
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bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry 

fluorescence at each time point in each compartment. Mean + SEM 7 separate 

experiments conducted in duplicate or triplicate. B Example flow cytometry plots 

of H37Rv mCherry population in each compartment at each time point (one 

representative experiment)Figure 3.4). 

 

 

Extracellular Mtb was clearly evident in these experiments by 24 hours after 

infection, and is quantitatively equivalent to the intracellular bacillary load by 

120 hours (Figure 3.5 Extracellular Mtb accumulation following co-culture 

with macrophages A MDM were infected with H37Rv mCherry for four hours at 

MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for the times specified. At the relevant time 

point extracellular bacteria in the supernatant were collected. Intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry 

fluorescence at each time point in each compartment. Mean + SEM 7 separate 

experiments conducted in duplicate or triplicate. B Example flow cytometry plots 

of H37Rv mCherry population in each compartment at each time point (one 

representative experiment) 

Figure 3.7 Experimental model to measure extracellular Mtb during MDM infection. MDM 
were infected with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times 
with PBS to remove all extracellular bacteria. Fresh media (RPMI + 5% ABS) was added for the 
times specified. At the relevant time point extracellular bacteria in the supernatant were 
collected. Intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed 
in 4% PFA and analysed by flow cytometry  

 

 

Figure 3.8 Extracellular Mtb accumulation following co-culture with macrophages A MDM 
were infected with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times 
with PBS to remove all extracellular bacteria. Fresh media was added for the times specified. 
At the relevant time point extracellular bacteria in the supernatant were collected. Intracellular 
bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 
analysed by flow cytometry. Bacteria quantified by integrated mCherry fluorescence at each 
time point in each compartment. Mean + SEM 7 separate experiments conducted in duplicate 
or triplicate. B Example flow cytometry plots of H37Rv mCherry population in each compartment 
at each time point (one representative experiment)Figure 3.9 Experimental model to measure 
extracellular Mtb during MDM infection. MDM were infected with H37Rv mCherry for four 
hours at MOI 1. Cultures were washed three times with PBS to remove all extracellular bacteria. 
Fresh media (RPMI + 5% ABS) was added for the times specified. At the relevant time point 
extracellular bacteria in the supernatant were collected. Intracellular bacteria were harvested 
by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry  
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Figure 3.6 Bacterial accumulation is not simply due to exponential growth 

A model of exponential growth in each compartment (lines, intracellular = orange, 

extracellular= purple) to predict the observed data (squares, Figure 3.5B). 

Experimental data for bacterial load at four hours post wash is not available. B 

The extracellular bacillary load in the post wash supernatant is determined from 

a separate series of experiments where MDM are infected for four hours. 

Extracellular bacteria are removed and cultures washed three times with PBS. 

Fresh media is replaced for 30 seconds and subsequently fixed in 4% PFA for 

quantification by flow cytometric analysis. The values are normalised to average 

integrated mCherry fluorescence of inocula. Line represents median.Figure 

3.5A)1. Consequently, only measuring intracellular Mtb significantly 

underestimates the total mycobacterial load. A representative FACS plot of one 

experiment is presented in Figure 3.5 Extracellular Mtb accumulation 

following co-culture with macrophages A MDM were infected with H37Rv 

mCherry for four hours at MOI 1. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for the times specified. 

At the relevant time point extracellular bacteria in the supernatant were collected. 

Intracellular bacteria were harvested by washing and lysing cells. Bacteria were 

fixed in 4% PFA and analysed by flow cytometry. Bacteria quantified by integrated 

mCherry fluorescence at each time point in each compartment. Mean + SEM 7 

separate experiments conducted in duplicate or triplicate. B Example flow 

cytometry plots of H37Rv mCherry population in each compartment at each time 

                                                           
1 Experiments by MM, Jennifer Roe and Rachel Byng Maddick 
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point (one representative experiment) 

 

 

Figure 3.6 Bacterial accumulation is not simply due to exponential growth 

A model of exponential growth in each compartment (lines, intracellular = orange, 

extracellular= purple) to predict the observed data (squares, Figure 3.5B). 

Experimental data for bacterial load at four hours post wash is not available. B 

The extracellular bacillary load in the post wash supernatant is determined from 

a separate series of experiments where MDM are infected for four hours. 

Extracellular bacteria are removed and cultures washed three times with PBS. 

Fresh media is replaced for 30 seconds and subsequently fixed in 4% PFA for 

quantification by flow cytometric analysis. The values are normalised to average 

integrated mCherry fluorescence of inocula. Line represents median.Figure 3.5B. 
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Figure 3.10 Extracellular Mtb accumulation following co-culture with macrophages A 
MDM were infected with H37Rv mCherry for four hours at MOI 1. Cultures were washed three 
times with PBS to remove all extracellular bacteria. Fresh media was added for the times 
specified. At the relevant time point extracellular bacteria in the supernatant were collected. 
Intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 
PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry fluorescence 
at each time point in each compartment. Mean + SEM 7 separate experiments conducted in 
duplicate or triplicate. B Example flow cytometry plots of H37Rv mCherry population in each 

compartment at each time point (one representative experiment) 

 

 

Figure 3.11 Bacterial accumulation is not simply due to exponential growth A model of 
exponential growth in each compartment (lines, intracellular = orange, extracellular= purple) to 
predict the observed data (squares, Error! Not a valid bookmark self-reference.B). Experimental 
data for bacterial load at four hours post wash is not available. B The extracellular bacillary load 
in the post wash supernatant is determined from a separate series of experiments where MDM 
are infected for four hours. Extracellular bacteria are removed and cultures washed three times 
with PBS. Fresh media is replaced for 30 seconds and subsequently fixed in 4% PFA for 
quantification by flow cytometric analysis. The values are normalised to average integrated 
mCherry fluorescence of inocula. Line represents median.Figure 3.12 Extracellular Mtb 
accumulation following co-culture with macrophages A MDM were infected with H37Rv 
mCherry for four hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for the times specified. At the relevant time point 
extracellular bacteria in the supernatant were collected. Intracellular bacteria were harvested 
by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. 
Bacteria quantified by integrated mCherry fluorescence at each time point in each 
compartment. Mean + SEM 7 separate experiments conducted in duplicate or triplicate. B 
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3.3.4 Extracellular bacteria do not accumulate by extracellular replication 

I next conducted a series of analyses to try to explain the observed extracellular 

bacillary accumulation. My first hypothesis was that the increase in extracellular 

bacilli reflect growth of the residual extracellular bacteria after washing the cells 

at four hours.  

In the experiments where I measured extracellular bacillary accumulation over 

120 hours, I had not collected post wash supernatant samples at four hours in 

order to test this hypothesis directly. Instead, I used data from 24 and 120 hours   

to determine the intracellular and extracellular growth rates of Mtb assuming no 

other processes were occurring in the system. We used the following equation 

describing the exponential rate of increase of extracellular (E) and intracellular 

bacterial loads (I),( Equation 1, Materials and Methods) 

𝑑𝐸

𝑑𝑡
= 𝑟𝐸𝐸 

        

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 

                  

This equation gives an exponential growth rate that can be used to derive the 

doubling time of bacteria. We were able to fit the observed data at 24 and 120 

hours using an extracellular bacteria doubling time of 23.7 hours and intracellular 

bacteria doubling time of 43 hours. Firstly, the large discrepancy between the 

rates of growth in each compartment was surprising.  In addition, we used these 

exponential growth rates and fitted the data back to the start of the experiment 

(post wash residual extracellular bacteria). We discovered that if Mtb was actually 
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growing at these rates, there would need to be an extracellular bacterial load at 

four hours of 0.17 integrated fluorescence. This was far higher than the 0.004 

integrated fluorescence value obtained from a separate series of experiments 

where I measured the amount of residual extracellular bacteria in the post wash 

supernatant at four hours (Figure 3.6 Bacterial accumulation is not simply 

due to exponential growth A model of exponential growth in each compartment 

(lines, intracellular = orange, extracellular= purple) to predict the observed data 

(squares, Figure 3.5B). Experimental data for bacterial load at four hours post 

wash is not available. B The extracellular bacillary load in the post wash 

supernatant is determined from a separate series of experiments where MDM are 

infected for four hours. Extracellular bacteria are removed and cultures washed 

three times with PBS. Fresh media is replaced for 30 seconds and subsequently 

fixed in 4% PFA for quantification by flow cytometric analysis. The values are 

normalised to average integrated mCherry fluorescence of inocula. Line 

represents median.  

 

 

Figure 3.7 Model of Mtb-macrophage interactions (1) Bacterial uptake by 

macrophages (2) Mtb replication within live macrophages (3) Macrophage cell 

death leading to release of bacteria into extracellular space (4) Extracellular Mtb 

replication (5) Non-lytic egress of bacteria from live macrophages into the 

extracellular spaceFigure 3.6B).2  

This analysis disproved my hypothesis and suggested that the accumulation of 

                                                           
2 Modelling by KB, data from MM 
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extracellular Mtb was not simply due to the replication of residual extracellular 

bacilli. 

 

Figure 3.13 Bacterial accumulation is not simply due to exponential growth A model of 
exponential growth in each compartment (lines, intracellular = orange, extracellular= purple) to 
predict the observed data (squares, Figure 3.10 Extracellular Mtb accumulation following 
co-culture with macrophages A MDM were infected with H37Rv mCherry for four hours at 
MOI 1. Cultures were washed three times with PBS to remove all extracellular bacteria. Fresh 
media was added for the times specified. At the relevant time point extracellular bacteria in the 
supernatant were collected. Intracellular bacteria were harvested by washing and lysing cells. 
Bacteria were fixed in 4% PFA and analysed by flow cytometry. Bacteria quantified by 
integrated mCherry fluorescence at each time point in each compartment. Mean + SEM 7 
separate experiments conducted in duplicate or triplicate. B Example flow cytometry plots of 
H37Rv mCherry population in each compartment at each time point (one representative 
experiment) 

 

 

Figure 3.11 Bacterial accumulation is not simply due to exponential growth A model of 
exponential growth in each compartment (lines, intracellular = orange, extracellular= purple) to 
predict the observed data (squares, Error! Not a valid bookmark self-reference.B). Experimental 
data for bacterial load at four hours post wash is not available. B The extracellular bacillary load 
in the post wash supernatant is determined from a separate series of experiments where MDM 
are infected for four hours. Extracellular bacteria are removed and cultures washed three times 
with PBS. Fresh media is replaced for 30 seconds and subsequently fixed in 4% PFA for 
quantification by flow cytometric analysis. The values are normalised to average integrated 
mCherry fluorescence of inocula. Line represents median.Figure 3.12B). Experimental data for 
bacterial load at four hours post wash is not available. B The extracellular bacillary load in the 
post wash supernatant is determined from a separate series of experiments where MDM are 
infected for four hours. Extracellular bacteria are removed and cultures washed three times with 
PBS. Fresh media is replaced for 30 seconds and subsequently fixed in 4% PFA for 
quantification by flow cytometric analysis. The values are normalised to average integrated 
mCherry fluorescence of inocula. Line represents median.  

 

 

Figure 3.14 Model of Mtb-macrophage interactions (1) Bacterial uptake by macrophages (2) 
Mtb replication within live macrophages (3) Macrophage cell death leading to release of bacteria 
into extracellular space (4) Extracellular Mtb replication (5) Non-lytic egress of bacteria from live 
macrophages into the extracellular spaceFigure 3.15 Bacterial accumulation is not simply 
due to exponential growth A model of exponential growth in each compartment (lines, 
intracellular = orange, extracellular= purple) to predict the observed data (squares, Figure 3.10 
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3.3.5 A mathematical model to describe Mtb accumulation 

Next I sought to test the hypothesis that the extracellular Mtb is derived from 

intracellular bacilli. The biological processes that govern the movement of 

bacteria between the extracellular and intracellular compartments are complex. 

Intracellular bacteria may be transferred to the extracellular compartment after 

cells die by necrosis, characterized by plasma membrane damage and release 

of intracellular contents, or by non-lytic egress. In addition, extracellular bacteria 

can move into the intracellular compartment as they are taken up by 

macrophages, where they may further replicate.  

My research question was whether extracellular bacillary accumulation is 

exclusively associated with cell death, or whether non-lytic egress might also be 

predicted to contribute. I was unable to address this question experimentally 

since each cellular process is inter-dependent. I therefore chose to develop a 

mathematical model to replicate the behaviour of the system I was modelling, 

specifically to determine which of these processes had the most impact on 

extracellular bacillary accumulation. 

The first step in the development of a computational model is the formulation of 

a conceptual model, outlining the pertinent processes that are involved in the 

system of interest (Brodland, 2015; Ingalls, 2013). The processes leading to 

accumulation of Mtb in the intracellular and extracellular compartments can be 

described by the model shown in Figure 3.7 Model of Mtb-macrophage 

interactions (1) Bacterial uptake by macrophages (2) Mtb replication within live 

macrophages (3) Macrophage cell death leading to release of bacteria into 

extracellular space (4) Extracellular Mtb replication (5) Non-lytic egress of 
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bacteria from live macrophages into the extracellular space 

 

 

Figure 3.8 Measurement of cell death using nuclear counts A Example 

microscopy image of DAPI stained MDM nuclei. B MDM were infected (or mock 

infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed 

three times with PBS to remove all extracellular bacteria. Fresh media was added 

for the times specified. At the relevant time point the supernatant was removed 

and cells washed again three times with PBS. Cells were fixed in 4% PFA for 24 

hours. Cells were washed and stained with DAPI nuclear stain for 15 minutes, 

and subsequently imaged on the Hermes high content microscope. Nuclei were 

enumerated using Metamorph software. Mean + SEM 7 separate experiments 

conducted in triplicate.Figure 3.7 
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. 

We then used an ordinary differential equation (ODE) approach to mathematical 

modelling. The majority of quantitative models in cell and molecular biology are 

formulated in terms of ordinary differential equations because in these systems, 

as in ours, time is a continuous variable (Ingalls, 2013). The rate of each process 

becomes a parameter of the ODE model. Some parameters may be 

experimentally determined in vitro (e.g. the rate of cell death and extracellular 

replication), and where this is not possible, the model can be used to generate 

values for the unknown parameters in silico (e.g. rate of bacterial uptake and 

intracellular replication) in order to best replicate the behaviour of the system 

(Fischer, 2008). 

As the quote goes by George Fox- ‘all models are wrong but some models are 

useful’. I was aware that the computational model I had developed could not 

Figure 3.16 Model of Mtb-macrophage interactions (1) Bacterial uptake by macrophages (2) 
Mtb replication within live macrophages (3) Macrophage cell death leading to release of bacteria 
into extracellular space (4) Extracellular Mtb replication (5) Non-lytic egress of bacteria from live 
macrophages into the extracellular space 

 

 

Figure 3.17 Measurement of cell death using nuclear counts A Example microscopy image 
of DAPI stained MDM nuclei. B MDM were infected (or mock infected) with H37Rv mCherry for 
four hours at MOI 1. Cultures were washed three times with PBS to remove all extracellular 
bacteria. Fresh media was added for the times specified. At the relevant time point the 
supernatant was removed and cells washed again three times with PBS. Cells were fixed in 4% 
PFA for 24 hours. Cells were washed and stained with DAPI nuclear stain for 15 minutes, and 
subsequently imaged on the Hermes high content microscope. Nuclei were enumerated using 
Metamorph software. Mean + SEM 7 separate experiments conducted in triplicate.Figure 3.18 
Model of Mtb-macrophage interactions (1) Bacterial uptake by macrophages (2) Mtb 
replication within live macrophages (3) Macrophage cell death leading to release of bacteria 
into extracellular space (4) Extracellular Mtb replication (5) Non-lytic egress of bacteria from live 
macrophages into the extracellular space 
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incorporate every parameter that described the movement of intracellular and 

extracellular bacteria. However, I did believe this to be a useful exercise by which 

I might understand the most important contributing factor to extracellular bacillary 

load.  
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3.3.6 Determining the rate of cell death 

Cytolytic cell death has been most consistently reported at high MOI; 10-25 

bacteria per cell has been found to represent a ‘burst size’ threshold (Divangahi 

et al., 2009; Repasy et al., 2013; Welin et al., 2011). Internalization of less than 

10 bacteria per cell does not induce significantly more death than in bystander 

cells (Mahamed et al., 2017). I hypothesized that at low MOI of infection, which 

represents events during early infection of macrophages (typically few bacteria 

required to establish in vivo infection), there would be little lytic cell death 

contributing to extracellular bacillary accumulation.  

I wanted to quantify the contribution of necrotic cell death to extracellular bacterial 

accumulation, since only necrotic cells release their cytoplasmic and nuclear 

contents, whereas apoptotic cells remain relatively intact until they undergo 

secondary necrosis. Also, because I was more interested in the rate at which 

cells die, I addressed this question by counting the number of adherent cells by 

in situ microscopy, as a surrogate for viability, at each time point, using the 

reduction of adherent macrophage nuclei over time as a measure of rate of 

cellular necrosis. Other groups employ a range of death markers in order to 

assess for the cell death pathways induced by Mtb e.g. Terminal deoxynucleotidyl 

transferase dUTP nick end labelling (TUNEL), caspase or Annexin V staining for 

apoptotic cell death and propidium iodide (PI) staining to identify necrotic cell 

death. However, staining for dead or dying cells in situ may underestimate cell 

death by not counting the cells that have detached, and quantifying the products 

of necrosis in culture supernatants (eg LDH) or mitochondrial function as a 

measure cell viability are difficult to relate accurately to cell number. Flow 
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cytometric live dead stains are a useful and widely used tool to assess for cell 

death, but methods used to detach the cells may confound the results of these 

stains. In any case, MDMs generated using the adherence method are, by 

definition, difficult to detach for flow cytometric assessment. Indeed, the number 

of washes in my experimental protocol to remove extracellular bacteria is 

dependent on generating strongly adherent MDM when they are alive. Finally, in 

situ microscopy allowed me to evaluate other parameters in the same experiment 

and to retain single cell data for alternative analyses. 

In parallel to the experiments conducted in Figure 3.5 Extracellular Mtb 

accumulation following co-culture with macrophages A MDM were infected 

with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times 

with PBS to remove all extracellular bacteria. Fresh media was added for the 

times specified. At the relevant time point extracellular bacteria in the supernatant 

were collected. Intracellular bacteria were harvested by washing and lysing cells. 

Bacteria were fixed in 4% PFA and analysed by flow cytometry. Bacteria 

quantified by integrated mCherry fluorescence at each time point in each 

compartment. Mean + SEM 7 separate experiments conducted in duplicate or 

triplicate. B Example flow cytometry plots of H37Rv mCherry population in each 

compartment at each time point (one representative experiment) 

 

 

Figure 3.6 Bacterial accumulation is not simply due to exponential growth 

A model of exponential growth in each compartment (lines, intracellular = orange, 

extracellular= purple) to predict the observed data (squares, Figure 3.5B). 

Experimental data for bacterial load at four hours post wash is not available. B 
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The extracellular bacillary load in the post wash supernatant is determined from 

a separate series of experiments where MDM are infected for four hours. 

Extracellular bacteria are removed and cultures washed three times with PBS. 

Fresh media is replaced for 30 seconds and subsequently fixed in 4% PFA for 

quantification by flow cytometric analysis. The values are normalised to average 

integrated mCherry fluorescence of inocula. Line represents median.Figure 3.5A, 

I fixed and stained plates with DAPI (Figure 3.8 Measurement of cell death 

using nuclear counts A Example microscopy image of DAPI stained MDM 

nuclei. B MDM were infected (or mock infected) with H37Rv mCherry for four 

hours at MOI 1. Cultures were washed three times with PBS to remove all 

extracellular bacteria. Fresh media was added for the times specified. At the 

relevant time point the supernatant was removed and cells washed again three 

times with PBS. Cells were fixed in 4% PFA for 24 hours. Cells were washed and 

stained with DAPI nuclear stain for 15 minutes, and subsequently imaged on the 

Hermes high content microscope. Nuclei were enumerated using Metamorph 

software. Mean + SEM 7 separate experiments conducted in triplicate. 

 

 

Figure 3.9 Cell count analysis in central fields of view. A MDM were infected 

(or mock infected) with H37Rv mCherry for four hours at MOI 1. Cultures were 

washed three times with PBS to remove all extracellular bacteria. Fresh media 

was added for the times specified. At the relevant time point the supernatant was 

removed and cells washed again three times with PBS. Cells were fixed in 4% 

PFA, washed and stained with DAPI nuclear stain for 15 minutes, and 

subsequently imaged on the Hermes high content microscope. Montages of all 
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fields of view per well per time point were created using Metamorph software. 

Panels i and ii are representative of 2 separate experiments. White arrows 

represent areas of physical manipulation of cells B Nuclei in the central 12 fields 

of view were enumerated using Metamorph software. Mean + SEM 7 separate 

experiments conducted in triplicate.Figure 3.8A) and enumerated the cells using 

a high content microscope covering 75% of each well. The data were analysed 

by Metamorph software, where nuclei were defined by both their size and staining 

intensity over the local background. Cells were included in the analysis if the 

nuclear area fell within the 5th to 95th centiles in order to discount incompletely 

imaged cells at the boundary of each image, and low frequency clumps of cells 

where the nuclei could not be accurately segmented. 

Surprisingly I found a significant reduction in cell number in the first 24 hours 

within my experimental model (Figure 3.8 Measurement of cell death using 

nuclear counts A Example microscopy image of DAPI stained MDM nuclei. B 

MDM were infected (or mock infected) with H37Rv mCherry for four hours at MOI 

1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for the times specified. At the relevant time 

point the supernatant was removed and cells washed again three times with PBS. 

Cells were fixed in 4% PFA for 24 hours. Cells were washed and stained with 

DAPI nuclear stain for 15 minutes, and subsequently imaged on the Hermes high 

content microscope. Nuclei were enumerated using Metamorph software. Mean 

+ SEM 7 separate experiments conducted in triplicate. 

 

 

Figure 3.9 Cell count analysis in central fields of view. A MDM were infected 
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(or mock infected) with H37Rv mCherry for four hours at MOI 1. Cultures were 

washed three times with PBS to remove all extracellular bacteria. Fresh media 

was added for the times specified. At the relevant time point the supernatant was 

removed and cells washed again three times with PBS. Cells were fixed in 4% 

PFA, washed and stained with DAPI nuclear stain for 15 minutes, and 

subsequently imaged on the Hermes high content microscope. Montages of all 

fields of view per well per time point were created using Metamorph software. 

Panels i and ii are representative of 2 separate experiments. White arrows 

represent areas of physical manipulation of cells B Nuclei in the central 12 fields 

of view were enumerated using Metamorph software. Mean + SEM 7 separate 

experiments conducted in triplicate.Figure 3.8B). This was evident in both Mtb 

infected and uninfected cultures, and therefore not due to infection with Mtb. The 

attrition in cell number did not continue for the remainder of the experiment 

between 24 and 120 hours. I concluded that the reduction in cell numbers 

counted in this way represented a technical confounding in the model and sought 

to investigate the possible causes. 
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Figure 3.19 Measurement of cell death using nuclear counts A Example microscopy image 
of DAPI stained MDM nuclei. B MDM were infected (or mock infected) with H37Rv mCherry for 
four hours at MOI 1. Cultures were washed three times with PBS to remove all extracellular 
bacteria. Fresh media was added for the times specified. At the relevant time point the 
supernatant was removed and cells washed again three times with PBS. Cells were fixed in 4% 
PFA for 24 hours. Cells were washed and stained with DAPI nuclear stain for 15 minutes, and 
subsequently imaged on the Hermes high content microscope. Nuclei were enumerated using 
Metamorph software. Mean + SEM 7 separate experiments conducted in triplicate. 

 

 

Figure 3.20 Cell count analysis in central fields of view. A MDM were infected (or mock 
infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with 
PBS to remove all extracellular bacteria. Fresh media was added for the times specified. At the 
relevant time point the supernatant was removed and cells washed again three times with PBS. 
Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 minutes, and 
subsequently imaged on the Hermes high content microscope. Montages of all fields of view 
per well per time point were created using Metamorph software. Panels i and ii are 
representative of 2 separate experiments. White arrows represent areas of physical 
manipulation of cells B Nuclei in the central 12 fields of view were enumerated using Metamorph 
software. Mean + SEM 7 separate experiments conducted in triplicate.Figure 3.21 
Measurement of cell death using nuclear counts A Example microscopy image of DAPI 
stained MDM nuclei. B MDM were infected (or mock infected) with H37Rv mCherry for four 
hours at MOI 1. Cultures were washed three times with PBS to remove all extracellular bacteria. 
Fresh media was added for the times specified. At the relevant time point the supernatant was 
removed and cells washed again three times with PBS. Cells were fixed in 4% PFA for 24 hours. 
Cells were washed and stained with DAPI nuclear stain for 15 minutes, and subsequently 
imaged on the Hermes high content microscope. Nuclei were enumerated using Metamorph 
software. Mean + SEM 7 separate experiments conducted in triplicate. 
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First, I tested the hypothesis that the physical manipulation of cell cultures in this 

time interval may have caused technical confounding. Montages of all the fields 

of view taken per well, revealed disruption of the cell monolayer in peripheral 

fields most likely disturbed by the pipette tip during washes at four hours (Figure 

3.9 Cell count analysis in central fields of view. A MDM were infected (or mock 

infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed 

three times with PBS to remove all extracellular bacteria. Fresh media was added 

for the times specified. At the relevant time point the supernatant was removed 

and cells washed again three times with PBS. Cells were fixed in 4% PFA, 

washed and stained with DAPI nuclear stain for 15 minutes, and subsequently 

imaged on the Hermes high content microscope. Montages of all fields of view 

per well per time point were created using Metamorph software. Panels i and ii 

are representative of 2 separate experiments. White arrows represent areas of 

physical manipulation of cells B Nuclei in the central 12 fields of view were 

enumerated using Metamorph software. Mean + SEM 7 separate experiments 

conducted in triplicate. 

 

 

 

Figure 3.10 Distribution of nuclear area in 3 separate experiments MDM were 

mock infected with RPMI + 5% human ABS for four hours. Cultures were washed 

three times with PBS. Fresh media was added for the times specified. At the 

relevant time point the supernatant was removed and cells washed again three 

times with PBS. Cells were fixed in 4% PFA, washed and stained with DAPI 

nuclear stain for 15 minutes, and subsequently imaged on the Hermes high 



109 
 

content microscope. Nuclear area was generated per cell by Metamorph 

software. Histograms show distribution nuclear area of both measurements at 

each time point.Figure 3.9A, panels i and ii). I therefore focused my analysis of 

cell numbers (counting DAPI+ nuclei) at each time point to the central 12 fields 

of view. However, the reduction in cell numbers from four-24 hours were still 

evident in this analysis (Figure 3.9 Cell count analysis in central fields of view. 

A MDM were infected (or mock infected) with H37Rv mCherry for four hours at 

MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for the times specified. At the relevant time 

point the supernatant was removed and cells washed again three times with PBS. 

Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 

minutes, and subsequently imaged on the Hermes high content microscope. 

Montages of all fields of view per well per time point were created using 

Metamorph software. Panels i and ii are representative of 2 separate 

experiments. White arrows represent areas of physical manipulation of cells B 

Nuclei in the central 12 fields of view were enumerated using Metamorph 

software. Mean + SEM 7 separate experiments conducted in triplicate. 

 

 

 

Figure 3.10 Distribution of nuclear area in 3 separate experiments MDM were 

mock infected with RPMI + 5% human ABS for four hours. Cultures were washed 

three times with PBS. Fresh media was added for the times specified. At the 

relevant time point the supernatant was removed and cells washed again three 

times with PBS. Cells were fixed in 4% PFA, washed and stained with DAPI 
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nuclear stain for 15 minutes, and subsequently imaged on the Hermes high 

content microscope. Nuclear area was generated per cell by Metamorph 

software. Histograms show distribution nuclear area of both measurements at 

each time point.Figure 3.9B), though not quite as marked. 
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Figure 3.22 Cell count analysis in central fields of view. A MDM were infected (or mock 
infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with 
PBS to remove all extracellular bacteria. Fresh media was added for the times specified. At the 
relevant time point the supernatant was removed and cells washed again three times with PBS. 
Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 minutes, and 
subsequently imaged on the Hermes high content microscope. Montages of all fields of view 
per well per time point were created using Metamorph software. Panels i and ii are 
representative of 2 separate experiments. White arrows represent areas of physical 
manipulation of cells B Nuclei in the central 12 fields of view were enumerated using Metamorph 
software. Mean + SEM 7 separate experiments conducted in triplicate. 

 

 

 

Figure 3.23 Distribution of nuclear area in 3 separate experiments MDM were mock infected 
with RPMI + 5% human ABS for four hours. Cultures were washed three times with PBS. Fresh 
media was added for the times specified. At the relevant time point the supernatant was 
removed and cells washed again three times with PBS. Cells were fixed in 4% PFA, washed 
and stained with DAPI nuclear stain for 15 minutes, and subsequently imaged on the Hermes 
high content microscope. Nuclear area was generated per cell by Metamorph software. 
Histograms show distribution nuclear area of both measurements at each time point.Figure 3.24 
Cell count analysis in central fields of view. A MDM were infected (or mock infected) with 
H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with PBS to remove 
all extracellular bacteria. Fresh media was added for the times specified. At the relevant time 
point the supernatant was removed and cells washed again three times with PBS. Cells were 
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Next, I sought to test the hypothesis that the cell numbers at four hours were 

over-inflated by contaminating lymphocytes or cellular debris in the MDM 

preparation. These are significantly smaller than MDM. Therefore, such 

contamination might be expected to generate a bimodal distribution in nuclear 

area and the loss of small lymphocytes would shift the frequency distribution of 

nuclear area to the right. 

In fact, the nuclear area of the cells was normally distributed (rather than bimodal)  

at four hours, and I did not observe a consistent shift to the right the nuclear area 

distribution between four and 24 hour data (Figure 3.10 Distribution of nuclear 

area in 3 separate experiments MDM were mock infected with RPMI + 5% 

human ABS for four hours. Cultures were washed three times with PBS. Fresh 

media was added for the times specified. At the relevant time point the 

supernatant was removed and cells washed again three times with PBS. Cells 

were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 

Figure 3.25 Distribution of nuclear area in 3 separate experiments MDM were mock infected 
with RPMI + 5% human ABS for four hours. Cultures were washed three times with PBS. Fresh 
media was added for the times specified. At the relevant time point the supernatant was 
removed and cells washed again three times with PBS. Cells were fixed in 4% PFA, washed 
and stained with DAPI nuclear stain for 15 minutes, and subsequently imaged on the Hermes 
high content microscope. Nuclear area was generated per cell by Metamorph software. 
Histograms show distribution nuclear area of both measurements at each time point. 

 

Figure 3.26 Live Dead Staining to identify and enumerate necrotic cells A MDM were 
treated with 30% hydrogen peroxide for 3 hours. Cells were washed and incubated for 20 
minutes with live dead stain at room temperature, then fixed in 4% PFA. Nuclei were 
counterstained for DAPI and imaged using Hermes high content microscope B MDM were 
infected with H37Rv mCherry for four hours. Extracellular bacteria were removed by extensive 
washing and cells incubated for 20 minutes with live dead stain at room temperature, then fixed 
in 4% PFA. Nuclei were counterstained for DAPI, and imaged using Hermes high content 
microscope. White arrow head shows infect dead/ dying cell capable of releasing bacteria into 
extracellular space. Pink arrowhead shows dying uninfected cell. C As in B. Dead/ dying and 
live cells were enumerated using Metamorph software. Mean + SEM four separate experiments 
conducted in triplicate. 

Figure 3.27 Distribution of nuclear area in 3 separate experiments MDM were mock infected 
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minutes, and subsequently imaged on the Hermes high content microscope. 

Nuclear area was generated per cell by Metamorph software. Histograms show 

distribution nuclear area of both measurements at each time point. 

 

Figure 3.11 Live Dead Staining to identify and enumerate necrotic cells A MDM were treated 
with 30% hydrogen peroxide for 3 hours. Cells were washed and incubated for 20 minutes with 
live dead stain at room temperature, then fixed in 4% PFA. Nuclei were counterstained for DAPI 
and imaged using Hermes high content microscope B MDM were infected with H37Rv mCherry 
for four hours. Extracellular bacteria were removed by extensive washing and cells incubated for 
20 minutes with live dead stain at room temperature, then fixed in 4% PFA. Nuclei were 
counterstained for DAPI, and imaged using Hermes high content microscope. White arrow head 
shows infect dead/ dying cell capable of releasing bacteria into extracellular space. Pink 
arrowhead shows dying uninfected cell. C As in B. Dead/ dying and live cells were enumerated 

using Metamorph software. Mean + SEM four separate experiments conducted in triplicate. 

Figure 3.10). 
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Finally, I sought to test the hypothesis that the reduction in cells during four-24 

hours represented an induction of cell death pathways during this time interval 

only. This seemed highly unlikely, since a true induction of cell death would be 

expected to continue past 24 hours.  

In order to test this hypothesis, I used an alternative approach staining for dead 

or dying cells using a proprietary Live-Dead stain that detects the interior and 

exterior amines of dead cells following plasma membrane damage. Although, the 

premise of my cell counting assay is that adherent cells are viable, I reasoned 

that the live-dead stain would identify cell death before they detach. In this event, 

live-dead staining of cell cultures just after washing at the four hour time point 

may be expected to reveal a substantial number of cells committed to dying in 

the interval between four-24 hours.  

First, I confirmed that the live-dead stain will stain dying adherent cells by using 

hydrogen peroxide to induce necrosis. As expected, this leads to a marked 

reduction in adherent cells. Importantly however all the cells that remained 

adherent stained positively for cell death (Figure 3.11 Live Dead Staining to 

identify and enumerate necrotic cells A MDM were treated with 30% hydrogen 

peroxide for 3 hours. Cells were washed and incubated for 20 minutes with live 

dead stain at room temperature, then fixed in 4% PFA. Nuclei were 

counterstained for DAPI and imaged using Hermes high content microscope B 

MDM were infected with H37Rv mCherry for four hours. Extracellular bacteria 

were removed by extensive washing and cells incubated for 20 minutes with live 

dead stain at room temperature, then fixed in 4% PFA. Nuclei were 

counterstained for DAPI, and imaged using Hermes high content microscope. 
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White arrow head shows infect dead/ dying cell capable of releasing bacteria into 

extracellular space. Pink arrowhead shows dying uninfected cell. C As in B. Dead/ 

dying and live cells were enumerated using Metamorph software. Mean + SEM 

four separate experiments conducted in triplicate. 

 

 

Figure 3.12 Calculating the macrophage death rate A Mathematically determined death rate 
(δ) between 24 and 120 hours using data in Figure 3.8 B MDM were infected (or mock infected) 
with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with PBS to 
remove all extracellular bacteria. Fresh media (RPMI + 5% human AB serum) was added for the 
times specified. At the relevant time point the supernatant was removed and cells washed again 
three times with PBS. Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain 
for 15 minutes, and subsequently imaged on the Hermes high content microscope. Nuclei were 
enumerated using Metamorph software. Nuclear counts in infected wells were normalised to 
uninfected wells. Mean + SEM 7 separate experiments conducted in triplicate 

Figure 3.11A). In contrast, the same stain revealed very few dying cells in my Mtb 

infected experimental model after the washing step at 4 hours (Figure 3.11 Live 

Dead Staining to identify and enumerate necrotic cells A MDM were treated 

with 30% hydrogen peroxide for 3 hours. Cells were washed and incubated for 

20 minutes with live dead stain at room temperature, then fixed in 4% PFA. Nuclei 

were counterstained for DAPI and imaged using Hermes high content 

microscope B MDM were infected with H37Rv mCherry for four hours. 

Extracellular bacteria were removed by extensive washing and cells incubated 

for 20 minutes with live dead stain at room temperature, then fixed in 4% PFA. 

Nuclei were counterstained for DAPI, and imaged using Hermes high content 

microscope. White arrow head shows infect dead/ dying cell capable of releasing 

bacteria into extracellular space. Pink arrowhead shows dying uninfected cell. C 

As in B. Dead/ dying and live cells were enumerated using Metamorph software. 

Mean + SEM four separate experiments conducted in triplicate. 
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Figure 3.12 Calculating the macrophage death rate A Mathematically determined death rate 
(δ) between 24 and 120 hours using data in Figure 3.8 B MDM were infected (or mock infected) 
with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with PBS to 
remove all extracellular bacteria. Fresh media (RPMI + 5% human AB serum) was added for the 
times specified. At the relevant time point the supernatant was removed and cells washed again 
three times with PBS. Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain 
for 15 minutes, and subsequently imaged on the Hermes high content microscope. Nuclei were 
enumerated using Metamorph software. Nuclear counts in infected wells were normalised to 
uninfected wells. Mean + SEM 7 separate experiments conducted in triplicate 

Figure 3.11B and C).  

These data suggested that the reduction in adherent cells between four-24 hours 

may not a represent a true rate of cell death. 
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Figure 3.28 Live Dead Staining to identify and enumerate necrotic cells A MDM were treated 
with 30% hydrogen peroxide for 3 hours. Cells were washed and incubated for 20 minutes with 
live dead stain at room temperature, then fixed in 4% PFA. Nuclei were counterstained for DAPI 
and imaged using Hermes high content microscope B MDM were infected with H37Rv mCherry 
for four hours. Extracellular bacteria were removed by extensive washing and cells incubated 
for 20 minutes with live dead stain at room temperature, then fixed in 4% PFA. Nuclei were 
counterstained for DAPI, and imaged using Hermes high content microscope. White arrow head 
shows infect dead/ dying cell capable of releasing bacteria into extracellular space. Pink 
arrowhead shows dying uninfected cell. C As in B. Dead/ dying and live cells were enumerated 

using Metamorph software. Mean + SEM four separate experiments conducted in triplicate. 

 

 

Figure 3.29 Calculating the macrophage death rate A Mathematically determined death rate 
(δ) between 24 and 120 hours using data in Figure 3.19 Measurement of cell death using 
nuclear counts A Example microscopy image of DAPI stained MDM nuclei. B MDM were 
infected (or mock infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed 
three times with PBS to remove all extracellular bacteria. Fresh media was added for the times 
specified. At the relevant time point the supernatant was removed and cells washed again three 
times with PBS. Cells were fixed in 4% PFA for 24 hours. Cells were washed and stained with 
DAPI nuclear stain for 15 minutes, and subsequently imaged on the Hermes high content 
microscope. Nuclei were enumerated using Metamorph software. Mean + SEM 7 separate 
experiments conducted in triplicate. 

 

 

Figure 3.20 Cell count analysis in central fields of view. A MDM were infected (or mock 
infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with 
PBS to remove all extracellular bacteria. Fresh media was added for the times specified. At the 
relevant time point the supernatant was removed and cells washed again three times with PBS. 
Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 minutes, and 
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3.3.7 Necrotic cell death does not explain extracellular bacillary load 

Following all of the analyses conducted in section 3.3.6, I was confident that the 

nuclear count data at four hours were subject to technical confounding as per my 

original hypothesis, and needed to be excluded. I therefore used the nuclear 

counts between 24 and 120 hours to determine the true rate of cell death 

following infection or mock infection with Mtb, and input this into the model.  

Macrophage death occurs at rate δ (Figure 3.12 Calculating the macrophage 

death rate A Mathematically determined death rate (δ) between 24 and 120 

hours using data in Figure 3.8 B MDM were infected (or mock infected) with 

H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with 

PBS to remove all extracellular bacteria. Fresh media (RPMI + 5% human AB 

serum) was added for the times specified. At the relevant time point the 

supernatant was removed and cells washed again three times with PBS. Cells 

were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 

minutes, and subsequently imaged on the Hermes high content microscope. 

Nuclei were enumerated using Metamorph software. Nuclear counts in infected 

wells were normalised to uninfected wells. Mean + SEM 7 separate experiments 

conducted in triplicate 

 

 

Figure 3.13 Determining the extracellular growth rate of Mtb. A Macrophage conditioned 
medium (infCoM) was generating by infecting MDM for 24 hours at MOI 1. The supernatant was 
harvested and filter sterilized through spin filters. infCoM was collected in this way for four donors, 
and pooled to reduce donor variability. Both 7H9 (supplemented with 10% OADC and 0.2% 
glycerol) and infCoM were subsequently re-infected with 5 x 104 cfu. B Bacteria were enumerated 
by flow cytometry at inoculation, and at 120 hours to determine extracellular bacillary growth. 
Mean + SEM 7 separate experiments conducted in triplicate C Mathematically determined 
extracellular growth rate in 7H9 and infCoM between 0 and 120 hours. Open circles represent 
extracellular growth rate in individual experiments. Triangles = Mean extracellular growth rate. 
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Figure 3.12A), calculated simply by the change in cell number over time, and is 

assumed to occur at an exponential rate. There is minimal attrition in nuclear 

count between 24 and 120 hours in both infected and uninfected cells. Since any 

cell death that does occur is not secondary to Mtb infection (the number of cells 

in the infected culture is equivalent to the number of cells in the uninfected culture 

at each time point (Figure 3.12 Calculating the macrophage death rate A 

Mathematically determined death rate (δ) between 24 and 120 hours using data 

in Figure 3.8 B MDM were infected (or mock infected) with H37Rv mCherry for 

four hours at MOI 1. Cultures were washed three times with PBS to remove all 

extracellular bacteria. Fresh media (RPMI + 5% human AB serum) was added for 

the times specified. At the relevant time point the supernatant was removed and 

cells washed again three times with PBS. Cells were fixed in 4% PFA, washed 

and stained with DAPI nuclear stain for 15 minutes, and subsequently imaged on 

the Hermes high content microscope. Nuclei were enumerated using Metamorph 

software. Nuclear counts in infected wells were normalised to uninfected wells. 

Mean + SEM 7 separate experiments conducted in triplicate 

 

 

Figure 3.13 Determining the extracellular growth rate of Mtb. A Macrophage conditioned 
medium (infCoM) was generating by infecting MDM for 24 hours at MOI 1. The supernatant was 
harvested and filter sterilized through spin filters. infCoM was collected in this way for four donors, 
and pooled to reduce donor variability. Both 7H9 (supplemented with 10% OADC and 0.2% 
glycerol) and infCoM were subsequently re-infected with 5 x 104 cfu. B Bacteria were enumerated 
by flow cytometry at inoculation, and at 120 hours to determine extracellular bacillary growth. 
Mean + SEM 7 separate experiments conducted in triplicate C Mathematically determined 
extracellular growth rate in 7H9 and infCoM between 0 and 120 hours. Open circles represent 
extracellular growth rate in individual experiments. Triangles = Mean extracellular growth rate. 

Figure 3.12B), both uninfected and infected cells are therefore presumed to die 

at the same rate.  
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Figure 3.31 Calculating the macrophage death rate A Mathematically determined death rate 
(δ) between 24 and 120 hours using data in Figure 3.19 Measurement of cell death using 
nuclear counts A Example microscopy image of DAPI stained MDM nuclei. B MDM were 
infected (or mock infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed 
three times with PBS to remove all extracellular bacteria. Fresh media was added for the times 
specified. At the relevant time point the supernatant was removed and cells washed again three 
times with PBS. Cells were fixed in 4% PFA for 24 hours. Cells were washed and stained with 
DAPI nuclear stain for 15 minutes, and subsequently imaged on the Hermes high content 
microscope. Nuclei were enumerated using Metamorph software. Mean + SEM 7 separate 
experiments conducted in triplicate. 

 

 

Figure 3.20 Cell count analysis in central fields of view. A MDM were infected (or mock 
infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed three times with 
PBS to remove all extracellular bacteria. Fresh media was added for the times specified. At the 
relevant time point the supernatant was removed and cells washed again three times with PBS. 
Cells were fixed in 4% PFA, washed and stained with DAPI nuclear stain for 15 minutes, and 
subsequently imaged on the Hermes high content microscope. Montages of all fields of view 
per well per time point were created using Metamorph software. Panels i and ii are 
representative of 2 separate experiments. White arrows represent areas of physical 
manipulation of cells B Nuclei in the central 12 fields of view were enumerated using Metamorph 
software. Mean + SEM 7 separate experiments conducted in triplicate.Figure 3.21 B MDM were 
infected (or mock infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed 
three times with PBS to remove all extracellular bacteria. Fresh media (RPMI + 5% human AB 
serum) was added for the times specified. At the relevant time point the supernatant was 
removed and cells washed again three times with PBS. Cells were fixed in 4% PFA, washed 
and stained with DAPI nuclear stain for 15 minutes, and subsequently imaged on the Hermes 
high content microscope. Nuclei were enumerated using Metamorph software. Nuclear counts 
in infected wells were normalised to uninfected wells. Mean + SEM 7 separate experiments 
conducted in triplicate 

 

 

Figure 3.32 Determining the extracellular growth rate of Mtb. A Macrophage conditioned 
medium (infCoM) was generating by infecting MDM for 24 hours at MOI 1. The supernatant was 
harvested and filter sterilized through spin filters. infCoM was collected in this way for four 
donors, and pooled to reduce donor variability. Both 7H9 (supplemented with 10% OADC and 
0.2% glycerol) and infCoM were subsequently re-infected with 5 x 104 cfu. B Bacteria were 
enumerated by flow cytometry at inoculation, and at 120 hours to determine extracellular 
bacillary growth. Mean + SEM 7 separate experiments conducted in triplicate C Mathematically 
determined extracellular growth rate in 7H9 and infCoM between 0 and 120 hours. Open circles 
represent extracellular growth rate in individual experiments. Triangles = Mean extracellular 
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These dying infected macrophages (albeit in small numbers) release intracellular 

Mtb to become extracellular. I hypothesized that necrosis, in combination with 

extracellular Mtb replication, might account for the observed bacterial loads. I first 

determined the rate of extracellular Mtb replication in vitro. 

I obtained the rate of extracellular Mtb replication in macrophage cultures by 

inoculating Mtb into filter sterilized conditioned media from MDM cultures infected 

with Mtb for 24 hours (infCoM), pooled from four donors to mitigate against any 

donor specific confounding effects (Figure 3.13 Determining the extracellular 

growth rate of Mtb. A Macrophage conditioned medium (infCoM) was 

generating by infecting MDM for 24 hours at MOI 1. The supernatant was 

harvested and filter sterilized through spin filters. infCoM was collected in this way 

for four donors, and pooled to reduce donor variability. Both 7H9 (supplemented 

with 10% OADC and 0.2% glycerol) and infCoM were subsequently re-infected 

with 5 x 104 cfu. B Bacteria were enumerated by flow cytometry at inoculation, 

and at 120 hours to determine extracellular bacillary growth. Mean + SEM 7 

separate experiments conducted in triplicate C Mathematically determined 

extracellular growth rate in 7H9 and infCoM between 0 and 120 hours. Open 

circles represent extracellular growth rate in individual experiments. Triangles = 

Mean extracellular growth rate. 

 

 

Figure 3.14  Model parameterisation. A Mathematical model attempts to find a pair of values for 
the intracellular replication rate (rI) and rate of Mtb uptake (β) after the values for extracellular 
growth rate and cell death rate are fixed. 200000 pairs of values were chosen at random and the 
SSE calculated for each of these pairs. The SSE describes the smallest deviation fr0m the actual 
values of the data. The ‘best’ parameter values achieve a SSE of 5.15 B Using the pair of values 
for rI and β with the lowest SSE in combination with the experimentally measured extracellular 
growth rate and cell death rate, the model (lines) attempts to find the best fit to the observed data 
(dots) 
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Figure 3.13A.). I then quantitated bacterial growth in the infCoM by flow cytometry 

after 120 hours (Figure 3.13 Determining the extracellular growth rate of Mtb. 

A Macrophage conditioned medium (infCoM) was generating by infecting MDM 

for 24 hours at MOI 1. The supernatant was harvested and filter sterilized through 

spin filters. infCoM was collected in this way for four donors, and pooled to reduce 

donor variability. Both 7H9 (supplemented with 10% OADC and 0.2% glycerol) 

and infCoM were subsequently re-infected with 5 x 104 cfu. B Bacteria were 

enumerated by flow cytometry at inoculation, and at 120 hours to determine 

extracellular bacillary growth. Mean + SEM 7 separate experiments conducted in 

triplicate C Mathematically determined extracellular growth rate in 7H9 and 

infCoM between 0 and 120 hours. Open circles represent extracellular growth 

rate in individual experiments. Triangles = Mean extracellular growth rate. 

 

 

Figure 3.14  Model parameterisation. A Mathematical model attempts to find a pair of values for 
the intracellular replication rate (rI) and rate of Mtb uptake (β) after the values for extracellular 
growth rate and cell death rate are fixed. 200000 pairs of values were chosen at random and the 
SSE calculated for each of these pairs. The SSE describes the smallest deviation fr0m the actual 
values of the data. The ‘best’ parameter values achieve a SSE of 5.15 B Using the pair of values 
for rI and β with the lowest SSE in combination with the experimentally measured extracellular 
growth rate and cell death rate, the model (lines) attempts to find the best fit to the observed data 
(dots) 

  

Figure 3.13B). Assuming exponential growth, we used (Equation 1, Materials 

and Methods) 

        

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 
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describing the rate of increase of bacteria over time, to give an extracellular Mtb 

growth rate of as 0.0219 h-1 (doubling time 31.7 h) (Figure 3.13 Determining the 

extracellular growth rate of Mtb. A Macrophage conditioned medium (infCoM) 

was generating by infecting MDM for 24 hours at MOI 1. The supernatant was 

harvested and filter sterilized through spin filters. infCoM was collected in this way 

for four donors, and pooled to reduce donor variability. Both 7H9 (supplemented 

with 10% OADC and 0.2% glycerol) and infCoM were subsequently re-infected 

with 5 x 104 cfu. B Bacteria were enumerated by flow cytometry at inoculation, 

and at 120 hours to determine extracellular bacillary growth. Mean + SEM 7 

separate experiments conducted in triplicate C Mathematically determined 

extracellular growth rate in 7H9 and infCoM between 0 and 120 hours. Open 

circles represent extracellular growth rate in individual experiments. Triangles = 

Mean extracellular growth rate. 

 

 

Figure 3.14  Model parameterisation. A Mathematical model attempts to find a pair of values for 
the intracellular replication rate (rI) and rate of Mtb uptake (β) after the values for extracellular 
growth rate and cell death rate are fixed. 200000 pairs of values were chosen at random and the 
SSE calculated for each of these pairs. The SSE describes the smallest deviation fr0m the actual 
values of the data. The ‘best’ parameter values achieve a SSE of 5.15 B Using the pair of values 
for rI and β with the lowest SSE in combination with the experimentally measured extracellular 
growth rate and cell death rate, the model (lines) attempts to find the best fit to the observed data 
(dots) 

  

Figure 3.13C). 

Interestingly, Mtb growth in infCoM was equivalent to its growth in 7H9 broth that 

is conventionally used for its propagation in the laboratory, suggesting that the 

extracellular milieu is growth permissive.  
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Figure 3.34 Determining the extracellular growth rate of Mtb. A Macrophage conditioned 
medium (infCoM) was generating by infecting MDM for 24 hours at MOI 1. The supernatant 
was harvested and filter sterilized through spin filters. infCoM was collected in this way for four 
donors, and pooled to reduce donor variability. Both 7H9 (supplemented with 10% OADC and 
0.2% glycerol) and infCoM were subsequently re-infected with 5 x 104 cfu. B Bacteria were 
enumerated by flow cytometry at inoculation, and at 120 hours to determine extracellular 
bacillary growth. Mean + SEM 7 separate experiments conducted in triplicate C Mathematically 
determined extracellular growth rate in 7H9 and infCoM between 0 and 120 hours. Open circles 
represent extracellular growth rate in individual experiments. Triangles = Mean extracellular 
growth rate. 

 

 

Figure 3.35  Model parameterisation. A Mathematical model attempts to find a pair of values 
for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the values for extracellular 
growth rate and cell death rate are fixed. 200000 pairs of values were chosen at random and 
the SSE calculated for each of these pairs. The SSE describes the smallest deviation fr0m the 
actual values of the data. The ‘best’ parameter values achieve a SSE of 5.15 B Using the pair 
of values for rI and β with the lowest SSE in combination with the experimentally measured 
extracellular growth rate and cell death rate, the model (lines) attempts to find the best fit to the 
observed data (dots) 

  

Figure 3.36 Determining the extracellular growth rate of Mtb. A Macrophage conditioned 
medium (infCoM) was generating by infecting MDM for 24 hours at MOI 1. The supernatant 
was harvested and filter sterilized through spin filters. infCoM was collected in this way for four 
donors, and pooled to reduce donor variability. Both 7H9 (supplemented with 10% OADC and 
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I next embarked on a series of modelling exercises to address my hypothesis that 

necrotic cell death in conjunction with extracellular replication of bacteria would 

account for the extracellular bacillary load. I used the mathematical model 

depicted in Figure 3.7 Model of Mtb-macrophage interactions (1) Bacterial 

uptake by macrophages (2) Mtb replication within live macrophages (3) 

Macrophage cell death leading to release of bacteria into extracellular space (4) 

Extracellular Mtb replication (5) Non-lytic egress of bacteria from live 

macrophages into the extracellular space 

 

 

Figure 3.8 Measurement of cell death using nuclear counts A Example 

microscopy image of DAPI stained MDM nuclei. B MDM were infected (or mock 

infected) with H37Rv mCherry for four hours at MOI 1. Cultures were washed 

three times with PBS to remove all extracellular bacteria. Fresh media was added 

for the times specified. At the relevant time point the supernatant was removed 

and cells washed again three times with PBS. Cells were fixed in 4% PFA for 24 

hours. Cells were washed and stained with DAPI nuclear stain for 15 minutes, 

and subsequently imaged on the Hermes high content microscope. Nuclei were 

enumerated using Metamorph software. Mean + SEM 7 separate experiments 

conducted in triplicate.Figure 3.7. 

This mathematical model incorporates rates for bacterial replication (r), 

internalization of extracellular bacteria by macrophages (β) and macrophage 

death (δ) resulting in transfer of bacteria from the intracellular (I) to extracellular 

(E) compartments. 
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The change in extracellular bacillary load over time is thereby given by the 

equation (Equation 2, Materials and Methods) 

𝑑𝐸

𝑑𝑡
= 𝑟𝐸𝐸 − 𝛽𝐸 +  𝛿𝐼 

where rEE is the rate of extracellular Mtb growth, βE is the rate of Mtb uptake by 

macrophages and δI is the rate of cell death of infected cells releasing 

extracellular bacteria.  The change in intracellular bacillary load over time is given 

by the equation (Equation 2, Materials and Methods): 

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 +  𝛽𝐸 −  𝛿𝐼 

where rII is the rate of intracellular Mtb growth, βE is the rate of Mtb uptake by 

macrophages and δI is the rate of cell death of infected cells releasing 

extracellular bacteria.   

Having determined the rate of cell death and the rate of extracellular Mtb 

replication experimentally, I next sought to estimate the remaining model 

parameters- the intracellular replication rate (rII) and the rate of bacterial uptake 

(β) in silico. The aim of the model is to find values for these parameters that give 

the lowest sum of squared errors of prediction (SSE). The SSE describes the 

smallest deviation fr0m the actual values of the data (i.e. the closer the SSE is to 

0, the better the fit).  We used a ‘parameter search’ method, whereby 200,000 

pairs of values for rII and β were chosen at random and the SSE calculated for 

each of these pairs (Figure 3.14  Model parameterisation. A Mathematical 

model attempts to find a pair of values for the intracellular replication rate (rI) and 

rate of Mtb uptake (β) after the values for extracellular growth rate and cell death 
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rate are fixed. 200000 pairs of values were chosen at random and the SSE 

calculated for each of these pairs. The SSE describes the smallest deviation fr0m 

the actual values of the data. The ‘best’ parameter values achieve a SSE of 5.15 

B Using the pair of values for rI and β with the lowest SSE in combination with 

the experimentally measured extracellular growth rate and cell death rate, the 

model (lines) attempts to find the best fit to the observed data (dots) 

  

  

 

Figure 3.15 Running the model with a higher death rate A Mathematical model attempts to 
find a pair of values for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the 
values for extracellular growth rate and cell death rate are fixed. The cell death rate is calculated 
from the rate of change in nuclear count between four and 24 hours, and then 24 to 120hours. 
200000 pairs of values for rI and β were chosen at random and the SSE calculated for each of 
these pairs. The SSE describes the smallest deviation fr0m the actual values of the data. The 
‘best’ parameter values achieve a SSE of 5.15 B Using the pair of values for rI and β with the 
lowest SSE in combination with the experimentally measured extracellular growth rate and cell 
death rate, the model (lines) attempts to find the best fit to the observed data (dots) 

Figure 3.14A). The best SSE that could be achieved was 5.15, which indicates 

very poor fitting of the model to the observed data. This is further depicted in 

Figure 3.14  Model parameterisation. A Mathematical model attempts to find a 

pair of values for the intracellular replication rate (rI) and rate of Mtb uptake (β) 

after the values for extracellular growth rate and cell death rate are fixed. 200000 

pairs of values were chosen at random and the SSE calculated for each of these 

pairs. The SSE describes the smallest deviation fr0m the actual values of the 

data. The ‘best’ parameter values achieve a SSE of 5.15 B Using the pair of 

values for rI and β with the lowest SSE in combination with the experimentally 

measured extracellular growth rate and cell death rate, the model (lines) attempts 

to find the best fit to the observed data (dots) 
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Figure 3.15 Running the model with a higher death rate A Mathematical model attempts to 
find a pair of values for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the 
values for extracellular growth rate and cell death rate are fixed. The cell death rate is calculated 
from the rate of change in nuclear count between four and 24 hours, and then 24 to 120hours. 
200000 pairs of values for rI and β were chosen at random and the SSE calculated for each of 
these pairs. The SSE describes the smallest deviation fr0m the actual values of the data. The 
‘best’ parameter values achieve a SSE of 5.15 B Using the pair of values for rI and β with the 
lowest SSE in combination with the experimentally measured extracellular growth rate and cell 
death rate, the model (lines) attempts to find the best fit to the observed data (dots) 

Figure 3.14B, where we use the estimates for the parameter values that give this 

‘best’ SSE,  as well as the experimentally determined extracellular growth rate 

and rate of cell death to run the model, and find poor fitting to the observed data 

points.  Extracellular bacterial accumulation therefore cannot be explained by 

macrophage death and bacterial replication alone. 

   

Figure 3.37  Model parameterisation. A Mathematical model attempts to find a pair of values 
for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the values for extracellular 
growth rate and cell death rate are fixed. 200000 pairs of values were chosen at random and 
the SSE calculated for each of these pairs. The SSE describes the smallest deviation fr0m the 
actual values of the data. The ‘best’ parameter values achieve a SSE of 5.15 B Using the pair 
of values for rI and β with the lowest SSE in combination with the experimentally measured 
extracellular growth rate and cell death rate, the model (lines) attempts to find the best fit to the 
observed data (dots) 

  

  

 

Figure 3.38 Running the model with a higher death rate A Mathematical model attempts to 
find a pair of values for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the 
values for extracellular growth rate and cell death rate are fixed. The cell death rate is calculated 
from the rate of change in nuclear count between four and 24 hours, and then 24 to 120hours. 
200000 pairs of values for rI and β were chosen at random and the SSE calculated for each of 
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Next I used a different value for cell death to see if I was able to fit the observed 

data. Although I was confident that the four hour cell count data represented 

technical confounding in my experiments, I thought it prudent to use a 

mathematical modelling approach to ask the question- if the sharp attrition in cell 

number between four and 24 hours was true, followed by a stabilization in the 

death rate (as implied by the nuclear counts) could this level of cell death explain 

the amount of bacteria accumulating in the extracellular milieu?  I used the 

experimentally determined Mtb extracellular growth rate, and the cell death rate 

as calculated by the change in cell numbers at four and 24 hours, and then 24 to 

120 hours to input into the model. Again, the remaining model parameters were 

unknown (i.e. the intracellular replication rate (rII), and the rate of Mtb uptake by 

macrophages (β)). We conducted the same parameter search as described 

above. The best SSE that we could achieve was 5.6, indicating poor fitting 

between the model and the observed data, as shown in Figure 3.15 Running the 

model with a higher death rate A Mathematical model attempts to find a pair of 

values for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the 

values for extracellular growth rate and cell death rate are fixed. The cell death 

rate is calculated from the rate of change in nuclear count between four and 24 

hours, and then 24 to 120hours. 200000 pairs of values for rI and β were chosen 

at random and the SSE calculated for each of these pairs. The SSE describes 

the smallest deviation fr0m the actual values of the data. The ‘best’ parameter 

values achieve a SSE of 5.15 B Using the pair of values for rI and β with the 

lowest SSE in combination with the experimentally measured extracellular growth 

rate and cell death rate, the model (lines) attempts to find the best fit to the 

observed data (dots) 
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Figure 3.16 Incorporating non-lytic egress into the mathematical model A 

set of randomly selected parameter values is used run an optimization algorithm. 

The initial parameter values are optimized (up to a maximum of 600 re-iterations) 

until it converges to the lowest SSE. This process is repeated 50,000 times, and 

as such generates 50,000 parameter estimates and their associated SSEs. Using 

the parameter values that give the lowest SSE, this model (incorporating non-

lytic egress) is able to describe the observed data wellFigure 3.15A and B. 

I concluded that even if the cell counts at 4 hours were ‘true’, and there really was 

significant cell death between 4 and 24 hours, we were still unable to account for 

the amount of bacteria measured in the extracellular milieu.  

I concluded that cell death (using different death rates) and extracellular bacterial 

replication were insufficient to account for the observed data, and that an 

additional parameter describing the movement of bacteria from the intracellular 

to the extracellular compartment needed to be incorporated into the model.  
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3.3.8 Extracellular bacteria are predicted to arise from non-lytic egress 

I introduced an additional term to the mathematical model describing a process 

Figure 3.40 Running the model with a higher death rate A Mathematical model attempts to 
find a pair of values for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the 
values for extracellular growth rate and cell death rate are fixed. The cell death rate is calculated 
from the rate of change in nuclear count between four and 24 hours, and then 24 to 120hours. 
200000 pairs of values for rI and β were chosen at random and the SSE calculated for each of 
these pairs. The SSE describes the smallest deviation fr0m the actual values of the data. The 
‘best’ parameter values achieve a SSE of 5.15 B Using the pair of values for rI and β with the 
lowest SSE in combination with the experimentally measured extracellular growth rate and cell 
death rate, the model (lines) attempts to find the best fit to the observed data (dots) 

 

 

Figure 3.41 Incorporating non-lytic egress into the mathematical model A set of randomly 
selected parameter values is used run an optimization algorithm. The initial parameter values 
are optimized (up to a maximum of 600 re-iterations) until it converges to the lowest SSE. This 
process is repeated 50,000 times, and as such generates 50,000 parameter estimates and their 
associated SSEs. Using the parameter values that give the lowest SSE, this model 
(incorporating non-lytic egress) is able to describe the observed data wellFigure 3.42 Running 
the model with a higher death rate A Mathematical model attempts to find a pair of values 
for the intracellular replication rate (rI) and rate of Mtb uptake (β) after the values for 
extracellular growth rate and cell death rate are fixed. The cell death rate is calculated from the 
rate of change in nuclear count between four and 24 hours, and then 24 to 120hours. 200000 
pairs of values for rI and β were chosen at random and the SSE calculated for each of these 
pairs. The SSE describes the smallest deviation fr0m the actual values of the data. The ‘best’ 
parameter values achieve a SSE of 5.15 B Using the pair of values for rI and β with the lowest 
SSE in combination with the experimentally measured extracellular growth rate and cell death 
rate, the model (lines) attempts to find the best fit to the observed data (dots) 
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of non-lytic egress allowing bacterial transfer from the intracellular compartment 

to the extracellular compartment (Equation 3, Materials and Methods). 

𝑑𝐸

𝑑𝑡
= 𝑟𝐸𝐸 − 𝛽𝐸 +  𝛿𝐼 +  𝜂𝐼 

 

𝑑𝐼

𝑑𝑡
= 𝑟𝐼𝐼 +  𝛽𝐸 −  𝛿𝐼 −  𝜂𝐼 

The change in extracellular and intracellular loads is given by the same terms as 

in Equation 2, but here we also incorporate ηI describing the movement of 

bacteria from the intracellular environment to the extracellular milieu.  

After fixing the Mtb extracellular replication rate and rate of MDM cell death 

observed between 24-120 hours, we used the model to estimate values for the 

intracellular bacterial replication rate (rII), the rate of Mtb uptake (β), and the non-

lytic egress rate (η).  

We used the Nelder-Mead algorithm, implemented using the optimize function of 

Scipy in Python. This is a standard model fitting approach that uses an 

optimization algorithm to find estimates of the values of rI, β, and η that minimise 

the SSE between the model and the observed intra and extracellular fluorescence 

at 24 and 120 hours.  

We take a set of randomly selected parameter values and run the algorithm. The 

initial parameter values are optimized (up to a maximum of 600 re-iterations) until 

it converges to the lowest SSE. This process is repeated 50,000 times, and as 

such generates 50,000 parameter estimates and their associated SSEs. We 

identified the minimum SSE from these sets of estimates, and then selected the 
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other sets of estimates that provided an SSE within 1% of this minimum, which 

we consider to be an equivalently good model fit.  

One might imagine an uneven landscape with several valleys, each of which 

represent an SSE. The Nelder Mead algorithm takes the initial parameter value 

and tries to find its way down the valley floor. With each run, the algorithm may 

derive the parameters that lead to a valley floor, but there may be other valley 

floors that are lower. We therefore run the algorithm 50,000 times to find the ‘true’ 

valley floor. 

Using the parameter values that give the lowest SSE, we found that a model 

incorporating non-lytic egress was able to describe the observed data well 

(Figure 3.16 Incorporating non-lytic egress into the mathematical model A 

set of randomly selected parameter values is used run an optimization algorithm. 

The initial parameter values are optimized (up to a maximum of 600 re-iterations) 

until it converges to the lowest SSE. This process is repeated 50,000 times, and 

as such generates 50,000 parameter estimates and their associated SSEs. Using 

the parameter values that give the lowest SSE, this model (incorporating non-

lytic egress) is able to describe the observed data well 

 

Figure 3.17 Model tries to predict rII (rate of intracellular replication), β (rate of Mtb uptake 
by macrophages) and η (rate of non-lytic egress) to best fit the observed data. A set of 
randomly selected parameter values is used run an optimization algorithm. The initial parameter 
values are optimized (up to a maximum of 600 re-iterations) until it converges to the lowest SSE. 
This process is repeated 50,000 times, and as such generates 50,000 parameter estimates and 
their associated SSEs. Figure shows scatter plot of the parameter values that give the minimum 
SSE, and other sets of values that provide an SSE within 1% of this minimum. A number of values 
for rII, β, and η can be used to describe the data. These parameters are strongly correlated.  

Figure 3.16) 

However, as can be seen in Figure 3.17 Model tries to predict rII (rate of 
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intracellular replication), β (rate of Mtb uptake by macrophages) and η (rate 

of non-lytic egress) to best fit the observed data. A set of randomly selected 

parameter values is used run an optimization algorithm. The initial parameter 

values are optimized (up to a maximum of 600 re-iterations) until it converges to 

the lowest SSE. This process is repeated 50,000 times, and as such generates 

50,000 parameter estimates and their associated SSEs. Figure shows scatter 

plot of the parameter values that give the minimum SSE, and other sets of values 

that provide an SSE within 1% of this minimum. A number of values for rII, β, and 

η can be used to describe the data. These parameters are strongly correlated.  

  

 

Figure 4.1 Experimental model to look for non-lytic egress of Mtb. MDM were 

infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three 

times with PBS to remove all extracellular bacteria. Fresh media was added for 

60min. Extracellular bacteria in the supernatant were collected and intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry.Figure 3.17, the optimization algorithm 

found a number of combination of parameter values of rII and β, and rII and η, 

(represented by each dot) that fit the model to the observed data within 1% of the 

lowest SSE.  Therefore we could not definitively derive the rates of any of these 

parameters. We also found that the values β and η were strongly correlated. From 

these data I inferred that, perhaps unsurprisingly, more uptake results in more 

non-lytic egress. The rate of one of these variables needs to be calculated 

experimentally in order for the model to derive the rate of the other.  

I concluded that non-lytic egress of Mtb from human macrophages is likely to be 
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a crucial strategy by which extracellular bacteria accumulate, since a 

mathematical model is unable to predict the observed data without incorporating 

this process. However, using the mathematical model alone, we were unable to 

definitively estimate the rate at which all of these processes occur3.  

 

 

                                                           
3 Modelling by KB, data from MM 

Figure 3.43 Incorporating non-lytic egress into the mathematical model A set of randomly 
selected parameter values is used run an optimization algorithm. The initial parameter values 
are optimized (up to a maximum of 600 re-iterations) until it converges to the lowest SSE. This 
process is repeated 50,000 times, and as such generates 50,000 parameter estimates and their 
associated SSEs. Using the parameter values that give the lowest SSE, this model 
(incorporating non-lytic egress) is able to describe the observed data well 

 

Figure 3.44 Model tries to predict rII (rate of intracellular replication), β (rate of Mtb uptake 
by macrophages) and η (rate of non-lytic egress) to best fit the observed data. A set of 
randomly selected parameter values is used run an optimization algorithm. The initial parameter 
values are optimized (up to a maximum of 600 re-iterations) until it converges to the lowest 
SSE. This process is repeated 50,000 times, and as such generates 50,000 parameter 
estimates and their associated SSEs. Figure shows scatter plot of the parameter values that 
give the minimum SSE, and other sets of values that provide an SSE within 1% of this minimum. 
A number of values for rII, β, and η can be used to describe the data. These parameters are 
strongly correlated.  

Figure 3.45 Incorporating non-lytic egress into the mathematical model A set of randomly 
selected parameter values is used run an optimization algorithm. The initial parameter values 
are optimized (up to a maximum of 600 re-iterations) until it converges to the lowest SSE. This 
process is repeated 50,000 times, and as such generates 50,000 parameter estimates and their 
associated SSEs. Using the parameter values that give the lowest SSE, this model 
(incorporating non-lytic egress) is able to describe the observed data well 
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Figure 3.46 Model tries to predict rII (rate of intracellular replication), β (rate of Mtb uptake 
by macrophages) and η (rate of non-lytic egress) to best fit the observed data. A set of 
randomly selected parameter values is used run an optimization algorithm. The initial parameter 
values are optimized (up to a maximum of 600 re-iterations) until it converges to the lowest 
SSE. This process is repeated 50,000 times, and as such generates 50,000 parameter 
estimates and their associated SSEs. Figure shows scatter plot of the parameter values that 
give the minimum SSE, and other sets of values that provide an SSE within 1% of this minimum. 
A number of values for rII, β, and η can be used to describe the data. These parameters are 
strongly correlated.  

  

 

Figure 3.47 Experimental model to look for non-lytic egress of Mtb. MDM were infected 
with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to 
remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry.Figure 3.48 Model tries 
to predict rII (rate of intracellular replication), β (rate of Mtb uptake by macrophages) and 
η (rate of non-lytic egress) to best fit the observed data. A set of randomly selected parameter 
values is used run an optimization algorithm. The initial parameter values are optimized (up to 
a maximum of 600 re-iterations) until it converges to the lowest SSE. This process is repeated 
50,000 times, and as such generates 50,000 parameter estimates and their associated SSEs. 
Figure shows scatter plot of the parameter values that give the minimum SSE, and other sets 
of values that provide an SSE within 1% of this minimum. A number of values for rII, β, and η 
can be used to describe the data. These parameters are strongly correlated.  
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3.4 Discussion 

I have developed a robust and reliable method for the quantitation of Mtb with a 

high throughput flow cytometric assay using H37Rv Mtb expressing mCherry. 

This method correlates with the current gold standard of bacterial counting 

(CFU/ml) but is less time consuming and more accurate since we are able to 

account for bacterial clumping. One limitation of our assay is that, although 

bacterial fluorescence is lost as Mtb dies in the presence of isoniazid, the time it 

takes to lose fluorescence is not known. Therefore, some non-viable bacteria may 

retain fluorescence and confound our data. 

I used this assay to determine the extracellular as well as intracellular bacillary 

loads following infection of human MDM with Mtb. As with any in vitro study, one 

major limitation of this experimental system is the absence of the tissue 

microenvironment and other cell types that may influence the function of 

macrophages. Nevertheless, a reductionist approach allowed me to answer 

questions specifically regarding human MDM-Mtb interactions, and modelled the 

early host pathogen interaction. 

Following intracellular infection of human MDM, I found that Mtb accumulates in 

the extracellular milieu, at least over the first 5 days of infection. Prevailing 

measurements exclusively of intracellular bacillary load significantly 

underestimate the true bacillary burden. It would have been useful to corroborate 

the flow cytometric quantitation with CFU/ml to determine the proportion of Mtb 

that is viable. It is likely that the CFU/ml data would closely reflect the integrated 

fluorescence measurements in each compartment, since integrated fluorescence 

of Mtb mCherry strongly correlates with CFU/ml. We also know that the bacteria 
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are actively replicating in the extracellular milieu and therefore must be mostly 

viable.   

Together with Katharine Best, I then developed a mathematical model to 

determine the contribution of cellular necrosis to extracellular bacillary 

accumulation.   

In order to determine the MDM death rate, I measured the attrition of cell number 

(by nuclear counting) over time. I considered other established methods of 

defining dead cells (e.g. PI staining), but I hypothesized that these would 

underestimate the true death rate. This is because only the remaining cells at 

each time-point would be available for staining and I would not be accounting for 

cells that had died and become non-adherent. In the absence of live cell imaging 

to track single macrophages over time, I felt the strategy I employed was the best 

way to experimentally address the question.  

Surprisingly, the nuclear count data showed a sharp decline in cell count between 

four and 24 hours which seems to be due to technical confounding based on the 

following observations:  

1. The apparent decline in cell number between four and 24 hours occurs in 

both infected and uninfected cells (where the culture media is simply 

changed to fresh, warmed, RPMI + 5% human AB serum) 

2. Only a small proportion of infected and uninfected cells stain for necrotic 

cell death at four hours 

3. The cell count stabilizes between 24 hours and 120 hours. If there were a 

true induction of cell death pathways by  hours, this would be expected to 
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continue over the duration of the experiment 

4. Data from the literature supporting minimal death of host cells at low MOI 

(Repasy et al., 2013; Welin et al., 2011). Mtb infection, even at high MOI, 

has been shown to cause significant necrosis only at later time points (48 

hours or more), (Divangahi et al., 2009; Lerner et al., 2017; Mahamed et 

al., 2017) 

5. Using a modelling approach, we find that simulating the sharp attrition in 

cell number between four and 24 hours was still unable to fit my observed 

intracellular and extracellular bacterial loads.  

In some experiments, but not consistently, I observed an apparent shift in nuclear 

area between four and 24 hours (even in the uninfected wells). This was not due 

to the loss of contaminating lymphocytes or debris since it did not occur in every 

experiment, even when there was an attrition in cell number. Macrophages have 

remarkable plasticity in response to environmental cues and are able to acquire 

a spectrum of activation status, best exemplified by pro-inflammatory (M1) and 

anti-inflammatory (M2) phenotypes at the two ends of the spectrum(Gordon and 

Plüddemann, 2017). Characterization of M1 and M2 subsets is usually carried 

out by quantification of multiple cell surface markers, transcription factors and 

cytokine profiles. More recently image based machine learning has been used to 

define macrophage subsets (Rostam et al., 2017), including measurement of 

nuclear size. M1 and M2 macrophages show remarkable similarity in the 

distribution of their nuclear areas. Therefore, differential activation states cannot 

explain the differences in nuclear area seen at four and 24 hours in my in vitro 

model. Between 24 and 120 hours, there is more consistency in the nuclear 
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distributions. This again suggests to me that the four hour nuclear count in the 

data set are technically erroneous. 

Contrary to the commonly held view that extracellular bacteria arise from 

intracellular bacteria being released by necrosis, neither death (at various 

different rates), nor extracellular Mtb replication could account for the observed 

bacterial load in this compartment.  The mathematical modelling identified a novel 

process by which Mtb may be exiting the human host cell.  Our model suggests 

non-lytic egress is a crucial mechanism by which Mtb accumulates extracellularly, 

since we are unable to fit the observed data without incorporating it.  

I found that the extracellular milieu is permissive to Mtb replication.  This is also 

true in the zebrafish model of Mm infection, where extracellular bacteria display 

the cording phenotype characteristic of unfettered growth in cases of 

macrophage deficiency (Clay et al., 2007).  

Computational modelling is necessary to gain insights into the complex 

interactions that occur in biological systems (Brodland, 2015; Ingalls, 2013) such 

as the dynamic relationship between Mtb and its host cell. As has been shown, it 

allows researchers to make several in silico simulations to see if different 

parameter adjustments can mimic the behaviour of the system, and therefore 

identify which interactions are crucial to its operation. Sometimes the model 

cannot find definitive estimates for each unknown parameter, because several 

parameter sets may fit the data (as is the case here). Asking the model to find 

values for 3 unknown parameters (rate of intracellular replication, rate of Mtb 

uptake, and rate of non-lytic egress) based on relatively few biological data points 

presents difficulty. Nevertheless, the modelling exercise does provide useful 
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predictions (for example, that non-lytic egress is likely to be contributing to 

extracellular bacillary accumulation), to guide future experiments. Another 

limitation of the model is that it cannot incorporate every parameter that might 

affect the behaviour of a biological system. For example, we make the 

assumption that all bacteria are equally distributed between cells, but this is 

unlikely to be the case. Since more heavily infected cells are more likely to die, 

this parameter may also need to be incorporated into the model in the future. 
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4 MTB EXITS MACROPHAGES BY NON-LYTIC EGRESS 

4.1 Introduction 

In Chapter 3, I used a mathematical model to show that non-lytic egress is 

predicted to occur following intracellular infection of human MDM, and is an 

important strategy by which intracellular bacteria become extracellular, at least 

early in the course of infection where bacterial burden is low and there is little 

contribution from necrotic cell death.   

In this chapter I first set out to show non-lytic egress occurs experimentally. I next 

wanted to test the hypothesis that growth of Mtb is restricted within the 

macrophage, and escaping the host cell into the extracellular milieu is beneficial 

to Mtb because it is more permissive to bacillary growth. Several lines of evidence 

suggest that macrophages are able to control Mtb replication to some degree. 

Data from the mouse model showing restriction of Mtb by macrophages 

(particularly when primed with IFNγ) is difficult to extrapolate to human hosts 

because killing is mediated by NO, which human macrophages do not produce 

to the same extent. That aside, the literature suggests that despite a diverse 

repertoire of subversion strategies against its defences, the internal environment 

of the macrophage would still be hostile to Mtb on account of nutrient deprivation, 

activation by IFNγ (Fabri et al., 2011; Klug-Micu et al., 2013) and other 

mechanisms to counteract Mtb subversion (Robinson and Nau, 2008), detailed 

in section 1.3.2. Data from human in vitro macrophage models (Mahamed et al., 

2017; Raffetseder et al., 2014), mouse (Huang et al., 2018) and  zebrafish (Clay 

et al., 2007) show that certain phenotypes of macrophages are restrictive to 

mycobacteria, while the extracellular environment is growth permissive (Clay et 
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al., 2008, 2007; Mahamed et al., 2017). 

To address my hypothesis, I needed to determine the intracellular growth rate of 

Mtb. However, our model suggests that Mtb is constantly moving between the 

intracellular and extracellular compartments, therefore measuring the intracellular 

growth rate of Mtb in vitro in isolation would not be feasible. In Chapter 3, I found 

that using the model to derive parameters for the non-lytic egress rate, the rate 

of bacterial uptake and intracellular replication rate was not possible because a 

number of values provided equivalently good fits to explain bacterial 

accumulation. I therefore set out to experimentally measure the rate at which non-

lytic egress of Mtb occurs, verify that this rate allowed the model to fit the data, 

and allow the model to derive the intracellular replication rate. 
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4.2 Objectives 

1. To confirm experimentally that Mtb is able to escape human macrophages 

by non-lytic egress  

2. To experimentally determine the rate at which non-lytic egress occurs and 

incorporate this rate into the mathematical model describing the 

movement of Mtb into and out of macrophages  

3. To subsequently use this model to derive rates for processes I am unable 

to measure- i.e. the rate of uptake of Mtb and the intracellular replication 

rate (and therefore understand the preferred growth niche of Mtb)
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4.3 Results 

4.3.1 Evidence for rapid Mtb escape from macrophages  

In order to determine if Mtb can escape MDM by non-lytic egress, I sought to 

show movement of bacteria from the intracellular to the extracellular compartment 

in the absence of extracellular Mtb replication, intracellular bacterial killing, and 

MDM necrosis. I infected MDM for 4 hours to establish an intracellular infection, 

and washed off any remaining extracellular bacteria as previously shown (Error! 

eference source not found.A). I then quantified intracellular and extracellular 

bacteria 1 hour after washing off the extracellular bacteria (Figure 4.1 

Experimental model to look for non-lytic egress of Mtb. MDM were infected 

with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with 

PBS to remove all extracellular bacteria. Fresh media was added for 60min. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry.  

 

 

Figure 4.2 Evidence for non-lytic egress of Mtb. A MDM were infected with H37Rv mCherry 
for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all extracellular 
bacteria. Any residual extracellular bacteria in the post wash supernatant (time 0) were collected 
by adding PBS to the well for a few seconds and gently agitating. Intracellular bacteria at time 0 
were harvested by lysing the cells. In a separate well, fresh media was added for 60min. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were harvested 
by washing and lysing cells. Bacteria were fixed in 4% PFA and quantified by flow cytometry to 
generate integrated mCherry fluorescence (Int. mCherry fluor.) Mean + SEM 14 experiments. 
**Paired t-test of intracellular bacillary load B Total bacillary load at 0 mins and 1 hour thereafter. 

Figure 4.1)  
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The significant reduction of bacteria in the intracellular compartment did not 

represent bacterial killing by macrophages, because the total number of bacteria 

in the intracellular and extracellular compartments over the 60 minute timeframe 

remained the same (Figure 4.2 Evidence for non-lytic egress of Mtb. A MDM 

were infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed 

three times with PBS to remove all extracellular bacteria. Any residual 

extracellular bacteria in the post wash supernatant (time 0) were collected by 

adding PBS to the well for a few seconds and gently agitating. Intracellular 

bacteria at time 0 were harvested by lysing the cells. In a separate well, fresh 

media was added for 60min. Extracellular bacteria in the supernatant were 

collected and intracellular bacteria were harvested by washing and lysing cells. 

Figure 4.1 Experimental model to look for non-lytic egress of Mtb. MDM were infected with 
H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove 
all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry.  
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Bacteria were fixed in 4% PFA and quantified by flow cytometry to generate 

integrated mCherry fluorescence (Int. mCherry fluor.) Mean + SEM 14 

experiments. **Paired t-test of intracellular bacillary load B Total bacillary load at 

0 mins and 1 hour thereafter. 

 

 

Figure 4.3 Flow cytometry plots showing rapid extracellular Mtb accumulation. MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Any residual extracellular bacteria in the post wash 
supernatant (time 0) were collected by adding PBS to the well for a few seconds and gently 
agitating. Intracellular bacteria at time 0 were harvested by lysing the cells. In a separate well, 
fresh media was added for 60min. Extracellular bacteria in the supernatant were collected and 
intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA 
and analysed by flow cytometry. 1 representative experiment demonstrating the appearance of 
extracellular bacteria after 60 mins and the simultaneous decrease in intracellular bacillary 
burden.  

Figure 4.2B).   

Example flow cytometry plots demonstrating the appearance of extracellular 

bacteria 60min after washing are shown in Figure 4.3 Flow cytometry plots 

showing rapid extracellular Mtb accumulation. MDM were infected with 

H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with 

PBS to remove all extracellular bacteria. Any residual extracellular bacteria in the 

post wash supernatant (time 0) were collected by adding PBS to the well for a 
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few seconds and gently agitating. Intracellular bacteria at time 0 were harvested 

by lysing the cells. In a separate well, fresh media was added for 60min. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. 1 representative experiment demonstrating the 

appearance of extracellular bacteria after 60 mins and the simultaneous 

decrease in intracellular bacillary burden.  

 

 

 

Figure 4.4 Mtb egress from macrophages without causing host cell lysis A MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria (Time 0). Fresh media was added for 60min. At both time 
points, uninfected and infected cell cultures were fixed with 4% PFA. Nuclei were counterstained 
for DAPI and counted in each condition at each time point B MDM were infected with Mtb for 4h. 
Prior to washing, cells were incubated with Live/Dead stain for necrotic cells for 20min at room 
temperature. Cells were gently washed to remove the stain and fixed in 4%PFA. Cells were 
permeabilized and counterstained with DAPI + Cell Mask. White arrow heads = live infected MDM, 
Red arrowheads= dead/ dying infected MDM. C Dead/ dying (red) and live cells (white) were 

enumerated using high content microscopy. 

Figure 4.3. 

  

Figure 4.4 Evidence for non-lytic egress of Mtb. A MDM were infected with H37Rv mCherry 
for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all extracellular 
bacteria. Any residual extracellular bacteria in the post wash supernatant (time 0) were collected 
by adding PBS to the well for a few seconds and gently agitating. Intracellular bacteria at time 
0 were harvested by lysing the cells. In a separate well, fresh media was added for 60min. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and quantified by flow 
cytometry to generate integrated mCherry fluorescence (Int. mCherry fluor.) Mean + SEM 14 
experiments. **Paired t-test of intracellular bacillary load B Total bacillary load at 0 mins and 1 

hour thereafter. 

 

 

Figure 4.5 Flow cytometry plots showing rapid extracellular Mtb accumulation. MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
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Figure 4.7 Flow cytometry plots showing rapid extracellular Mtb accumulation. MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Any residual extracellular bacteria in the post wash 
supernatant (time 0) were collected by adding PBS to the well for a few seconds and gently 
agitating. Intracellular bacteria at time 0 were harvested by lysing the cells. In a separate well, 
fresh media was added for 60min. Extracellular bacteria in the supernatant were collected and 
intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 
PFA and analysed by flow cytometry. 1 representative experiment demonstrating the 
appearance of extracellular bacteria after 60 mins and the simultaneous decrease in 
intracellular bacillary burden.  

 

 

 

Figure 4.8 Mtb egress from macrophages without causing host cell lysis A MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria (Time 0). Fresh media was added for 60min. At both time 
points, uninfected and infected cell cultures were fixed with 4% PFA. Nuclei were 
counterstained for DAPI and counted in each condition at each time point B MDM were infected 
with Mtb for 4h. Prior to washing, cells were incubated with Live/Dead stain for necrotic cells for 
20min at room temperature. Cells were gently washed to remove the stain and fixed in 4%PFA. 
Cells were permeabilized and counterstained with DAPI + Cell Mask. White arrow heads = live 
infected MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying (red) and live cells 

(white) were enumerated using high content microscopy. 

Figure 4.9 Flow cytometry plots showing rapid extracellular Mtb accumulation. MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Any residual extracellular bacteria in the post wash 
supernatant (time 0) were collected by adding PBS to the well for a few seconds and gently 
agitating. Intracellular bacteria at time 0 were harvested by lysing the cells. In a separate well, 
fresh media was added for 60min. Extracellular bacteria in the supernatant were collected and 
intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 
PFA and analysed by flow cytometry. 1 representative experiment demonstrating the 
appearance of extracellular bacteria after 60 mins and the simultaneous decrease in 
intracellular bacillary burden.  
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4.3.2 Rapid extracellular accumulation not due to cell death 

Extracellular bacteria may accumulate as a result of lytic or non-lytic strategies. 

Having shown that extracellular bacteria appear within one hour, I sought to test 

if there was any evidence of cell death at this time point.  

I enumerated adherent cells after four hours infection and one hour later. This 

analysis showed no significant loss of cells (Figure 4.4 Mtb egress from 

macrophages without causing host cell lysis A MDM were infected with 

H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with 

PBS to remove all extracellular bacteria (Time 0). Fresh media was added for 

60min. At both time points, uninfected and infected cell cultures were fixed with 

4% PFA. Nuclei were counterstained for DAPI and counted in each condition at 

each time point B MDM were infected with Mtb for 4h. Prior to washing, cells were 

incubated with Live/Dead stain for necrotic cells for 20min at room temperature. 

Cells were gently washed to remove the stain and fixed in 4%PFA. Cells were 

permeabilized and counterstained with DAPI + Cell Mask. White arrow heads = 

live infected MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying 

(red) and live cells (white) were enumerated using high content microscopy. 

 

 

Figure 4.5Figure 4.4A). In addition, I stained the cells with the Live/Dead stain, 

combined with a cell mask stain in order delineate the boundaries of each cell, 

and hence enumerate the number of Mtb infected cells that may be committed to 

cell death and might therefore release bacteria into the extracellular milieu in the 

following one hour (Figure 4.4 Mtb egress from macrophages without 
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causing host cell lysis A MDM were infected with H37Rv mCherry for 4 hours 

at MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria (Time 0). Fresh media was added for 60min. At both time points, 

uninfected and infected cell cultures were fixed with 4% PFA. Nuclei were 

counterstained for DAPI and counted in each condition at each time point B MDM 

were infected with Mtb for 4h. Prior to washing, cells were incubated with 

Live/Dead stain for necrotic cells for 20min at room temperature. Cells were 

gently washed to remove the stain and fixed in 4%PFA. Cells were permeabilized 

and counterstained with DAPI + Cell Mask. White arrow heads = live infected 

MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying (red) and live 

cells (white) were enumerated using high content microscopy. 

 

 

Figure 4.5Figure 4.4B). I found < 0.5% of infected cells were dying at or after the 

initial four hours infection (Figure 4.4 Mtb egress from macrophages without 

causing host cell lysis A MDM were infected with H37Rv mCherry for 4 hours 

at MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria (Time 0). Fresh media was added for 60min. At both time points, 

uninfected and infected cell cultures were fixed with 4% PFA. Nuclei were 

counterstained for DAPI and counted in each condition at each time point B MDM 

were infected with Mtb for 4h. Prior to washing, cells were incubated with 

Live/Dead stain for necrotic cells for 20min at room temperature. Cells were 

gently washed to remove the stain and fixed in 4%PFA. Cells were permeabilized 

and counterstained with DAPI + Cell Mask. White arrow heads = live infected 

MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying (red) and live 
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cells (white) were enumerated using high content microscopy. 

 

 

Figure 4.5Figure 4.4C) 

In this analysis also, there was no significant difference between the very small 

proportions of dying cells in infected and uninfected MDM cultures. These data 

are consistent with my hypothesis that extracellular Mtb did not arise from host 

cell lysis. 
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Figure 4.10 Mtb egress from macrophages without causing host cell lysis A MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria (Time 0). Fresh media was added for 60min. At both time 
points, uninfected and infected cell cultures were fixed with 4% PFA. Nuclei were 
counterstained for DAPI and counted in each condition at each time point B MDM were infected 
with Mtb for 4h. Prior to washing, cells were incubated with Live/Dead stain for necrotic cells for 
20min at room temperature. Cells were gently washed to remove the stain and fixed in 4%PFA. 
Cells were permeabilized and counterstained with DAPI + Cell Mask. White arrow heads = live 
infected MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying (red) and live cells 

(white) were enumerated using high content microscopy. 

 

 

Figure 4.11Figure 4.12 Mtb egress from macrophages without causing host cell lysis A 
MDM were infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three 
times with PBS to remove all extracellular bacteria (Time 0). Fresh media was added for 60min. 
At both time points, uninfected and infected cell cultures were fixed with 4% PFA. Nuclei were 
counterstained for DAPI and counted in each condition at each time point B MDM were infected 
with Mtb for 4h. Prior to washing, cells were incubated with Live/Dead stain for necrotic cells for 
20min at room temperature. Cells were gently washed to remove the stain and fixed in 4%PFA. 
Cells were permeabilized and counterstained with DAPI + Cell Mask. White arrow heads = live 
infected MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying (red) and live cells 

(white) were enumerated using high content microscopy. 
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4.3.3 Rapid extracellular accumulation not residual adherent bacteria 

After establishing an intracellular infection for four hours, cells are washed 

extensively to remove extracellular bacteria. Nevertheless, some residual 

extracellular bacteria may remain adherent to the surface of macrophages and 

therefore counted as ‘intracellular’. I hypothesized that over 60mins, these 

bacteria might detach from macrophages into the extracellular milieu, giving the 

appearance that they had moved actively between the two compartments. 

A common approach to discriminate between intracellular and cell surface 

bacteria is to differentially immunostain extracellular bacteria with antibodies that 

cannot cross the cell membrane. However, I was unable to find suitable antibody 

reagents with sufficient sensitivity or and specificity to use this method (Figure 

4.5 Extracellular bacteria at 60mins do not arise from adherent Mtb A H37Rv 

mCherry were incubated with anti-PPD primary antibody overnight (or not), 

washed and counterstained with FITC secondary antibody and analysed by flow 

cytometry. B MDM were infected with Mtb for 4h at 37°C. Extracellular bacteria 

were removed by extensive washing three times with PBS, and media replaced 

for 60mins. Cells were incubated on ice (4°C) or at 37°C. At each time point the 

supernatant was removed and bacteria fixed in 4% PFA. Intracellular bacteria 

were harvested by washing and lysing the cells. Bacteria were enumerated by 

flow cytometric analysis. Mean + SEM 3 experiments C Example flow cytometry 

plots of 1 representative experiment 

 

 

Figure 4.6 Non-lytic egress is morphologically distinct from cellular necrosis  A MDM were 
infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed by extensive washing 
three times with PBS, and media replaced for 48 hours. Macrophages were subsequently washed 
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again and media replaced. Macrophages  in 1 field of view were imaged at 2 minute intervals for 
1 hour. Panels show successive images of (i and ii) non lytic egress where infected macrophages 
release bacteria but remain intact thereafter (iii) an infected macrophage bursting open following 
cellular necrosis and releasing bacteria (iv) macrophages harbouring bacteria with no loss of 
bacteria  

Figure 4.5A)  

Instead, I addressed this question by a different approach. I reasoned that non 

lytic bacterial egress is likely to represent an active biological process requiring 

physiological temperatures. In contrast molecular interactions that may mediate 

bacterial adhesion to the cell surface are generally reduced at lower 

temperatures. MDM were infected for four hours and washed to remove 

extracellular bacteria. They were then incubated at 37°C or kept on ice for one 

hour before enumerating intracellular and extracellular bacteria. I only found 

extracellular bacteria in MDM cultures incubated at 37°C in keeping with the 

hypothesis that egress was attenuated in the cold (Figure 4.5 Extracellular 

bacteria at 60mins do not arise from adherent Mtb A H37Rv mCherry were 

incubated with anti-PPD primary antibody overnight (or not), washed and 

counterstained with FITC secondary antibody and analysed by flow cytometry. B 

MDM were infected with Mtb for 4h at 37°C. Extracellular bacteria were removed 

by extensive washing three times with PBS, and media replaced for 60mins. Cells 

were incubated on ice (4°C) or at 37°C. At each time point the supernatant was 

removed and bacteria fixed in 4% PFA. Intracellular bacteria were harvested by 

washing and lysing the cells. Bacteria were enumerated by flow cytometric 

analysis. Mean + SEM 3 experiments C Example flow cytometry plots of 1 

representative experiment 
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Figure 4.6 Non-lytic egress is morphologically distinct from cellular necrosis  A MDM were 
infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed by extensive washing 
three times with PBS, and media replaced for 48 hours. Macrophages were subsequently washed 
again and media replaced. Macrophages  in 1 field of view were imaged at 2 minute intervals for 
1 hour. Panels show successive images of (i and ii) non lytic egress where infected macrophages 
release bacteria but remain intact thereafter (iii) an infected macrophage bursting open following 
cellular necrosis and releasing bacteria (iv) macrophages harbouring bacteria with no loss of 
bacteria  

Figure 4.5B and C), and that the data did not represent a detachment of residual 

adherent bacteria from surface of macrophages.  

Another explanation of this data could be that some macrophages harbouring 

bacteria may be undergoing necrosis with cell lysis, releasing bacteria into the 

extracellular milieu. This process may also be abrogated on ice, and therefore 

the lack of extracellular bacteria after 1 hour is simply a result of less cellular 

necrosis. I think this is unlikely since few cells are committed to cell death as 

identified by the live dead stain at 4 hours (Figure 4.4 Mtb egress from 

macrophages without causing host cell lysis A MDM were infected with 

H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with 

PBS to remove all extracellular bacteria (Time 0). Fresh media was added for 

60min. At both time points, uninfected and infected cell cultures were fixed with 

4% PFA. Nuclei were counterstained for DAPI and counted in each condition at 

each time point B MDM were infected with Mtb for 4h. Prior to washing, cells were 

incubated with Live/Dead stain for necrotic cells for 20min at room temperature. 

Cells were gently washed to remove the stain and fixed in 4%PFA. Cells were 

permeabilized and counterstained with DAPI + Cell Mask. White arrow heads = 

live infected MDM, Red arrowheads= dead/ dying infected MDM. C Dead/ dying 

(red) and live cells (white) were enumerated using high content microscopy. 
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Figure 4.5Figure 4.4). In addition, I would not expect necrosis to take place over 

a short time frame like 1 hour, particularly at low multiplicity of infection.  
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Figure 4.13 Extracellular bacteria at 60mins do not arise from adherent Mtb A H37Rv 
mCherry were incubated with anti-PPD primary antibody overnight (or not), washed and 
counterstained with FITC secondary antibody and analysed by flow cytometry. B MDM were 
infected with Mtb for 4h at 37°C. Extracellular bacteria were removed by extensive washing 
three times with PBS, and media replaced for 60mins. Cells were incubated on ice (4°C) or 
at 37°C. At each time point the supernatant was removed and bacteria fixed in 4% PFA. 
Intracellular bacteria were harvested by washing and lysing the cells. Bacteria were 
enumerated by flow cytometric analysis. Mean + SEM 3 experiments C Example flow 

cytometry plots of 1 representative experiment 

 

 

Figure 4.14 Non-lytic egress is morphologically distinct from cellular necrosis  A MDM 
were infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed by extensive 
washing three times with PBS, and media replaced for 48 hours. Macrophages were 
subsequently washed again and media replaced. Macrophages  in 1 field of view were imaged 
at 2 minute intervals for 1 hour. Panels show successive images of (i and ii) non lytic egress 
where infected macrophages release bacteria but remain intact thereafter (iii) an infected 
macrophage bursting open following cellular necrosis and releasing bacteria (iv) 
macrophages harbouring bacteria with no loss of bacteria  

Figure 4.15 Extracellular bacteria at 60mins do not arise from adherent Mtb A H37Rv 
mCherry were incubated with anti-PPD primary antibody overnight (or not), washed and 
counterstained with FITC secondary antibody and analysed by flow cytometry. B MDM were 
infected with Mtb for 4h at 37°C. Extracellular bacteria were removed by extensive washing 
three times with PBS, and media replaced for 60mins. Cells were incubated on ice (4°C) or 
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4.3.4 Visualisation of non-lytic Mtb egress 

Taken together my findings provided strong evidence of rapid non-lytic egress of 

Mtb from MDM. Therefore, I sought to visualize this by live cell imaging. In 

collaboration with Max Gutierrez (Francis Crick Institute), I infected MDM at high 

multiplicity (MOI 5), in order to increase the frequency of infected cells. I then 

imaged a single field of view at two minute intervals for 30 minutes, capturing red 

fluorescent and phase images at each time point (Figure 4.6 Non-lytic egress 

is morphologically distinct from cellular necrosis  A MDM were infected with 

Mtb for 4 hours at MOI 5. Extracellular bacteria were removed by extensive 

washing three times with PBS, and media replaced for 48 hours. Macrophages 

were subsequently washed again and media replaced. Macrophages  in 1 field 

of view were imaged at 2 minute intervals for 1 hour. Panels show successive 

images of (i and ii) non lytic egress where infected macrophages release bacteria 

but remain intact thereafter (iii) an infected macrophage bursting open following 

cellular necrosis and releasing bacteria (iv) macrophages harbouring bacteria 

with no loss of bacteria  

  

 

Figure 4.7  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant 
were collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria in 
each compartment  were enumerated for CFU/ml by plating on 7H10 agar in triplicate. Colonies 
were counted at 3 weeks. Mean + SEM of 3 experiments 

Figure 4.6) 

In some MDM the red fluorescent bacterial signal was preserved within the host 

cell throughout the imaging time course. I inferred that these represented 
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internalized bacteria retained within the intracellular compartment (Figure 4.6 

Non-lytic egress is morphologically distinct from cellular necrosis  A MDM 

were infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed 

by extensive washing three times with PBS, and media replaced for 48 hours. 

Macrophages were subsequently washed again and media replaced. 

Macrophages  in 1 field of view were imaged at 2 minute intervals for 1 hour. 

Panels show successive images of (i and ii) non lytic egress where infected 

macrophages release bacteria but remain intact thereafter (iii) an infected 

macrophage bursting open following cellular necrosis and releasing bacteria (iv) 

macrophages harbouring bacteria with no loss of bacteria  

  

 

Figure 4.7  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant 
were collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria in 
each compartment  were enumerated for CFU/ml by plating on 7H10 agar in triplicate. Colonies 
were counted at 3 weeks. Mean + SEM of 3 experiments 

Figure 4.6, panel iv). In another example, the loss of red fluorescence was 

associated with enlargement and then deformation of the host cell (Figure 4.6 

Non-lytic egress is morphologically distinct from cellular necrosis  A MDM 

were infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed 

by extensive washing three times with PBS, and media replaced for 48 hours. 

Macrophages were subsequently washed again and media replaced. 

Macrophages  in 1 field of view were imaged at 2 minute intervals for 1 hour. 

Panels show successive images of (i and ii) non lytic egress where infected 

macrophages release bacteria but remain intact thereafter (iii) an infected 

macrophage bursting open following cellular necrosis and releasing bacteria (iv) 
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macrophages harbouring bacteria with no loss of bacteria  

  

 

Figure 4.7  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant 
were collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria in 
each compartment  were enumerated for CFU/ml by plating on 7H10 agar in triplicate. Colonies 
were counted at 3 weeks. Mean + SEM of 3 experiments 

Figure 4.6, panel iii). I inferred that this represented a cell lysis event, which 

released the bacterial into the cell culture supernatants. In the same field of view, 

I observed two MDM, in which there was a loss of red fluorescence signal in the 

absence of any morphological changes consistent with cell lysis (Figure 4.6 Non-

lytic egress is morphologically distinct from cellular necrosis  A MDM were 

infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed by 

extensive washing three times with PBS, and media replaced for 48 hours. 

Macrophages were subsequently washed again and media replaced. 

Macrophages  in 1 field of view were imaged at 2 minute intervals for 1 hour. 

Panels show successive images of (i and ii) non lytic egress where infected 

macrophages release bacteria but remain intact thereafter (iii) an infected 

macrophage bursting open following cellular necrosis and releasing bacteria (iv) 

macrophages harbouring bacteria with no loss of bacteria  

  

 

Figure 4.7  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant 
were collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria in 
each compartment  were enumerated for CFU/ml by plating on 7H10 agar in triplicate. Colonies 
were counted at 3 weeks. Mean + SEM of 3 experiments 

Figure 4.6, panel i and ii). These host cells remained intact for the remainder of 
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the imaging.  

This experiment was conducted only once, and therefore needs repeating with 

better quality images before it is taken as conclusive evidence for visualisation of 

non-lytic egress. Ideally I would want the see the bacteria visible inside the cell, 

then crossing the plasma membrane and subsequently visible outside the cell, 

with the cell remaining intact.  

 

 

 

 

 

Figure 4.16 Non-lytic egress is morphologically distinct from cellular necrosis  A MDM 
were infected with Mtb for 4 hours at MOI 5. Extracellular bacteria were removed by extensive 
washing three times with PBS, and media replaced for 48 hours. Macrophages were 
subsequently washed again and media replaced. Macrophages  in 1 field of view were imaged 
at 2 minute intervals for 1 hour. Panels show successive images of (i and ii) non lytic egress 
where infected macrophages release bacteria but remain intact thereafter (iii) an infected 
macrophage bursting open following cellular necrosis and releasing bacteria (iv) macrophages 
harbouring bacteria with no loss of bacteria  

  

 

Figure 4.17  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
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4.3.5 Bacteria remain viable after non lytic egress 

My model for bacterial growth inside and outside the cell, is based on the premise 

that there is non-lytic egress of viable bacteria that are able to replicate. Although 

bacterial fluorescence is lost as mCherry expressing Mtb dies in the presence of 

isoniazid (Error! Reference source not found.B) the time it takes to lose 

luorescence was not known. Therefore, some non-viable bacteria may retain 

fluorescence when they are expelled from the macrophage.  I sought to test the 

hypothesis that the bacteria emerging from cells by non-lytic egress were viable. 

After infecting MDM for 4 hours, I quantitated the bacterial load in each 

compartment by CFU/ml rather than by flow cytometry. Colony counting of viable 

bacteria replicated the flow cytometry results. There was no growth of 

extracellular bacteria after washing, but viable bacteria did appear in the 

extracellular space after one hour and were associated with a concomitant 

reduction in viable intracellular bacteria (Figure 4.7  Mtb released by non-lytic 

egress are viable  MDM were infected with H37Rv mCherry for 4 hours at MOI 

1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for 60min. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria in each compartment  were enumerated for CFU/ml by 

plating on 7H10 agar in triplicate. Colonies were counted at 3 weeks. Mean + 

SEM of 3 experiments 

 

 

Figure 4.8 Incorporating non-lytic egress into the mathematical model. A MDM were infected 
with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove 
all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
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supernatant were collected and intracellular bacteria were harvested by washing and lysing cells. 
Bacteria were fixed in 4% PFA and analysed by flow cytometry. Calculated non-lytic egress rate 
as (per bug per hour) of 14 experiments. B Mathematical model incorporating non-lytic egress at 
the experimentally determined rate predicts (lines, intracellular = orange, extracellular= purple) 
the observed data (squares). Rate of Mtb uptake by macrophages and intracellular replication 
rates have been determined in silico.  

Figure 4.7  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant 
were collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria in 
each compartment  were enumerated for CFU/ml by plating on 7H10 agar in triplicate. Colonies 
were counted at 3 weeks. Mean + SEM of 3 experiments 

)
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Figure 4.19  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria in each compartment  were enumerated for CFU/ml by plating on 7H10 agar in 
triplicate. Colonies were counted at 3 weeks. Mean + SEM of 3 experiments 

 

 

Figure 4.20 Incorporating non-lytic egress into the mathematical model. A MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. Calculated non-lytic 
egress rate as (per bug per hour) of 14 experiments. B Mathematical model incorporating non-
lytic egress at the experimentally determined rate predicts (lines, intracellular = orange, 
extracellular= purple) the observed data (squares). Rate of Mtb uptake by macrophages and 
intracellular replication rates have been determined in silico.  

Figure 4.21  Mtb released by non-lytic egress are viable  MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria in each compartment  were enumerated for CFU/ml by plating on 7H10 agar in 
triplicate. Colonies were counted at 3 weeks. Mean + SEM of 3 experiments 
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4.3.6 Incorporating non-lytic egress into the mathematical model 

In Chapter 3, I described how a mathematical model to evaluate the processes 

that lead to intracellular and extracellular bacillary accumulation had predicted 

that cellular necrosis and extracellular replication alone cannot explain the 

amount of extracellular bacteria. Rather, it is non- lytic egress that makes a crucial 

contribution to extracellular bacterial burden.  

However, when we used an optimization algorithm to derive the rate of non-lytic 

egress, the rate of Mtb uptake by macrophages and the intracellular replication 

rate, we found that several parameter sets provided an equivalently good fit to 

the observed data. Moreover, the rate of uptake and the non-lytic egress rates 

were strongly correlated. We had to measure at least one of these parameters 

experimentally in order to derive the others. 

With the data from my experiments I was now able to experimentally determine 

the rate of non-lytic egress, defined by the increase in extracellular fluorescence 

over one hour as a proportion of the initial intracellular fluorescence.  We take the 

integrated fluorescence of the extracellular bacteria at 1 hour (E(t)) and subtract 

the integrated fluorescence of bacteria remaining in the post wash supernatant 

(E(0)) and compare this to the intracellular bacillary load 4 hours after infection 

(I(0)). Non-lytic egress is assumed to occur at a constant per-bacteria rate, 

resulting in exponential decay of intracellular fluorescence and an equivalent 

increase in extracellular fluorescence.  

 𝜂 = −
1

𝑡
ln (1 −

𝐸(𝑡)−𝐸(0)

𝐼(0)
)  Equation 4 
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The measured egress rate is 0.404 h-1 (Figure 4.8 Incorporating non-lytic 

egress into the mathematical model. A MDM were infected with H37Rv 

mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for 60min. Extracellular 

bacteria in the supernatant were collected and intracellular bacteria were 

harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. Calculated non-lytic egress rate as (per bug per hour) 

of 14 experiments. B Mathematical model incorporating non-lytic egress at the 

experimentally determined rate predicts (lines, intracellular = orange, 

extracellular= purple) the observed data (squares). Rate of Mtb uptake by 

macrophages and intracellular replication rates have been determined in silico.  

 

 

Figure 4.9 Estimating the rate of uptake of Mtb in silico The cell death rate, extracellular growth 
rate and non-lytic egress rate have all been determined experimentally and are fixed into the 
model. We take a set of randomly selected parameter values for the unknown parameters 
(intracellular replication and uptake rate) and run the Nelder Mead algorithm. The initial parameter 
values are optimized until the algorithm converges to the lowest SSE. This process is repeated 
50,000 times. Histogram shows the rate of uptake by macrophages (β) that gives within 1% of the 
minimum SSE (i.e. provides a good fit to the data). 

Figure 4.8A). We then incorporated this rate into the model.  

As described in Chapter 3, we used the Nelder Mead optimization algorithm to 

find the values of the remaining unknown parameters of our model (i.e. the rate 

of intracellular replication and uptake by macrophages). The cell death rate, 

extracellular replication rate and non-lytic egress rate are known from our 

experimental data.  

We took a set of randomly selected parameter values and ran the algorithm. The 

initial parameter values are optimized until the algorithm converges to the lowest 
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SSE. This process is repeated 50,000 times. We then identified the single set of 

parameter values for the intracellular replication rate and rate of uptake by 

macrophages that gives the minimum SSE. Using the egress rate estimated from 

experimental data, in combination with our other experimentally determined and 

in silico derived parameters  provides a model fit equivalently as good as when 

the egress rate was allowed to be estimated freely (Figure 4.8 Incorporating 

non-lytic egress into the mathematical model. A MDM were infected with 

H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with 

PBS to remove all extracellular bacteria. Fresh media was added for 60min. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. Calculated non-lytic egress rate as (per bug per hour) 

of 14 experiments. B Mathematical model incorporating non-lytic egress at the 

experimentally determined rate predicts (lines, intracellular = orange, 

extracellular= purple) the observed data (squares). Rate of Mtb uptake by 

macrophages and intracellular replication rates have been determined in silico.  

 

 

Figure 4.9 Estimating the rate of uptake of Mtb in silico The cell death rate, extracellular growth 
rate and non-lytic egress rate have all been determined experimentally and are fixed into the 
model. We take a set of randomly selected parameter values for the unknown parameters 
(intracellular replication and uptake rate) and run the Nelder Mead algorithm. The initial parameter 
values are optimized until the algorithm converges to the lowest SSE. This process is repeated 
50,000 times. Histogram shows the rate of uptake by macrophages (β) that gives within 1% of the 
minimum SSE (i.e. provides a good fit to the data). 

Figure 4.8B)  

The model had predicted the presence of an alternative process (non-lytic 

egress) by which Mtb accumulate extracellularly. Here, I validated the model 
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findings by showing that this process occurs experimentally and the rate at which 

we find non-lytic egress to occur is able to describe our observed data. This built 

confidence in both our modelling and experimental strategies.   

  

Figure 4.22 Incorporating non-lytic egress into the mathematical model. A MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. Calculated non-lytic 
egress rate as (per bug per hour) of 14 experiments. B Mathematical model incorporating non-
lytic egress at the experimentally determined rate predicts (lines, intracellular = orange, 
extracellular= purple) the observed data (squares). Rate of Mtb uptake by macrophages and 
intracellular replication rates have been determined in silico.  

 

 

Figure 4.23 Estimating the rate of uptake of Mtb in silico The cell death rate, extracellular 
growth rate and non-lytic egress rate have all been determined experimentally and are fixed into 
the model. We take a set of randomly selected parameter values for the unknown parameters 
(intracellular replication and uptake rate) and run the Nelder Mead algorithm. The initial 
parameter values are optimized until the algorithm converges to the lowest SSE. This process 
is repeated 50,000 times. Histogram shows the rate of uptake by macrophages (β) that gives 
within 1% of the minimum SSE (i.e. provides a good fit to the data). 

Figure 4.24 Incorporating non-lytic egress into the mathematical model. A MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. Calculated non-lytic 
egress rate as (per bug per hour) of 14 experiments. B Mathematical model incorporating non-
lytic egress at the experimentally determined rate predicts (lines, intracellular = orange, 
extracellular= purple) the observed data (squares). Rate of Mtb uptake by macrophages and 
intracellular replication rates have been determined in silico.  
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In Chapter 3 I showed that the rates of non-lytic egress and bacterial uptake are 

strongly correlated, and I needed to find the rate of one of these parameters in 

vitro before the other could be determined.  

Having fixed the non-lytic egress rate at 0.404 h-1, I set out to determine the rate 

of Mtb uptake. The Nelder Mead algorithm (run above) had given us 50,000 

parameter values with their associated SSE. We identified the parameter set with 

the lowest SSE. This gave us the model’s determination of the best fit for β (the 

rate of Mtb uptake by macrophages) as 0.226 h-1. A histogram demonstrating the 

value of β which gives within 1% of the lowest SSE is shown in Figure 4.9 

Estimating the rate of uptake of Mtb in silico The cell death rate, extracellular 

growth rate and non-lytic egress rate have all been determined experimentally 

and are fixed into the model. We take a set of randomly selected parameter 

values for the unknown parameters (intracellular replication and uptake rate) and 

run the Nelder Mead algorithm. The initial parameter values are optimized until 

the algorithm converges to the lowest SSE. This process is repeated 50,000 

times. Histogram shows the rate of uptake by macrophages (β) that gives within 

1% of the minimum SSE (i.e. provides a good fit to the data). 

 

 

Figure 4.10 Estimating the intracellular growth rate of Mtb in silico The cell 

death rate, extracellular growth rate and non-lytic egress rate have all been 

determined experimentally and are fixed into the model. We take a set of 

randomly selected parameter values for the unknown parameters (intracellular 

replication and uptake rate) and run the Nelder Mead algorithm. The initial 

parameter values are optimized until the algorithm converges to the lowest SSE. 
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This process is repeated 50,000 times. Histogram shows the intracellular 

replication rate (rI) that gives within 1% of the minimum SSE (i.e. provides a good 

fit to the data).Figure 4.9. The range of values is very narrow (0.225 - 0.227 h-1), 

further building confidence in the parameterization of the model.  Interestingly, I 

noted that the rate of uptake of macrophages is slower than the rate of non-lytic 

egress.  

 

  

Figure 4.25 Estimating the rate of uptake of Mtb in silico The cell death rate, extracellular 
growth rate and non-lytic egress rate have all been determined experimentally and are fixed 
into the model. We take a set of randomly selected parameter values for the unknown 
parameters (intracellular replication and uptake rate) and run the Nelder Mead algorithm. The 
initial parameter values are optimized until the algorithm converges to the lowest SSE. This 
process is repeated 50,000 times. Histogram shows the rate of uptake by macrophages (β) that 
gives within 1% of the minimum SSE (i.e. provides a good fit to the data). 

 

 

Figure 4.26 Estimating the intracellular growth rate of Mtb in silico The cell death rate, 
extracellular growth rate and non-lytic egress rate have all been determined experimentally and 
are fixed into the model. We take a set of randomly selected parameter values for the unknown 
parameters (intracellular replication and uptake rate) and run the Nelder Mead algorithm. The 
initial parameter values are optimized until the algorithm converges to the lowest SSE. This 
process is repeated 50,000 times. Histogram shows the intracellular replication rate (rI) that 
gives within 1% of the minimum SSE (i.e. provides a good fit to the data).Figure 4.27 Estimating 
the rate of uptake of Mtb in silico The cell death rate, extracellular growth rate and non-lytic 
egress rate have all been determined experimentally and are fixed into the model. We take a 
set of randomly selected parameter values for the unknown parameters (intracellular replication 
and uptake rate) and run the Nelder Mead algorithm. The initial parameter values are optimized 
until the algorithm converges to the lowest SSE. This process is repeated 50,000 times. 
Histogram shows the rate of uptake by macrophages (β) that gives within 1% of the minimum 
SSE (i.e. provides a good fit to the data). 
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4.3.7 Equivalent intracellular and extracellular rate of growth 

I hypothesized that growth of Mtb is restricted within the macrophage, and 

escaping the host cell into the extracellular milieu (by non-lytic egress or cellular 

necrosis) is beneficial to Mtb because it facilitates replication. In order to test this 

hypothesis I used the mathematical model to predict the intracellular replication 

rate of Mtb (rII). 

The Nelder Mead algorithm (run above) had given us 50,000 parameter values 

with their associated SSE. We identified the parameter set with the lowest SSE. 

This gave us the model’s determination of the best fit for rII as 0.023 h-1, 

representing a doubling time 31 hours. A histogram demonstrating the values of 

rII which gives within 1% of the lowest SSE is shown in Figure 4.10 Estimating 

the intracellular growth rate of Mtb in silico The cell death rate, extracellular 

growth rate and non-lytic egress rate have all been determined experimentally 

and are fixed into the model. We take a set of randomly selected parameter 

values for the unknown parameters (intracellular replication and uptake rate) and 

run the Nelder Mead algorithm. The initial parameter values are optimized until 

the algorithm converges to the lowest SSE. This process is repeated 50,000 

times. Histogram shows the intracellular replication rate (rI) that gives within 1% 

of the minimum SSE (i.e. provides a good fit to the data). 

 

Figure 5.1 Non-lytic egress is not dependent on MOI. A MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1, 5 or 10. Cultures were washed three times with PBS to remove all 
extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant 
were collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria 
were fixed in 4% PFA and analysed by flow cytometry Mean + SEM 4 experiments. B MDM were 
infected with H37Rv mCherry for 4 hours at MOI 0, 1, 5 or 10. Cultures were washed three times 
with PBS to remove all extracellular bacteria. Fresh media  was added for 180min. Cells were 
fixed in 4% PFA. Nuclei were counterstained for DAPI and counted using Hermes microscope. 
Data analysed by Metamorph software. 
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Figure 4.10. In contrast to my hypothesis, these data suggested that Mtb 

replication was not significantly different inside and outside the cell. 

 

Figure 4.28 Estimating the intracellular growth rate of Mtb in silico The cell death rate, 
extracellular growth rate and non-lytic egress rate have all been determined experimentally and 
are fixed into the model. We take a set of randomly selected parameter values for the unknown 
parameters (intracellular replication and uptake rate) and run the Nelder Mead algorithm. The 
initial parameter values are optimized until the algorithm converges to the lowest SSE. This 
process is repeated 50,000 times. Histogram shows the intracellular replication rate (rI) that 
gives within 1% of the minimum SSE (i.e. provides a good fit to the data). 

 

Figure 4.29 Non-lytic egress is not dependent on MOI. A MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1, 5 or 10. Cultures were washed three times with PBS to remove 
all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry Mean + SEM 4 
experiments. B MDM were infected with H37Rv mCherry for 4 hours at MOI 0, 1, 5 or 10. 
Cultures were washed three times with PBS to remove all extracellular bacteria. Fresh media  
was added for 180min. Cells were fixed in 4% PFA. Nuclei were counterstained for DAPI and 
counted using Hermes microscope. Data analysed by Metamorph software. 

 

Figure 4.30 Estimating the intracellular growth rate of Mtb in silico The cell death rate, 
extracellular growth rate and non-lytic egress rate have all been determined experimentally and 
are fixed into the model. We take a set of randomly selected parameter values for the unknown 
parameters (intracellular replication and uptake rate) and run the Nelder Mead algorithm. The 
initial parameter values are optimized until the algorithm converges to the lowest SSE. This 
process is repeated 50,000 times. Histogram shows the intracellular replication rate (rI) that 
gives within 1% of the minimum SSE (i.e. provides a good fit to the data). 
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4.4 Discussion 

Here I demonstrate the non-lytic escape of Mtb from human macrophages 

experimentally in our model of early host-pathogen interactions (prior to the 

development of an adaptive immune response). 

Cellular escape is intimately linked with the ability of microorganisms to infect 

neighbouring cells and be transmitted to new hosts (Hybiske and Stephens, 

2008). Because of the strong evolutionary pressure to disseminate, several other 

organisms have evolved diverse strategies to exit their intracellular habitat, 

including Mm and Mtb from amoeba (Friedrich et al., 2012; Hagedorn et al., 2009; 

Hybiske and Stephens, 2008). Mtb has never been shown to display this 

behaviour from human macrophages, but the evidence presented herein, support 

the notion Mtb also utilizes lytic and non-lytic strategies to facilitate its own 

survival. In this regard, my finding that Mtb is viable following non-lytic egress is 

crucial, since these bacteria are able to spread infection to new cells, and 

replicate within the extracellular space.  

My findings rely upon both the adequate removal of extracellular bacteria prior to 

measuring bacterial loads when assessing for egress, and the accuracy of my 

measurements of cell death to ensure infected cell lysis was not contributing to 

extracellular bacillary accumulation. The former is achieved by extensive washing 

of the macrophage culture, widely accepted as an effective method of removing 

adherent and non-adherent bacilli (Lee et al., 2013; Lerner et al., 2017). Some 

groups employ aminoglycoside antibiotics to kill extracellular bacteria (Blischak 

et al., 2015). I show both by flow cytometric analysis of the post wash 

supernatant, and the lack of egress demonstrated by Mtb at 4°C, that extensive 
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washing is adequate to remove extracellular bacteria in this experimental system. 

Cellular necrosis leading to release of bacteria is unlikely given the short time 

course over which I conduct my experiments. My data showing that the cell 

numbers do not change over this period of time, and that less than 1% of infected 

cells are dying and capable of releasing bacteria, confidently allow me to 

conclude that Mtb escapes from MDM by non-lytic egress rather than a cytolysis 

dependent process.  

The live cell imaging is highly suggestive of non-lytic egress. Several different 

morphological characteristics of cells infected with Mtb can be visualized in the 

same field of view, including the loss of mCherry fluorescence from two cells 

which remained intact thereafter. The loss of Mtb fluorescence from the 

macrophages is unlikely to represent bacterial killing because we know that the 

total fluorescence in the intracellular and extracellular compartments stays 

constant over this time frame. Unfortunately, due to technical limitations, only 1 

field of view could be imaged at one time, and each frame taken 2 minutes apart. 

Therefore the chances of catching bacterial egress where we see the bacteria 

exit the cell and appear in the supernatant thereafter (as demonstrated with 

C.neoformans (Johnston and May, 2010)) were extremely low.  

Since Mtb is able to survive outside of its host cell, and this confers some survival 

advantages (transmission and spread of infection), it would be useful to 

understand the niche in which it prefers to replicate, which has never been directly 

addressed in the literature. Since the ultimate aim in the treatment of TB disease 

is to achieve sterilization of bacteria, knowledge of Mtb’s preferred growth 

environment, as well as the specific pathways of pathogen exit would allow 
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targeting of therapies to achieve optimal bacterial clearance. 

The results of our mathematical model suggest that Mtb has an intracellular 

doubling time of 31 hours, equivalent to its extracellular doubling time of 31.7. I 

had initially hypothesized that live macrophages would be somewhat restrictive 

to Mtb growth, given the various lines of evidence that suggest this might be the 

case (Clay et al., 2007; Fabri et al., 2011; Lerner et al., 2017; Mahamed et al., 

2017). In the important study by Mahamed et al where Mtb was tracked in single 

macrophages over time, live macrophages were found to be growth restrictive 

(doubling time >100 hours) compared to the extracellular milieu (doubling time 

32 hours). The conflict between our data and this study may be explained by the 

fact that their intracellular growth rate of Mtb was underestimated because they 

did not account for non-lytic egress, thus not capturing bacteria that had grown 

within the cell and subsequently escaped. 

My findings are more aligned with data from several other papers where 

macrophages have been shown to facilitate Mtb growth. One such example is 

mouse alveolar macrophages in vivo, where Huang et al were able to 

demonstrate the metabolic fitness of Mtb in these cells (Huang et al., 2018); also 

in zebrafish larvae, incoming phagocytes recruited to the early granuloma are 

growth permissive (Cambier et al., 2014).  

If the intracellular environment does facilitate growth, what then is the advantage 

to Mtb of leaving the host cell? In our model, the growth rate outside the cell offers 

no survival advantage. Mtb does not necessarily even need to be extracellular in 

order to spread infection as other virulent mycobacteria have been shown to 

participate in direct cell- cell transfer. However, becoming extracellular is likely to 
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be a much more efficient way in which to propagate infection (Hybiske and 

Stephens, 2008; Weddle and Agaisse, 2018). Just as host cell lysis and release 

of viable Mtb is thought to be crucial to the spread of infection to new cells (Behar 

et al., 2010), the extracellular non-lytic ejection of Mm from amoeba is directly 

correlated with spreading infection (Hagedorn et al., 2009).  
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5 MECHANISM OF NON- LYTIC EGRESS OF MTB 

5.1 Introduction 

In Chapter 4 I showed that Mtb is able to escape from human macrophages by 

non-lytic egress.  

In this chapter, I sought to understand the mechanism by which Mtb might escape 

the macrophage. In amoeba, mycobacterial egress is dependent on both the 

bacterial virulence factor ESAT-6, and the  host small GTPase RacH (Hagedorn 

et al., 2009). Mycobacteria are ejected through an actin dense structure termed 

the ejectosome, though not propelled by actin tails.  

Non-lytic egress of Mtb from human macrophages could be driven by bacterial 

factors, just as phagosomal egress of Mtb seems to be driven by the ESX-1 

secretion system (Houben et al., 2012; Simeone et al., 2012). I tested a range of 

different bacterial conditions which might affect the rate of non-lytic egress, for 

example, the multiplicity of infection and the aggregation status of bacteria. I also 

sought to test the hypothesis that dead bacteria do not egress from macrophages, 

just as non-lytic expulsion of Cryptococci only occurs with live organisms (Ma et 

al., 2006). Finally, because both necrotic cell death (Behar et al., 2010; Chen et 

al., 2006; Hsu et al., 2003) and phagosomal egress of Mtb (Simeone et al., 2012) 

seem to be associated with virulence, I tested the hypothesis that Mtb non-lytic 

egress was also associated with virulence, by looking for this behaviour in the 

avirulent BCG.  

In Chapter 4 I showed that non-lytic egress seems to be driven by an active 

cellular process since it can be blocked on ice. I therefore hypothesized that the 
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host cell machinery governing the movement of organelles was involved in non-

lytic egress, e.g. the actin cytoskeleton or microtubule network. 

In Chapter 4 I found that the intracellular and extracellular environments are 

equally growth permissive to Mtb, at least in our in vitro model. However, within 

the context of a single tuberculous granuloma, and between different granuloma, 

macrophages have been shown to display a spectrum of pro- and anti- 

inflammatory phenotypes (Cadena et al., 2017; Lin et al., 2014; Marakalala et al., 

2016). Since Mtb growth within macrophages has been shown to be restricted in 

certain macrophage populations (Cambier et al., 2017; Huang et al., 2018), in 

particular after activation with IFNγ (Fabri et al., 2011), I sought to test the 

hypothesis that IFNγ priming of macrophages may increase the rate of non-lytic 

egress, as Mtb tries to escape a more restrictive intracellular environment.   



181 
 

5.2 Objectives 

1. To understand whether Mtb egress is associated with virulence and which 

bacterial factors might be involved in the non-lytic egress of Mtb 

2. To determine which host factors might be involved in non-lytic egress of 

Mtb- specifically to test the actin cytoskeleton or microtubule network  

3. To determine if IFNy mediated modification of the host macrophage 

phenotype might increase the rate of Mtb egress
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5.3 Results 

5.3.1 Non-lytic egress is not dependent on the MOI 

Necrosis of infected cells is thought to occur at high MOI. I hypothesized that, at 

low MOI, early on in infection and before Mtb reaches its ‘burst threshold’ of 10-

25 bacteria (Park, 2005; Repasy et al., 2013; Welin et al., 2011), non-lytic egress 

may be the only strategy by which the bacteria can escape the macrophage and 

disseminate infection.  

I addressed my hypothesis by infecting MDM for four hours at MOI 1, 5 and 10 

and washed off any remaining extracellular bacteria. I then quantified intracellular 

and extracellular bacteria after one hour. I found an increase in extracellular Mtb 

equivalent to the decrease in intracellular Mtb at all MOIs (Figure 5.1 Non-lytic 

egress is not dependent on MOI. A MDM were infected with H37Rv mCherry 

for 4 hours at MOI 1, 5 or 10. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for 60min. Extracellular 

bacteria in the supernatant were collected and intracellular bacteria were 

harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry Mean + SEM 4 experiments. B MDM were infected 

with H37Rv mCherry for 4 hours at MOI 0, 1, 5 or 10. Cultures were washed three 

times with PBS to remove all extracellular bacteria. Fresh media  was added for 

180min. Cells were fixed in 4% PFA. Nuclei were counterstained for DAPI and 

counted using Hermes microscope. Data analysed by Metamorph software. 
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Figure 5.2 Non-lytic egress is not dependent on the aggregation status of 

Mtb. A and B One aliquot of Mtb suspension cultured in 7H9 containing Tween 

was fixed in 4% PFA. Another aliquot of the same Mtb suspension was 

centrifuged to a pellet and subsequently subjected to disaggregation using glass 

beads. The pellet was resuspended in 7H9 media fixed in 4% PFA. Both 

suspensions were analysed by flow cytometry. Histograms showing the 

distribution of fluorescence and size (FSC) of Mtb before and after 

disaggregation. C MDM were infected with aggregated or disaggregated H37Rv 

mCherry for 4 hours. Cultures were washed three times with PBS to remove all 

extracellular bacteria. Fresh media was added for one hour. Extracellular bacteria 

in the supernatant were collected and intracellular bacteria were harvested by 

washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 

cytometry. The rate of non-lytic egress in each condition was calculated. Mean + 

SEM 3 experiments.Figure 5.1A). 

Since at higher MOI it might be necrotic cell death rather than non-lytic egress 

contributing to the accumulation of extracellular bacteria, I sought to test if there 

was any evidence of cell death. I enumerated adherent cells after four hours 

infection and 180 mins later. This analysis showed no significant loss of cells at 

MOI 1 or 5. However, at MOI 10, there was, as expected, a small but non-

significant attrition in cell number (Figure 5.1 Non-lytic egress is not dependent 

on MOI. A MDM were infected with H37Rv mCherry for 4 hours at MOI 1, 5 or 

10. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for 60min. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry 
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Mean + SEM 4 experiments. B MDM were infected with H37Rv mCherry for 4 

hours at MOI 0, 1, 5 or 10. Cultures were washed three times with PBS to remove 

all extracellular bacteria. Fresh media  was added for 180min. Cells were fixed in 

4% PFA. Nuclei were counterstained for DAPI and counted using Hermes 

microscope. Data analysed by Metamorph software. 

 

 

 

Figure 5.2 Non-lytic egress is not dependent on the aggregation status of 

Mtb. A and B One aliquot of Mtb suspension cultured in 7H9 containing Tween 

was fixed in 4% PFA. Another aliquot of the same Mtb suspension was 

centrifuged to a pellet and subsequently subjected to disaggregation using glass 

beads. The pellet was resuspended in 7H9 media fixed in 4% PFA. Both 

suspensions were analysed by flow cytometry. Histograms showing the 

distribution of fluorescence and size (FSC) of Mtb before and after 

disaggregation. C MDM were infected with aggregated or disaggregated H37Rv 

mCherry for 4 hours. Cultures were washed three times with PBS to remove all 

extracellular bacteria. Fresh media was added for one hour. Extracellular bacteria 

in the supernatant were collected and intracellular bacteria were harvested by 

washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 

cytometry. The rate of non-lytic egress in each condition was calculated. Mean + 

SEM 3 experiments.Figure 5.1B).  

From these data I concluded that Mtb does display non-lytic egress even at higher 

MOIs. However above a certain threshold (approximately 10 bacteria per cell), 

there may be a combination of both cell death and non-lytic egress contributing 
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to extracellular bacterial burden, though further data are required to support this 

hypothesis.  

Figure 5.1 Non-lytic egress is not dependent on MOI. A MDM were infected with H37Rv 
mCherry for 4 hours at MOI 1, 5 or 10. Cultures were washed three times with PBS to remove 
all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry Mean + SEM 4 
experiments. B MDM were infected with H37Rv mCherry for 4 hours at MOI 0, 1, 5 or 10. 
Cultures were washed three times with PBS to remove all extracellular bacteria. Fresh media  
was added for 180min. Cells were fixed in 4% PFA. Nuclei were counterstained for DAPI and 
counted using Hermes microscope. Data analysed by Metamorph software. 

 

 

 

Figure 5.2 Non-lytic egress is not dependent on the aggregation status of Mtb. A and B 
One aliquot of Mtb suspension cultured in 7H9 containing Tween was fixed in 4% PFA. Another 
aliquot of the same Mtb suspension was centrifuged to a pellet and subsequently subjected to 
disaggregation using glass beads. The pellet was resuspended in 7H9 media fixed in 4% PFA. 
Both suspensions were analysed by flow cytometry. Histograms showing the distribution of 
fluorescence and size (FSC) of Mtb before and after disaggregation. C MDM were infected with 
aggregated or disaggregated H37Rv mCherry for 4 hours. Cultures were washed three times 
with PBS to remove all extracellular bacteria. Fresh media was added for one hour. Extracellular 
bacteria in the supernatant were collected and intracellular bacteria were harvested by washing 
and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. The rate of 
non-lytic egress in each condition was calculated. Mean + SEM 3 experiments.Figure 5.3 Non-
lytic egress is not dependent on MOI. A MDM were infected with H37Rv mCherry for 4 hours 
at MOI 1, 5 or 10. Cultures were washed three times with PBS to remove all extracellular 
bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant were 
collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria were 
fixed in 4% PFA and analysed by flow cytometry Mean + SEM 4 experiments. B MDM were 
infected with H37Rv mCherry for 4 hours at MOI 0, 1, 5 or 10. Cultures were washed three 
times with PBS to remove all extracellular bacteria. Fresh media  was added for 180min. Cells 
were fixed in 4% PFA. Nuclei were counterstained for DAPI and counted using Hermes 
microscope. Data analysed by Metamorph software. 
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5.3.2 Non-lytic egress is not dependent on the aggregation status of Mtb 

Mycobacteria display a highly conserved morphotype on solid culture and in liquid 

media, remaining attached during replication, forming compact colonies 

containing structures that resemble cords (Howard et al., 2006; Julián et al., 

2010). Clumps and cords are not laboratory artefacts; the presence of the clumps 

and cords of M.abscessus (Bernut et al., 2014) and Mm (Clay et al., 2008) have 

been reported in zebrafish, and BCG in mouse splenic granulomas (Ufimtseva, 

2015) 

However, in most laboratories, infection studies are conducted using 

homogeneous bacterial suspensions containing isolated bacilli. To obtain non-

aggregated cultures, mycobacteria are cultured in media containing detergents, 

such as Tween, and subsequently subjected to physical disaggregation 

procedures to obtain a homogeneous suspension of isolated bacilli (Lerner et al., 

2017; Takaki et al., 2013). 

Because it is likely that macrophages interact with clumps of Mtb and not with 

single isolated bacteria in the human host, in our group Mtb is cultured in Tween 

to disperse the largest of clumps but no physical disaggregation is performed 

prior to infection (Bell et al., 2016; Tomlinson et al., 2014). 

In a study by Mahamed et al, human macrophages containing larger clumps of 

bacteria induced cellular necrosis, whereas smaller clumps and single bacteria 

did not. Similar to my initial hypothesis regarding non-lytic egress and the MOI, I 

hypothesized that larger clumps would induce necrosis, while single bacteria my 

display a higher rate of non-lytic egress, because this may be a more efficient 

way for them to exit the cell and spread infection (Mahamed et al., 2017). 
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I first determined that physical disaggregation by glass beads was able to 

generate a more homogenous suspension of Mtb. Using established protocols 

(Lerner et al., 2017) I showed by FACS that Mtb could be disaggregated to single 

bacteria or smaller clumps, as evidence by a reduction in both mCherry 

fluorescence and size by FSC (Figure 5.2 Non-lytic egress is not dependent 

on the aggregation status of Mtb. A and B One aliquot of Mtb suspension 

cultured in 7H9 containing Tween was fixed in 4% PFA. Another aliquot of the 

same Mtb suspension was centrifuged to a pellet and subsequently subjected to 

disaggregation using glass beads. The pellet was resuspended in 7H9 media 

fixed in 4% PFA. Both suspensions were analysed by flow cytometry. Histograms 

showing the distribution of fluorescence and size (FSC) of Mtb before and after 

disaggregation. C MDM were infected with aggregated or disaggregated H37Rv 

mCherry for 4 hours. Cultures were washed three times with PBS to remove all 

extracellular bacteria. Fresh media was added for one hour. Extracellular bacteria 

in the supernatant were collected and intracellular bacteria were harvested by 

washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 

cytometry. The rate of non-lytic egress in each condition was calculated. Mean + 

SEM 3 experiments. 

 

 

Figure 5.3 Non-lytic egress is associated with virulence. MDM were infected 

with BCG dsRed for four hours. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for 60min. Extracellular 

bacteria in the supernatant were collected and intracellular bacteria were 

harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 
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analysed by flow cytometry Mean + SEM 5 experiments.Figure 5.2A). 

I then infected MDM for four hours with both types of bacterial suspension, and 

washed off any remaining extracellular bacteria. I quantified intracellular and 

extracellular bacteria after one hour (Figure 5.2 Non-lytic egress is not 

dependent on the aggregation status of Mtb. A and B One aliquot of Mtb 

suspension cultured in 7H9 containing Tween was fixed in 4% PFA. Another 

aliquot of the same Mtb suspension was centrifuged to a pellet and subsequently 

subjected to disaggregation using glass beads. The pellet was resuspended in 

7H9 media fixed in 4% PFA. Both suspensions were analysed by flow cytometry. 

Histograms showing the distribution of fluorescence and size (FSC) of Mtb before 

and after disaggregation. C MDM were infected with aggregated or 

disaggregated H37Rv mCherry for 4 hours. Cultures were washed three times 

with PBS to remove all extracellular bacteria. Fresh media was added for one 

hour. Extracellular bacteria in the supernatant were collected and intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. The rate of non-lytic egress in each 

condition was calculated. Mean + SEM 3 experiments. 

 

 

Figure 5.3 Non-lytic egress is associated with virulence. MDM were infected 

with BCG dsRed for four hours. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for 60min. Extracellular 

bacteria in the supernatant were collected and intracellular bacteria were 

harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry Mean + SEM 5 experiments.Figure 5.2B). As detailed 
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in Chapter 2, non-lytic egress is calculated using the following equation: 

𝜂 = −
1

𝑡
ln (1 −

𝐸(𝑡)−𝐸(0)

𝐼(0)
)   

Essentially this equation uses the amount of extracellular bacteria that appear 

after 1 hour as a proportion of the initial intracellular bacillary burden to derive 

rate of non-lytic egress per bug per hour.  

 Non-lytic egress occurs at similar rates in single and clumped suspensions of 

Mtb (Figure 5.2 Non-lytic egress is not dependent on the aggregation status 

of Mtb. A and B One aliquot of Mtb suspension cultured in 7H9 containing Tween 

was fixed in 4% PFA. Another aliquot of the same Mtb suspension was 

centrifuged to a pellet and subsequently subjected to disaggregation using glass 

beads. The pellet was resuspended in 7H9 media fixed in 4% PFA. Both 

suspensions were analysed by flow cytometry. Histograms showing the 

distribution of fluorescence and size (FSC) of Mtb before and after 

disaggregation. C MDM were infected with aggregated or disaggregated H37Rv 

mCherry for 4 hours. Cultures were washed three times with PBS to remove all 

extracellular bacteria. Fresh media was added for one hour. Extracellular bacteria 

in the supernatant were collected and intracellular bacteria were harvested by 

washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 

cytometry. The rate of non-lytic egress in each condition was calculated. Mean + 

SEM 3 experiments. 

 

 

Figure 5.3 Non-lytic egress is associated with virulence. MDM were infected 
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with BCG dsRed for four hours. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for 60min. Extracellular 

bacteria in the supernatant were collected and intracellular bacteria were 

harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry Mean + SEM 5 experiments.Figure 5.2C). There is 

however, as expected, less variation in the data using disaggregated 

suspensions of Mtb.  

I concluded that Mtb non-lytic egress was not dependent on the whether the 

bacteria infecting the macrophages were singular or in aggregates.        
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Figure 5.4 Non-lytic egress is not dependent on the aggregation status of Mtb. A and B One 
aliquot of Mtb suspension cultured in 7H9 containing Tween was fixed in 4% PFA. Another aliquot 
of the same Mtb suspension was centrifuged to a pellet and subsequently subjected to 
disaggregation using glass beads. The pellet was resuspended in 7H9 media fixed in 4% PFA. 
Both suspensions were analysed by flow cytometry. Histograms showing the distribution of 
fluorescence and size (FSC) of Mtb before and after disaggregation. C MDM were infected with 
aggregated or disaggregated H37Rv mCherry for 4 hours. Cultures were washed three times with 
PBS to remove all extracellular bacteria. Fresh media was added for one hour. Extracellular 
bacteria in the supernatant were collected and intracellular bacteria were harvested by washing 
and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. The rate of non-
lytic egress in each condition was calculated. Mean + SEM 3 experiments. 

 

 

Figure 5.5 Non-lytic egress is associated with virulence. MDM were infected with BCG dsRed 
for four hours. Cultures were washed three times with PBS to remove all extracellular bacteria. 
Fresh media was added for 60min. Extracellular bacteria in the supernatant were collected and 
intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA 
and analysed by flow cytometry Mean + SEM 5 experiments.Figure 5.6 Non-lytic egress is not 
dependent on the aggregation status of Mtb. A and B One aliquot of Mtb suspension cultured 
in 7H9 containing Tween was fixed in 4% PFA. Another aliquot of the same Mtb suspension was 
centrifuged to a pellet and subsequently subjected to disaggregation using glass beads. The pellet 
was resuspended in 7H9 media fixed in 4% PFA. Both suspensions were analysed by flow 
cytometry. Histograms showing the distribution of fluorescence and size (FSC) of Mtb before and 
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5.3.3 Non-lytic egress of Mtb is associated with virulence 

In order to test whether a specific behaviour by mycobacteria is associated with 

virulence, virulent Mtb such as H37Rv is often compared to avirulent M.bovis 

BCG, or other less virulent mycobacterial strains like M.avium. Mm and Mtb, but 

not M.avium have been shown to egress from amoeba (Hagedorn et al., 2009). I 

therefore hypothesized that the non-lytic egress of mycobacteria from human 

macrophages is also associated with virulence and that the attenuated BCG 

would not display this behaviour.  

The main genetic modification involved in the attenuation of BCG is the deletion 

of RD1 (Brosch et al., 2002). RD1 encodes two strong immunogenic antigens 

and virulence factors—ESAT-6 and the culture filtrate protein (CFP-10)—as well 

as several structural components of the ESX-1 secretion system (Simeone et al., 

2009).  

I infected MDM with dsRed BCG for 4 hours, and looked for the appearance of 

extracellular bacteria both 60 mins and 180 mins later. I used these two different 

timepoints because I reasoned that the kinetics of non-lytic egress may differ 

between virulent and avirulent strains. While the intracellular burden of mCherry 

Mtb decreases within 60 minutes, accompanied by the appearance of 

extracellular bacteria, this is not the case for BCG. The intracellular bacillary load 

remains constant over time (Figure 5.3 Non-lytic egress is associated with 

virulence. MDM were infected with BCG dsRed for four hours. Cultures were 

washed three times with PBS to remove all extracellular bacteria. Fresh media 

was added for 60min. Extracellular bacteria in the supernatant were collected and 

intracellular bacteria were harvested by washing and lysing cells. Bacteria were 
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fixed in 4% PFA and analysed by flow cytometry Mean + SEM 5 experiments.  

 

 

Figure 5.4 Non-lytic egress occurs with heat killed bacteria. A Bacterial 

suspension at log phase was heated to 80°C in a dry heat block for 30 minutes. 

Representative FACS plots of bacterial suspensions pre (Mtb) and post (HKMtb) 

heat killing. B MDM were infected with live or heat killed H37Rv mCherry for four 

hours. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. 

C The rate of non-lytic egress in each condition was calculated. Mean + SEM 4 

experiments.Figure 5.3). 

I concluded that non-lytic egress of Mtb from the host cell may therefore be 

associated with its virulence. 
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Figure 5.7 Non-lytic egress is associated with virulence. MDM were infected with BCG 
dsRed for four hours. Cultures were washed three times with PBS to remove all extracellular 
bacteria. Fresh media was added for 60min. Extracellular bacteria in the supernatant were 
collected and intracellular bacteria were harvested by washing and lysing cells. Bacteria were 
fixed in 4% PFA and analysed by flow cytometry Mean + SEM 5 experiments.  

 

 

Figure 5.8 Non-lytic egress occurs with heat killed bacteria. A Bacterial suspension at log 
phase was heated to 80°C in a dry heat block for 30 minutes. Representative FACS plots of 
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5.3.4 Non-lytic egress occurs with heat killed bacteria 

Heat killing of Mtb deactivates the bacteria but heat killed Mtb (HKMtb) is still able 

to activate TLR2 (Underhill et al., 1999) and other PRRs (Ishikawa et al., 2009), 

and elicit cytokine responses in macrophages (Underhill et al., 1999). Other Mtb- 

macrophage interactions require the presence of live bacteria, such as blockade 

of phagolysosomal fusion (Ramachandra et al., 2001), modulation of  antigen 

presentation (Clemens and Horwitz, 1996; Ramachandra et al., 2001; Steffen 

Stenger et al., 1998) and phagosomal rupture. The non-lytic expulsion of 

Cryptococci from macrophages is dependent on the presence of the live 

pathogen. I therefore sought to test the hypothesis that non-lytic egress of Mtb 

occurs with live, but not HKMtb.   

Heat killing was achieved using established methods (Doig, 2002) by incubating 

the bacteria in a dry heat block for 30 mins at 80°C. Under these conditions 

growth on both solid agar and liquid broth was absent after 8 weeks. However, 

HKMtb retained mCherry fluorescence and therefore bacteria could be 

quantitated by flow cytometry (Figure 5.4 Non-lytic egress occurs with heat 

killed bacteria. A Bacterial suspension at log phase was heated to 80°C in a dry 

heat block for 30 minutes. Representative FACS plots of bacterial suspensions 

pre (Mtb) and post (HKMtb) heat killing. B MDM were infected with live or heat 

killed H37Rv mCherry for four hours. Cultures were washed three times with PBS 

to remove all extracellular bacteria. Fresh media was added for one hour. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. C The rate of non-lytic egress in each condition was 
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calculated. Mean + SEM 4 experiments. 

 

 

Figure 5.5 Blocking non-lytic egress using Cytochalasin D. A MDM were pre-

treated with Cytochalasin D (CytoD) for one hour prior to, and during infection 

with Mtb. After 4 hours, internalized bacteria were measured by washing and 

lysing the cells and fixing in 4% PFA B MDM infected for four hours. Cells were 

washed and treated with 10µM CytoD or vehicle control (DMSO) for one hour. 

Cultures were washed again three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour with or without the inhibitor. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. C The rate of non-lytic egress in each condition was 

calculated. Mean + SEM 4 experiments. D MDM infected for four hours. Cells 

were washed and treated with 10µM CytoD or vehicle control (DMSO) for one 

hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and 

fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and counted 

using Hermes microscope. Data analysed by Metamorph software to enumerate 

the number of cells in each condition as a percentage of the number of cells in 

each well (dead/ dying cells= red, live cells =white).Figure 5.4A).  

I proceeded to infect macrophages with Mtb or HKMtb for four hours and 

subsequently looked for the appearance of extracellular bacteria after one hour 

(Figure 5.4 Non-lytic egress occurs with heat killed bacteria. A Bacterial 

suspension at log phase was heated to 80°C in a dry heat block for 30 minutes. 

Representative FACS plots of bacterial suspensions pre (Mtb) and post (HKMtb) 
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heat killing. B MDM were infected with live or heat killed H37Rv mCherry for four 

hours. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. 

C The rate of non-lytic egress in each condition was calculated. Mean + SEM 4 

experiments. 

 

 

Figure 5.5 Blocking non-lytic egress using Cytochalasin D. A MDM were pre-

treated with Cytochalasin D (CytoD) for one hour prior to, and during infection 

with Mtb. After 4 hours, internalized bacteria were measured by washing and 

lysing the cells and fixing in 4% PFA B MDM infected for four hours. Cells were 

washed and treated with 10µM CytoD or vehicle control (DMSO) for one hour. 

Cultures were washed again three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour with or without the inhibitor. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. C The rate of non-lytic egress in each condition was 

calculated. Mean + SEM 4 experiments. D MDM infected for four hours. Cells 

were washed and treated with 10µM CytoD or vehicle control (DMSO) for one 

hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and 

fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and counted 

using Hermes microscope. Data analysed by Metamorph software to enumerate 

the number of cells in each condition as a percentage of the number of cells in 
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each well (dead/ dying cells= red, live cells =white).Figure 5.4B). I found no 

difference in the rate of non-lytic egress (Figure 5.4 Non-lytic egress occurs 

with heat killed bacteria. A Bacterial suspension at log phase was heated to 

80°C in a dry heat block for 30 minutes. Representative FACS plots of bacterial 

suspensions pre (Mtb) and post (HKMtb) heat killing. B MDM were infected with 

live or heat killed H37Rv mCherry for four hours. Cultures were washed three 

times with PBS to remove all extracellular bacteria. Fresh media was added for 

one hour. Extracellular bacteria in the supernatant were collected and 

intracellular bacteria were harvested by washing and lysing cells. Bacteria were 

fixed in 4% PFA and analysed by flow cytometry. C The rate of non-lytic egress 

in each condition was calculated. Mean + SEM 4 experiments. 

 

 

Figure 5.5 Blocking non-lytic egress using Cytochalasin D. A MDM were pre-

treated with Cytochalasin D (CytoD) for one hour prior to, and during infection 

with Mtb. After 4 hours, internalized bacteria were measured by washing and 

lysing the cells and fixing in 4% PFA B MDM infected for four hours. Cells were 

washed and treated with 10µM CytoD or vehicle control (DMSO) for one hour. 

Cultures were washed again three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour with or without the inhibitor. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. C The rate of non-lytic egress in each condition was 

calculated. Mean + SEM 4 experiments. D MDM infected for four hours. Cells 

were washed and treated with 10µM CytoD or vehicle control (DMSO) for one 
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hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and 

fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and counted 

using Hermes microscope. Data analysed by Metamorph software to enumerate 

the number of cells in each condition as a percentage of the number of cells in 

each well (dead/ dying cells= red, live cells =white).Figure 5.4C). Contrary to my 

hypothesis, I concluded that this process in macrophages is not dependent on 

whether the bacteria are alive or dead. This is different to the literature on 

cryptococcal egress from macrophages, which does not occur with dead fungus 

(Johnston and May, 2010). Live cell imaging is crucial to definitively show the 

non-lytic egress of HK Mtb from macrophages. 
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Figure 5.10 Non-lytic egress occurs with heat killed bacteria. A Bacterial suspension at log 
phase was heated to 80°C in a dry heat block for 30 minutes. Representative FACS plots of 
bacterial suspensions pre (Mtb) and post (HKMtb) heat killing. B MDM were infected with live 
or heat killed H37Rv mCherry for four hours. Cultures were washed three times with PBS to 
remove all extracellular bacteria. Fresh media was added for one hour. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. C The rate of non-lytic 

egress in each condition was calculated. Mean + SEM 4 experiments. 

 

 

Figure 5.11 Blocking non-lytic egress using Cytochalasin D. A MDM were pre-treated with 
Cytochalasin D (CytoD) for one hour prior to, and during infection with Mtb. After 4 hours, 
internalized bacteria were measured by washing and lysing the cells and fixing in 4% PFA B 
MDM infected for four hours. Cells were washed and treated with 10µM CytoD or vehicle control 
(DMSO) for one hour. Cultures were washed again three times with PBS to remove all 
extracellular bacteria. Fresh media was added for one hour with or without the inhibitor. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
cytometry. C The rate of non-lytic egress in each condition was calculated. Mean + SEM 4 
experiments. D MDM infected for four hours. Cells were washed and treated with 10µM CytoD 
or vehicle control (DMSO) for one hour. Live/ Dead stain was added for 20 mins. Cells were 
gently washed and fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and counted 
using Hermes microscope. Data analysed by Metamorph software to enumerate the number of 
cells in each condition as a percentage of the number of cells in each well (dead/ dying cells= 
red, live cells =white).Figure 5.12 Non-lytic egress occurs with heat killed bacteria. A 
Bacterial suspension at log phase was heated to 80°C in a dry heat block for 30 minutes. 
Representative FACS plots of bacterial suspensions pre (Mtb) and post (HKMtb) heat killing. B 
MDM were infected with live or heat killed H37Rv mCherry for four hours. Cultures were washed 
three times with PBS to remove all extracellular bacteria. Fresh media was added for one hour. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
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5.3.5 Non-lytic egress is not governed by the actin cytoskeleton 

The actin cytoskeleton in eukaryotic cells plays an important role in cell 

morphology as well as in more dynamic processes, including phagocytosis and 

cell motility, during which regulated assembly and disassembly of actin filaments 

may drive cellular movement (Lodish et al., 2000). 

Listeria, Shigella and Chlamydia can egress and spread between host cells via 

propulsive forces due to actin polymerization, which generates protrusions at the 

plasma membrane (Hybiske and Stephens, 2007; Monack and Theriot, 2001). In 

mouse BMDM, Mm induces actin polymerization prior to non-lytic egress (Stamm 

et al., 2003). In cryptococcal infection of macrophages, however, actin 

polymerization may serve to enhance non-lytic expulsion, as ‘actin flashes’ try to 

cage in the fungal pathogen (Johnston and May, 2010).  

Cytochalasin D is a cell permeable fungal toxin that binds to the barbed end of 

actin filaments inhibiting both the association and dissociation of subunits, 

resulting in the disruption of actin filaments and inhibition of actin polymerization 

(Lodish et al., 2000). I hypothesized that non-lytic egress of Mtb is driven by the 

actin cytoskeleton, and could be blocked the addition of Cytochalasin D.  

I first determined the effective dose of Cytochalasin D required to block actin 

polymerization. The actin cytoskeleton participates in phagocytosis, and uptake 

of Mtb should therefore be inhibited in the presence of Cytochalasin D. Cells were 

pre-treated for one hour with the inhibitor, then infected with Mtb for four hours. I 

found that 10µM was the minimum effective dose required to disrupt the actin 

cytoskeleton (Figure 5.5 Blocking non-lytic egress using Cytochalasin D. A 
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MDM were pre-treated with Cytochalasin D (CytoD) for one hour prior to, and 

during infection with Mtb. After 4 hours, internalized bacteria were measured by 

washing and lysing the cells and fixing in 4% PFA B MDM infected for four hours. 

Cells were washed and treated with 10µM CytoD or vehicle control (DMSO) for 

one hour. Cultures were washed again three times with PBS to remove all 

extracellular bacteria. Fresh media was added for one hour with or without the 

inhibitor. Extracellular bacteria in the supernatant were collected and intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. C The rate of non-lytic egress in each 

condition was calculated. Mean + SEM 4 experiments. D MDM infected for four 

hours. Cells were washed and treated with 10µM CytoD or vehicle control 

(DMSO) for one hour. Live/ Dead stain was added for 20 mins. Cells were gently 

washed and fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and 

counted using Hermes microscope. Data analysed by Metamorph software to 

enumerate the number of cells in each condition as a percentage of the number 

of cells in each well (dead/ dying cells= red, live cells =white). 

 

 

Figure 5.5A).  

Next, I tested the hypothesis that 10µM Cytochalasin D could block non-lytic 

egress. I infected MDM for four hours with Mtb to establish an intracellular 

infection. All extracellular bacteria were then washed away, and the inhibitor 

added for one hour to disrupt the actin filaments. During this time there may have 

been some egress of bacteria. Therefore after one hour, extracellular bacteria 

were washed again. I looked for the presence of non-lytic egress of Mtb over the 
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following 60 minutes.  I found an increase in extracellular Mtb equivalent to the 

decrease in intracellular Mtb (Figure 5.5 Blocking non-lytic egress using 

Cytochalasin D. A MDM were pre-treated with Cytochalasin D (CytoD) for one 

hour prior to, and during infection with Mtb. After 4 hours, internalized bacteria 

were measured by washing and lysing the cells and fixing in 4% PFA B MDM 

infected for four hours. Cells were washed and treated with 10µM CytoD or 

vehicle control (DMSO) for one hour. Cultures were washed again three times 

with PBS to remove all extracellular bacteria. Fresh media was added for one 

hour with or without the inhibitor. Extracellular bacteria in the supernatant were 

collected and intracellular bacteria were harvested by washing and lysing cells. 

Bacteria were fixed in 4% PFA and analysed by flow cytometry. C The rate of 

non-lytic egress in each condition was calculated. Mean + SEM 4 experiments. 

D MDM infected for four hours. Cells were washed and treated with 10µM CytoD 

or vehicle control (DMSO) for one hour. Live/ Dead stain was added for 20 mins. 

Cells were gently washed and fixed in 4% PFA. Cells were counterstained for 

DAPI+ cell mask and counted using Hermes microscope. Data analysed by 

Metamorph software to enumerate the number of cells in each condition as a 

percentage of the number of cells in each well (dead/ dying cells= red, live cells 

=white). 

 

 

Figure 5.5B and C). 

Since Cytochalasin D may be toxic to cells (though usually at higher 

concentrations), I tested the hypothesis that infected host cells were dying in the 

presence of cytochalasin D, and contributing to the appearance of extracellular 
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bacteria over one hour.  I infected MDM for four hours with Mtb to establish an 

intracellular infection. All extracellular bacteria were then washed away, and the 

inhibitor added for one hour. I then stained the cells with a Live/Dead stain 

combined with a cell mask in order delineate the boundaries of each cell, and 

hence enumerate the number of Mtb infected cells that may be committed to cell 

death in the subsequent one hour. There was no difference in the relative number 

of Mtb infected cells undergoing necrosis in the absence or presence of the 

inhibitor (Figure 5.5 Blocking non-lytic egress using Cytochalasin D. A MDM 

were pre-treated with Cytochalasin D (CytoD) for one hour prior to, and during 

infection with Mtb. After 4 hours, internalized bacteria were measured by washing 

and lysing the cells and fixing in 4% PFA B MDM infected for four hours. Cells 

were washed and treated with 10µM CytoD or vehicle control (DMSO) for one 

hour. Cultures were washed again three times with PBS to remove all 

extracellular bacteria. Fresh media was added for one hour with or without the 

inhibitor. Extracellular bacteria in the supernatant were collected and intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. C The rate of non-lytic egress in each 

condition was calculated. Mean + SEM 4 experiments. D MDM infected for four 

hours. Cells were washed and treated with 10µM CytoD or vehicle control 

(DMSO) for one hour. Live/ Dead stain was added for 20 mins. Cells were gently 

washed and fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and 

counted using Hermes microscope. Data analysed by Metamorph software to 

enumerate the number of cells in each condition as a percentage of the number 

of cells in each well (dead/ dying cells= red, live cells =white). 
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Figure 5.5D).  

I concluded that the bacteria that appeared in the extracellular milieu over one 

hour in the presence of Cytochalasin D did not appear as a result of inhibitor 

induced cell death, and that inhibition of actin polymerization by Cytochalasin D 

did not block nor enhance non-lytic egress of Mtb. I also inferred from this data 

that non-lytic egress and phagocytosis are driven by two independent processes.  

One caveat to the interpretation of this data is that a 10µM of cyctochalasin D to 

block phagocytosis is high, and may indicate that the inhibitor was no longer fully 

active during the experiments. I would want to repeat these experiments with a 

new vial of cytochalasin D to ensure the data are replicable.   
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Figure 5.13 Blocking non-lytic egress using Cytochalasin D. A MDM were pre-treated with 
Cytochalasin D (CytoD) for one hour prior to, and during infection with Mtb. After 4 hours, 
internalized bacteria were measured by washing and lysing the cells and fixing in 4% PFA B 
MDM infected for four hours. Cells were washed and treated with 10µM CytoD or vehicle control 
(DMSO) for one hour. Cultures were washed again three times with PBS to remove all 
extracellular bacteria. Fresh media was added for one hour with or without the inhibitor. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
cytometry. C The rate of non-lytic egress in each condition was calculated. Mean + SEM 4 
experiments. D MDM infected for four hours. Cells were washed and treated with 10µM CytoD 
or vehicle control (DMSO) for one hour. Live/ Dead stain was added for 20 mins. Cells were 
gently washed and fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and counted 
using Hermes microscope. Data analysed by Metamorph software to enumerate the number of 
cells in each condition as a percentage of the number of cells in each well (dead/ dying cells= 
red, live cells =white). 

 

 

Figure 5.14 Blocking non-lytic egress using Cytochalasin D. A MDM were pre-treated with 
Cytochalasin D (CytoD) for one hour prior to, and during infection with Mtb. After 4 hours, 
internalized bacteria were measured by washing and lysing the cells and fixing in 4% PFA B 
MDM infected for four hours. Cells were washed and treated with 10µM CytoD or vehicle control 
(DMSO) for one hour. Cultures were washed again three times with PBS to remove all 
extracellular bacteria. Fresh media was added for one hour with or without the inhibitor. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
cytometry. C The rate of non-lytic egress in each condition was calculated. Mean + SEM 4 
experiments. D MDM infected for four hours. Cells were washed and treated with 10µM CytoD 
or vehicle control (DMSO) for one hour. Live/ Dead stain was added for 20 mins. Cells were 
gently washed and fixed in 4% PFA. Cells were counterstained for DAPI+ cell mask and counted 
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5.3.6 Non-lytic egress is not governed by the microtubule network 

Another major component of the cell cytoskeleton that governs organelle 

trafficking and vesicular transport are microtubules (MTs). MTs are composed of 

α- and β-tubulin heterodimers that associate to form hollow cylindrical structures. 

They are highly dynamic, and are constantly lengthening and shortening 

throughout all phases of the cell cycle (Nogales, 2000). 

α-tubulin microtubules can be blocked using the agent nocodazole. Nocodazole 

causes microtubule depolymerization by binding to free tubulin dimers and 

preventing them from incorporating into MTs (Hoebeke et al., 1976).  

I hypothesized that non-lytic egress of Mtb is driven by the microtubule 

cytoskeleton, and could be blocked the addition of nocodazole. I first showed that 

α-tubulin microtubules were indeed disrupted by nocodazole by imaging cells 

treated with the inhibitor by confocal microscopy. Where cells had not been 

exposed to nocodazole, or treated with low concentration (10µM), I was able to 

visualize tubular/ spindle like structures distributed throughout the cytoplasm of 

the cell, representative of the MT network. However at 30µM nocodazole, while 

the nuclei looked intact, the cytoplasmic staining was much dimmer and diffuse 

and I was not clearly able to visualize the MTs. At 50 µM, there was little staining 

for α-tubulin, but some nuclei appeared degraded suggestive of cellular death 

(Figure 5.6 Effect of Nocodazole on α-tubulin. MDM were grown on coverslips 

and treated with Nocodazole (Nocod) at various concentrations for 1 hour. Cells 

were washed, permeabilized using Triton X and blocked with 3% NGS. Cells were 

stained for rat monoclonal alpha tubulin antibody and anti-rat secondary antibody 

(red). Coverslips were mounted using VectaShield with DAPI and imaged by 
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confocal microscopy. 

 

 

Figure 5.7 Blocking non-lytic egress using Nocodazole. A MDM were infected 

for four hours. Cells were washed and treated with 30µM Nocod or vehicle control 

(DMSO) for one hour. Cultures were washed again three times with PBS to 

remove all extracellular bacteria. Fresh media was added for one hour with or 

without the inhibitor. Extracellular bacteria in the supernatant were collected and 

intracellular bacteria were harvested by washing and lysing cells. Bacteria were 

fixed in 4% PFA and analysed by flow cytometry. B The rate of non-lytic egress 

in each condition was calculated. Mean + SEM 3 experiments. C MDM infected 

for four hours. Cells were washed and treated with 30µM Nocod or vehicle control 

(DMSO) for one hour. Live/ Dead stain was added for 20 mins. Cells were gently 

washed and fixed in 4% PFA. Cells were counterstained for DAPI + cell mask 

and counted using Hermes microscope. Data analysed by Metamorph software 

to enumerate the number of cells in each condition as a percentage of the number 

of cells in each well (dead/ dying cells= red, live cells =white).Figure 5.6).  I 

concluded that 30µM was the effective concentration to block α-tubulin 

microtubules, without apparent cell toxicity. 

Next, I tested whether 30µM nocodazole could block non-lytic egress. I infected 

MDM for four hours with Mtb to establish an intracellular infection. All extracellular 

bacteria were then washed away, and the inhibitor added for one hour to disrupt 

the α-tubulin microtubules. Therefore after one hour, extracellular bacteria were 

washed again. I looked for the presence of non-lytic egress of Mtb over the 

following one hour.  I found an increase in extracellular Mtb equivalent to the 
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decrease in intracellular Mtb, such that the rate of non-lytic egress was not 

different in the presence or absence of the inhibitor (Figure 5.7 Blocking non-

lytic egress using Nocodazole. A MDM were infected for four hours. Cells were 

washed and treated with 30µM Nocod or vehicle control (DMSO) for one hour. 

Cultures were washed again three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour with or without the inhibitor. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. B The rate of non-lytic egress in each condition was 

calculated. Mean + SEM 3 experiments. C MDM infected for four hours. Cells 

were washed and treated with 30µM Nocod or vehicle control (DMSO) for one 

hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and 

fixed in 4% PFA. Cells were counterstained for DAPI + cell mask and counted 

using Hermes microscope. Data analysed by Metamorph software to enumerate 

the number of cells in each condition as a percentage of the number of cells in 

each well (dead/ dying cells= red, live cells =white). 

 

Figure 5.8 GM-CSF differentiated MDM display the same phenotype as M-

CSF MDM A  GM-CSF MDM were infected with H37Rv mCherry for 4 hours at 

MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for the times specified. At the relevant time 

point extracellular bacteria in the supernatant were collected. Intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry 

fluorescence at each time point in each compartment. Mean + SEM 3 separate 
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experiments B MDM were infected with H37Rv mCherry for 4 hours at MOI 1. 

Cultures were washed three times with PBS to remove all extracellular bacteria. 

Fresh media was added for 60min. Extracellular bacteria in the supernatant were 

collected and intracellular bacteria were harvested by washing and lysing cells. 

Bacteria were fixed in 4% PFA and analysed by flow cytometry. Mean + SEM 2 

experiments.Figure 5.7A and B).  

Since nocodazole may be toxic to cells, I tested the hypothesis that infected host 

cells were dying in the presence of the inhibitor, contributing to the appearance 

of extracellular bacteria over one hour. I infected MDM for four hours with Mtb to 

establish an intracellular infection. All extracellular bacteria were then washed 

away, and the inhibitor added for one hour to disrupt the α-tubulin microtubules. 

I then stained the cells with a Live/Dead stain combined with a cell mask in order 

delineate the boundaries of each cell, and hence enumerate the number of Mtb 

infected cells that may be committed to cell death in the subsequent one hour. 

There was no difference in the relative number of Mtb infected cells undergoing 

necrosis in the absence or presence of the inhibitor (Figure 5.7 Blocking non-

lytic egress using Nocodazole. A MDM were infected for four hours. Cells were 

washed and treated with 30µM Nocod or vehicle control (DMSO) for one hour. 

Cultures were washed again three times with PBS to remove all extracellular 

bacteria. Fresh media was added for one hour with or without the inhibitor. 

Extracellular bacteria in the supernatant were collected and intracellular bacteria 

were harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. B The rate of non-lytic egress in each condition was 

calculated. Mean + SEM 3 experiments. C MDM infected for four hours. Cells 

were washed and treated with 30µM Nocod or vehicle control (DMSO) for one 
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hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and 

fixed in 4% PFA. Cells were counterstained for DAPI + cell mask and counted 

using Hermes microscope. Data analysed by Metamorph software to enumerate 

the number of cells in each condition as a percentage of the number of cells in 

each well (dead/ dying cells= red, live cells =white). 

 

Figure 5.8 GM-CSF differentiated MDM display the same phenotype as M-

CSF MDM A  GM-CSF MDM were infected with H37Rv mCherry for 4 hours at 

MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for the times specified. At the relevant time 

point extracellular bacteria in the supernatant were collected. Intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry 

fluorescence at each time point in each compartment. Mean + SEM 3 separate 

experiments B MDM were infected with H37Rv mCherry for 4 hours at MOI 1. 

Cultures were washed three times with PBS to remove all extracellular bacteria. 

Fresh media was added for 60min. Extracellular bacteria in the supernatant were 

collected and intracellular bacteria were harvested by washing and lysing cells. 

Bacteria were fixed in 4% PFA and analysed by flow cytometry. Mean + SEM 2 

experiments.Figure 5.7C).  

I concluded that the bacteria that appeared in the extracellular milieu over one 

hour in the presence of nocodazole did not appear as a result of inhibitor induced 

cell death, and that non-lytic egress was not dependent on an intact microtubule 

network.  
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Figure 5.16 Effect of Nocodazole on α-tubulin. MDM were grown on coverslips and treated 
with Nocodazole (Nocod) at various concentrations for 1 hour. Cells were washed, 
permeabilized using Triton X and blocked with 3% NGS. Cells were stained for rat monoclonal 
alpha tubulin antibody and anti-rat secondary antibody (red). Coverslips were mounted using 
VectaShield with DAPI and imaged by confocal microscopy. 

 

 

Figure 5.17 Blocking non-lytic egress using Nocodazole. A MDM were infected for four 
hours. Cells were washed and treated with 30µM Nocod or vehicle control (DMSO) for one 
hour. Cultures were washed again three times with PBS to remove all extracellular bacteria. 
Fresh media was added for one hour with or without the inhibitor. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. B The rate of non-lytic 
egress in each condition was calculated. Mean + SEM 3 experiments. C MDM infected for four 
hours. Cells were washed and treated with 30µM Nocod or vehicle control (DMSO) for one 
hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and fixed in 4% PFA. 
Cells were counterstained for DAPI + cell mask and counted using Hermes microscope. Data 
analysed by Metamorph software to enumerate the number of cells in each condition as a 
percentage of the number of cells in each well (dead/ dying cells= red, live cells =white).Figure 
5.18 Effect of Nocodazole on α-tubulin. MDM were grown on coverslips and treated with 
Nocodazole (Nocod) at various concentrations for 1 hour. Cells were washed, permeabilized 
using Triton X and blocked with 3% NGS. Cells were stained for rat monoclonal alpha tubulin 
antibody and anti-rat secondary antibody (red). Coverslips were mounted using VectaShield 
with DAPI and imaged by confocal microscopy. 
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Figure 5.19 Blocking non-lytic egress using Nocodazole. A MDM were infected for four 
hours. Cells were washed and treated with 30µM Nocod or vehicle control (DMSO) for one 
hour. Cultures were washed again three times with PBS to remove all extracellular bacteria. 
Fresh media was added for one hour with or without the inhibitor. Extracellular bacteria in the 
supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. B The rate of non-lytic 
egress in each condition was calculated. Mean + SEM 3 experiments. C MDM infected for four 
hours. Cells were washed and treated with 30µM Nocod or vehicle control (DMSO) for one 
hour. Live/ Dead stain was added for 20 mins. Cells were gently washed and fixed in 4% PFA. 
Cells were counterstained for DAPI + cell mask and counted using Hermes microscope. Data 
analysed by Metamorph software to enumerate the number of cells in each condition as a 
percentage of the number of cells in each well (dead/ dying cells= red, live cells =white). 

 

Figure 5.20 GM-CSF differentiated MDM display the same phenotype as M-CSF MDM A  
GM-CSF MDM were infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed 
three times with PBS to remove all extracellular bacteria. Fresh media was added for the times 
specified. At the relevant time point extracellular bacteria in the supernatant were collected. 
Intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 
PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry fluorescence 
at each time point in each compartment. Mean + SEM 3 separate experiments B MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria 
in the supernatant were collected and intracellular bacteria were harvested by washing and 
lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. Mean + SEM 2 
experiments.Figure 5.21 Blocking non-lytic egress using Nocodazole. A MDM were 
infected for four hours. Cells were washed and treated with 30µM Nocod or vehicle control 
(DMSO) for one hour. Cultures were washed again three times with PBS to remove all 
extracellular bacteria. Fresh media was added for one hour with or without the inhibitor. 
Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
cytometry. B The rate of non-lytic egress in each condition was calculated. Mean + SEM 3 
experiments. C MDM infected for four hours. Cells were washed and treated with 30µM Nocod 



214 
 

5.3.7 Non-Lytic Egress of Mtb occurs in alternatively differentiated MDMs 

M-CSF and GM-CSF are two commonly used growth factors used in the 

differentiation of MDM in vitro. However, GM-CSF differentiated macrophages 

are thought more closely align with alveolar macrophages, I sought to show that 

the interaction between M-CSF MDM and Mtb (leading to accumulation of 

extracellular Mtb) was also true in an alternative model of macrophage 

differentiation.   

I first confirmed that extracellular bacteria accumulate following 120 hours co-

culture with MDM in GM-CSF differentiated macrophages, as they do with M-CSF 

MDM. I infected GM-CSF MDM for four hours, washed off any remaining 

extracellular bacteria, and measured the intracellular and extracellular bacillary 

loads at 24 and 120 hours (Figure 5.8 GM-CSF differentiated MDM display the 

same phenotype as M-CSF MDM A  GM-CSF MDM were infected with H37Rv 

mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for the times specified. 

At the relevant time point extracellular bacteria in the supernatant were collected. 

Intracellular bacteria were harvested by washing and lysing cells. Bacteria were 

fixed in 4% PFA and analysed by flow cytometry. Bacteria quantified by integrated 

mCherry fluorescence at each time point in each compartment. Mean + SEM 3 

separate experiments B MDM were infected with H37Rv mCherry for 4 hours at 

MOI 1. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for 60min. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. 
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Mean + SEM 2 experiments.  

  

 

Figure 5.9 Rate of non-lytic egress is not affected by IFNγ priming of MDM. 

A MDM were primed (or not) with IFNγ for 24 hours. MDM were then infected for 

four hours. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for 60min. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. 

The rate of non-lytic egress in each condition was calculated. Mean + SEM 3 

experiments. B MDM were primed (or not) with IFNγ for 24 hours. MDM were 

then infected for four hours. Live/ Dead stain was added for 20 mins. Cells were 

gently washed and fixed in 4% PFA. Nuclei and cells were counterstained for 

DAPI and counted using Hermes microscope. Data analysed by Metamorph 

software to enumerate the number of cells in each condition as a percentage of 

the number of cells in each well (dead/ dying cells= red, live cells =white).Figure 

5.8A). My initial observations (Chapter 3) demonstrating extracellular bacillary 

accumulation that exceeds the intracellular bacillary load could be repeated in 

this model of macrophage differentiation. Therefore, I next sought to test the 

hypothesis that non-lytic egress of Mtb also occurred in GM-CSF MDM, and was 

not just an artefact of M-CSF differentiated MDM.  

To look for non-lytic egress I infected MDM for four hours to establish an 

intracellular infection, and washed off any remaining extracellular bacteria. I then 

quantified intracellular and extracellular bacteria after one hour. I found an 

increase in extracellular Mtb equivalent to the decrease in intracellular Mtb, 
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though these experiments were only carried out twice (Figure 5.8 GM-CSF 

differentiated MDM display the same phenotype as M-CSF MDM A  GM-CSF 

MDM were infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were 

washed three times with PBS to remove all extracellular bacteria. Fresh media 

was added for the times specified. At the relevant time point extracellular bacteria 

in the supernatant were collected. Intracellular bacteria were harvested by 

washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 

cytometry. Bacteria quantified by integrated mCherry fluorescence at each time 

point in each compartment. Mean + SEM 3 separate experiments B MDM were 

infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three 

times with PBS to remove all extracellular bacteria. Fresh media was added for 

60min. Extracellular bacteria in the supernatant were collected and intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. Mean + SEM 2 experiments.  

  

 

Figure 5.9 Rate of non-lytic egress is not affected by IFNγ priming of MDM. 

A MDM were primed (or not) with IFNγ for 24 hours. MDM were then infected for 

four hours. Cultures were washed three times with PBS to remove all extracellular 

bacteria. Fresh media was added for 60min. Extracellular bacteria in the 

supernatant were collected and intracellular bacteria were harvested by washing 

and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. 

The rate of non-lytic egress in each condition was calculated. Mean + SEM 3 

experiments. B MDM were primed (or not) with IFNγ for 24 hours. MDM were 

then infected for four hours. Live/ Dead stain was added for 20 mins. Cells were 
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gently washed and fixed in 4% PFA. Nuclei and cells were counterstained for 

DAPI and counted using Hermes microscope. Data analysed by Metamorph 

software to enumerate the number of cells in each condition as a percentage of 

the number of cells in each well (dead/ dying cells= red, live cells =white).Figure 

5.8B).  

 I concluded that non-lytic egress was not limited to M-CSF derived MDM, but 

occurred in the GM-CSF model of macrophage differentiation as well. 

 

 

 

  

Figure 5.22 GM-CSF differentiated MDM display the same phenotype as M-CSF MDM A  
GM-CSF MDM were infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed 
three times with PBS to remove all extracellular bacteria. Fresh media was added for the times 
specified. At the relevant time point extracellular bacteria in the supernatant were collected. 
Intracellular bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 
PFA and analysed by flow cytometry. Bacteria quantified by integrated mCherry fluorescence 
at each time point in each compartment. Mean + SEM 3 separate experiments B MDM were 
infected with H37Rv mCherry for 4 hours at MOI 1. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. Mean + SEM 2 
experiments.  

  

 

Figure 5.23 Rate of non-lytic egress is not affected by IFNγ priming of MDM. A MDM were 
primed (or not) with IFNγ for 24 hours. MDM were then infected for four hours. Cultures were 
washed three times with PBS to remove all extracellular bacteria. Fresh media was added for 
60min. Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
cytometry. The rate of non-lytic egress in each condition was calculated. Mean + SEM 3 
experiments. B MDM were primed (or not) with IFNγ for 24 hours. MDM were then infected for 
four hours. Live/ Dead stain was added for 20 mins. Cells were gently washed and fixed in 4% 
PFA. Nuclei and cells were counterstained for DAPI and counted using Hermes microscope. 
Data analysed by Metamorph software to enumerate the number of cells in each condition as 
a percentage of the number of cells in each well (dead/ dying cells= red, live cells =white).Figure 
5.24 GM-CSF differentiated MDM display the same phenotype as M-CSF MDM A  GM-CSF 
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5.3.8 IFNy does not affect the rate of non-lytic egress 

IFNγ is crucial to mycobacterial control, and those with defective IFNγ responses 

rapidly succumb to TB infection (Casanova and Abel, 2002). IFNγ results in 

macrophage activation, the induction of autophagy pathways for killing (Gutierrez 

et al., 2004), and in concert with Vitamin D the production of antimicrobial 

peptides (Fabri et al., 2011; Rook et al., 1986).  

If IFNγ treatment of macrophages does create a more restrictive environment, 

then it might be beneficial for Mtb to escape into the extracellular environment to 

facilitate replication. I therefore hypothesized that the rate of Mtb non-lytic egress 

would increase following MDM activation by IFNγ. 

In order to address this hypothesis I primed MDM for 24 hours with IFNγ, and 

subsequently infected the cells for 4 hours. I looked for the presence of 

extracellular bacteria one hour later. There was no difference in the rate of non-

lytic egress of Mtb in IFNγ treated versus untreated MDM, disproving my 

hypothesis (Figure 5.9 Rate of non-lytic egress is not affected by IFNγ 

priming of MDM. A MDM were primed (or not) with IFNγ for 24 hours. MDM were 

then infected for four hours. Cultures were washed three times with PBS to 

remove all extracellular bacteria. Fresh media was added for 60min. Extracellular 

bacteria in the supernatant were collected and intracellular bacteria were 

harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and 

analysed by flow cytometry. The rate of non-lytic egress in each condition was 

calculated. Mean + SEM 3 experiments. B MDM were primed (or not) with IFNγ 

for 24 hours. MDM were then infected for four hours. Live/ Dead stain was added 

for 20 mins. Cells were gently washed and fixed in 4% PFA. Nuclei and cells were 
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counterstained for DAPI and counted using Hermes microscope. Data analysed 

by Metamorph software to enumerate the number of cells in each condition as a 

percentage of the number of cells in each well (dead/ dying cells= red, live cells 

=white). 

 

Figure 6.1 A model of non-lytic egress contributing to disease 

pathogenesis. Mtb escapes from growth permissive macrophages primarily to 

facilitate spread of bacteria without alerting the host to infection (unlike cellular 

necrosis that would initiate an inflammatory cascade). Mtb escapes from 

restrictive macrophages in order to access a growth permissive extracellular 

environment, and transmit infections to new hosts.Figure 5.9A). IFNγ treatment 

did not induce significantly more MDM death that might contribute to the 

accumulation of extracellular bacteria (Figure 5.9 Rate of non-lytic egress is 

not affected by IFNγ priming of MDM. A MDM were primed (or not) with IFNγ 

for 24 hours. MDM were then infected for four hours. Cultures were washed three 

times with PBS to remove all extracellular bacteria. Fresh media was added for 

60min. Extracellular bacteria in the supernatant were collected and intracellular 

bacteria were harvested by washing and lysing cells. Bacteria were fixed in 4% 

PFA and analysed by flow cytometry. The rate of non-lytic egress in each 

condition was calculated. Mean + SEM 3 experiments. B MDM were primed (or 

not) with IFNγ for 24 hours. MDM were then infected for four hours. Live/ Dead 

stain was added for 20 mins. Cells were gently washed and fixed in 4% PFA. 

Nuclei and cells were counterstained for DAPI and counted using Hermes 

microscope. Data analysed by Metamorph software to enumerate the number of 

cells in each condition as a percentage of the number of cells in each well (dead/ 
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dying cells= red, live cells =white). 

 

Figure 6.1 A model of non-lytic egress contributing to disease 

pathogenesis. Mtb escapes from growth permissive macrophages primarily to 

facilitate spread of bacteria without alerting the host to infection (unlike cellular 

necrosis that would initiate an inflammatory cascade). Mtb escapes from 

restrictive macrophages in order to access a growth permissive extracellular 

environment, and transmit infections to new hosts.Figure 5.9B). 
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Figure 5.25 Rate of non-lytic egress is not affected by IFNγ priming of MDM. A MDM were 
primed (or not) with IFNγ for 24 hours. MDM were then infected for four hours. Cultures were 
washed three times with PBS to remove all extracellular bacteria. Fresh media was added for 
60min. Extracellular bacteria in the supernatant were collected and intracellular bacteria were 
harvested by washing and lysing cells. Bacteria were fixed in 4% PFA and analysed by flow 
cytometry. The rate of non-lytic egress in each condition was calculated. Mean + SEM 3 
experiments. B MDM were primed (or not) with IFNγ for 24 hours. MDM were then infected for 
four hours. Live/ Dead stain was added for 20 mins. Cells were gently washed and fixed in 4% 
PFA. Nuclei and cells were counterstained for DAPI and counted using Hermes microscope. 
Data analysed by Metamorph software to enumerate the number of cells in each condition as 
a percentage of the number of cells in each well (dead/ dying cells= red, live cells =white). 

 

Figure 5.26 A model of non-lytic egress contributing to disease pathogenesis. Mtb 
escapes from growth permissive macrophages primarily to facilitate spread of bacteria without 
alerting the host to infection (unlike cellular necrosis that would initiate an inflammatory 
cascade). Mtb escapes from restrictive macrophages in order to access a growth permissive 
extracellular environment, and transmit infections to new hosts.Figure 5.27 Rate of non-lytic 
egress is not affected by IFNγ priming of MDM. A MDM were primed (or not) with IFNγ for 
24 hours. MDM were then infected for four hours. Cultures were washed three times with PBS 
to remove all extracellular bacteria. Fresh media was added for 60min. Extracellular bacteria in 
the supernatant were collected and intracellular bacteria were harvested by washing and lysing 
cells. Bacteria were fixed in 4% PFA and analysed by flow cytometry. The rate of non-lytic 
egress in each condition was calculated. Mean + SEM 3 experiments. B MDM were primed (or 
not) with IFNγ for 24 hours. MDM were then infected for four hours. Live/ Dead stain was added 
for 20 mins. Cells were gently washed and fixed in 4% PFA. Nuclei and cells were 
counterstained for DAPI and counted using Hermes microscope. Data analysed by Metamorph 
software to enumerate the number of cells in each condition as a percentage of the number of 
cells in each well (dead/ dying cells= red, live cells =white). 
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5.4 Discussion 

In this Chapter I have attempted to define some of the conditions under which 

non-lytic egress of Mtb occurs. My data suggest that non-lytic egress is 

associated with virulence since the attenuated BCG does not display the same 

behaviour. This may well implicate genes within the RD1 region directing non-

lytic egress. Not all of the functions of genes in RD1 are known, but the ESX-1 

secretion system, is crucial to phagosomal egress of Mtb (Simeone et al., 2012), 

and its effector protein ESAT-6 has been implicated in Mm escape from amoeba 

(Hagedorn et al., 2009). In amoeba, non-lytic egress is directly preceded by and 

dependent on phagosomal escape of mycobacteria into the cytoplasm. 

Interestingly, M.avium, which also lacks the RD1 locus, fails to leave phagosomes 

and does not egress from amoeba (Hagedorn et al., 2009).  It is tempting to 

consider then whether ESAT-6/ ESX-1 driven phagosomal rupture may be a pre-

requisite for non-lytic egress of Mtb from human macrophages.  

However, the data showing that non-lytic egress of Mtb is not dependent on 

bacterial viability, since HKMtb displays the same phenotype adds some 

complexity to the hypothesis presented above. Heat killing of Mtb at 80°C should 

denature Mtb proteins. It is possible that ESAT-6 or other proteins encoded by 

the RD1 locus are still viable candidates driving non-lytic egress because they 

are heat stable. Indeed, the mCherry fluorophore is not denatured by heat as the 

bacteria remain fluorescent. Not all of the proteins of Mtb have been identified 

(Cole et al., 1998; Mao et al., 2013), nor their thermostable properties known. An 

alternative explanation is that non-lytic egress is driven by lipid factors of Mtb, 

since lipids should remain intact after heat killing. This hypothesis would imply 



223 
 

that a lipid present in Mtb, but not BCG, is implicated in non-lytic egress. A recent 

comparative lipidomics analysis identified more than 1,000 molecular differences 

between Mtb and BCG including the previously unknown lipid produced in high 

abundance, 1-tuberculosinyladenosine (1-TbAd) (Layre et al., 2014). The 

function of this lipid is unclear, but the protein involved in its synthesis has been 

found to have a role in the blockade of phagolysosomal fusion (Layre et al., 2014; 

Pethe et al., 2004).  

It would be interesting to use an ESAT-6 Mtb mutant (or BCG complemented with 

ESAT-6) to specifically address the question of whether non-lytic egress of Mtb 

is driven by this virulence factor as I hypothesize this to be the most likely protein 

candidate. Another experimental approach to investigate whether lipid factors are 

involved in non-lytic egress would be to see if BCG is able to egress in the 

presence of soluble Mtb lipids within the infecting media. 

My data suggest that host factors are also involved in the non-lytic egress of Mtb, 

as this appears to be an active cellular process that can be blocked on ice 

(Chapter 4). However, I found that neither blockade of the actin cytoskeleton by 

cytochalasin D, nor the microtubule network by nocodazole was able to block Mtb 

egress. There are several reasons why this is possible.  

When Hagedorn et al demonstrated Mm and Mtb egress from amoeba, they 

described an ‘ejectosome’ dense in F-actin (and myosin/ coronin) from which the 

bacteria protruded through the plasma membrane (Hagedorn et al., 2009). 

However, the propulsive mechanism by which they were ejected was not 

determined, and the bacteria were not accompanied by actin tails (Hagedorn et 

al., 2009). Further, Mm has been shown to move freely in the cytoplasm propelled 
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by actin tails but actin tails have never been associated with Mtb (Stamm et al., 

2003). Further, although other organisms have been shown to hijack the actin 

machinery to protrude out of cells (Stevens et al., 2006), this may well not be the 

case for Mtb from human macrophages. Or, it is possible that chemical inhibition 

of the actin cytoskeleton by another drug might be more efficacious in blocking 

non-lytic egress- just as the non-lytic exit of rotavirus can be blocked with 

jasplakinolide (another inhibitor of the cytoskeleton), but not cytochalasin D or 

latrunculin (Trejo-Cerro et al., 2017). The authors propose this is because 

cytochalasin D as well as latrunculin A have been reported to disassemble actin 

stress fibers. Jasplakinolide disaggregates actin filaments, but it does not 

disassemble stress fibres (Rotsch and Radmacher, 2000) which could necessary 

for rotavirus egress.  

Blockade of α tubulin microtubules also did not abrogate non-lytic egress. To the 

best of my knowledge the microtubule network has not been implicated in the 

non-lytic egress of other organisms, and therefore my data are not surprising. 

However, it is possible that nocodazole was not effective at blocking the MTs, as 

although I demonstrated disruption of the α-tubulin fibres by confocal microscopy, 

activation of cells has been shown to increase acetylated α –tubulin (Hanania et 

al., 2012), thereby stabilising the MT network (Piperno et al., 1987). To address 

this hypothesis I would have liked to look for the increased levels of acetylated α- 

tubulin by immunofluorescence or immunoblotting.  

Finally, we found that different models of macrophage differentiation (GM-CSF) 

and activation (IFNγ) did not alter the rate of non-lytic egress. With regards to the 

former, these data build confidence, since non-lytic egress does not simply seem 
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to be an artefact of our M-CSF model of macrophage differentiation. With regards 

to the latter, I was trying to test the hypothesis that IFNγ treated macrophages 

would take on a more restrictive phenotype and therefore enhance non-lytic 

egress of Mtb.  In fact, these experiments should ideally have been done in the 

presence of 25-hydroxyvitamin D3, because IFNγ exerts antimicrobial effects via 

a Vitamin D dependent pathway (Fabri et al., 2011). It may also be the case that 

macrophage activation into a ‘restrictive’ phenotype requires the presence of 

other cytokines as well as cell- cell interactions (Petruccioli et al., 2012) 
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6 GENERAL DISCUSSION 

6.1 Overall Conclusion 

In this thesis, I have developed a novel quantitative high-throughput assay to 

measure the dynamics of Mtb intra- and extracellularly in human macrophage 

cultures, and combine these experimental measurements with mathematical 

modelling to estimate the fluxes between the two compartments. Unexpectedly, I 

have found that intra- and extra-cellular bacteria exist in a dynamic equilibrium, 

with rapid entry and egress of Mtb, and that egress from macrophages at a low 

multiplicity of infection likely occurs as a result of a non-lytic process. 

6.2 Implications 

This is the first report of non-lytic egress of Mtb from human macrophages which 

may contribute to disease pathogenesis by allowing Mtb access to the 

extracellular space. The extracellular environment (1) provides an alternative 

niche for growth (2) allows spread of Mtb to neighbouring cells (3) facilitates 

transmission to new hosts. Importantly non-lytic egress does not cause cellular 

destruction and is therefore less likely to initiate an inflammatory cascade, which 

would otherwise lead to recruitment and priming of immune cells for the clearance 

of infection. 

The development of host directed therapies is an emerging area of research to 

supplement antibacterial agents in the treatment of TB disease. Small molecules 

and biological agents that enhance macrophage antimicrobial activities, induce 

autophagy, and alleviate excessive inflammation have been shown to be 

promising candidates (Kolloli and Subbian, 2017). My data are important because 
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they suggest there is a rapid flux of Mtb between the intracellular and extracellular 

compartments, so the development of host directed strategies for immune control 

of Mtb infection, as well as antibacterial agents should target both compartments 

to achieve maximum protection. Furthermore, dissecting the molecular 

mechanism that underpins non-lytic egress will allow researchers to find potential 

new therapeutic targets to contain bacteria within macrophages, and potentially 

slow the spread of infection. If this were done in combination with host directed 

therapies to improve macrophage killing of Mtb, greater sterilization of infection 

might be achieved. 

Finally, my data suggests that future in vitro models of Mtb infection that 

investigate host-pathogen interactions need to look at both the intracellular and 

extracellular bacterial load in order to make a faithful assessment of the total 

bacterial burden. This is true also for more recently developed bioengineered 3-

dimensional models of Mtb granulomas (Tezera et al., 2017).  

6.3 Limitations 

We use mathematical modelling to conceptualize the biological system that 

drives macrophage-Mtb interactions. Mathematical models are typically 

incomplete and tend to simplify some details of the system; nevertheless they are 

important tools that complement other tools used in biological investigations. 

Experiments provide parameter values, functions and interactions that are 

essential for constructing the model. A model, in turn, can suggest new 

experiments or help explain unexpected results. Reciprocal illumination between 

the two disciplines has allowed us to advance our understanding more quickly 

and would have been possible with experimentation alone. That said, our model 
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has significant limitations because one particular assumption that we make is 

unlikely to be correct, namely, that all bacteria infecting macrophages are 

distributed equally. More likely, some macrophages take up more bacteria than 

others. This is likely to also affect the death rate, because heavily infected 

macrophages are more likely to die by necrosis and release bacteria into the 

extracellular space.  It is feasible that the observed extracellular bacillary burden 

in my experimental data could be explained by Mtb heavily infecting some 

macrophages, triggering cellular necrosis and further replication of bacteria which 

are then released and grow extracellularly. I do not think this is likely, since the 

overall degree of necrotic cell death in my system is low; between 24 and 120 

hours where I saw the greatest accumulation of extracellular bacteria, there is 

almost no attrition in cell number at all. However, we need to test this hypothesis 

by additional parameterization, and whether this would impact the outcome of the 

model remains to be determined.  

Questions also still remain as to whether the observed extracellular bacterial 

accumulation is due to dissociation of adherent bacteria. I have presented 

evidence that strongly suggests this is not the case, but the optimal experimental 

approach would be to find an antibody to Mtb with high specificity that does not 

stain any bacteria on the surface of cells once the macrophages have been 

washed. 

The other major limitation of this thesis is that we were unable to demonstrate the 

non-lytic egress definitely by time lapse imaging. Since heat killed Mtb also 

displays this behaviour, I think the best experimental approach moving forward 

would be to try and visualize egress in a biosafety level 2 environment with less 
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restrictions. Frames need to be taken as close together as possible to actually 

see Mtb exiting the cell.  

6.4 A Model of Non Lytic Egress in Disease Pathogenesis 

As has been previously discussed, macrophages are extremely plastic cells and 

their function is influenced by their microenvironment as well as cellular ontogeny. 

In the context of TB infection, evidence from macaque and human confirms the 

presence of both anti- and pro- inflammatory macrophage phenotypes in 

granuloma (Mattila et al., 2013). Consistent with these observations, data from 

the literature, and the data presented within this thesis, I propose a model where 

non-lytic egress occurs from different phenotypes of macrophages, is beneficial 

for Mtb and makes a significant contribution to disease pathogenesis.  

In growth permissive macrophages, I hypothesize that Mtb is able to persist and 

replicate by subverting the innate antimicrobial defences of the cell. Exit from 

these cells may not be beneficial to Mtb in terms of fostering faster growth, but 

becoming extracellular may facilitate the spread of infection to neighbouring cells. 

Early in infection, at low multiplicity of infection, I propose that Mtb escapes 

preferentially by non-lytic egress, without triggering widespread inflammation 

associated with cell lysis that may alert the host to the presence of the organism. 

More restrictive macrophages also exist, particularly when they are in an 

activated state from the presence of cytokines such as IFNγ and TNFα, and 

following the interaction with several other cell types. Since different clinical 

strains differ in their virulence, macrophages may also become more restrictive 

upon infection with a less virulent strain. These macrophages, with a more pro-

inflammatory phenotype, have been shown to be located in the centre of the 
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necrotic granuloma (Mattila et al., 2013). Here, I hypothesize that non-lytic egress 

serves as a mechanism by which Mtb is able to escape intracellular restriction, 

along with cellular necrosis, in order to gain access to the caseum, a growth 

permissive extracellular environment. Moreover, it is from this environment from 

which many extracellular bacilli are expectorated in order to transmit infections to 

new hosts (Eum et al., 2010), the ultimate goal of any infectious pathogen. 
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7 FUTURE WORK 

The research priorities to take this work further need to focus on addressing some 

of the overall limitations of this thesis presented in Chapter 5. I have already 

presented some experimental methods that may address the questions raised, 

and provide more conclusive evidence for the presence of non-lytic egress of Mtb 

from human macrophages. 

The data presented within this thesis also pave the way for investigating the 

molecular mechanism of non-lytic egress. My data suggest that this process is 

largely governed by the host cell rather than bacterial factors, since egress can 

be abrogated on ice, but still occurs with heat killed bacteria. In order to prove 

this hypothesis, a research priority is to achieve effective blockade of the two 

major networks that govern movement of organelles within the cell- the actin 

cytoskeleton and microtubules. One strategy is to use alternative chemical 

inhibitors. For example, jasplakinolide (an actin inhibitor) is effective at blocking 

the exit of rotavirus from macrophages when cytochalasin D failed to do so (Trejo-

Cerro et al., 2017). To extend the observation that egress can be blocked on ice 

and is therefore likely to be an active process, it would be interesting to see if we 

are able to trigger non-lytic egress after the cells have warmed up to physiological 

temperatures again. 

Given the short time frame over which non-lytic occurs (I see extracellular 

bacteria appearing within 30-60minutes after an intracellular infection is 

established), one possible pathway for exit of Mtb is via recycling endosomes. 

The endosomal recycling system represents a dynamic conduit for sorting and 

re-exporting internalized elements mainly of the plasma membrane. The early 
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endosome is characterized by the presence of EEA and Rab5 (Granger et al., 

2014). From here cargo is sorted. Recycling back to the plasma membrane 

occurs via the ‘fast’ pathway (1-2 mins) or the ‘slow’ pathway (10-12 minutes) 

(Hao and Maxfield, 2000). Recycling endosomes of the latter acquire Rab11 

(Granger et al., 2014). Since Mtb is known to be delivered to the early endosome 

(Clemens and Horwitz, 1996), it is plausible that it may exit via slow recycling 

endosomes. This hypothesis could be investigated experimentally, looking for co-

localization of Rab11 with mCherry Mtb by immunofluorescence. Visualizing Mtb 

within Rab11+ endosomes by electron microscopy would be an alternative 

experimental strategy.  

As discussed in Chapter 4, bacterial factors (not affected by heat killing) may still 

be involved in orchestrating non-lytic egress. A variety of different mycobacterial 

mutants can be used to investigate this hypothesis. Ideally these would need to 

be transfected with a fluorophore in order to utilize the high throughput assay 

described in Chapter 3 that I developed to investigate macrophage-Mtb 

interactions. 

To investigate whether non-lytic egress may be an inherent feature of 

macrophage biology, I would like to determine if fluorescent beads also display 

this behaviour. If the beads were to egress, the data would suggest that 

macrophages have the ability rapidly expel any organism or particulate matter 

they ingest. Indeed, the fact that C. neoformans and other organisms also egress 

from macrophages suggests it may well be an evolutionarily conserved 

mechanism. However, if fluorescent beads do not egress from macrophages, this 

would suggest that the behaviour is specific to a select few organisms and 
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perhaps confers a survival advantage. Understanding the mechanism of non-lytic 

egress could lead to significant insights into TB disease pathogenesis.  

Several layers of complexity could be added to the in vitro model presented in 

this thesis. Importantly, my data do not account for the important interaction of 

macrophages and T cells during Mtb infection. In order to incorporate this 

process, autologous T cells could be isolated using magnetic bead separation 

techniques and added to infected MDM. It would then be possible to use the same 

experimental methods to measure cellular death rates, non-lytic egress and even 

the rate of extracellular growth. This type of co-culture model may provide a more 

faithful representation of a TB granuloma. 

In order to address the question of how macrophage heterogeneity might 

influence the non-lytic egress of Mtb, MDM in my in vitro model should be 

differentiated under different experimental conditions and then assessed for non-

lytic egress. The experimental conditions I consider relevant are macrophages 

skewed to a highly pro-inflammatory phenotype by the stimulation of LPS, a 

restrictive phenotype (potentially achieved following stimulation by IFNy in the 

presence of Vitamin D and GM-CSF), a highly anti-inflammatory phenotype by 

the addition of IL-10/IL-4, and a more biologically relevant model where 

monocytes are differentiated in condition media from macrophages (with or 

without T cells) infected with Mtb. These investigations would help address the 

hypotheses presented in my proposed model of non-lytic egress from 

macrophages (section 6.4), and provide insight on the role of this process in 

contributing to disease pathogenesis. 
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