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Abstract 
Tuberculosis (TB), caused by the intracellular pathogen Mycobacterium tuberculosis (Mtb), 

remains the world’s deadliest infectious disease. Although treatable, effective 

chemotherapy requires at least six months of treatment with a minimum of four 

antibiotics. Novel antibiotics are needed to quell the pandemic. However, we do not 

fully understand why current treatments take so long to work in patients. Mtb has a 

dynamic intracellular lifestyle, and this thesis tests the hypothesis that not all 

antibiotics penetrate into, or are effective within, all compartments containing Mtb 

during infection. 

Our understanding of the intracellular pharmacokinetics of drugs against TB has been 

limited by a lack of technologies for studying the subcellular distribution of antibiotics. 

This work developed a correlative imaging workflow incorporating fluorescence, 

electron and nanoscale ion microscopy (CLEIM) to map the subcellular distribution 

of two antibiotics, bedaquiline (BDQ) and pyrazinamide (PZA), at sub-micrometre 

resolution in Mtb-infected human macrophages. This workflow was complemented 

with orthogonal methods, including high-content live-cell imaging, to study the 

dynamic processes that contribute to antibiotic activity.  

BDQ accumulated primarily in host cell lipid droplets (LD), but heterogeneously in 

Mtb within a variety of intracellular compartments. Surprisingly, LD did not sequester 

the antibiotic but constituted a transferable reservoir that enhanced antibacterial 

efficacy. Lipid binding therefore facilitated drug trafficking by host organelles to an 

intracellular target. 

PZA is a pro-drug, and the accumulation of its active metabolite pyrazinoic acid has 

been hypothesised to depend on the bacteria being in an acidic environment. Direct 

analysis of antibiotic accumulation by ion microscopy, combined with live-cell 

imaging at the single cell level, revealed that, whilst acidic intracellular environments 

support PZA activity, they are not necessary for antibiotic efficacy.  

Many intracellular pathogens interact with LD or reside in partially acidified vacuoles, 

and these results therefore have broad implications for our understanding of antibiotic 

activity.  
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Impact statement 
The World Health Organisation estimates that 25% of the world’s population is 

infected with TB, leading to a greater number of annual deaths than any other 

infectious disease. The greatest burden of TB disease falls on the poorest regions of 

the world. There is international agreement that new and better treatments are 

required for TB, yet we do not fully understand why TB is so hard to treat. 

Even though Mycobacterium tuberculosis (Mtb), the bacterium that causes TB, can be 

killed by antibiotics within days in a test tube, it takes a minimum of six months with 

at least four antibiotics to kill all the bacteria within a TB patient. Mtb is an intracellular 

pathogen, and it is possible that current anti-TB drugs are not effective in all the 

intracellular compartments that the bacterium can live in. However, a lack of suitable 

technologies has prevented scientists from understanding how antibiotics reach 

intracellular pathogens.  

This work presents a novel and ground-breaking imaging workflow to map the 

distribution of antibiotics within infected human cells. This workflow combines 

fluorescence, electron and ion microscopy (CLEIM) to generate subcellular maps of 

antibiotic distributions within host cells, allowing us to see which antibiotics 

accumulate in which intracellular bacteria. Despite the technical challenges of working 

with a deadly human pathogen rather than a safer laboratory model, the experiments 

described in this thesis were performed with pathogenic strains of Mtb, ensuring that 

the results presented here are of direct relevance to the global TB pandemic. 

Moreover, this workflow is not specific to TB, or even to antibiotics, and can be used 

to study a wide range of drug treatments across all kinds of disease. 

The workflow was applied to two anti-TB drugs: pyrazinamide (PZA) and bedaquiline 

(BDQ). These antibiotics are of particular interest to researchers because of their 

ability to kill dormant bacteria, which are typically the hardest to treat. By investigating 

how their intracellular distribution changes in response to changes in the host 

environment, this research shed insight into long-unanswered questions about what 

makes these compounds effective against intracellular bacteria.  
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A key finding of this research, published in the journal Science, concerns the recently 

approved anti-TB drug BDQ. BDQ is highly lipophilic, meaning that it binds non-

specifically to fats. This property is typically considered to be negative during drug 

development, as it is thought to prevent compounds from reaching their targets.  

Indeed, BDQ was found to accumulate strongly within fat-filled host organelles called 

lipid droplets (LD). But surprisingly, these LD did not sequester the antibiotic and 

prevent it from reaching the bacteria, but actually facilitated its journey. Bacteria 

actually consume these host LD, taking up high doses of the antibiotic in the process.  

Many intracellular pathogens – including bacteria, viruses and parasites – interact with 

host LD. These results suggest that drug discovery initiatives should reconsider which 

properties make good antibiotics for intracellular pathogens, and suggest that often-

disregarded very lipophilic compounds could be particularly well suited to treating 

these diseases, and will help to guide future antibiotic screening initiatives. 
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1: Introduction 
A note on the structure of this thesis 

This introduction chapter focusses on background material relevant to the holistic 

understanding of this project, its aims and interpretation. The background to the key 

imaging methods and antibiotics used in individual results chapters - namely on 

secondary-ion mass spectrometry imaging, pyrazinamide (PZA) and bedaquiline 

(BDQ) - is placed in the ‘Briefing’ section at the start of each results chapter. 

Tuberculosis (TB) 
TB is a widespread deadly infectious disease caused by mycobacteria of the 

Mycobacterium tuberculosis (Mtb) complex. In 2017, the World Health Organisation 

estimated that TB caused 10 million cases of active disease resulting in 1.3 million 

deaths in HIV-negative people, as well as 300,000 deaths from TB-HIV coinfection 

(fig. 1.1) (WHO Global Tuberculosis Report 2018). This made TB the deadliest 

infectious disease caused by a single infectious agent worldwide, with the greatest 

incidence occurring in resource-poor regions of Africa and Asia. 

Mtb is the most common etiological agent of the disease, however a study in Mexico 

city found the closely related pathogen M. bovis to be responsible for as much as 30.2% 

(Torres-Gonzalez et al., 2016) of human TB cases in that city, as well as causing a 

significant disease burden in wild  and farmed animals.   

Although death rates from TB are falling, the current rate of decline means that TB 

will remain a major public health crisis until the end of the century. One of the main 

emerging threats to effective treatment is the rise of antibiotic resistance (fig. 1.1).  
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Figure 1.1 Deaths from TB. (Left) Deaths from TB, HIV and TB-HIV coinfection 

globally. (Right) Confirmed multi-drug resistance (MDR) or rifampicin-resistant (RR) 

cases in green, with those enrolled in treatment in purple. Estimated total global cases 

of MDR and RR-TB in 2017 shown in blue, and estimate number of MDR and RR-

TB cases among pulmonary disease shown in black. Source: WHO Global 

Tuberculosis Report 2018). 

However, even in the best-case scenario of infection with a non-resistant strain of 

Mtb, treatment involves four first-line antibiotics (isoniazid, rifampicin, PZA and 

ethambutol) for a minimum of six months (current treatments reviewed in Furin, Cox 

and Pai, 2019). A single surviving bacterium is sufficient to reactivate disease, so an 

effective antibiotic regimen must be fully able to eradicate the TB bacillus (Mitchison, 

2004). 

In order to bring the TB epidemic under control, we need improved and faster 

treatment regimens (WHO Global Tuberculosis Report 2018). This requires both 

developing new antibiotics to replace those rendered inefficient by mutations 

conferring resistance, as well as designing more effective combination therapies, host-

directed therapies and delivery mechanisms (Koul et al., 2011; Caño-Muñiz et al., 

2018). However, our ability to develop new treatments is hampered by our poor 

understanding of why current drug regimes, which can sterilise a culture of Mtb in 

vitro in a few days, take months or years to completely eradicate the TB bacillus from 

a patient (Barry et al., 2009). The aim of the project described in this thesis is to 

investigate the pharmacokinetics of antibiotics against TB within host cells, and to 

understand its contribution to antibiotic efficacy. The following introduction will 

begin with an exploration of the cellular biology of Mtb infection, before returning to 

the question of antibiotic trafficking and efficacy in host cells. 
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Infection by Mtb 

Mtb can infect many different tissues and cell types, with consequences for disease 

progression, persistence and antibiotic treatment. 

Inhalation of aerosolised Mtb is the primary route of TB infection (Bussi and 

Gutierrez, 2019). Following inhalation, Mtb reaches the alveoli where it is recognised 

by cells of the innate immune system – including alveolar macrophages and 

neutrophils – as well as epithelial cells (David G Russell et al., 2009; Lerner et al., 2016). 

Macrophages are often considered the key cell-type in early infection because they are 

permissive to bacterial growth and because their mobility, like that of myelocytic cells, 

could facilitate the spread of non-motile bacteria (David G Russell et al., 2009). 

However, macrophages are themselves a diverse cell type, which can differentiate into 

further subtypes with different antimicrobial and functional behaviours (reviewed in 

Benoit, Desnues and Mege, 2008). Single-cell sequencing of human macrophages 

challenged in vitro with Mtb revealed three separate clusters with significant differences 

in the expression of metabolic genes (Gierahn et al., 2017), and also indicated an 

important role for granulocyte-macrophage colony stimulating factor (GM-CSF) 

expression heterogeneity in determining permissiveness to growth (Bryson et al., 

2019).  

Infection of alveolar macrophages triggers their activation to a proinflammatory state 

and migration into the epithelium, where they recruit other mononuclear cells by 

cytokine signalling, in particular tumour necrosis factor-a (TNF-a) signalling (David 

G Russell et al., 2009). Mtb-infected dendritic cells can also spread bacteria to the 

lymph nodes, where they stimulate further T-cell differentiation (David G Russell et 

al., 2009). Other cell types have also been implicated as important reservoirs of 

infection. For example, analysis of sputum, bronchoalveolar lavage fluid and cavity 

material from patients with advanced active pulmonary TB indicated that, by this stage 

of active disease, more infected neutrophils are present than infected macrophages 

(Eum et al., 2010).  

Eventually, infection may lead to the formation of granulomas, a characteristic 

aggregate of immune cells that occurs with only a few other infectious and non-

infectious diseases such as sarcoidosis (Kosjerina et al., 2012). Although granuloma 
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formation is heterogeneous (Astarie-Dequeker et al., 2009; Barry et al., 2009; Lin et al., 

2014; Cadena, Fortune and Flynn, 2017), these lesions typically consist of a core of 

infected macrophages – which over time can necrotise to form lipid-rich caeseum 

(Sarathy et al., 2017). This core is surrounded by layers of foamy macrophages, T-cells, 

epithelioid macrophages and other immune cells (Ramakrishnan, 2012) (fig. 1.2). 

 
Figure 1.2. Composition of a granuloma. Reproduced with permission, from 

Ramakrishnan 2012.  

Despite being non-motile, Mtb can cause infection in almost any part of the body, 

with the lymphatic system being the most common site of extra-pulmonary infection 

(Behr and Waters, 2014). Mtb can be found in lymphatic endothelial cells both from 

patient histology samples and in in vitro models (Lerner et al., 2016). It has also been 

argued that TB is primarily a lymphatic disease, with the lung acting as a site of 

reactivation and transmission (Behr and Waters, 2014). This would explain the clinical 

observation that the site of lung disease reactivation is often separate from the lesion 

caused by the initial infection (Behr and Waters, 2014). 

Many other sites of disseminated disease can contribute to diverse pathologies or may 

support persistence. For example, infection of the meninges causes TB meningitis, a 
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particularly severe form of extrapulmonary TB that typically results in death or 

disability, even with treatment that successfully eradicates Mtb (Prasad, Singh and 

Ryan, 2016). Sites of possible Mtb persistence include bone marrow mesenchymal 

stem cells (Beamer et al., 2014). In a mouse model of TB, treatment with isoniazid and 

rifampicin that killed all Mtb in the lungs did not clear the infection from bone marrow 

(Beamer et al., 2014). Low numbers of Mtb have also been identified in adipose tissue 

from patients, where they may be protected from hydrophilic antibiotics (Neyrolles et 

al., 2006). Mtb has even been isolated from the soft tissue of a swollen finger (Mandal 

and Margaretten, 2018).  

Given that Mtb can persist in such diverse parts of the body, a universal antibiotic 

treatment for TB must therefore be able to reach practically all tissues, not only the 

primary sites of infection in the lung and lymph nodes. 

Clinical treatment of TB 

Current chemotherapy of TB is always a multi-drug therapy (Kerantzas and Jacobs, 

2017). This is necessary due to the long time-to-sterilisation found with all existing 

TB treatments, which greatly increases the occurrence of resistance. When the first 

anti-TB drug streptomycin became available in the 1940s, trials by the UK Medical 

Research Council found that its use as a monotherapy rapidly led to resistance in 20% 

of treated patients (Streptomycin treatment of pulmonary tuberculosis, 1948). 

Therefore drug susceptible strains are now treated with four antibiotics: isoniazid, 

rifampicin, PZA and ethambutol (WHO Global tuberculosis report 2018). 

TB that is resistant to these first-line antibiotics must still be treated with multiple 

effective drugs to prevent resistance (Bastos, Lan and Menzies, 2017). Following the 

discovery of antibiotic resistant Mtb in a cultured patient sample, a combination of 

second line drugs will be administered, which may include fluoroquinolones such as 

moxifloxacin and injectable agents such as capreomycin and amikacin (WHO Global 

tuberculosis report 2018). These antibiotics are both less effective and less safe than 

the first line regimen, and sterilising treatment typically takes two years or more 

(WHO Global tuberculosis report 2018). More recently, novel oral antibiotics have 

been developed including BDQ, pretomanid, delamanid and linezolid. The Nix-Tb 

phase 3 clinical trial tested a combination of BDQ, pretomanid and linezolid for the 



  17 

treatment of multi-drug resistant TB (ClinicalTrials.gov Identifier: NCT02333799). 

This trial found that the three-drug combination successfully cured 95 out of 107 

patients with only a six month course of treatment, a great improvement on previous 

drug-resistant regimens, with a similar treatment outcome to the first-line treatment 

of drug susceptible TB (Pretomanid and BPaL Regimen for Treatment of Highly-

Resistant Tuberculosis, 2019). However, six months is still a challenging treatment 

length, and resistant clinical strains to BDQ have already begun to emerge (Andries et 

al., 2014).  

Therefore, a greater understanding of the determinants of slow antibiotic efficacy in 

TB is still required. The next section of this introduction will examine how the 

intracellular lifestyle of Mtb contributes to a diverse range of bacterial phenotypes. 
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Mtb is an intracellular pathogen 
Mtb is a facultative intracellular pathogen that inhabits multiple intracellular 

environments. Classically, Mtb was thought to reside only in phagosomes following 

initial uptake by phagocytosis. Here, Mtb creates a permissive niche by inhibiting 

phagosome maturation by blocking fusion with lysosomes (Armstrong and Hart, 

1975; Goren et al., 1976; Clemens and Horwitz, 1995). However, research over the 

last decade has demonstrated much greater diversity and dynamism in the intracellular 

lifestyle of Mtb (fig. 1.3). This section will consider how Mtb can enter the 

phagosome, escape to the cytosol, and be recaptured by the auto-phagosome 

machinery into a further membrane-bound state. These compartments can harbour 

radically different microenvironments, modulating Mtb viability and drug tolerance.  

Figure 1.3. Entry to host cell and trafficking between intracellular 

environments. Mtb highlighted in green. Electron micrographs from Anthony 

Fearns, modified from (Bussi and Gutierrez, 2019). Mtb DRD1 does not escape to 

the cytosol and remains phagosome bound. 

Uptake 

Although receptor-mediated phagocytosis may be the primary route of Mtb 

internalisation into innate immune cells, the receptors involved are not fully known, 
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and uptake into non-professional phagocytes such as fibroblasts and adipose tissue is 

likely to involve separate binding pathways (Bussi and Gutierrez, 2019). 

Macropinocytosis offers an alternative route for internalisation into B-lymphocytes, 

whereas efferocytosis of entire dead or dying host cells can also lead to uptake of 

bacteria (García-Pérez et al., 2012; Martin et al., 2012). Diversity in Mtb-phagocyte 

interactions also modulates the outcome of infection. For example, activation of toll-

like receptors 2 and 4 (TLR2, TLR4) activate nuclear factor kappa-light-chain-

enhancer of activated B cells (NFkB), promoting intracellular killing and apoptosis 

(Killick et al., 2013). Alternatively, the Mtb surface lipids phthiocerol dimycocerosates 

(PDIM) interfere with host membranes, disrupting their biophysical properties and 

promoting phagocyte uptake whilst disrupting endosomal trafficking and phagosome 

integrity in a manner beneficial to Mtb survival (Astarie-Dequeker et al., 2009; Lerner 

et al., 2018). 

The phagosomal environment 

After internalisation, Mtb is primarily localised in membrane-bound organelles named 

phagosomes. The intra-phagosomal environment is the consequence of an interplay 

between both bacteria, which seek to manipulate the phagosome to form a replicative 

niche, and the host cell, which seeks to degrade the invading bacterium (David G. 

Russell et al., 2009; Bussi and Gutierrez, 2019). From the bacterial perspective, a 

further complexity is introduced by the need to allow nutrients into the phagosome 

whilst simultaneously inhibiting fusion with degradative compartments. The shifting 

balance of these factors over the time-course of infection has proved challenging to 

study with fixed-timepoint assays, and is only now being unravelled with advances in 

live-cell imaging (Bussi and Gutierrez, 2019). 

Much of the research into the phagosomal microenvironment has focussed on the 

ability of Mtb to block phagosome maturation and acidification. It was often 

considered that phagosomes must be acidic because PZA is effective against 

intracellular Mtb, yet is only active at low pH against Mtb grown in broth (Crowle and 

May, 1990). However, addition of pH-dissipating chloroquine or ammonium chloride 

had no effect on PZA activity against intracellular Mtb (Crowle and May, 1990).  
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In the 1970s, it was observed that purified mycobacterial sulphatides can block the 

fusion of lysosomes with phagosomes containing yeast particles, indicating that Mtb 

can inhibit phagosome maturation (Goren et al., 1976). Furthermore, phagosomes 

formed around M. avium in murine bone-marrow derived macrophages (BMM) were 

found to be negative for the vacuolar proton-ATPase (vATPase), which otherwise 

drives acidification of vesicular compartments (Sturgill-Koszycki et al., 1994). Mtb also 

produces the terpine nucleoside 1-tuberculosinyladenosine, which both neutralises the 

acidic pH of lysosomes and disrupts their integrity by inducing luminal swelling (Buter 

et al., 2019).  

Immunogold labelling of electron microscopy (EM) samples showed that Mtb 

phagosomes can fuse with early, but not the more acidic late endosomes, in 

monocytes (Clemens and Horwitz, 1995). Fluorescence microscopy studies in fixed 

cells indicated that phagosome maturation is arrested between the recruitment of 

Rab5 and Rab7 to the phagosome (Via et al., 1997). However live-cell imaging has 

since indicated that Rab7 can also be recruited, but is only transiently associated with 

the phagosome (Seto et al., 2009; Schnettger et al., 2017). Mtb can also directly prevent 

the acidification of the phagosome by targeting the vATPase for degradation. Mtb 

induces expression of the cytokine GM-CSF, which induces the cytokine inducible 

SH2 containing protein (CISH), which targets the vATPase for degradation (Queval 

et al., 2017). Mtb also secretes the phosphatases SapM, PtpA and PtpB, which 

modulate the phagocytic pathway and inhibit endosome maturation (Wong, Chao and 

Av-Gay, 2013).  

Little is known about the luminal contents of the phagosomes or endosomes. X-ray 

microprobe elemental analysis revealed that phagosome content varies with 

pathogenicity. Whereas iron is depleted from the phagosomes of non-pathogenic 

bacteria, its level increases in Mtb phagosomes due to the delivery of iron by the 

endocytic pathway (Wagner et al., 2005). Moreover, addition of the Th1 cytokines 

IFN-γ and TNF-α could further modulate elemental composition (Wagner et al., 

2005). IFN-γ has been shown to target Mtb to spacious phagosomes via a Rab20 

dependent process that induces the delivery of proteolytic endosomal membranes, 

and possibly nutrients beneficial to Mtb (Schnettger et al., 2017). Much uncertainty 

remains regarding the composition of the phagosome lumen and the 
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microenvironment that it provides. The consequences of microenvironment for 

antibiotic efficacy will be discussed in a later section. 

Disruption of membrane integrity and escape to the cytosol 

Mtb is not limited to the phagosome, but can damage the phagosome membrane and 

‘escape’ into the cytosol. EM of infected macrophages showed the presence of 

cytosolic bacteria with no surrounding membrane within 24 hours of infection, 

dependent on the region of deletion 1 (RD1) locus, which encodes the ESX1 type VII 

secretion system (van der Wel et al., 2007; Houben et al., 2012; Lerner et al., 2017). 

Access to the cytosol has also been determined by a cytosolic fluorescence resonance 

energy transfer reporter activated by contact with beta-lactamases on the bacterial 

surface, including in vivo in a mouse model of TB (Simeone et al., 2012b, 2015). 

Cytosolic localisation of bacteria will obviously have major consequences for the 

outcome of infection, but the mechanisms by which it takes place are incompletely 

understood. 

EsxA is a protein secreted by the ESX-1 type VII secretion system of Mtb that has 

been posited as a pore-forming protein. However, its study has been complicated by 

the fact that it can take on multiple conformational states with different biological 

properties depending on how it is purified – with its reported pore-forming properties 

dependent on purification with the detergent amidosulfobetaine-14 (Refai et al., 2015; 

Conrad et al., 2017). EsxA can be monomeric or aggregate into oligomers, each with 

different effects on macrophages. 

Pore forming proteins (PFP) are mechanistically diverse. Rotationally symmetrical, 

stable transmembrane channel-forming proteins are the most studied PFP. The 

stability given by complete rings of α-helices or b-sheets to proteins, such as Escherichia 

coli cytolysin A, makes them amenable to biophysical and structural characterisation 

(Gilbert et al., 2014). However, recent advances in imaging and computational 

methods have revealed that many PFP – for example sea-sponge actinoporins - 

instead form toroidal proteolipidic pores stabilised both by the PFP and by lipid head 

groups (fig. 1.4). In these pores, the protein does not simply form a stabilising ring 

around the edge of the lipid bilayer, but destabilises the structure of the bilayer. 

Similarly, membrane-attack complex/perforin (MACPF) superfamily proteins can 
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form both complete rings and incomplete arcs of differing sizes, with the edge of the 

pore not coated with protein instead formed from lipid head groups (Gilbert et al., 

2014). Mtb permeabilization of host membranes could therefore involve these kinds 

of flexible toroidal pores to access the host cytosol, rather than stable canonical 

channels. Interestingly, the incomplete arcs formed by perforin were also shown to 

facilitate the flip-flopping of lipids between the inner and outer leaflet of vesicles 

(Metkar et al., 2011). In this way, PFPs could transfer luminal glycolipids to the outer 

surface of the phagosome, leading to recognition by galectins (see below). This may 

also explain how PDIMs, which also alter membrane biophysics (Astarie-Dequeker et 

al., 2009), contribute to cytosolic access (Cox et al., 1999; Lerner et al., 2016, 2018, 

2019). Eventually, extensive perturbation of the phagosomal membrane could lead to 

its rupture and loss. 

 
Figure 1.4. Cartoons of proposed structures of toroidal pores. Formed by (A) 

electroporation, (B) melittin, (C) actinoporin, (D) MACPF. Lipid shown in green and 

grey, protein in other colours. Reproduced with permission from Gilbert et al. 2014. 

After Salmonella infection of human host cells, damaged Salmonella-containing 

phagosomes display luminal sugar moieties that are recognised by the cytosolic 

membrane damage sensor galectin 8 (Gal8) (Thurston et al., 2012). Subsequently, Gal8 

was also shown to associate with Mtb-containing phagosomes in murine bone marrow 
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derived macrophages (BMM) (Schnettger et al., 2017). Although only a small 

proportion of bacteria are positive for galectins at any time point analysed, this may 

be due to ongoing dynamic repair processes masking the extent of the damage (Bussi 

and Gutierrez, 2019). Membrane damage by M. marinum (Mm) or Mtb resulted in the 

ESCRT-III membrane repair machinery localising to phagosomes to initiate repair 

(López-Jiménez et al., 2018; Mittal et al., 2018). Surprisingly, inhibition of ESCRT-

mediated repair in D. discoideum reduced the growth of intracellular Mm despite 

enhancing escape to the cytosol because cytosolic bacteria were then selectively 

targeted by autophagy (López-Jiménez et al., 2018). Fusion of endosomes with the 

phagosomal membrane further supports the repair process (Schnettger et al., 2017), 

and could also result in the delivery of nutrient material to Mtb phagosomes.  

Ultimately, disruption of host membranes by Mtb does not stop at the phagosomal 

membrane. Permeabilisation of the plasma membrane leads to host cell necrosis, with 

necrotic macrophages providing a niche for bacterial replication (Lerner et al., 2017; 

Mahamed et al., 2017). In this context, loss of the RD1-encoded proteins EsxA and 

EsxB prevents the cytolysis of macrophages (Hsu et al., 2003), reinforcing the 

importance of this key locus of virulence.  

Recapture by autophagosomal membranes 

Xenophagy is a form of selective autophagy that targets intracellular pathogens, and 

can facilitate the capture of cytosolic bacteria into a membrane-bound compartment 

(reviewed in Kimmey and Stallings, 2016; Sharma et al., 2018). Xenophagy was first 

identified as a determinant of the intracellular survival of Mtb in 2004 (Gutierrez et al., 

2004). Ubiquitin is known to be involved in the targeting of the autophagic machinery 

to Mtb, although the targets of ubiquitination are not fully understood (Watson et al., 

2019). Proposed targets include intact phagosomes, damaged phagosomes and the 

surface of cytosolic bacteria (Bussi and Gutierrez, 2019). Xenophagy, therefore, offers 

a route for the reinternalization of cytosolic bacteria to a membrane-bound and 

potentially acidic environment. 

An siRNA screen of host factors affecting the intracellular survival of Mtb in THP-1 

derived macrophages identified genes in the autophagic pathway as regulators of 

bacterial burden (Kumar et al., 2010). Furthermore, a comparison across clinical 
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strains found that – of those genes important in controlling bacterial replication in 

macrophages across all strains – approximately half were related with autophagy. 

Activation of autophagy also supports acidification of the phagosome, increasing the 

activity of bactericidal mechanisms (Gutierrez et al., 2004). Autophagy can be induced 

in macrophages by interferon-γ (IFN-γ) signalling from Th1 polarised T-cells (Harris 

et al., 2007). Aside from low pH, antimicrobial peptides have been implicated in the 

control of Mtb by autophagy. The bactericidal effect of autophagy was found to be 

dependent on p62-mediated delivery of antimicrobial peptides derived from digested 

host proteins (Ponpuak et al., 2010).  

On the other hand, Mtb possesses mechanisms to overcome autophagic killing by 

macrophages, dependent on key virulence factors. Purified extract of the Mtb cell wall 

lipid lipoarabinomannan is capable of inhibiting autophagy (Shui et al., 2011). In 

primary dendritic cells, the pathogenic Mtb strain H37Rv was able to block maturation 

of the phagolysosome whereas the attenuated strains H37Ra and bacillus Calmette-

Guerin (BCG) could not (Romagnoli et al., 2012). Genetic restoration of secretion of 

the virulence factor ESX-1, absent in the attenuated strains, was able to recapitulate 

the inhibition of autophagy by Mtb wild type (WT) (Romagnoli et al., 2012). Similarly, 

in primary human lymphatic endothelial cells, pathogenic Mtb was not targeted by 

autophagy unless the system was also stimulated with IFN-γ (Lerner et al., 2016).  

The ability to inhibit autophagy of mycobacteria also differs between clinical strains 

and immune activation states, which may contribute to different clinical pathologies. 

For example, the highly pathogenic Beijing strain of Mtb is particularly adept at 

inhibiting the formation of autophagosomes (Haque et al., 2015). Furthermore, 

whereas the Th1 cytokine IFN-γ promotes xenophagy of Mtb, the Th2 cytokines 

interleukin (IL) 4 and 13 inhibit autophagic targeting of Mtb (Harris et al., 2007). 

Autophagy, therefore, represents not only a bactericidal mechanism, but a strain- and 

immune-dependent system for the recapture of Mtb into a membrane-bound 

compartment. 

Lipids are an essential carbon source for intracellular Mtb 

In addition to movement between host compartments, an intracellular lifestyle also 

induces certain metabolic programmes in Mtb. Whereas Mtb is typically grown in 
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carbohydrate-based broth for in vitro experiments, lipid catabolism is a key feature of 

intracellular Mtb metabolism. The consequences of this metabolic strategy can have a 

profound impact on virulence and host response. The effect of bacterial metabolism 

on antibiotic efficacy will be discussed in a later section. 

Experiments with isotopically labelled triacylglycerides (TAGs) indicated that Mtb 

assimilates whole fatty acids, but not whole TAG (Daniel et al., 2011). Additionally, 

microarray RNA analysis of Mtb isolated from THP-1 macrophages showed up-

regulation of genes involved in lipid metabolism, including fatty acyl coenzyme A 

(CoA) reductase genes Rv3391 and Rv1543, as well as lipY (Daniel et al., 2011). LipY 

is a secreted hormone-sensitive lipase-family lipase, and is thought to be involved in 

the liberation of fatty acids from intra-bacterial TAG stores (Deb et al., 2006) as well 

as the consumption of host lipid droplets (LD) dependent on the LipY PE domain 

(Santucci et al., 2018). 

The composition of lipids on which Mtb is grown can also have an effect on virulence 

by directly modulating the production of virulence factors. Growth in media 

containing odd-chain fatty acids increases production of sulpholipid-1 and 

phthiocerol dimycocerosates (PDIM), lipids that are linked to intracellular virulence 

(Jain et al., 2007). In addition to being a virulence factor, PDIM synthesis consumes 

the cholesterol and odd-chain fatty acid-derived metabolite propionate, the build-up 

of which would be toxic to Mtb (Lee et al., 2013). 

Mtb itself can also induce the accumulation of LD in the host macrophage, thereby 

inducing the accumulation of its own carbon source. Under hypoxic conditions, an 

increase in LD burden is observed in Mtb-infected but not uninfected human 

macrophages within two days (Peyron et al., 2008). 

Mtb cell wall lipids alone are sufficient to induce macrophage lipid accumulation. 

Addition of Mtb lipid extract to THP-1 macrophages activates the peroxisome 

proliferator-activated receptor γ (PPAR-γ) and testicular receptor 4 (TR4), leading to 

increased expression of the low density lipoprotein (LDL) scavenger receptor cluster 

of differentiation (CD) 36 and ultimately foam cell formation (Mahajan et al., 2012). 

Foamy cells contain high levels of LD, lipid storage organelles that can interact with 

intracellular Mtb and will be discussed later. 
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Knockdown of PPAR-γ and TR4 in THP-1s reduced the growth of intracellular Mtb, 

indicating that lipid accumulation does indeed benefit bacterial growth (Mahajan et al., 

2012). However it must also be noted that activation of PPAR-γ has many 

immunomodulatory effects, and is involved in the differentiation of alveolar 

macrophages, expression of inducible nitric oxide synthase and the production of 

proinflammatory cytokines (Mahajan et al., 2012). The centrality of host lipid 

metabolism to immune activity makes this a challenging area of research, as knocking 

out specific lipid metabolism genes will generally result in defective intracellular 

replication. 

Results from the experiments mentioned above demonstrated that Mtb utilises lipids 

for intracellular growth, but do not by themselves demonstrate that lipid metabolism 

is essential for Mtb replication. In order to test whether lipids are an essential carbon 

source, several studies have used genetic approaches to test the essentiality of 

pathways essential for growth on lipids as a sole carbon source. For example, Mtb 

that lacks key enzymes in the glyoxylate cycle - required for growth on lipids - were 

found to be attenuated (Muñoz-Elías and McKinney, 2005). In this study, deletion of 

genes for both isocitrate lysase 1 and 2 prevented Mtb growth both in mouse lungs 

and in macrophages, indicating that lipids are essential for intracellular virulence. This 

work has been challenged on the basis that these enzymes are also required for 

metabolism of propionate and glyoxylate (Upton and McKinney, 2007; Puckett et al., 

2017). As discussed, propionate build-up is toxic to Mtb (Lee et al., 2013). Similarly, 

build-up of glyoxylate from the metabolism of even-chain fatty acids lacking an intact 

methylcitrate cycle is also toxic to Mtb (Puckett et al., 2017). An accumulation of 

propionate could therefore explain the attenuation of these mutants. 

Subsequently, another metabolic pathway needed for growth on lipids was shown to 

be essential for intracellular growth in murine BMM (Marrero et al., 2010). Growth in 

media containing lipids as a sole carbon source requires the gluconeogenic pathway 

to generate sugars from TCA intermediates for processes such as protein glycosylation 

and peptidoglycan production (Marrero et al., 2010). Knocking out the gene for the 

gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PckA)does not cause 

the build-up of toxic metabolites. However, the mutant cannot grow on lipids as a 

sole carbon source in vitro. Additionally, a doxycyclin-inducible knockout of pckA is 
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effectively restricted following loss of gluconeogenesis in both the chronic and acute 

phases of infection in an in vivo mouse model (Marrero et al., 2010). These results 

indicate not only that Mtb metabolises lipids intracellularly, but that lipid metabolism 

is essential for in vivo replication. Compounds that target fatty acid metabolism 

pathways are therefore likely to be effective antibiotics, and the role of lipid 

metabolism in antibiotic efficacy will be discussed below. 

Mtb interacts with host organelles 

In addition to the phagosome and autophagic machinery, Mtb interacts with many 

host organelles – both through direct contacts with Mtb and indirectly via secreted 

factors or induction of the host response to infection (fig. 1.5). These interactions 

mediate the fate of both host and pathogen during the infection process. 

 

Figure 1.5. Interaction between Mtb and host organelles. Figure reproduced with 

permission from Bussi and Gutierrez 2019.  
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LD are ubiquitous organelles across all cell types (reviewed in Olzmann and Carvalho, 

2019). They consist of a neutral lipid core containing primarily TAGs and esterified 

cholesterol, surrounded by a phospholipid monolayer containing structural and 

signalling proteins. As well as a store of carbon, they are a sink for misfolded proteins 

and reactive oxygen species (ROS) (Bailey et al., 2015; Moldavski et al., 2015). LD are 

often found in close proximity to peroxisomes – lysosome-like organelles involved in 

long-chain fatty acid metabolism and detoxification of hydrogen peroxide by the 

enzyme catalase. EM of yeast cells indicates that LD can fuse with peroxisomes, 

possibly as part of the release of free fatty acids (Binns et al., 2006). It is not known 

whether peroxisomes interact with mycobacteria, and peroxisomes are difficult to 

distinguish from lysosomes in EM from morphology alone without antibody labelling. 

Like lysosomes, peroxisomes can be both spherical and tubular, vary in size (Smith 

and Aitchison, 2013). Furthermore, the distinctive crystalloid core does not occur in 

all tissues but can also occur in the peroxisome-derived organelles called Woronin 

bodies (Smith and Aitchison, 2013).  

Electron micrographs of Mtb-infected peripheral blood mononuclear cells (PBMC) 

show direct interactions between LD and Mtb or Mtb-containing vacuoles (fig. 1.6) 

(Peyron et al., 2008). Mtb interactions with LD may be beneficial for several reasons. 

LD are a carbon-rich niche for replication, and the lipid environment may protect 

against cytosolic pathogen sensing systems. Additionally, experiments in Drosophila 

melanogaster indicate that LD protect against oxidative stress, a role that could protect 

intracellular mycobacteria from host-generated ROS and reactive nitrogen species 

(Bailey et al., 2015). This protective role could be further enhanced by colocalization 

with catalase-containing peroxisomes. 
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Figure 1.6. Electron micrographs of interactions between host LD (labelled 

LB) and Mtb in PBMCs. Intra-bacterial LD (labelled ILI) are also shown. 

Reproduced under a Creative Commons license from Peyron et al. 2008. 

Studies of LD interactions with Mtb are complicated by the dual ability of 

mycobacteria to simultaneously induce the host accumulation of LD and to consume 

host lipids. LD interactions with Mm have been extensively studied in D. discoideum – 

a model of Mtb infection (Barisch et al., 2015, 2017). In this system, LD proteins label 

the mycobacterial surface – indicating either a direct interaction with LD or a transfer 

from the cytosol. Additionally, fluorescent labelling of neutral lipids and electron 

microscopy indicate that LD can accumulate within the mycobacteria-containing 

vacuole, as has been found with other pathogens (Cocchiaro et al., 2008).  

Interactions between LD and Mm are dependent on the proteins present on the LD 

surface. Dgat2 positive LD colocalise with cytosolic Mm but Plin appears to restrict 

this colocalisation (Barisch et al., 2017). This suggests that multiple LD populations 

could have different interactions with mycobacteria. Several studies on LD have 

demonstrated the presence of surface protein heterogeneity (Ozeki et al., 2005; Barisch 
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et al., 2015). The human analogue of Plin, PLIN2 (also known as adipophilin), similarly 

colocalises with Mm in murine BV-2 microglia-like cells (Barisch et al., 2015).  

In human HepG2 cells, Rab18 abundance on LD negatively correlates with PLIN2 

(Ozeki et al., 2005). Additionally, Rab18-abundant LD contact areas of the 

endoplasmic reticulum enriched in DGAT-2. Just as mechanisms of phagocytosis are 

conserved between the evolutionarily distant D. discoideum and mammals, it is possible 

that human cells also harbour distinct populations of LD, with differing interactions 

with intracellular mycobacteria.  

A study by Knight et al. found that IFN-γ and Hypoxia-inducible factor 1 α (HIF1-α) 

signalling is required in murine BMM for Mtb-induced LD formation, and that IFN-

γ signalling prevents Mtb from accessing LD lipids, as measured by an increase in the 

number of intra-bacterial LD (Knight et al., 2018). Additionally, they found that HIF1-

α knockout mice support similar levels of Mtb growth despite having fewer LD, 

suggesting that LD are not an important carbon source for Mtb growth in this system. 

However, these results could alternatively be explained if the knockout mice have an 

artificially high level of other lipids, such as phospholipids, which may then be used 

as an alternative lipid source. Similarly, D. discoideum lacking both Dgat1 and Dgat2 

isoforms form no LD but a larger endoplasmic reticulum (ER) (Barisch et al., 2017). 

In this study, infection with Mm reverses the accumulation of ER, suggesting it is used 

as an alternative carbon source. Either way, the results presented in the Knight study 

do not exclude the possibility that, in WT animals, Mtb does use LD. Additionally, 

interference with IFN-γ signalling in mice could have other effects on bacterial growth 

and metabolism that indirectly affect intra-bacterial LD formation. Orthogonal 

studies are needed to further investigate these findings in other models. 

In addition to direct physical interactions with LD, Mtb can interact with many other 

host cell organelles in ways that could influence nutrient availability, immune response 

and even antibiotic trafficking and metabolism. Although the extensive nature of the 

ER makes it difficult to distinguish functional interactions from random encounters, 

Mtb infection is known to induce the ER stress response (Choi et al., 2010). 

Additionally, indirect interactions could be mediated via LD. For example, Rab18 
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tethers LD and the ER (Ozeki et al., 2005; D. Xu et al., 2018), and has also been 

detected on the mycobacterial phagosome (He et al., 2012).    
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Tissue accumulation and antibiotic efficacy 
As discussed, Mtb can persist in many organs throughout the body, including lung, 

bone marrow and brain. Each of these organs in turn contains diverse tissue 

environments. Therefore, it is possible that an effective multi-drug therapy must 

include antibiotics with pharmacokinetic properties that together allow penetration 

into all infected environments. 

The distribution of antibiotics in necrotic granulomas has been assayed by matrix-

assisted laser-desorption ionisation mass spectrometry (MALDI-MS) imaging 

(Prideaux, ElNaggar, et al., 2015). In this study, fifteen patients with pulmonary TB  

received a dose of isoniazid, rifampicin, PZA and moxifloxacin prior to lung resection. 

Surgically removed granulomas were cryo-sectioned and imaged with MALDI-MS to 

determine drug distributions at a lateral resolution in the range of 30-100 µm (fig. 

1.7). The high mass resolution of MALDI-MS allowed label-free imaging of the tissue 

sections, which were unfixed, reducing the possibility for drug washout or 

experimental artefacts to influence the imaged distribution. 

The most striking difference observed was between isoniazid and PZA – which 

penetrate the entire lesion including the necrotic core – and moxifloxacin, which 

accumulated only in cellular regions (fig. 1.7). Rifampicin showed a time-dependent 

distribution, accumulating first in cellular regions before concentrating in the necrotic 

core (Prideaux, Via, et al., 2015). The poor penetration of moxifloxacin through the 

granuloma may be due to its hydrophobicity, causing it to bind strongly to the rim of 

the lipid-rich caseum rather than diffuse through it. This observation could also 

explain why the addition of moxifloxacin to the standard TB antibiotic regimen failed 

to reduce time to cure. However, it cannot be ruled out that a longer course of 

treatment could eventually lead to a saturation of the necrotic core.  

Subsequent MALDI-MS imaging studies performed in the C3HeB/FeJ mouse model, 

which forms histologically human-like necrotic granulomas following Mtb infection 

(Driver et al., 2012), showed that BDQ also accumulates in cellular regions only (Irwin 

et al., 2016). The CFU numbers from lungs isolated from these mice indicated greater 

heterogeneity in BDQ efficacy than with non-granuloma forming BALB/c mice, 
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suggesting that the formation of antibiotic-protected niches can determine treatment 

outcome. 

Figure 1.7. Heatmaps of antibiotic accumulation in granulomas. Granulomas 

excised from patients treated for pulmonary TB (top row) with accompanying 

haematoxylin and eosin (bottom row). Necrotic cores are outlines in white or black. 

Reproduced with permission (Prideaux, Via, et al., 2015). 

Many other factors influence the penetration of drugs into tissue, such as 

vascularisation, composition of the extracellular matrix, and metabolism by host cells. 

However, Mtb can itself induce remodelling of infected tissue in a way that impacts 

antibiotic penetration. Mtb-infected macrophages induce vascularisation of the 

granuloma by secretion of the angiogen vascular endothelial growth factor (VEGF) 

(Oehlers et al., 2014; Polena et al., 2016). VEGF induces the formation of new blood 

and lymphatic vessels, providing a route for bacterial dissemination. It might be 

predicted that increased vascularisation would improve antibiotic penetration. 

However, blood vessels induced by Mtb have abnormal morphology and may actually 

reduce small molecule penetration and oxygen levels (Datta et al., 2015). Anti-

angiogenic drugs correct this morphology and increase small molecule penetration, 

and have therefore been suggested as a strategy for host-directed therapies (Datta et 

al., 2015). Additionally, comparison of the distribution of BDQ and its primary host-

derived metabolite M2 (formed by a single N-demethylation event catalysed by 

cytochrome P450 3A4) indicated that they can localise to different areas of 

granulomas – suggesting a role for host metabolism in determining antibiotic 

localisation (Irwin et al., 2016). 
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Although penetration into a particular tissue is necessary for antibiotic efficacy, it is 

not by itself sufficient for efficacy, suggesting that host cells within tissues can also 

modulate the effect of antibiotics. 

One study compared the efficacy of three antibiotics on both intracellular and 

extracellular Listeria monocytogenes and Staphylococcus aureus (table 1.1). In this work, 

antibiotic efficacy was compared against the accumulation ratio of each antibiotic in 

THP-1 macrophages. Contrary to expectations, ampicillin – which does not 

accumulate in macrophages – was more effective against intracellular bacteria. 

However moxifloxacin and gentamicin – which both accumulate in macrophages – 

are more effective against extracellular bacteria.  

 
Antibiotic [Intracellular]/ 

[Extracellular] 

Most effective site 

L. monocytogenes ampicillin 1.0 intracellular 

S. aureus ampicillin 1.0 intracellular 

L. monocytogenes moxifloxacin 7.6 extracellular 

S. aureus moxifloxacin 7.6 extracellular 

L. monocytogenes gentamicin 4.4 extracellular 

S. aureus gentamicin 4.4 extracellular 

Table 1.1. Comparison of intracellular antibiotic accumulation in THP-1 

macrophages and bactericidal activity. Adapted from Carryn et al. 2002. 

Similarly, another study systematically determined the intra- and extra-cellular 

effective concentrations of 39 antibiotics against Mtb (Lakshminarayana et al., 2015). 

The minimum inhibitory concentration (MIC) was determined by optical density in 

broth culture, and the concentration required to reduce intracellular Mtb by 90% 

(IC90) was determined by counting colony forming units (CFUs) from RAW 264.7 

murine macrophages infected with Mtb and treated with antibiotics for five days. Due 

to the difference in how these values are calculated, their absolute values cannot be 

compared to determine whether a compound is more effective against intra- or extra-

cellular Mtb. However, the relationship between the two values can be compared with 

intracellular accumulation data from other sources (fig. 1.8). 
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Figure 1.8. Comparison of broth and intra-macrophage inhibitory 

concentrations of antibiotics against TB. Plotted with data from Lakshminarayana 

et al. 2014. Trend line plotted by linear model. 

In general, there is a strong correlation between intra- and extra-cellular efficacy. 

However, if accumulation in macrophages increases drug efficacy against intracellular 

bacteria, then it would be expected that compounds that accumulate in macrophages 

be disproportionately more effective against intracellular bacteria (e.g. rifampacin and 

moxifloxacin (Hand et al., 1984; Carryn et al., 2002)). However, this is not the case, 

indicating that accumulation in macrophages is not a significant determinant of 

antibiotic efficacy. The study also compared in vitro efficacy against a panel of in vivo 

standard PK-PD parameters (Lakshminarayana et al., 2015): Free drug fraction / MIC, 

area under the curve (free drug) / MIC, and time that the plasma free drug 

concentration exceeded MIC. 

However, again, no correlation was found in this study between these parameters and 

antibiotic efficacy. Together, these results indicate that antibiotics shown to 

accumulate in particular cellular tissues (as shown by MALDI-MS imaging (Prideaux, 
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ElNaggar, et al., 2015; Prideaux, Via, et al., 2015; Irwin et al., 2016)) are not necessarily 

most active against intracellular pathogens in those tissues. 

Based on the available evidence, there are three theories that could explain the 

heterogeneous response of intracellular bacteria to antibiotics, each of which will be 

discussed in the next section. Firstly, stochastic and induced phenotypic tolerance to 

antibiotics in tissue. Secondly, features of the metabolism of intracellular Mtb that 

influence the efficacy of antibiotics that interact with metabolic pathways. Thirdly, 

that the trafficking and accumulation of antibiotics within different compartments in 

host cells may determine whether antibiotics that do penetrate the host macrophage 

are able to reach Mtb-containing compartments. 
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The intracellular determinants of antibiotic response  

Host carbon sources modulate sensitivity to antibiotics 

As discussed above, lipids are an essential carbon source for the growth of intracellular 

Mtb. Host and pathogen lipid metabolisms are closely linked and may potentiate 

sensitivity to antibiotics. Whilst many of the most effective drugs against TB target 

bacterial metabolism (Murima, McKinney and Pethe, 2014; Lamprecht et al., 2016), 

screenings of compounds for anti-mycobacterial activity were until recently 

performed primarily on aerobic bacteria growing exponentially in 7H9 nutrient broth, 

which does not reflect the nutritional environment in human tissue or within host 

cells. For example, glycerol, a common carbon source in 7H9 preparations, negatively 

affects the efficacy of Q203 against Mtb due to upregulation of the expression of its 

target cytochrome bd oxidase (Kalia et al., 2019). 

Additionally, many drug screening programmes use attenuated or non-pathogenic 

mycobacterial strains because they are easier and safer to work with, potentially 

missing compounds active only against pathogenic Mtb (reviewed in Grzelak et al., 

2019).   

A parallel in vitro screen of 1280 pharmacologically active compounds against M. 

smegmatis, the vaccine strain M. bovis Bacillus Calmette-Guerin (BCG), and Mtb was 

performed to systematically investigate the suitability of these attenuated strains for 

antibiotic discovery (Altaf et al., 2010). Of the compounds active against Mtb, only 

50% were active against M. smegmatis and 79% against BCG, indicating significant 

differences in antibiotic susceptibility across mycobacterial species. 

Many of these model strains also have key differences in metabolism or growth rates. 

For example, BCG is derived from M. bovis rather than Mtb. M. bovis has a point 

mutation in the pyruvate kinase gene pykA, and is therefore unable to transfer 

metabolites from glycolysis into the TCA cycle (Keating et al., 2005). During the 

laboratory sub-culturing of M. bovis to derive the attenuated vaccine strain, a reverse 

point mutation allowed BCG to regain the ability to metabolise pyruvate (Keating et 

al., 2005). Indeed, a screen of five BCG vaccine strains against 12 antibiotics 

demonstrated multiple differences in antibiotic sensitivity (Ritz et al., 2009). This 
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included the already-known PZA resistance present in M. bovis due to a polymorphism 

in pncA (Scorpio and Zhang, 1996).  

More recently, new techniques for screening against intracellular mycobacteria in cell 

culture systems have been developed. Intracellular screens better recapitulate the 

nutritional programmes adopted by Mtb in the intracellular niche, in particular the use 

of lipids as an essential carbon source (David G Russell et al., 2009). A screen against 

intracellular bacteria led to the discovery of the novel compound Q203, which has 

potent in vivo activity (Pethe et al., 2013) but is not active in some in vitro broth 

conditions (Kalia et al., 2019). Q203 acts as an alternative electron carrier in the 

mycobacterial electron transport chain (ETC), transferring electrons to water to 

generate reactive oxygen species. Therefore metabolic conditions that increase ETC 

usage increase sensitivity to Q203. 

However, even these intracellular screens - performed at atmospheric oxygen levels 

in cancer-derived cell lines - do not fully reflect the interior of human tissue, where 

oxygen is limited and host and pathogen metabolism significantly altered. For 

example, hypoxic patient granulomas commonly found in human TB-patient biopsies 

contain many ‘foamy’ lipid-laden macrophages (Peyron et al., 2008). Similarly, Mtb in 

hypoxic macrophages develops intra-bacterial LD, as well as tolerance to isoniazid 

and rifampicin (Daniel et al., 2011). On the other hand, the glycerol that is released 

during catabolism of TAGs increases sensitivity to PZA (Bellerose et al., 2019), further 

providing evidence that different metabolic strategies employed in different in vivo 

environments can affect Mtb sensitivity to antibiotics compared with in vitro 

conditions.  

The list of antibiotics against TB thought to directly target processes involved in 

metabolism is relatively small: BDQ (ATP-synthase (Andries et al., 2005)), PZA (panD 

(Gopal et al., 2016)), delamanid (mycolic acids (Gler et al., 2012)), Q203 (cytochrome 

bd oxidase (Pethe et al., 2013)) and clofazamine (ETC (Lamprecht et al., 2016)). 

However, the discovery of novel inhibitory compounds, including BDQ and Q203, 

has sparked interest in lipid metabolism and the ETC as targets for drug development. 

Furthermore, the efficacy of many more antibiotics may be modulated by metabolic 
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processes, with a recent clinical study finding a correlation between polymorphisms 

in propionyl-CoA metabolism and multi-drug resistance (Hicks et al., 2018). 

Stochastic or induced drug tolerance 

It has been thought that antibiotics that target processes involved in growth or 

replication of bacteria will be ineffective against non-growing dormant 

subpopulations, however conflicting evidence suggests that the reality can be more 

complex (reviewed in Greulich et al., 2015; Caño-Muñiz et al., 2018). Dormant bacteria 

remain metabolically active and therefore susceptible to antibiotics, yet their increased 

tolerance to some antibiotics increases the likelihood of the emergence of resistant 

mutations (Levin-Reisman et al., 2019).   

In M. smegmatis, nutrient restriction triggers the formation of a small cell morphotype 

that is antibiotic tolerant (Wu, Gengenbacher and Dick, 2016). Additionally, Mtb from 

hypoxic caseum is also drug tolerant (Sarathy et al., 2017). However the level of 

tolerance to antibiotics – with the exception of PZA – was found to be greater than 

that of Mtb grown in in vitro hypoxia models (Sarathy et al., 2017), indicating that 

hypoxia alone does not induce maximal tolerance. 

Space confinement and aggregate formation result in both slow growth and antibiotic 

tolerance. Growth of mycobacteria in space-confined bioreactors induced activation 

of drug efflux pumps (Luthuli, Purdy and Balagaddé, 2015). Similarly, attached 

colonies of Mtb grown in cell culture media without agitation form biofilm-like 

aggregates and became drug tolerant (Ackart et al., 2014). Although the environments 

and conditions where they have been formed are very different, these in vitro 

aggregates may mirror the intracellular aggregates known as cords, that form inside 

human lymphatic endothelial cells (Lerner et al., 2019).   

However, not all antibiotics are most active against replicating bacteria. For example, 

BDQ is most active against dormant bacteria due to their low existing levels of ATP 

(Koul et al., 2014). Replicating bacteria may require more ATP but their higher initial 

levels confer greater resistance than dormant bacteria. Additionally, a study in primary 

human macrophages using a plasmid-based identifier of bacterial replication 

suggested that replication rates of Mtb do not correlate with sensitivity to isoniazid, 

PZA or ethambutol (Raffetseder et al., 2014). However, this model may not fully 
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recapitulate all growth states found in vivo, and used CFUs to count replicating bacteria 

from bulk populations. In this context, live-cell imaging experiments could provide a 

powerful tool to explore the link between growth rate and antibiotic susceptibility at 

the single-bacterium level (Dhar, McKinney and Manina, 2016). 

Efflux pumps are commonly implicated in antibiotic resistance and are therefore one 

of the most studied mechanisms of drug tolerance in mycobacteria. Drug 

displacement by efflux pumps is an active process, and mycobacterial efflux pumps 

require energy from ATP or the proton gradient (Sarathy et al., 2012). Rapid induction 

of the expression of efflux pumps has been detected both in macrophages and in a 

zebrafish model of mycobacterial infection (Adams et al., 2011).  

Even within a single infected individual, Mtb forms a phenotypically diverse 

community (Cadena, Fortune and Flynn, 2017). This diversity is not only stochastic 

but also induced by bacterial factors. The mycobacterial divisome factor LamA was 

identified as a bacterial protein that promotes the formation of diverse populations 

by asymmetric polar growth (Rego, Audette and Rubin, 2017). Deletion of lamA 

reduced phenotypic heterogeneity and increased population susceptibility to 

antibiotics. Antibiotic tolerance can also be epigenetically regulated. High content 

imaging identified a semi-heritable isoniazid resistance trait. This resistance was due 

to post-translational modification of the histone-like bacterial protein HupB (Sakatos 

et al., 2018). Furthermore, heterogeneity can also occur at the host-cell level: A study 

of infected cells isolated from mice found that the immune activation status of the 

host cell correlated with antibiotic tolerance of the bacteria within these cells (Liu et 

al., 2016). However it is not known whether bacterial heterogeneity drove activation 

heterogeneity or vice-versa.  
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Intracellular pharmacokinetics and pharmacodynamics 
As well as modulating bacterial sensitivity to antibiotics, host cells may have a more 

direct role in determining access to antibiotics. Many unanswered questions remain 

regarding the intracellular trafficking and accumulation of antibiotics and other drugs. 

The study of these processes and their effects on antimicrobial activity have been 

hampered by a lack of adequate techniques to study the subcellular distribution of 

antibiotics.  

Even in the case of a highly susceptible strain of Mtb, antibiotics have many biological 

barriers to overcome in order to reach intracellular bacteria. Just as an effective 

antibiotic treatment must reach all tissues, it must also reach all intracellular 

compartments containing Mtb (fig. 1.9). Furthermore, the physicochemical properties 

of those compartments must support antibiotic uptake by bacteria and subsequent 

activity. The subcellular pharmacokinetics of antibiotics is a neglected research field, 

and will form the basis of the research presented in this thesis. Work with drugs 

against other diseases, particularly cancer-drug resistance, can illustrate some of the 

salient features of intracellular drug trafficking. 
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Figure 1.9. Schematic of the postulated antibiotic internalisation and 

trafficking within infected host cells. Proposed mechanisms for uptake include 

active or passive transport through membranes and endocytosis. Within the cell, 

antibiotics may interact with many host-cell proteins and organelles, resulting in 

sequestration or metabolism, however the complexity of the host cytoplasm makes it 

difficult to determine the contribution of these processes. Finally, access of the 

antibiotic to bacteria may be modulated by a combination of bacterial factors and host 

compartmentalisation.  

Firstly, antibiotics must be taken up into the infected host cell (reviewed in Dobson 

and Kell, 2008; Kell, Dobson and Oliver, 2011). This can occur passively via diffusion 

through the membrane or through porins. Alternatively, antibiotics can be actively 

internalised by influx pumps or endocytic pathways operating at the plasma 

membrane of the host cell. Unlike mycobacterial membranes, membranes of 

mammalian cells are highly fluid, abundant in channels, and undergo continuous 

endocytic activity that constantly internalises extracellular components (Kell, Dobson 

and Oliver, 2011). However, it is still possible for drugs to be actively effluxed by host 

transporters such as P-glycoprotein. P-glycoprotein expression is upregulated in many 

cancers as they acquire multi-drug resistance, however it is also innately expressed in 
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many tissue types such as colon and kidney (Gottesman and Pastan, 2015). It is 

estimated that of the 48 ATP-binding cassette transporters expressed in humans, 13 

have the ability to contribute to cancer drug resistance (Gottesman, Fojo and Bates, 

2002) and may therefore also be involved in antibiotic efflux. 

Drugs can also be sequestered within organelles. For example, the arrhythmia drug 

amiodarone was found by nano-scale mass spectrometry imaging to accumulate in 

lysosomes (Jiang et al., 2017), whereas clofazimine has been observed by light 

microscopy accumulating on membranous aggregates (Baik and Rosania, 2011). Both 

drugs are highly lipophilic, which may explain their strong organelle binding. 

Autophagy could allow the release of sequestered antibiotic by degradation of the 

sequestering organelle, giving it a second chance to reach the bacteria. This may be 

particularly pertinent to Mtb infection, given that Mtb induces autophagy (Songane et 

al., 2012). 

Partial acidification of the phagosome may drive accumulation of drugs that are weak 

bases. For example, fluoxetine, sertraline and dibucaine accumulate in macrophages, 

whereas non-basic analogues do not (Schump et al., 2017). These three compounds 

are also weakly inhibitory against Mtb, but their efficacy is reduced by addition of 

compounds that prevent organelle acidification. Disruption of the phagosome by 

pore-forming molecules will similarly dissipate proton accumulation and weak base 

accumulation (Schnettger et al., 2017), as has been shown for permeabilization of 

lysosomes (Repnik et al., 2017).  

Once a drug reaches the bacterium, it faces a significant permeability barrier in the 

form of the mycobacterial cell wall. The mycolyl-arabinogalactan-peptidoglycan wall 

is considerably less permeable than the walls of most other bacteria (Sarathy et al., 

2012). It is classically assumed that hydrophobic drugs will diffuse through cellular 

membranes, whereas hydrophilic molecules will diffuse through aqueous porin 

channels. However, both mechanisms of diffusion are severely compromised by the 

structure of the mycobacterial cell wall. The lipid bilayer is of particularly great 

thickness and rigidity, slowing any possible direct diffusion through it (Jarlier and 

Nikaido, 1994). Meanwhile, mycobacterial porins are sparse and inefficient and many 

porins present in other mycobacteria are not present at all in Mtb: Electron 
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microscopy indicates that M. smegmatis has only 1/45th the MspA porin density of 

typical gram-negative bacteria (Niederweis, 2003). However, deletion of individual 

porins in M. smegmatis can increase the MICs of antibiotics up to 16x, indicating either 

that they are still a viable route for some antibiotic entry, or that they otherwise 

support antibiotic sensitivity (Sarathy et al., 2012). Meanwhile, Mtb does not express 

MspA at all (Sarathy et al., 2012), however an OmpA-family gene coding for the 

expression of a protein with apparent porin activity has been identified (Senaratne et 

al., 1998). The structure of porins determines their size and chemical selectivity, and 

therefore porins confer only selective permeability to compounds such as antibiotics. 

Other than porins, active influx transports could provide an alternative route for 

antibiotic uptake. PZA may make use of active ATP-dependent influx. Treatment 

with CCCP, valinomycin or arsenate prevented PZA uptake into Mtb (Raynaud et al., 

1999). However, in general, influx transporters are also sparse in mycobacteria 

(Braibant, Gilot and Content, 2000). 

Methods to determine the subcellular localisation of antibiotics 

Mapping the subcellular antibiotic distribution requires an imaging technique with 

both sufficient spatial resolution (< 0.5 µm for resolution of bacteria) as well as 

sufficient chemical specificity to detect antibiotics above the complex biological 

background. Available methods to attempt this currently include: fluorescence 

microscopy, proxy reporters of antibiotic activity and mass spectrometry imaging 

Fluorescence confocal microscopy is ideal for many forms of subcellular visualisation 

because of its resolution and speed. Additionally, it can be performed on live samples, 

reducing the risk of experimental artefacts introduced by fixation and sample 

processing and allowing dynamic processes such as time-dependent accumulation to 

be analysed. Furthermore, a fluorescent antibiotic can be combined with multiple 

other fluorophores, for example to identify organelles or bacteria.  

A small number of antibiotics are inherently fluorescent (Stone et al., 2018). For 

example, olivomycin can be detected binding to its target molecule, DNA (Mikhaĭlova 

and Berdnikova). However, antibiotics against TB are not sufficiently fluorescent for 

imaging. Although clofazimine binding to intracellular inclusions can be imaged in 

transmission microscopy due to its high ability to absorb light, it is rarely used for the 



  45 

treatment of TB (Baik and Rosania, 2011). Therefore studies typically use antibiotics 

labelled with a fluorophore or a fluorescent chemical analogue (Stone et al., 2018). 

BODIPY-derived dyes are the most common conjugates for fluorescent imaging, as 

their hydrophobic nature is thought to permit diffusion through membranes (Stone et 

al., 2018). However their size and lipophilicity may also alter their pharmacokinetics. 

Near infra-red fluorescent antibiotic conjugates have also been developed for in vivo 

imaging for clinical use. For example, the antimicrobial peptide ubiquicidin was 

fluorescently labelled and used to detect bacterial infection in human lungs (Akram et 

al., 2015). However, this conjugate was designed primarily as a tool to identify bacteria 

in infected patients due to the specific binding properties of the antibiotic used. 

Therefore, the authors did not test whether the conjugate has similar biological activity 

or tissue localisation as the unmodified antibiotic. Additionally, a fluorescent 

derivative of the antiviral compound ST-669 localises to LD, as confirmed by 

colocalization with a the lipophilic dye BODIPY 493/503 (Sandoz et al., 2014). In this 

study, the chemical structure or attached fluorophore of the derivative is not specified 

and it is possible that the fluorophore is lipophilic and may therefore induce 

artefactual localisation to LD (Sandoz et al., 2014). A BDQ analogue incorporating the 

lipophilic fluorophore BODIPY has also been developed (Rombouts et al., 2016). 

However the authors only tested its activity against in vitro bacteria, and did not try to 

determine its subcellular localisation. 

Fluorescently labelled antibiotics may still be of use to label bacteria, or for more easily 

controlled in vitro experiments. However, given the possibility that these labels will 

perturb trafficking and accumulation, they may not be suitable for mapping native 

subcellular antibiotic distributions. 

Alternatively, it may be possible to measure a proxy of antibiotic activity if the drug 

has a well-defined mechanism. For example, BDQ is known to deplete ATP. One 

study used transformed Mtb expressing a fluorescence-resonance energy transfer 

(FRET) reporter of intra-bacterial ATP levels, and used this to measure heterogeneity 

in antibiotic response in vitro (Maglica, Özdemir and McKinney, 2015). Whilst useful 

for characterising antibiotic activity, this would not provide a direct measure of 

antibiotic localisation as ATP levels are also influenced by bacterial metabolism and 
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adaptation to host environments. Furthermore, as the fluorophore is present only in 

the bacteria, it would only be possible to garner limited information on host-cell 

antibiotic trafficking if used in an infection model. 

Many modalities of mass spectrometry have been adapted for imaging biological 

samples, and provide multiple methods for the direct detection of labelled or 

unlabelled antibiotics in tissue. The parameters of common imaging methods are 

summarised in table 1.2.  

Desorption electrospray ionisation (DESI) ionises the sample with a solvent spray and 

can be used on fresh tissue with minimal preparation (Bodzon-Kulakowska and 

Suder, 2016). Its spatial resolution is limited to around 100 µm by the targeting of the 

solvent aerosol, however improvements in aerosolization are pushing resolution limit 

as low as 12 µm (Laskin et al., 2012).  

MALDI-MS imaging samples are sectioned and prepared by coating with a matrix 

compound in solvent (Bodzon-Kulakowska and Suder, 2016). In this method, 

analytes are extracted by the solvent and combine with the matrix, with different 

matrix/solvent mixes suited to the detection of different compounds, which can 

include drugs, proteins or lipids. Ionisation is via a UV laser, however the spatial 

resolution is primarily determined by the diffusion of compounds in the 

matrix/solvent mix during sample processing. As with DESI, researchers are pushing 

the spatial limits of MALDI-MS imaging, achieving resolutions below 10 µm 

(Bhandari et al., 2015; Li et al., 2016), therefore allowing characterisation of single 

eukaryotic cells in tissue. However neither of these techniques has achieved the 

resolution necessary for single-cell analysis of bacteria yet, and they remain primarily 

of use for mapping drug distributions in tissues (Gilmore, Heiles and Pieterse, 2019). 

Technique Spatial resolution Ionisation Sample 

preparation 

Desorption 

Electrospray 

Ionisation (DESI) 

100 µm (Bodzon-

Kulakowska and 

Suder, 2016) 

Solvent (soft) Fresh tissue 
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Matrix-Assisted Laser 

Desorption Ionisation 

(MALDI) 

20 µm (Bodzon-

Kulakowska and 

Suder, 2016) 

Laser (soft) Sectioning and 

matrix 

deposition 

Time-of-Flight 

Secondary Ion Mass 

Spectrometry (ToF-

SIMS) 

500 nm (Gilmore, 

Heiles and Pieterse, 

2019) 

Cluster ion 

beam (soft) 

Dehydration or 

freezing 

Nano-scale Secondary 

Ion Mass Spectrometry 

(nanoSIMS) 

50 nm (Jiang et al., 

2016) 

Ion beam 

(hard) 

Embedding and 

sectioning 

Table 1.2. Comparison of imaging mass spectrometry methods with typical 

parameters used for analysis of biological samples.  

Secondary-ion mass spectrometry (SIMS) imaging is capable of achieving subcellular 

spatial resolutions (Steinhauser et al., 2012; H Jiang et al., 2014; Passarelli et al., 2015). 

The sample is bombarded with a focussed beam of ions, displacing and ionising 

sample molecules (secondary ions) which are then directed into a detector. Several 

modalities of SIMS imaging have been used for analysing biological tissue, differing 

in their ionisation sources, detectors, and sample preparation (reviewed in Gilmore, 

Heiles and Pieterse, 2019). This PhD thesis will describe attempts to use two methods 

(ToF-SIMS and nanoscale SIMS) for the characterisation of subcellular antibiotic 

distributions at the subcellular level. The principals and applications of both methods 

are discussed in detail in the briefings at the start of results chapters 1 and 2.   
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Aims 
In order to investigate the intracellular pharmacokinetics of drugs against TB, this 

project pursued the following aims.  

(1) To develop a correlative imaging workflow for the analysis of sub-cellular 

antibiotic distribution 

Firstly, this project aimed to develop a workflow that allows multiple antibiotics to be 

imaged at the sub-cellular level. The smaller the pixel sizes being imaged, the greater 

the sensitivity required to gain an adequate sample from that space, presenting a 

significant technological challenge. Furthermore, as with all biophysical techniques 

requiring sample preparation, the workflow must be validated to ensure that the data 

gained is a reasonable representation of the drug distribution in live cells.  

The fulfilment of this aim requires both optimisation and validation of the imaging 

techniques themselves, and also critical comparison with results obtained by 

orthogonal methods. Furthermore, the methods developed must be compatible with 

the safety procedures required to work with a biological containment level-3 pathogen 

in order to meet aims 2 and 3. 

The imaging workflow developed in this project will allow mass spectrometry images 

to be correlated with confocal fluorescence and electron microscopy. This is essential 

to understand the biological context in which drugs accumulate, as well as to robustly 

correlate bacteria and organelles localisation with mass spectrometry images. 

Correlative imaging also allows access to a much wider toolbox of well-characterised 

markers of intracellular compartments and biological processes. The correlative 

methods described in this thesis will also provide a proof-of-concept for future use 

with other drugs or pathogens. 

(2) To characterise the sub-cellular distribution of antibiotics against TB 

The determination of antibiotic distribution in host cells will help to elucidate 

fundamental questions regarding subcellular pharmacokinetics, such as which 

compartments antibiotics can penetrate, and whether antibiotics accumulate within 

host cells. Analysis of the distribution of antibiotics in intracellular bacterial 

populations will permit analysis of host-microenvironment determinants of antibiotic 
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accumulation, as well as direct quantification of inter-bacterial heterogeneity in the 

context of infection. Given that Mtb can reside in many host compartments with 

different physicochemical properties, comparisons between antibiotic distributions 

could help to explain observed in vivo synergy between antibiotics. Therefore, this 

project also aimed to focus on imaging methods that can be applied to multiple 

antibiotics of differing chemical classes, rather than using methods or proxy reporters 

specific to the mechanisms of particular drugs. 

(3) To determine whether host microenvironments modulate antibiotic 

efficacy against intracellular Mtb 

It cannot be assumed that antibiotic accumulation within a bacterium necessarily 

correlates with antibiotic efficacy. For example, bacteria may be able to sequester 

antibiotics intracellularly in sites separate from the antibiotic target. Additionally, 

different levels of bacterial antibiotic tolerance or stochastic resistance may mean that 

accumulation does not imply efficacy at the level of single bacteria.  

Therefore, this thesis also aimed to use high-content live and fixed-cell imaging of 

bacterial replication following modulation of host environments, in order to directly 

test the hypotheses generated from subcellular antibiotic maps. 
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2: Materials and methods 
Mtb and BCG culture and strains 

The Mtb H37Rv strains were derived from that provided by Prof. Douglas Young 

(The Francis Crick Institute), and DRD1 strains were derived from a strain provided 

by Suzanne Hingley-Wilson (Surrey University). Fluorescent strains were previously 

obtained by Thomas Lerner, Steve Coade or Tony Fearns with integrating eGFP, RFP 

or mCherry plasmids, or by Elliott Bernard with a replicating E2Crimson plasmid 

(Lerner et al., 2019). BCG expressing eGFP from the same integrating plasmid was 

generated by Steve Coade. 

For liquid culture, Mtb strains were grown in Middlebrook’s 7H9 (Sigma-Aldrich, 

M0178) supplemented with 10% (v/v) ADC (BD biosciences 212352) and 0.05 % 

Tween80 (Sigma-Aldrich P1754). Strains were grown in 10 ml cultures in 50 ml Falcon 

tubes with constant rotation at 37 °C. For solid cultures, Mtb strains were plated onto 

Middlebrook’s 7H11 agar (Sigma-Aldrich M0428) supplemented with 10% (v/v) 

OADC (BD biosciences 212351) and grown at 37 °C without CO2. 

Transformation of Mtb with pH-GFP plasmid 

The pUV15-pHGFP plasmid (Vandal et al., 2008) was sourced from Addgene 

(plasmid #70045) in the form of a transformed E. coli agar stab. A swab from this 

culture was spread on an LB agar plate with 50 mg/L hygromycin and incubated 

overnight. A single colony was used as an inoculum for 10 ml LB broth with 50 mg/L 

hygromycin. This was grown overnight, centrifuged, and the pellet sent to the Francis 

Crick Institute core genomics facility for plasmid isolation. 

Pre-prepared deionised competent Mtb H37Rv was defrosted and 400 ul competent 

culture transferred to an electroporation cuvette. 5 µl plasmid solution was added to 

the cuvette, which and electroporated in a Gene Pulsar device at 25 µFP capacitance, 

25 kV and 1000 ohms resistance. The culture was allowed to recover overnight in a 

standing incubator, then plated on 7H11 plates with 50 mg/L hygromycin. Colonies 

were picked and grown in 7H9. A culture was selected and tested for fluorescence of 

ratio-metric GFP by confocal microscopy.  
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Human cell culture 

A549 culture 

Frozen A549 cells were procured from the Francis Crick Institute’s cell culture facility. 

Cells were maintained in RPMI culture medium containing 9.1% (final volume) heat-

inactivated fetal calf serum without antibiotics at 37 °C and 5% CO2. For re-plating, 

cells were detatched using trypsin.  

Human monocyte-derived primary macrophages isolation 

hMDM were prepared as previously described (Lerner et al., 2017). White blood cells 

were isolated from leukocyte cones (NC24) supplied by the NHS blood and transplant 

service by centrifugation on Ficoll-Paque Premium (GE Healthcare 17-5442-03) for 

60 min at 300 g. Mononuclear cells were washed twice with MACS rinsing solution 

(Miltenyi 130-091-222) to remove platelets, then remaining red blood cells were lysed 

by incubation at room temperature with 10 mL RBC lysing buffer (Sigma R7757) per 

pellet for 10 minutes. Cells were washed with rinsing buffer and pelleted once more, 

then re-suspended in 80 µL MACS rinsing solution supplemented with 1% BSA 

(MACS/BSA) and 20 µL anti-CD14 magnetic beads (Miltenyi 130-050-201) per 108 

cells and incubated on ice for 20 minutes. Cells were then washed in MACS/BSA by 

centrifugation, re-suspended in 500 µL MACS/BSA per 108 cells and passed through 

an LS column (Miltenyi 130-042-401) in the field of a QuadroMACS separator magnet 

(Miltenyi 130-090-976). The column was washed three times with MACS/BSA, then 

positively selected cells were eluted, centrifuged and re-suspended in RPMI 1640 with 

GlutaMAX and HEPES (Gibco 72400-02), 9.1% fetal bovine serum and 10 ng/mL 

GM-CSF (Miltenyi 130-093-867) to a concentration of 106 cells/mL in untreated petri 

dishes. These were placed in a humidified 37°C incubator with 5% CO2, with an equal 

volume of fresh media including GM-CSF added after 3 days. Six days after the initial 

isolation, differentiated macrophages were detached in 0.5 mM EDTA in ice-cold PBS 

and 2 x 105 cells seeded per well of a 24-well plate or gridded live-cell imaging dish 

(MatTek, P35G-2-14-CGRD), or 3 x 104 cells per well of an olefin-bottomed 96-well 

plate (Perkin Elmer 6055302). 
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ToF-SIMS 

Preparation of mammalian cells for ToF-SIMS 

Cells on glass coverslips were fixed in 4% w/v PFA for 10 minutes then washed three 

times with PBS. Cells were then gently washed three times with 150 M ammonium 

formate in HPLC-grade water by dipping. Excess liquid was removed from the surface 

of the sample by blotting with the corner of a KimWipe. Cells were then air dried in 

a sterile hood and stored on the dark in an airtight container with silica desiccating 

beads. Samples were analysed within 24 hours. 

Imaging 

ToF-SIMS images were collected on the TOF-SIMS IV instrument (ION-TOF, 

Germany) at the National Physical Laboratory, UK. Dry samples on glass coverslips 

were loaded onto a metal sample plate and placed into the imaging chamber under 

high vacuum. A 25 KeV Bi3+ beam from the bismuth liquid metal ion gun was used 

for imaging, and a 20 KeV Ar3000+ gas cluster beam with a median cluster size of 3000 

was used for sputtering. Spectra were collected in the positive ion mode. The electron 

flood gun was used for all experiments to reduce sample charging. Images were 

collected with 256 x 256 pixels per frame, with an approximate frame size of 50 µm 

square. The imaging beam was freshly calibrated at the start of each day using a 

calibration grid to minimise anisotropy.  

Analysis 

Images and spectra were firstly analysed in SurfaceLab 6.3 (ION-TOF, Germany). 

Spectra were segmented using the automated peak detection algorithm, and voxel-by-

voxel data exported into a .txt file. A series of programs were written in R to extract 

the data from these .txt files for analysis (see Appendix 1). Briefly, the functionality 

of these programs included: extraction of data from .txt, poisson-scaled principal 

component analysis, z-correction and 3D visualization. 

Infections and antibiotic activity assays 

Mtb infection of hMDM 

Mtb was diluted to an OD600 of 0.4 the day prior to infection. On the day of infection, 

Mtb was pelleted by centrifugation at 500 g and washed twice with PBS. The pellet 

was then shaken vigorously by hand with ~10 sterile glass beads (2.5-3.5 mm) in a 50 
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mL centrifuge tube for 1 minute to break up bacterial clumps. Mtb was then re-

suspended in complete RPMI and centrifuged at 300 g for 5 minutes to remove 

residual clumps. The supernatant was transferred to a fresh tube and OD600 measured 

to determine bacterial concentration, assuming that an OD600 of 0.1 approximates to 

108 bacteria/mL. For an MOI of 1, bacteria were then diluted to OD600 0.0004 (~4 x 

105 bacteria/ml). Media on macrophages was aspirated and replaced with 75 µL 

inoculation media per well for 96-well plates, or 500 µL for 24-well plates. 

Macrophages were then returned to the incubator for 2 hours, washed twice with PBS, 

to remove bacteria not taken up by macrophages, and fresh media. 

BDQ intracellular antibiotic activity assays 

Post-treatment intracellular antibiotic activity assays: 30,000 hMDM were plated per 

well of a 96-well oleifin-bottom imaging plate (Perkin Elmer 6055302) and were 

infected with Mtb-mCherry at an MOI of 1 in 75 µL media for 2 hours as described 

above. Plates were then washed twice with PBS, and media was replaced with media 

containing the following lipid modulators: 400 µM oleate, 1 mg/L pradigastat, 10 

mg/L pradigastat, T863 (MedChemExpress HY-32219) or A922500 

(MedChemExpress HY-10038). After 22 hours, media was replaced with fresh media 

containing 0-2.5 mg/L BDQ from a 10 g/L stock in DMSO. For appropriate wells, 

pradigastat, T863 or A922500 was also included, however no fresh oleate was added 

to avoid the risk that it might sequester BDQ. After 72 hours of incubation, plates 

were fixed overnight in 4% PFA in PBS. Plates were washed twice with PBS and 

stained with DAPI and 10 mg/L BODIPY 493/503 for 20 minutes, and then washed 

twice with PBS and subsequently imaged. 

Pre-loading intracellular antibiotic activity assays: 30,000 hMDM were plated per well 

of a 96-well oleifin-bottom imaging plate (Perkin Elmer 6055302). Lipid modulators 

were added for 24 hours: 400 µM oleate or 10 mg/L pradigastat. After 24 hours, media 

was replaced with media containing 0-2.5 mg/L BDQ. After 1 hour, plates were 

washed three times with media. After 23 hours, macrophages were infected with Mtb-

mCherry at an MOI of 1, as described above, for two hours, then were washed twice 

with PBS and given fresh media containing no LD modulators or BDQ. After 72 

hours, plates were fixed overnight in 4% PFA in PBS. Plates were then washed twice 
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with PBS and stained with DAPI and 10 mg/L BODIPY 493/503 for 20 min, then 

washed twice with PBS and imaged. 

PZA intracellular activity assays 

30,000 hMDM were plated per well of a 96-well oleifin-bottom imaging plate (Perkin 

Elmer 6055302) and were infected with Mtb-GFP at an MOI of 1 in 75 µL media for 

2 hours as described above. Plates were then washed twice with PBS, and fresh media 

added. After 22 h, media was replaced with fresh media containing 0-120 mg/L PZA 

from a 10 g/L stock in water. Where indicated, 100 nM Bafilomycin A1 (Sigma 

Aldrich 88899-55-2) was added together with the antibiotic. After 72 hours of 

incubation, plates were fixed overnight in 4% PFA in PBS. Plates were washed twice 

with PBS and stained with DAPI for nuclear visualisation and then washed twice with 

PBS and subsequently imaged. 

Infection for IM and CLEIM 

Infection 

Mtb was prepared as described above. 200,000 hMDM were grown in gridded live-

cell imaging dishes (Mattek, P35G-1.5-14-CGRD) and infected with 1 mL Mtb 

H37Rv inoculation media at OD600 0.08 (MOI of ~20) for BDQ experiments and 

OD600 0.04 (MOI of ~10) for PZA experiments, and subsequently washed twice in 

PBS and fresh media after 2 hours of incubation.  

BDQ treatment 

After 48 hours of infection, media was replaced with 1 mL media containing 2.5 mg/L 

BDQ (BioVision 9598-5) for 24 hours. For the different conditions the following 

modifications were used: Oleate: Macrophages were incubated with 400 µM oleate 

(Sigma Aldrich W281506) complexed with fatty-acid free BSA (prepared as previously 

described (28)) overnight (16 hours) prior to infection. Pradigastat: 10 µM pradigastat 

(MedChemExpress HY-16278) was included in the media from infection onwards. 

PFA-killed Mtb H37Rv: Macrophages were infected with Mtb killed in 1% PFA 

overnight and prepared as for live Mtb. BDQ pre-infection: Macrophages were treated 

with 2.5 mg/L BDQ for 24 hours and washed 5 times in PBS prior to infection, and 

fixed 24 hours after infection. ΔRD1: ΔRD1-Mtb was used in place of H37Rv. 

Verapamil: 40 mg/L verapamil (Sigma V4629) was added with the BDQ treatment. 
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PZA treatment 

48 hours post infection, macrophages were treated with 30 mg/L [15N2, 13C2]-PZA 

(ALSA CHIM C6595) in 1 mL media and fixed 24 hours after infection. Where 

indicated, 100 nM Bafilomycin-A1 was added together with the PZA. For the 

PZA/BDQ co-treatment, 2.5 mg/L BDQ and 30 mg/L [15N2, 13C2]-PZA were 

added together 48 hours post infection. For the BrdU experiment, 1 µM 

bromodeoxyuridine (Sigma-Aldrich B5002) was added together with 30 mg/L [15N2, 

13C2]-PZA 48 hours post infection. 

Primary fixation for EM 

Samples were fixed in 2.5% glutaraldehyde (Sigma G5882) and 4% methanol-free 

paraformaldehyde (Electron Microscopy Sciences, 15710) in 0.2 M HEPES at pH 7.4. 

Initially, 1 mL double-strength fixative was added to each sample. After 5 minutes, 

fixative was aspirated and replaced with single-strength fixative for 30 minutes. The 

fixative was then replaced with 4% PFA in 0.2 M HEPES overnight for sterlisation, 

and then replaced with 0.2 M HEPES for further processing.  

Fluorescent microscopy 

Fixed imaging on coverslips 

Samples were fixed for fluorescence microscopy with 4% PFA in PBS overnight at 

4°C. For LD visualisation, samples were stained with 10 mg/L BODIPY 493/503. 

PLIN2 was visualised by indirect immunofluorescence. Cells were permeabilised with 

0.05 % saponin and stained with a 1:100 dilution of anti-PLIN2 antibody (PROGEN 

610102) in 5% milk and 0.01% saponin followed by 1:800 Alexa Fluor 633 conjugated 

anti-mouse antibody (Invitrogen A21050), both for 1 hour at room temperature. For 

visualisation of peroxisomes, cells were stained as above, with anti-HSD17B4 

(proteintech 15116-1-AP) as the primary antibody. 

Cells were stained with DAPI for nuclear visualisation and mounted with DAKO 

fluorescence mounting medium (Agilent, S3023). Imaging was performed on a Leica 

SP5 AOBS confocal microscope with 40x or 63x oil-immersion lens. 

Bacterial and LD burden were measured with a custom R script using the 

RBioFormats and EBImage packages. Images were Voronoi segmented based on 
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Euclidian distance to the DAPI-stained nucleus (Lerner et al., 2017). Manual 

thresholds were set for each image set, and the LD and Mtb area per macrophage 

measured. For PLIN2 analysis, PLIN2 signal was thresholded, and the percentage of 

Mtb area coincident with PLIN2 area was determined. 

Confocal laser scanning live cell imaging 

Infection was performed as for CLEIM, but with an MOI of 1. Live-cell imaging for 

was performed on a Leica SP5 AOBS confocal microscope with 63x objective lens 

(Leica Microsystems, Germany) equipped with environmental control chamber at 

37°C with 5% CO2 (EMBLEM, Germany). For visualisation of LD, media was 

replaced with media containing 10 mg/L BODIPY 493/503 (Invitrogen D3922) for 

30 minutes. Samples were washed twice with media prior to imaging. BODIPY 

493/503 was excited with the 488 nm laser, RFP with the 514 nm and mCherry with 

the 561 nm laser with HyD detectors set to ‘BrightR’ high sensitivity mode and all 

lasers set to 3% power. For analysis of LD size, frames were captured every 3 minutes 

and the diameter of individual LD was measured manually in ImageJ. 

High content live-cell imaging for BDQ 

30,000 hMDM were seeded into a 96-well oleifin-bottom imaging plate (Perkin Elmer 

6055302) and infected with mCherry-Mtb at an MOI of 1 for 2 hours as described 

above. Plates were then washed twice with PBS and fresh media added containing 1 

mg/L BODIPY 493/503. The plate was sealed with parafilm and placed in a pre-

heated (37°C) OPERA Phenix microscope with 60x water-immersion lens (Perkin 

Elmer, Germany) with 5% CO2. BODIPY was excited with the 488 nm laser at 5% 

power with 20 ms exposure. mCherry was excited at 561 nm and 10% laser power 

with 200 ms exposure. Nine fields per well were imaged every 15 minutes. Images 

were acquired at 1020 x 1020 pixels using Harmony 4.6 high content imaging and 

analysis software (Perkin Elmer, Germany). 

Live-cell images from 96-well plates were analysed in Harmony 4.6. (Perkin Elmer, 

Germany). Macrophages were segmented using the background cytoplasmic 

BODIPY signal (present in all cells regardless of LD content). Cells were tracked 

using the ‘standard’ tracking algorithm with a minimum 20% overlap between frames. 

Thresholds were set by eye for Mtb and BODIPY, and area above the threshold 
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counted. LD and Mtb burdens per tracked cell were exported to R for analysis. 

Uninfected macrophages and macrophages tracked for less than 100 frames were 

excluded. BODIPY signal was normalised to the mean BODIPY burden in 

uninfected macrophages to account for photo-bleaching or changes in LD levels due 

to factors other than direct infection such as depletion of carbon in the media. Mtb 

and BODIPY burdens were then normalised to an initial value of 1, and averaged by 

mean (LD) or geometric mean (Mtb). 

High content live-cell imaging for PZA 

30,000 hMDM were seeded into a 96-well oleifin-bottom imaging plate (Perkin Elmer 

6055302) and infected with Mtb-GFP at an MOI of 1 for 2 hours as described above. 

Plates were then washed twice with PBS and fresh media added. After a further 22 

hours, the media was replaced with media containing 0-120 mg/L PZA, 2.5 mg/L 

BDQ or 5 mg/L rifampicin, as well as 1 µM cresyl violet for visualisation of acidic 

compartments. 

The plate was sealed with parafilm and placed in a pre-heated (37°C) OPERA Phenix 

microscope with 40x water-immersion lens (Perkin Elmer, Germany) with 5% CO2. 

pH-GFP was excited with the 405 and 488 nm lasers for 80 ms at 4% laser power and 

cresyl violet was excited at 561 nm for 80 ms at 8% laser power. Digital phase-contrast 

(DPC) images were also collected using the red LED transmission mode. Frames were 

collected every 20 minutes at 2040 x 2040 pixels, 4 fields of view per well and 3 z-

planes 2 µM apart in confocal mode. 

Images were analysed in Harmony 4.6. (Perkin Lemer, Germany). Macrophages were 

segmented using the DPC image. A maximum projection of the three z-planes was 

used. Mtb were segmented using the 488-excited GFP image. The ratio of 405 to 488-

excited pH-GFP was calculated by dividing the 405 signal by the 488 signal. The 

average 405/488 ratio and cresyl-violet intensity per Mtb ROI was calculated and 

exported to a .csv file. For tracked data, the average ratio and cresyl violet intensity 

on Mtb was calculated per macrophage. Macrophages were tracked with the ‘standard’ 

tracking algorithm as for BDQ. Analysis of growth rates was performed in R (see 

Appendix 2). Briefly, macrophages tracked for less than 24 hours were removed from 

the analysis. Macrophages with a median Mtb burden > 5 µm2 were considered 
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infected. Growth curves were fitted using a linear model of ‘log2(Mtb) ~ time’ and 

curves with a deviance over 99 were excluded.  

Sample preparation for Ion Microscopy and CLEIM 

Embedding for BDQ experiments 
*Following fluorescence microscopy, fixed samples were processed for EM and IM 

using a modified National Center for Microscopy and Imaging Research protocol as 

previously described (Russell et al., 2017). Briefly, the samples were post-fixed in 2% 

osmium tetroxide and 1.5% potassium ferricyanide (v/v) for 1 hour on ice, incubated 

in 1% thiocarbohydrazide in dH2O (w/v) for 20 min, followed by 2% osmium 

tetroxide in dH2O (w/v) for 30 minutes, and then washed in dH2O and incubated 

overnight in 1% aqueous uranyl acetate at 4°C. Cells were then stained with Walton’s 

lead aspartate for 30 minutes at 60°C. The cells were then dehydrated stepwise 

through an ethanol series on ice, incubated in 1:1 propylene oxide:Durcupan resin, 

and embedded in Durcupan ACM® resin according to the manufacturer’s 

instructions (Sigma-Aldrich). 

Embedding for PZA experiments 
† Following fluorescence microscopy, fixed samples were washed with 200mM 

HEPES buffer, and processed for EM and IM in a Pelco Biowave Pro (Ted Pella, 

Inc., www.tedpella.com) with use of microwave energy and vacuum. Briefly, samples 

were post-fixed using a 2% osmium 1.5% potassium ferricyanide (v/v), 

1% thiocarbohydrazide in distilled water (v/v), followed by 2% osmium distilled 

water(w/v) protocol.  Samples were then stained with 1% aqueous uranyl acetate in 

distilled water (w/v). Samples were then dehydrated using a stepwise ethanol series of 

50, 75, 90 and 100% then washed 4x in Acetone. In the next steps, samples were 

infiltrated with a dilution series of  50, 75, 100% of Durcupan ACM® (v/v) resin to 

acetone and finally, samples were cured for a minimum of 48 hours at 60oC 

 
* This paragraph was contributed by Matt Russell (Francis Crick Institute) 
† This paragraph was contributed by Anthony Fearns (Francis Crick Institute) 
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CLEIM imaging and quantification 
Sectioning for BDQ CLEIM 
*Approach by serial block face scanning electron microscopy (SBF-SEM) using a 

3View2XP (Gatan, Pleasanton, CA) attached to a Sigma VP SEM (Zeiss), and transfer 

for section collection, was modified from a previously described method (Russell et 

al., 2017). Briefly, the field of interest was cut from the resin block, mounted SBF-

SEM and coated in 2 nm Pt. The host cell of interest was then identified using light 

microscopy maps and images of the block face acquired in an ultramicrotome during 

trimming for reference. Approach was then made to the cell, first by imaging every 

several slices cut at 100 nm, and then every slice at 50 nm, and the SBF-SEM run was 

stopped once the structure of interest had been reached. The cut face was then aligned 

to a diamond knife in a UC7 ultramicrotome (Leica Microsystems), and 300 nm 

sections from the field of interest were collected and mounted on silicon wafers for 

imaging by SEM and IM. 

Correlative EM and IM 
†The sections were imaged by SEM and nanoSIMS as previously described (Jiang et 

al., 2017). Briefly, sections on silicon wafers were imaged using an FEI Verios SEM 

with a 1kV beam with the current at 200 pA. The same sections were then coated with 

5 nm Pt and transferred to a nanoSIMS instrument (CAMECA). The regions that 

were imaged by SEM were identified using the optical microscope in the nanoSIMS. 

A focused 133Cs+ beam was used as the primary ion beam to bombard the sample; 

secondary ions (12C14N, 79Br, 31P) and secondary electrons were collected. A high 

primary beam current of ∼1.2 nA was used to pre-sputter the sections to remove the 

platinum coating and implant 133Cs+ to reach steady state of 12C14N and 79Br. 

Identified regions of interest were imaged with a ~0.8 pA beam current and a dwell 

time of 15 ms/pixel. Scans of 512 × 512 pixels were obtained. 

Image alignment 
Ion signals were quantified in ImageJ with the OpenMIMS plugin 

(github.com/BWHCNI/OpenMIMS, Harvard Center for NanoImaging). Objects 

were manually outlined with the assistance of EM images and the 31P signal (fig. 2.1). 

For visualisation of BDQ, 79Br Ion counts were normalised to the average 12C14N ion 

 
* This paragraph was contributed by Matt Russell (Francis Crick Institute) 
† This paragraph was contributed by Haibo Jiang (University of Western Australia) 
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signal in a portion of cytosol in each image that did not contain any visible host 

organelles. For visualization of PZA/POA, a ratiometric image was generated of the 
15N12C/14N12C signals x 10000. Areas with < 5 ion counts were removed from the 

analysis by thresholding. Ion images were aligned to EM micrographs with the 

bUnwarpJ plugin. Landmarks, such as bacteria and vacuoles, were selected manually, 

and the curl and divergent weights set to 0.1 to limit image deformation. 

 

Figure 2.1. Quantification of PZA/POA in Mtb from nanoSIMS data. Shown 

are screenshots of ion maps overlaid with bacterial ROIs in the OpenMIMS plugin in 

ImageJ. 

LC-MS 

Lipidomics 

Approximately 106 hMDM were seeded per well of a 6-well plate. Macrophages were 

infected with Mtb mCherry at an MOI of 1 for 2 hours as described above. At 24 

hours and 72 hours post-infection, macrophages were washed with ice-cold MACS 

rinsing buffer and then incubated in 500 µL rinsing buffer for 15 min. Macrophages 

were then detached by scraping, and three wells pooled for each technical replicate. 

Macrophages were pelleted at 300 g for 5 min in micro-centrifuge tubes, then re-

suspended in 900 µL ice-cold chloroform:methanol (2:1, v/v). Cells were vortexed 

until dispersed, and then incubated on dry-ice for 1 hour.  

Samples were spun at 13,200 g for 10 min at 4°C and the extract transferred to a new 

tube dried under nitrogen. The cell pellet was re-extracted with 900 µL 

methanol:water (2:1, v/v), processed as above, the extract added to the first extract 
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and dried again. After biphasic partitioning using chloroform, methanol, water (1:3:3, 

v/v/v), the organic phase was dried and lipids re-suspended in butanol/methanol 

(1:1, v/v) containing 5 µM ammonium formate.  

*The LC-MS method was adapted from Amiar et al. (Amiar et al., 2016). Lipids were 

separated by injecting 10 µL aliquots onto a 2.1 × 100 mm, 1.8 µm C18 Zorbax Elipse 

plus column (Agilent) using a Dionex UltiMate 3000 LC system (Thermo Scientific). 

A 20 minute elution gradient of 45% to 100% Solvent B was used, followed by a 5 

minute wash of 100% Solvent B and 3 minute re-equilibration, where Solvent A was 

10 mM ammonium formate in water (Optima HPLC grade, Fisher Chemical) and 

Solvent B was water:acetonitrile:isopropanol, 5:20:75 (v/v/v) with 10 mM ammonium 

formate (Optima HPLC grade, Fisher Chemical). Other parameters were as follows: 

flow rate 600 µL/minute; column temperature 60°C; autosampler temperature 10°C. 

MS was performed with positive/negative polarity switching using a Q Exactive 

Orbitrap (Thermo Scientific) with a HESI II probe. MS parameters were as follows:  

spray voltage 3.5 kV and 2.5 kV for positive and negative modes, respectively; probe 

temperature 275°C; sheath and auxiliary gases were 55 and 15 arbitrary units, 

respectively; full scan range: 150 to 2000 m/z with settings of auto gain control (AGC) 

target and resolution as Balanced and High (3 × 106 and 70,000) respectively. Data 

was recorded using Xcalibur 3.0.63 software (Thermo Scientific). Mass calibration was 

performed for both ESI polarities before analysis using the standard Thermo 

Scientific Calmix solution. To enhance calibration stability, lock-mass correction was 

also applied to each analytical run using ubiquitous low-mass contaminants. To 

confirm the identification of significant features, pooled quality control samples were 

run in data-dependent top-N (ddMS2-topN) mode, with acquisition parameters as 

follows: resolution of 17,500, auto gain control target under 2 × 105, isolation window 

of m/z 0.4, and stepped collision energy 10, 20 and 30 in HCD (high-energy collisional 

dissociation) mode. Qualitative and quantitative analyses were performed using Free 

Style 1.5 (Thermo Scientific), Progenesis (Nonlinear Dynamics) and LipidMatch 

(Koelmel et al., 2017). 

 
* This paragraph was contributed my Mariana Silva Dos Santos (Francis Crick Institute) 
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BDQ measurement by LC-MS 

106 hMDM were seeded per well in a 6-well plate. Once attached, macrophages were 

treated with media containing 400 µM oleate or 10 mg/L pradigastat for 24 hours. 

Media was then replaced with media containing 2.5 mg/L BDQ for 2 hours. The cells 

were then washed twice with MACS rinsing buffer, then detached in 500 µL rinsing 

buffer for 20 minutes. Wells were then scraped to detach macrophages and either 2 

or 3 wells combined per technical replicate. Samples were prepared following the 

sample protocol described for the lipid analysis, using [2H6]-BDQ as an internal 

standard.  

*Dried extracts were re-suspended in methanol:acetonitrile (16:84, v/v) and analyzed 

with the same LC-MS system described above. The LC-MS method was adapted from 

Alffenaar et al. (Alffenaar et al., 2015). Samples were injected onto a HyPURITY C18 

analytical (50 × 2.1 mm; pore size, 3 µm) column (Thermo Scientific). A 1.5 minute 

elution gradient of 0-100% Solvent B was used, followed by a 0.7 minute wash of 

100% Solvent B and 0.4 min re-equilibration, where Solvent A was water (Optima 

HPLC grade, Fisher Chemical) containing ammonium acetate (250 mg/L), acetic acid 

(1.75 mL/L), and trifluoroacetic anhydride (100 µL/L) and Solvent B was acetonitrile 

(Optima HPLC grade, Fisher Chemical) containing ammonium acetate (250 mg/L), 

acetic acid (1.75 mL/L), and trifluoroacetic anhydride (100 µL/L). Other parameters 

were as follows: flow rate 500 µL/min; column temperature 20°C; injection volume 

5 µL; autosampler temperature 10°C. MS was performed in positive mode, parameters 

were as follows:  spray voltage 3.5 kV; probe temperature 269°C; sheath and auxiliary 

gases were 50 and 10 arbitrary units, respectively; full scan range: 150 to 900 m/z with 

settings of AGC target and resolution as Balanced and High (3 × 106 and 70,000) 

respectively. Data was recorded using Xcalibur 3.0.63 software (Thermo Scientific). 

Parallel reaction monitoring (PRM) acquisition parameters: resolution 17,500; 

collision energy 15. Qualitative and quantitative analysis was performed using Free 

Style 1.5 and Tracefinder 4.1 software (Thermo Scientific). 

 
* This paragraph was contributed by Mariana Silva Dos Santos (Francis Crick Institute) 
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Statistical analysis 

Ion count analysis for BDQ nanoSIMS 
* Normalised Ion count values were log2 transformed to achieve approximate 

normality and a (multi-)linear model was applied to predict these log2Counts using 

experiment, condition and macrophage. Interactions were not considered since each 

macrophage was, necessarily, present only in a single condition and due to practical 

constraints, no condition was represented across all experiments. Models were fit 

using the lm() function in R 3.3.1. For the “oleate dataset” the specific model was 

“Log2IonCounts ~ experiment + condition + macrophage” while for the 

PFA+Verapamil and strain datasets the final model considered was “Log2IonCounts 

~ condition + macrophage” since inclusion of an experiment term led to numerical-

rank deficiency for the verapamil and strain conditions respectively. Standard 

diagnostics were considered for all model fits including consideration of overall 

residual distribution (approximately normal), QQ-plots and residual-vs-fitted plots 

(no evidence of excessive bias). Six observations from the oleate data and one 

observation from the verapamil data were determined to have excessive leverage. 

Investigation revealed that these were precisely the observations derived from 

macrophages with exactly one bacterium reported and were thus removed prior to 

refitting models. No other observations were removed. All final models represented 

a significant improvement over the null model comprising only a constant term, as 

assessed by an F-test.  Consideration of diagnostic plots and goodness of fit tests led 

to the conclusion that exclusion of the experiment term in the Verapamil and strain 

datasets did not have an excessively detrimental effect on the final model. All p-values 

correspond to the t-statistic assessing significant difference from zero of the model 

coefficient associated with the reported condition, relative to the baseline “control” 

condition. As such, they assess differences in mean between condition and control on 

a log scale, having taken the other predictor variables into account. 

Ion count analysis for PZA nanoSIMS 

For analysis of the quantifications of PZA/POA counts, the same strategy was used 

to that for BDQ above. The 15N12C/14N12C values were log2 transformed for 

approximate normality and a multi-linear model was applied, as for BDQ 

 
* This paragraph was contributed by Stuart Horswell (Francis Crick Institute) 
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quantification. The linear models were defined as “log2(mean.ratio) ~ replicate + 

condition”. The models were fit using the lm() function in R 3.5.1 and standard 

metrics of model goodness-of-fit were assessed with the plot() function as above. P-

values were derived as above.  

Statistical analysis of intracellular antibiotic activity assays 

For BDQ experiments, bacterial area per cell was log2 transformed for normality, 

excluding uninfected macrophages, and a linear model was fitted with the “lm()” 

function in R 3.5.1 with the formula “log2_mtb.area ~ Concentration_BDQ + Donor 

+ LD_Compound + LD_Compound:Concentration_BDQ” where 

“Concentration_BDQ” is a discrete vector of BDQ concentrations 

“LD_Compound:Concentration_BDQ” is the interaction term specifying synergy 

between BDQ and LD modulators at each BDQ concentration. “Donor” and 

“LD_Compound” were included in the model to isolate differences in bacterial 

burden due to monocyte-donor variation and differences in bacterial growth due to 

abundance of carbon source. For visualisation, bacterial burden in infected cells was 

scaled to 100% at a concentration of 0 mg/L BDQ for each lipid modulator.  

For PZA experiments, bacterial area per cell was log2-transformed as above and a 

linear mode fit with the equation “log2_mtb.area ~ Concentration_PZA + Donor + 

Strain”. Standard diagnostics for goodness-of-fit were assessed as above.  

Statistical analysis of PZA live-cell assays 

Correlation between growth rates and the minimum, mean and maximum cresyl violet 

and 405/488 excitation ratios was assessed by fitting linear models with the lm() 

function in R 3.5.1 (see Appenxix 2). The equation used was “growth_rate ~ 

cresyl.min + cresyl.max + cresyl.mean + ratio.min + ratio.max + ratio.mean” 

independently for each antibiotic, and goodness of fit assessed with standard 

diagnostics as for intracellular antibiotic activity assays. P-values were derived from 

the T-statistic of this model.  

For analysis of the correlation between mean cresyl violet intensity per Mtb ROI and 

405/488 excitation ratio per Mtb ROI, linear models were fitted with the lm() function 

in R 3.5.1. Independently for each antibiotic and timepoint, a model was fit with the 

equation “cresyl.intensity ~ mtb.ratio” and goodness of fit assessed with standard 
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diagnostics as for intracellular antibiotic activity assays. P-values were derived from 

the T-statistic of this model. 

Plotting 

All graphs were plotted in R 3.5.1 (The R Project for Statistical Computing) with the 

ggplot2 package (Wickham, 2009), with the exception of lipidomics heat-maps, which 

were plotted in Prism 7 (GraphPad).  
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3: Results 

3.1: Time-of-flight secondary ion mass spectrometry imaging 

Briefing: ToF-SIMS analysis of biological samples 

Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) is a metrological 

method for performing molecular surface mass spectrometry. Many SIMS modalities 

exist (reviewed in Boxer, Kraft and Weber, 2009; Gamble and Anderton, 2016; 

Gilmore, Heiles and Pieterse, 2019). Typically, for the analysis of biological material, 

a dried sample is bombarded with a pulsed primary ion source under high vacuum, 

sputtering molecules off from the surface. Of these, a small fraction (~ 0.1% 

(Gilmore, Heiles and Pieterse, 2019)) will be ionic – either nascent ions present in the 

sample or ions produced by fragmentation from the primary ion bombardment. These 

ions can be focussed into a mass spectrometer for analysis. Time of flight detectors 

have typically been used for their sensitivity and simplicity, however more advanced 

detectors with greater mass resolution and MS/MS capabilities such as the orbitrap 

are now being incorporated (Passarelli et al., 2017; Gilmore, Heiles and Pieterse, 2019).  

SIMS is a destructive technique, and may be classified as static or dynamic depending 

on the damage cross-section properties of the primary ion source. Harsh ion sources, 

such as Bi3+ from a liquid metal ion gun, damage layers of the sample below the 

sputtered surface. Over time, the accumulated fragmentation of molecules in the 

sample reduces the quality of mass spectra obtained. Therefore the primary ion flux 

must be limited so that statistically no point on the sample is struck more than once 

(Benninghoven and Rading, 1994). This places a ‘static limit’ on the ion yield that can 

be derived from the sample and does not allow depth profiling. Alternatively, softer 

ion beams, typically Ar~3000+ or C60+ cluster sources, do not damage the sample 

beyond the volume of sputtered material (Ninomiya et al., 2007; Seah, Havelund and 

Gilmore, 2014). The static limit therefore does not apply, potentially allowing the full 

volume of the sample to be assayed (Robinson, Graham and Castner, 2012).  

ToF-SIMS is highly susceptible to matrix effects (Shard et al., 2015). For example, 

during the ionisation of surface molecules, protons will be competitively acquired by 

molecules with high gas phase basicity. Biological samples contain abundant basic 

molecules, in particular small ions such as Cl-. As well as reducing the total ionisation 
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efficiency of the method, this raises the possibility that different cellular 

compartments will give rise to different matrix effects. Therefore, a compound may 

appear to not penetrate into lysosomes because their high Cl- concentration 

(Chakraborty, Leung and Krishnan, 2017) quenches molecular ionisation. This loss 

can be partly accounted for by normalising individual ion counts to total ion counts 

per voxel. However, biases may still result as not all molecular ions will be equally 

quenched, and some signals may be lost entirely if the number of ion counts is below 

an acceptable signal to noise ratio. Biological samples are typically washed prior to air 

or freeze-drying with deionised water or 150 mM ammonium formate, a volatile salt 

that does not quench ionisation (Malm et al., 2009; Robinson and Castner, 2013).  

Recent advances in ToF-SIMS equipment are seeking to overcome poor ionisation 

yields. Water has a very low gas phase basicity, and therefore provides a suitable 

matrix. Mammalian cells are approximately 85% water (0.858 ml/g for HeLa cells 

(Yamaguchi et al., 1990)). Hydrated samples can be rendered suitable for ToF-SIMS 

analysis under high vacuum by flash-freezing in liquid ethane. The sample must be 

kept < 165 K for the duration of the analysis to prevent sublimation of water and 

freeze-drying of the sample (Piwowar et al., 2013), a significant technical challenge.  

Alternatively, post-sputtering ionisation by a laser beam can also increase ion yields 

(Gilmore, Heiles and Pieterse, 2019). Two forms of laser ionisation have been 

implemented in ToF-SIMS. In non-resonant ionisation, a high-powered UV laser 

stimulates sample electrons via virtual energy levels, increasing ionisation yields of 

many species at the expense of increased fragmentation. In resonant ionisation, laser 

wavelengths corresponding to energy levels in the species of interest are used. This 

allows a particular compound of interest (e.g. an antibiotic) to be ionised with less 

damage to the rest of the sample.  

In one study, an attempt was made to identify chemical properties that favour 

compound ionisation from within a biological matrix in ToF-SIMS (Vorng, Anna M 

Kotowska, et al., 2016). 20 drugs with diverse chemical properties were solubilised and 

mixed with liver homogenate, and analysed by ToF-SIMS. In this analysis, 13 

compounds were detectable. However, this method may underestimate the quenching 

effect of biological tissue, as the liver homogenate was prepared from lyophilised 
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tissue washed with deionised water to remove salts that would normally be present in 

intact cells. Furthermore, the concentration used (167 mg/L) is much higher than the 

tissue concentrations typically achieved in vivo. A strong positive correlation was 

observed between logP and ion yield. Additionally, most detectable compounds 

contained at least one tertiary amine, which likely acts as a proton acceptor for positive 

ionisation. Analysis of 22 antibiotics with antitubercular activity indicates that half 

have both positive logP and a tertiary amine, indicating their suitability to ToF-SIMS 

analysis (table 3.1.i).  

Antibiotic Composition Log p  Tertiary 

amine Clofazimine 

 

C27H22Cl2N4 7.66 y 
Bedaquiline (BDQ) 

 

 

 

 

 

C32H31BrN2O2 

 

6.37 y 
Delamanid 

 

C25H25F3N4O6 4.75 y 
Rifabutin 

 

C46H62N4O11 4.1 y 
Imipenem 

 

C12H17N3O4S 3.2 y 
Clarithromycin 

 

C38H69NO13 3.16 y 
Moxifloxacin 

 

C21H24FN3O4 2.9 y 
Rifampicin 

 

C43H58N4O12 2.7 y 

Pretomanid 

 

C14H12F3N3O5 2.7 y 
Levofloxacin 

 

C18H20FN3O4 2.1 y 
Linezolid 

 

C16H20FN3O4 0.9 y 
4-Aminosalicyclic 

acid 

 

C7H7NO3 0.89 n 
Amoxicillin 
 

C16H19N3O5S 0.87 y 
Ethambutol 

 

C10H24N2O2 -0.3 

 
n 

Ofloxacin 

 

C18H20FN3O4 -0.39 y 
Pyrazinamide (PZA) 

 

C5H5N3O -0.60 y 

Isoniazid 

 

C6H7N3O -0.70 y 

Cycloserine 

 

C3H6N2O2 -0.9 n 
Kanamycin 

 

C18H36N4O11 -6.3 n 
Streptomycin 

 

C21H39N7O12 -6.4 n 
Amikacin 

 

C22H43N5O13 -7.4 n 
Capreomycin 

 

C25H44N14O8 -9.609 n 
 

Table 3.1.i Chemical summaries of 22 first line, second line and experimental drugs 

against TB (source: drugbank.org) 

SIMS can also be adapted for imaging by rastering a highly focussed primary ion beam 

across the surface of the sample. Both metal and cluster ion sources can be used for 
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imaging, however Bi3+ can be focussed more precisely to ~ 0.5 µm diameter, allowing 

large intracellular organelles to be imaged. In ToF-SIMS imaging, a trade-off exists 

between mass resolution and spatial resolution (Gilmore, Heiles and Pieterse, 2019). 

Temporal bunching of the primary ion pulses into a shorter pulse increases mass 

resolution, but also introduces energy spread in the ions. Chromatic aberration in the 

magnetic lenses then results in a defocussed beam. Alternatively, greater lateral 

focussing of the ion pulses causes them to spread temporally by electronic repulsion, 

reducing mass resolution (Gilmore, Heiles and Pieterse, 2019).  

SIMS can be further adapted for high resolution 3D imaging by alternating rounds of 

Bi3+ imaging with rounds of sputtering by a cluster ion source (Robinson, Graham 

and Castner, 2012). If the sample is not flat, or contains areas of uneven sputtering 

rate, then the 3D depth profile will not correspond directly with the 3D shape of the 

material, and must be corrected computationally (Robinson, Graham and Castner, 

2012). 

Previously, ToF-SIMS imaging has been used to visualise both native and non-native 

species in biological cells and tissue. Native species include amino acids 

(Vaidyanathan, 2013), nuclear ribose (Passarelli et al., 2015), and membrane lipids 

(Passarelli et al., 2015). The low mass resolution of ToF-SIMS makes robust peak 

assignment difficult, as many species may contribute to a single mass peak. The 

incorporation of novel detectors of much higher mass resolution and MS/MS 

capability – such as orbitraps – can be used to confirm peak assignment in non-

imaging mode (Passarelli et al., 2017). However, if a peak is composed of multiple 

compounds then it may be impossible to generate a robust ion image.  

Non-native species imaged with this technique include bromodeoxyuridine (a 

thymidine analogue used to determine DNA replication), the anti-cancer 

chemotherapeutic ABT-737 (Vanbellingen et al., 2016), and the antiarrhythmic drug 

amiodarone (Passarelli et al., 2015). The latter study was unable to localise amiodarone 

to a particular organelle, but as a full mass spectrum was collected for each data point, 

amiodarone accumulation could be compared with phospholipidosis on a single-cell 

level. For non-native species, peak assignment can be more easily confirmed by 

comparison with an untreated control – provided that the assayed compound does 
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not perturb the underlying native mass spectrum in a way that results in overlapping 

peaks – for example by causing the accumulation of an otherwise rare metabolite.  

Additionally, samples can be stained with fluorescent dyes that are, in principle, 

detectable by ToF-SIMS. Dyes such as the nuclear stain Hoechst 33342 have a well 

characterised cellular distribution in fixed mammalian cells as determined by 

fluorescence microscopy, and can therefore be used as a reliable mass marker for the 

nucleus in ToF-SIMS imaging – even without direct correlation between fluorescent 

and ion images (Bloom and Winograd, 2014).  

The ToF-SIMS-derived data shown in this chapter was collected on an IONTOF-4 

instrument with the following functionality: a Bi3+ liquid metal ion gun imaging 

source, an Ar~3000+ sputtering beam, no sample cooling facility and a ToF detector. 

This chapter documents attempts to visualise the distribution of antibiotics in human 

cells. Additionally, a workflow is developed to reconstruct 3D ion maps from human 

cells grown on glass coverslips, for the purpose of correlation with fluorescence 

microscopy.  
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3D Correlative ToF-SIMS imaging 

For the visualisation of antibiotics at the subcellular level in correlation with 

fluorescence microscopy, ToF-SIMS was initially explored. Firstly, to correlate 

between 3D confocal fluorescent imaging and ToF-SIMS ion maps, a computational 

method for 3D reconstruction of ToF-SIMS z-planes was created. ToF-SIMS depth 

profiles are generated by multiple rounds of argon-beam erosion between cycles of 

bismuth-beam imaging. Therefore, these depth profiles do not correspond to the 

spatially flat z-planes imaged in confocal microscopy (Robinson, Graham and Castner, 

2012). Additionally, the non-flat surface and non-uniform composition of biological 

cells will result in uneven sputtering rates across the sample. 

Robinson et al. developed a software-based method to reconstruct a spatially correct 

3D ion map from ToF-SIMS data, which they validated by atomic force microscopy 

(Robinson, Graham and Castner, 2012). In this technique, the silicon substrate is 

assumed to be flat, and used as an anchor point to correct the height of all planes 

imaged above. The silicon substrate gives a very low secondary ion yield, and so can 

be identified by simple thresholding of the total ion signal. However, silicon is opaque 

and therefore not a suitable substrate for correlative fluorescent imaging. Glass 

coverslips, ideal for fluorescence microscopy, do give a strong ion yield similar to the 

level in the biological sample, and therefore cannot be identified by thresholding. 

Furthermore, the low mass resolution of ToF-SIMS prevented the identification of 

unique mass peaks from the glass substrate that were absent in the biological matrix.  

Multivariate analysis can be used to deconvolute complex and overlapping datasets. 

Mass peaks from SIMS analysis of biological samples are often highly correlative and 

a wide variety of mass fragments may originate from a single biological feature. 

Principal component analysis (PCA) is a form of multivariate analysis that finds the 

axes of greatest variance in the sample (the principal components), deconvoluting the 

data into a smaller number of explanatory variables that may correspond to biological 

structures (Robinson, Graham and Castner, 2012; Brison et al., 2013; Graham and 

Castner, 2013) and therefore can be used to differentiate between the cells and the 

coverslip. 
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For the purpose of developing the method, and because of the simplicity of the 

system, human A549 type II epithelial cells were infected with M. bovis Bacillus 

Calmette-Guerin expressing enhanced Green Fluorescent Protein (BCG GFP), an 

attenuated mycobacterial strain used as a model for Mtb infection. BCG and A549 

cells are both containment-level (CL) 2 organisms, allowing a greater flexibility with 

sample processing than is possible with CL3 Mtb-infected samples.  

Cells were fixed with 4% paraformaldehyde and imaged by confocal microscopy. 

Subsequently, the fixed samples were washed with 150 mM ammonium formate, a 

volatile salt that allows for removal of solute ions which would otherwise quench ion 

formation in the ToF-SIMS (Robinson and Castner, 2013). Samples were air dried 

and analysed by 2D ToF-SIMS (fig. 3.1.1 A). Peaks were assigned from the total-ion 

mass spectrum, and integrated to give ion counts per voxel. Ion counts were Poisson 

scaled by a custom R script (see Appendix 1) to adjust for statistical counting noise 

resulting from the ToF detector (Keenan and Kotula, 2004). This weighting method 

scales data to account for the observation that peaks with greater ion counts will have 

greater nominal statistical variability, and therefore allows for more sensitive testing 

of variance between smaller – and therefore less variable – peaks. PCA was then 

performed, and data de-scaled to transform PCA loadings back to normal space (fig. 

3.1.1 B and C).  

Heat maps of the PCA loadings indicate that most information on spatially correlated 

chemicals is represented by the first five principal components (PC), with subsequent 

components containing primarily noise (fig. 3.1.1 B). PC 2 effectively differentiated 

between the coverslip and the sample, demonstrating that PCA can assist with the 3D 

reconstruction of cells on glass coverslips. Additionally, PC 4 corresponded primarily 

to the cell nucleus, demonstrating that PCA has the potential to classify intracellular 

organelles. Loadings were examined to identify ions characteristic of the nucleus, 

however the most significant loadings were from small simple ions that could not be 

robustly assigned to distinctive biomolecules (fig. 3.1.1 C). Additionally, none of the 

principal components could identify the position of the bacteria (fig. 3.1.1 B). 

This method was applied to a cluster of BCG-infected A549 cells imaged by confocal 

microscopy and analysed by ToF-SIMS at 14 depth planes, with cycles of Bi3+ imaging 
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and argon cluster sputtering (fig 3.1.1 D). PC 2 differentiated between the coverslip 

and epithelial cells, and was therefore used for 3D reconstruction (fig. 3.2.1 E). A 

custom programme was written in R to estimate the correct z-planes, using the PCA 

identification of the cell-substrate boundary as an anchor point (see Appendix 1). This 

method successfully reconstructed the A549 cells into a shape consistent with the 

confocal microscopy, therefore enabling 3D correlation between confocal 

fluorescence microscopy and 3D ToF-SIMS data (fig. 3.1.1 F). 

Although the A549 cell outlines were accurately reconstructed in 3D, uneven 

sputtering rates within the cell – such as between organelles of differing densities or 

chemical composition – would cause inaccuracies within the reconstruction that may 

prevent correlation with intracellular organelles or bacteria. Heat-maps of ion counts 

from the corrected 3D reconstruction were evaluated by eye for correlation with the 

position of the intracellular bacteria as visualised in the fluorescence microscopy. 

Unfortunately, no ion unique to the bacteria was detected. Therefore, it was not 

possible to confirm that the position of bacteria had been correctly identified in the 

ToF-SIMS image. However, this could be tested in future if a unique ion is found 

from an antibiotic or other labelling molecule that accumulates in bacteria but not the 

surrounding host cell. 
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Figure 3.1.1. PCA facilitates 3D reconstruction of infected A549 cells. (A) 

Fluorescence micrograph of fixed A549 cells infected with BCG-GFP (green). (B) 2D 

heatmaps of loadings from first six principal components from ToF-SIMS analysis of 

cells in A. (C) Top 10 positive loadings for principal component 4 from B. (D) 

Fluorescence micrograph of fixed A549 cells infected with BCG-GFP (green). (E) 

Maximum projection of second principal component. (F) 3D reconstruction ToF-

SIMS data. 

Antibiotic visualisation by ToF-SIMS 

Having established that fluorescence microscopy can be correlated in 3D with ToF-

SIMS imaging spectra, the next step was to test whether antitubercular antibiotics 

could be visualised with this method. Given that ToF-SIMS suffers from strong 

matrix effects, dependent both on the biomolecule being imaged and the biological 

background, a range of drugs with different chemical properties was used. 

Initially, a panel of anti-tubercular drugs was screened to identify the major ion peaks 

visible in ToF-SIMS spectra. Pure compound crystals were analysed by the B3+ 

analysis beam on a silicon substrate. Positive spectra were collected, and major peaks 

identified (fig. 3.1.2 A). All pure compounds gave detectable peaks, mostly as H+ 

adducts, though some compounds showed complex fracturing or multiple adducts, 

such as isoniazid.  
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Next, drugs were screened on top of a biological matrix to test whether they were 

resolvable against a cellular background. 1 µg of each drug dissolved in 5 µg solvent 

was dropped onto a dried monolayer of A549 cells. This ensured that a large dose of 

drug was present in each sample, and therefore, if a compound could not be detected, 

it would be because of poor ionisation rather than because of a lack of cellular uptake. 

Four drugs (moxifloxacin, linezolid, delamanid and levofloxacin) were still detectable, 

none of which are first-line drugs, whereas five drugs (ethambutol, rifampicin, 

pretomanid, isoniazid and PZA) were no longer detectable (fig. 3.1.2 A).  

Then, A549 cells were treated for 24 hours with serum Cmax concentrations of the 

four detectable antibiotics (including the new antibiotic BDQ), washed in ammonium 

formate, and dried, as previously described. Cells were left unfixed to reduce the 

possibility of drug washout. However, no antibiotic-associated peak was visible from 

any of the treated samples.  

It was hypothesised that the glass substrate was reducing ionisation efficiency, as glass 

is less electrically conductive than silicon, is therefore susceptible to electrical 

charging, which supresses ion yield. This is mitigated by de-charging the sample with 

an electron flood gun during imaging, however this may not fully recover ion yield. 

Therefore, live antibiotic-treated A549 cells were detached from coverslips and re-

plated onto silicon wafers. They were then processed and dried as above and analysed 

by ToF-SIMS. In this case, BDQ was the only drug to show a detectable signal (fig. 

3.1.2 B). The distinctive four-peak signal fits that predicted for BDQ due to its 

bromine atom (fig. 3.1.2 C).  

Although the signal was only detectable from cells grown on silicon, and therefore is 

incompatible with confocal fluorescence, identification of compound concentrations 

at the single cell level could still be informative – especially if combined with ToF-

SIMS quantification of lipid or protein levels. However, even on silicon, the ion yield 

from BDQ was too low for imaging, which requires that an ion signal can be identified 

in each pixel in the image.  
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Figure 3.1.2. Detection of antibiotics by ToF-SIMS. (A) Table of compounds 

tested for detection by nanoSIMS, with m/z and suggested adducts. Highlighted in 

green are compounds that retained their signal when 1 µg antibiotic was dried onto a 

monolayer of A549 cells. (B) Comparison of peaks from hMDM treated with 2.5 

mg/L BDQ and dried on either a silicon or glass substrate. (C) Predicted peak pattern 

for BDQ(H+).   
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3.2: LD facilitate BDQ transfer to intracellular Mtb 

Briefing: Nano-scale Secondary Ion Mass Spectrometry (nanoSIMS) imaging 

Given that the ToF-SIMS approach used in the previous chapter to visualise the 

distribution of antibiotics in treated cells was not successful, an alternative SIMS 

modality - nanoscale-Secondary Ion Mass Spectrometry (nanoSIMS), also known as 

Multi-Ion Mass Spectrometry Imaging (MIMS) was explored. The relative advantages 

and disadvantages of nanoSIMS for visualising small molecules in biological samples 

is compared with ToF-SIMS in this briefing. 

Like in ToF-SIMS imaging, a beam of primary ions is rastered across the sample 

surface, generating secondary ions that are fed into a mass spectrometer. However, 

rather than metal or gas cluster primary ions, a high energy beam of Cs+ is used to 

visualise negative ions (Jiang et al., 2016). This caesium beam can be more tightly 

focussed than a Bi3+ beam, giving spatial resolution as small as 50 nm (Jiang et al., 

2016). This harsher and more destructive ionisation source results in the 

fragmentation of sample molecules to individual atomic species, but also reduces the 

strong matrix effects suffered by ToF-SIMS. Although some species will recombine 

in the gas phase to form molecular ions (notably, C and N will combine to form CN), 

no original sample molecules are detectable in the mass spectrum. Therefore, 

nanoSIMS is only capable of analysing the distribution of compounds containing a 

species or isotope not present in the background matrix - either from the biological 

sample or from subsequent processing steps.  

Some antibiotics already contain suitable atoms - such as bromine in BDQ (see table 

3.1.i) - and can therefore be analysed label free. Others must be synthesised with rare 

isotopes such as 13C, 15N or 17O. Species that have been used for visualisation of 

intracellular non-native molecules include bromine (Steinhauser et al., 2012), platinum 

(Wedlock et al., 2013), iodine (Jiang et al., 2017) and fluorine (Legin et al., 2014). 

Whether a particular species is suitable for nanoSIMS visualisation will rely on many 

factors, including the number of atoms present, the intracellular accumulation of the 

drug, and whether the signal is detectable over any background present in the 

biological sample or introduced during sample processing. The number of analysed 

compounds remains small, and therefore the full range of factors that affect the 

suitability of a particular chemical species is not fully understood. 
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For analysis of biological cells or tissue, samples can be fixed and resin embedded as 

for electron microscopy (EM). Correlation with EM aids interpretation of the 

nanoSIMS image by providing information on cell ultrastructure and 

compartmentalisation (Jiang et al., 2017). The solvent dehydration of tissues during 

this process raises the possibility that molecules could be washed out of the sample if 

they are not covalently bound - either by native processes or by chemical cross-linking. 

NanoSIMS is therefore particularly well suited to imaging isotopically labelled proteins 

and lipids, which are covalently fixed by aldehydes and osmium tetroxide. However, 

for small non-reactive molecules including most drugs, caution must be taken when 

interpreting and validating the distributions indicated by nanoSIMS. For example, the 

absence of a compound in a cell could either mean that it did not penetrate the cell, 

or that it was washed away during sample processing, or that it did not accumulate to 

a sufficient level to be detectable. Therefore, it is important the results of nanoSIMS 

imaging of non-native compounds be tested in the context of orthogonal approaches 

– whether they be direct tests of bulk compound accumulation such as by liquid 

chromatography mass spectrometry (LC-MS), or indirect measures such as compound 

efficacy.  

Additionally, selecting a compatible fixation and embedding protocol that preserves 

cell membranes and delicate organelles such as LD in EM may help to retain unfixed 

compounds. In a visualisation of the intracellular distribution of amiodarone, 

retention of amiodarone was dependent on the use of tannic acid in the fixative (Jiang 

et al., 2017). Tannic acid is a large polyphenol known to integrate into cell membranes. 

It is used as a mordant with the EM dyes lead citrate and osmium tetroxide - 

enhancing their ability to stabilise biological membranes (Persi and Burnham, 1981). 

The ‘megametal’ fixation and embedding protocol has been successfully used for 3D 

correlative EM imaging of host cells infected with Mtb (Russell et al., 2017). In this 

protocol, samples are fixed with 4% paraformaldehyde (PFA) – which safely kills Mtb 

- and contains high concentrations of the lipid cross-linker osmium tetroxide. This 

protocol has been used for correlative light and electron microscopy (CLEM), and 

was shown by correlative 3D fluorescence microscopy and serial block face scanning 

EM to preserve the cellular membranes around intracellular Mtb even in necrotic 

macrophages (Lerner et al., 2016; Russell et al., 2017).  
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The most extensive use of nanoSIMS in biology has been for spatial tracking of 

labelled lipids and metabolites (Steinhauser and Lechene, 2013; Haibo Jiang et al., 

2014). 15N-labelled thymidine and the bromine-containing thymidine analogue 

bromodeoxyuridine (BrdU) were used to label proliferating crypt cells in the mouse 

gut and track the segregation of progenitor cell DNA (Steinhauser et al., 2012). 

NanoSIMS has been combined with fluorescence microscopy, giving access to a 

diverse and sensitive toolbox of well-characterised markers. Correlation between 

fluorescence in situ hybridisation and 15N pulse-chase nanoSIMS allowed the 

investigation of the relationship between nitrogen fixation and genotype in microbiota 

from deep-sea sediment (Dekas and Orphan, 2011). 

NanoSIMS has also been used to track lipid trafficking in whole organisms. In one 

study, mice were given 13C or 15N labelled fatty acids in triglyceride-rich low density 

lipoproteins (LDL) and tissue sections assayed by nanoSIMS (Haibo Jiang et al., 2014). 

Unlike bulk tissue analysis, this approach revealed the specific tissues that accumulated 

LDL-derived fatty acids. Moreover, using this method the authors were also able to 

differentiate between labelled lipids bound to the surface of epithelial cells, and those 

that were actually incorporated into intracellular LD. Dyes that can be visualised by 

NanoSIMS can also be used to image structures at a resolution not possible in 

fluorescence microscopy. For example, the accessible-cholesterol binding proteins 

perfringolysin O and ALO-D4 were labelled with 15N and used to visualise the 

enrichment of cholesterol on Chinese hamster ovary cell microvilli (He et al., 2017) 

and macrophage extracellular vesicles (He et al., 2018). Genetically encoded non-

canonical amino acids provided an alternative method to isotopically label individual 

proteins in a cell with high specificity using click-chemistry reactions (Vreja et al., 

2015). One study incorporated 19F-labelled fluorescent probes into multiple proteins 

involved in membrane fusion, allowing the validation of the nanoSIMS ion map by 

correlation with confocal fluorescence microscopy of the same cell (Vreja et al., 2015).  

NanoSIMS has also been used to study the intracellular distribution of non-native 

small molecules including halogenated organic compounds from pesticides (Gutleb et 

al., 2012), platinum based anti-cancer drugs (Legin et al., 2014) and amiodarone (Jiang 

et al., 2017). However, the current number of studies involving small drug-like 

molecules is small, with no examples of antibiotics imaged by nanoSIMS (as of 



  80 

September 2019). Additionally, bias against publishing negative results means that it 

is not known how many compounds were tested but could not be visualised. 

Therefore, we have no basis to predict which compounds will be suited to nanoSIMS. 

Briefing: The mechanisms of action and pharmacokinetics of BDQ 

Of the antibiotics tested here by nanoSIMS (see below), BDQ was one of two to be 

successfully visualised. The following chapter will focus on results obtained with this 

diarylquinolone antibiotic (see chemical structure in fig. 3.1.i), which is the first 

antibiotic to be visualised from intracellular bacteria by nanoSIMS. BDQ received 

USA Food and Drug Administration (FDA) approval in 2012, making BDQ the first 

antibiotic developed specifically against TB since rifampicin, which gained FDA 

approval in 1971. BDQ was discovered in an in vitro screen performed against M. 

smegmatis, a fast-growing non-pathogenic species of mycobacteria (Andries et al., 2005). 

BDQ has a bactericidal potency in mice equivalent to that of the first-line antibiotic 

isoniazid (Andries et al., 2005). 

 

Figure 3.2.i Chemical structure of BDQ (Source: Edgar181 

https://commons.wikimedia.org/w/index.php?curid=19273270) 

BDQ is the first known antibiotic to inhibit the mycobacterial F0F1 ATP synthase 

(Andries et al., 2005). Computer modelling and x-ray crystallography indicate that 

BDQ binds the c-subunit, blocking proton translocation (de Jonge et al., 2007; Preiss 

et al., 2015). BDQ works by depleting the intra-bacterial ATP concentration, and is 

therefore particularly active against dormant bacteria, which already have low ATP 

levels (Koul et al., 2008). Additionally, Mtb grown on the fatty acid oleate as its sole 

carbon source - requiring the electron transport chain for ATP production - is more 

susceptible to BDQ than Mtb grown with the fermentable carbon source glucose 
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(Hards et al., 2015). Intracellular Mtb is thought to require lipids as a carbon source, 

as the gluconeogenic pathway, required for growth on lipids as a sole carbon source, 

is required for viability (Marrero et al., 2010). Together, this may explain why BDQ is 

more rapidly bactericidal against macrophage resident than broth-grown Mtb (Dhillon 

et al., 2010). 

In drug treatment, ‘synergy’ describes a relationship where the combined effect of two 

or more antibiotics is greater than their individual additive effects. Assays determining 

the minimum inhibitory concentration (MIC) of BDQ with other antibiotics identified 

a synergy between BDQ and clofazimine (Cokol et al., 2017) and SQ109 (Reddy et al., 

2010). BDQ was also found to reduce the minimum treatment time in experimental 

combination therapies with infected mice (Lee et al., 2017, 2018). On the other hand, 

some antibiotics have an antagonistic effect. For example, in vitro, moxifloxacin 

reduces the efficacy of all drugs tested - including BDQ and three of the four first-

line antibiotics – rifampicin, isoniazid and ethambutol (Cokol et al., 2017). The reason 

for this antagonistic effect is not known, though as an inhibitor of bacterial replication, 

it would be expected to reduce the potency of antibiotics that target processes needed 

for growth such as cell wall production. 

Many theories may be posited to explain antibiotic synergies with BDQ, both at the 

level of bacteria and via modulation of the host environment. Extracellular flux 

analysis demonstrated that BDQ treatment results in runaway catabolism, as Mtb 

attempts to correct for a drop in ATP levels (Lamprecht et al., 2016). This results in 

an increased electron flux through the type II NADH:quinone oxidoreductase 

(NDH2). Clofazimine transfers electrons from NDH2 to O2, generating reactive 

oxygen species (ROS) that are toxic to Mtb. Therefore, the increase in electron flux 

caused by BDQ enhances the clofazimine ROS production, resulting in a synergistic 

effect between the two drugs. A complimentary system-level hypothesis - that BDQ 

targets a spatially separate subset of Mtb within host cells - will be tested in the next 

chapter (see fig. 3.3.2).  

Verapamil is a calcium channel blocker used clinically for the treatment of heart 

conditions, migraine and cluster headache (Matharu, 2010). Verapamil has also been 

investigated as a possible inhibitor of mycobacterial drug efflux pumps, and therefore 
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as a synergistic adjunct to TB treatment (Gupta et al., 2013, 2014). Mutations in 

Rv0678 - a transcriptional repressor of MmpS5-MmpL5 efflux pump expression - 

confer resistance both to BDQ and the lipophilic antibiotic clofazamine in clinically 

isolated Mtb strains (Andries et al., 2014). Chemical inhibitors of this efflux pump 

should therefore synergise with BDQ treatment.  

Verapamil enhances the killing of intracellular bacteria by innate immune cells, 

possibly via a host-mediated mechanism (Adams et al., 2011). Several studies claim its 

ability to potentiate a wide range of antibiotics against Mm and Mtb including BDQ 

in vitro (Gupta et al., 2014), in macrophages (Adams et al., 2011) and in vivo (Adams et 

al., 2011; Gupta et al., 2014).  

However, the proposed mechanism of verapamil as an efflux pump inhibitor has been 

called into question (Chen et al., 2018). Verapamil is seen as such a well-established 

mycobacterial efflux pump inhibitor that many research papers provide no reference 

supporting this proposed mechanism (Adams et al., 2011; Gupta et al., 2013, 2014). 

Indeed, there is a lack of direct biochemical evidence that verapamil interacts with 

mycobacterial efflux pumps. Inside-out vesicles derived from Lactococcus lactis 

indicated that verapamil may inhibit the LmrP efflux pump in a competitive manner, 

as measured by transport of Hoechst 33342 (Putman et al., 1999). However, the 

evidence that verapamil has a similar effect in Mtb stems from its ability to synergise 

with other antibiotics - which could instead be explained by an alternative antibiotic 

mechanism of verapamil, or by a host-mediated effect given that verapamil does 

inhibit potassium pumps in mammalian cells, and potassium channels support innate 

immunity (Reeves et al., 2002). Many studies do not even include verapamil treatment 

alone as a control (Gupta et al., 2013, 2014; J. Xu et al., 2018), despite using a 

concentration of verapamil (50 mg/L) not far from its in vitro MIC against Mtb (~233 

mg/L) (Chen et al., 2018). 

A study by Chen et al. used LC-MS to directly measure antibiotic concentrations in 

verapamil treated Mtb (Chen et al., 2018). They found that verapamil did not increase 

intra-bacterial concentrations of BDQ or any other antibiotic tested. Instead, they 

found that verapamil disrupts membrane potential and is an uncoupler of respiration. 

This explains why verapamil synergises with other antibiotics, and why it is particularly 
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effective when combined with other compounds that act on the electron transport 

chain - such as BDQ and clofazimine (Lamprecht et al., 2016).  

Pharmacokinetics 

BDQ is a highly lipophilic molecule, with a calculated logP of 7.13 (Source: 

drugbank.ca). It is predicted to be over 99.9% protein bound in serum, and to have 

an elimination half-life of 5.5 months (Prescribing Information, FDA). Although 

lipophilic molecules are thought to permeate more freely through biological 

membranes, it is expected that a molecule with these extreme properties will be 

sequestered by non-specific binding to proteins and lipids - and therefore not be able 

to reach its intracellular targets (Nagar and Korzekwa, 2012). Indeed, efforts have 

been made to find less lipophilic analogues of BDQ in the belief that they will make 

safer and more effective clinical drugs (Tong et al., 2017).  

The advent of high-content screening and electronic data management has 

revolutionised drug development over the past three decades (Brown and Boström, 

2018). This has led to many attempts to identify compounds most likely to become 

successful drugs by their chemical properties, such as hydrophobicity, size and 

polarity. Three sets of ‘rules’ thought to determine favourable pharmacokinetics have 

been particularly influential (Lipinski, 2004): Lipinsky’s rules of five (Lipinski et al., 

1997), the Ghose filter (Ghose, Viswanadhan and Wendoloski, 1999) and Veber’s 

rules (Veber et al., 2002). The latter specifically describes properties thought to confer 

bioavailability to drugs given orally. These rules are summarised in table 3.2.i, together 

with the corresponding values for BDQ. 

 Rule Bedaquiline Compliant 

Lipinski’s rules 

of five (Lipinski 

et al., 1997) 

≤ 5 hydrogen-bond donors 1 Y 

≤ 10 hydrogen-bond acceptors 4 Y 

< 500 daltons 555.5 daltons N 

logP ≤ 5 7.13 N 

Ghose filter 

(Ghose, 

logP -0.4 - 5.6 7.13 N 

Molar refractivity 40 - 130 m3mol-1 154.02 m3mol-1 N 
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Viswanadhan 

and Wendoloski, 

1999) 

180 - 480 daltons 555.5 daltons N 

20 - 70 atoms 68 Y 

Veber’s rules of 

bioavailability 

(Veber et al., 
2002) 

≤ 10 rotatable bonds 8 Y 

≤ 140 Â2 polar surface 45.59 Â2 Y 

Table 3.2.i Comparison of BDQ chemical properties against three common 

sets of ‘rules of thumb’ in drug development (Source for BDQ values: 

drugbank.org). 

Although BDQ passes Veber’s rules, it fails to comply with multiple parameters of 

both the Lipinski and Ghose rules due to its size, hydrophobicity and polarisability. 

On the basis of these rules, BDQ would be expected to have poor pharmacokinetic 

properties - and yet it is an effective treatment in patients. These three rule sets come 

with the caveat that they were calculated with existing drugs and incorporate the 

historical biases towards the classes of drugs available at the time. New classes of 

peptide-based drugs have resulted in an upshift in the average size of FDA approved 

drugs (Shultz, 2019). BDQ was the first of a new chemical class - the diarylquinolones 

(Andries et al., 2005). Additionally, Lipinski et al. specifically noted antibiotics as an 

outlier to their rules, together with antifungals, vitamins and cardiac glycosides 

(Lipinski et al., 1997). The question remains, however: why should good antibiotics 

have different pharmacokinetic properties from other drugs. 

BDQ is now in wide clinical use, in particular for the treatment of drug-resistant TB 

(Borisov et al., 2017; Schnippel et al., 2018). Despite early concerns over possible 

mortality linked to the drug (Diacon et al., 2014), BDQ has emerged as an important 

new clinical tool with a unique set of antibacterial properties. A greater understanding 

of what makes this highly lipophilic compound an effective drug against intracellular 

mycobacteria could provide insight into previously undervalued chemical properties 

that may aid drug discovery efforts. 

This chapter will describe the results of experiments to characterise the subcellular 

distribution of BDQ in human macrophages infected with Mtb. Briefly:  
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i. Establishment and validation of a correlative imaging workflow including 

fluorescence microscopy, electron microscopy and nanoSIMS ion microscopy 

(CLEIM) 

ii. Characterisation of the sub-cellular distribution of BDQ in Mtb-infected 

macrophages 

iii. Identification of a dynamic antibiotic reservoir in the host 

iv. Demonstration of how host heterogeneity can modulate antibiotic efficacy 

v. Proposal of a novel mechanism for the transfer of highly lipophilic antibiotics to 

intracellular pathogens 
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Method development 

Initially, several antibiotics used in TB treatment were tested to identify which ones 

could be visualised by nanoSIMS. A panel of drugs was assembled containing 

antibiotics that either contain an atom not present in the biological background (i.e. 

bromine) or that were commercially available with a 13C, 15N or 2H (deuterium) label 

(table 3.2.1). Additionally, the Francis Crick Institute’s chemistry facility was 

commissioned to produce 15N-labelled linezolid.  

Antibiotic Chemical formula Concentration Detectable 

Bedaquiline (BDQ) C32H31BrN2O2 2.5 mg/L Yes 

[2H8]-Rifampicin (RIF) C43H58N4O12 5 mg/L No 

[2H5]-Moxifloxacin (MOX) C21H24FN3O4 5 mg/L No 

[2H4]-Amoxicillin (AMX) C16H19N3O5S 4 mg/L No 

[13C2, 15N2]-Pyrazinamide 

(PZA) 

C5H5N3O 30 mg/L Yes 

[2H4]-Isoniazid (INH) C6H7N3O 4 mg/L No 

[15N]-Linezolid C16H20FN3O4 15 mg/L No 

Table 3.2.1. Antibiotics tested for signal in ion microscopy.  

Human monocyte-derived macrophages (hMDM) were isolated, as described in 

Materials and Methods, and differentiated with granulocyte macrophage-colony 

stimulating factor (GM-CSF). After plating, cells were infected with Mtb expressing a 

fluorescent protein for 48 hours to allow the bacteria to enter and adapt to a variety 

of intracellular environments and trigger defence responses in the host macrophage. 

Media was then replaced with media containing antibiotic at the indicated 

concentrations for 24 hours. Samples were fixed in 2.5% glutaraldehyde and 4% 

paraformaldehyde, with a 4% paraformaldehyde overnight treatment required to 

safely sterilise all bacteria.  

The samples were further stained and embedded for electron microscopy and 

nanoSIMS using the ‘megametal’ staining protocol, which provides high contrast for 

the visualisation of membranes (Lerner et al., 2017). An initial test including 1% tannic 

acid together with the glutaraldehyde and paraformaldehyde to stabilise lipid vesicles, 
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as used previously (Jiang et al., 2017), was unsuccessful as this made the samples too 

brittle for downstream processing. 

Thin ~500 nm sections were obtained by microtome sectioning, imaged by 

backscatter electron microscopy to identify the position of infected macrophages, and 

then imaged by ion microscopy to determine whether an antibiotic-specific ion was 

detectable. BDQ was detectable by the absolute value of the 79Br+ ion signal, and will 

be the focus of this chapter. PZA was detectable by the ratio of 15N12C:14N12C, and 

will be the focus of the next chapter. Interestingly, whilst the nitrogen label of PZA 

was detectable, the enrichment of 13C was not detectable, either from the 13C:12C ratio 

or the 14N13C:14N12C ratio.  

During the analysis, it was observed that 31P puncta with bacterial morphology were 

visible in infected macrophages, but not visible in uninfected macrophages (fig. 3.2.1 

B). These puncta corresponded to the position of bacteria as visualised in EM. These 

puncta also resembled bacteria in size and shape, and could be clearly resolved from 

the macrophage nucleus, which was also rich in 31P, likely from the phosphate 

deoxyribose backbone of deoxy-ribose nucleic acid (DNA). Some of the 31P signal 

from Mtb will similarly originate from bacteria DNA, however bacteria can also 

generate polyphosphate granules to store excess high-energy phosphate groups and 

also as a stress response mechanism (Ward et al., 2012; Singh et al., 2013). This may 

account for the ‘punctate’ appearance of 31P in bacteria, which often show one or 

more bright points within each bacterium (fig. 3.2.1 C) 

To confirm that the 79Br signal was specific to BDQ, micrographs were additionally 

compared with an ion micrograph from a macrophage treated only with the carrier 

solvent dimethyl-sulphoxide (DMSO) (fig. 3.2.1 C). This sample had no significant 
79Br signal, other than a very light non-specific speckle. This confirmed that the 

bromine signal originated from BDQ, however it is not certain how much of this 

signal is from intact BDQ, and how much is from BDQ metabolites. The detection 

of BDQ metabolites should not affect the interpretation of these results, as the 

primary Br containing metabolites of BDQ – the most abundant of which is M2 – 

have a similar efficacy against Mtb. For simplicity, ‘BDQ’ in the following ion 

microscopy results will refer to BDQ and its metabolites.  
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Figure 3.2.1. Development of a correlative imaging workflow for detection of 

BDQ at the subcellular level. (A) Schematic of experimental workflow. (B) An 

uninfected hMDM imaged by ion microscopy, indicating the absence of 31P puncta. 

(C) hMDM infected with Mtb and imaged by ion microscopy. Position of Mtb 

outlined. Credits: EM by Matt Russell, ion microscopy by Haibo Jiang. 

Visualising the subcellular distribution of BDQ by CLEIM 

By using the method described above, BDQ was found to accumulate 

heterogeneously in Mtb within human macrophages, even between neighbouring 

bacteria (fig. 3.2.2). The resolution of this SEM was not sufficient to undoubtedly 

identify host membranes, however four were identified that appeared to be in the 

same compartment (fig. 3.2.2 A). An abundance of membrane fragments and cellular 

debris in this compartment suggests that it may be a phagolysosome or 

autophagolysosome. Despite being in the same microenvironment, these four bacteria 

show very different levels of BDQ accumulation. Two have a strong signal, one an 

intermediate signal, and a fourth only a very low signal that is barely above the host-

cell background. This suggests that microenvironment is not the primary determinant 

of BDQ accumulation, and that some heterogeneity in accumulation is inherent to the 

bacteria. It is possible that these four bacteria passed through separate sets of 

intracellular compartments before the sample was fixed, which would account for the 
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heterogeneity if compartment does determine accumulation. However, given their 

close spatial proximity, it is likely that they originated from the same progenitor 

bacterium and that they have travelled through the cell together as a clump. Attempts 

to track the host microenvironment will be further tested in the next results chapter. 

When analysing other cellular environments, BDQ was also found in Mtb in a lysing 

necrotic macrophage, a known mycobacterial niche (Lerner et al., 2017) (fig. 3.2.2 B). 

This observation is consistent with the retention of BDQ in Mtb following host cell 

death. Alternatively, it is possible that some of the BDQ also reached the bacteria 

from the extracellular space post-necrosis. Considering these results in a clinical 

context, we can speculate that BDQ will continue to be effective against bacteria in 

the necrotic core of tuberculous granulomas after host-cell death. This is in contrast 

to MALDI-imaging of granulomas from patients dosed with BDQ following necrotic 

core formation, where BDQ could not penetrate into the caseum (Irwin et al., 2016). 

Mtb was also observed in close contact with host LD, and possibly in the lipid interior 

as previously reported (Peyron et al., 2008). Furthermore, the LD were highly enriched 

with antibiotic (fig. 3.2.2 C). These large LD were easily identifiable from the electron 

microscopy alone due to their uniform grey interiors. However, LD are very 

heterogeneous in size, and these macrophages contained many smaller darkly stained 

objects that might also have been LD, or alternatively could have been other lipid rich 

structures such as multilamellar bodies or peroxisomes. No characteristic ion signal 

exists for LD, so they cannot be identified by nanoSIMS alone. CLEIM was therefore 

used to confirm the identity of BDQ-containing organelles in hMDM using 

fluorescence microscopy combined with an organelle-specific fluorescent probe. 
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Figure 3.2.2. BDQ accumulates in Mtb in multiple intracellular 

microenvironments. (A-C) Mtb-infected hMDM, treated with 2.5 mg/L BDQ. EM 

overlaid with 79Br and 31P signals. Scale: 2 µm. Credits: EM and ion microscopy by 

Haibo Jiang.  

In order to perform a correlative workflow combining fluorescence microscopy, EM 

and IM, hMDM were seeded onto a glass-coverslip bottomed dish with a numbered 

grid as described previously (Russell et al., 2017). Macrophages were infected with Mtb 

expressing red fluorescent protein (RFP). Infected cells were monitored by live-cell 

confocal imaging for 48 hours, then treated with 30 mg/L BDQ for a further 24 

hours. The sample was then fixed and stained with the fluorescent dye 4,4-Difluoro-

1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene (BODIPY 493/503), a 

lipophilic dye that partitions into neutral lipids, which are the primary components of 

the LD interior. The sample was then imaged by 3D confocal microscopy (fig. 3.2.3 

A).  

A macrophage was selected with a relatively small number of LD, which would 

therefore be simpler to correlate with the downstream workflow. Importantly, live-

cell imaging confirmed that the selected macrophage internalised Mtb prior to 

treatment with BDQ, and therefore that any BDQ in the bacteria must first have been 

transported through the host cell. The sample was processed and embedded for EM. 

Multiple sections were taken for transmission-EM (TEM), using the resin imprint of 
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the coverslip grid to find the imaged macrophage. These slices were mounted on 

conductive platinum-coated plastic coverslips and analysed for BDQ content by IM. 

The IM images revealed concentrated foci of BDQ that correlated with the position 

of the BODIPY stain in fluorescence microscopy, confirming that BDQ indeed 

accumulated in LD (fig. 3.2.3 A). 

An important methodological issue to consider when using CLEIM to study drug 

distributions is the risk that antibiotics may be washed out of the sample during 

fixation and embedding. This may explain why some of the tested antibiotics could 

not be visualised, even though they are effective against intracellular Mtb and 

therefore likely do accumulate to a certain level in Mtb. None of the drugs tested 

contain a reactive amine group that could allow covalent crosslinking to the cellular 

matrix during fixation, and the use of organic solvents during the embedding process 

additionally increases the risk of drug washout. Aside from the risk that a drug may 

be rendered non-detectable, the greater danger is that a drug may be selectively washed 

out of only certain compartments – leading to a misleading image of subcellular 

antibiotic distribution.  

To further validate that LD are the primary reservoir of BDQ in macrophages, the 

concentration of BDQ in unfixed macrophages was also quantified. Uninfected 

macrophages were treated with 2.5 mg/L BDQ overnight and washed, detached and 

washed again. Remaining BDQ was then extracted in 2:1 chloroform:methanol and 

assayed by liquid chromatography-mass spectrometry (LC-MS) to determine the 

quantity of BDQ present (fig. 3.2.3 B). This was compared with the level of BDQ 

present in macrophages pre-treated with pradigastat (Birch, Buckett and Turnbull, 

2010) – an inhibitor of diacyglycerol O-acyltransferase 1 - to inhibit LD formation, or 

oleate to induce it. These macrophages were not fixed, so the level of BDQ present 

will reflect that in live cells. Inhibition of LD formation caused an almost total 

depletion of BDQ accumulation, whereas LD induction increased accumulation. 

These experiments confirmed that LD are the primary BDQ reservoir, and validated 

that the CLEIM protocol preserved the distribution of BDQ during sample fixation 

and processing. 
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In addition to Mtb and LD, a relatively low BDQ signal was also detected from other 

organelles, in particular mitochondria, reflecting reports that BDQ inhibits 

mammalian ATP synthase (Fiorillo et al., 2016) (fig. 3.2.3 C). However, the level 

appeared very low compared with that in LD and Mtb. 

To quantify the relative abundance of BDQ in cellular structures, and whether the 

BDQ levels in mitochondria were significantly higher than in the cytosol, the 79Br 

signal was normalised to the cytosolic 12C14N signal. This corresponds approximately 

to protein signal, and allows for the removal of variability resulting from imaging 

conditions. Sources of variability include sample charging and primary ion beam 

strength, both of which can vary during imaging and will proportionately alter the 

yield of all secondary ions. Analysis of different cellular compartments indicated that 

the BDQ level in mitochondria was not significantly higher than in the cytosol, and 

that the BDQ level in LD was on average higher than in bacteria, however much 

heterogeneity was observed (fig. 3.2.3 D). For LD, this could partly result from 

differing levels of BDQ uptake in to the host cell, or different compositions of neutral 

lipids (such as the ratio of triacylglycerides to cholesterol esters) resulting in different 

affinities for BDQ.  

Next, the distribution of BDQ was assayed at a lower concentration of antibiotic (0.04 

mg/L). If, when treated at 2.5 mg/L, some organelles were saturated with antibiotic, 

then BDQ may accumulate in other parts of the cell that would not otherwise 

accumulate BDQ. A similar distribution of BDQ was observed at the lower 

concentration, suggesting that the distribution is independent of extracellular 

antibiotic concentration (fig. 3.2.3 E). However at this level the 79Br signal was only 

marginally detectable, making the quantification less accurate. 
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Figure 3.2.3. BDQ accumulated in Mtb and host LD. (A) (Left) Maximum 

projection of macrophage infected with Mtb-RFP, treated with 2.5 mg/L BDQ. LD 

stained with BODIPY appear yellow due to spectral overlap. (Right) LD staining and 
79Br signal on EM from 3 z–planes through cell. Scale: 5 µm. (B) LC-MS quantification 

of BDQ in hMDM treated with 2.5 mg/L BDQ. Data shows means from 4-6 

technical replicates from 2-3 donors. (C) EM with 79Br on mitochondria, starred. 

Scale: 2 µm. (D) Normalised 79Br signal by area from hMDM treated with 2.5 mg/L 

BDQ. Data shows mean intensity per object, 3 biological replicates, S.E., p-values 

from Wilcoxon test, n = 6-221. Y-axis square-root scaled. (E) Quantification as in D, 

from hMDM treated with 0.04 mg/L BDQ. Credits: EM by Matt Russell, ion 

microscopy by Haibo Jiang. 

Characterisation of Mtb-LD interactions 

Lipid-laden foamy macrophages are a hallmark of TB pathogenesis (David G Russell 

et al., 2009). Because LD were the primary site of BDQ accumulation in the host cell, 

we investigated the interactions between LD and Mtb in hMDM to determine whether 

these interactions could affect the transfer or sequestration of antibiotic (fig. 3.2.4). 

As shown previously in other cellular systems, macrophage exposure to Mtb induced 

host LD proliferation (Peyron et al., 2008; Mahajan et al., 2012; Barisch et al., 2017) 

(fig. 3.2.4 A). However, high-content microscopy revealed extreme heterogeneity in 

both bacterial and LD burdens, with even many bystander macrophages – that did 
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not take up Mtb – exhibiting foamy phenotypes (fig. 3.2.4 C). Given that the system 

was both heterogeneous and dynamic, a series of experiments was performed to 

further characterise the interactions between Mtb and LD, and to determine whether 

LD may provide a basis for the transfer of BDQ in Mtb-infected human macrophages.  

The LD surface protein Perilipin 2 (PLIN2) is known to associate with intracellular 

Mm (Barisch et al., 2015), suggesting that PLIN2 can be transferred from host LD to 

Mtb. To test if this is the case in Mtb-infected hMDM, infected macrophages were 

stained with an anti-PLIN2 antibody (fig. 3.2.3 C). PLIN2 was associated with 3.8% 

of Mtb after 96 hours of infection (95% CI 1.86-6.59, n = 4 donors). This result 

suggested that there are multiple levels of interaction with LD. It is possible that these 

variable interactions may contribute to heterogeneity of BDQ accumulation in Mtb. 

Furthermore, when infected cells were analysed by TEM, extensive physical contacts 

between LD and Mtb or tight Mtb-containing vacuoles was observed (fig. 3.2.4 D). 

Although a definitive identification cannot be made as a specific marker was not used, 

Mtb and LD also appeared to interact with an extensive host membranous network 

that by morphology resembles the endoplasmic reticulum. 

Peroxisomes are metabolic organelles specialised for the beta-oxidation of long chain 

fatty acids. Many of the signalling pathways that promote LD formation in 

macrophages also promote peroxisome biogenesis – in particular the peroxisome 

proliferator-activated receptor γ (PPAR-γ) signalling pathway (Tyagi et al., 2011). 

Furthermore, peroxisomes form complex physical interactions with LD, and could 

therefore affect the metabolism of antibiotics that accumulate in LD. To test if the 

number of peroxisomes was also affected by infection, infected cells were stained with 

an antibody against the peroxisomal enzyme HSD17B4, a component of mature 

peroxisomes (fig. 3.2.4 E). Peroxisomal area per macrophage was then quantified by 

fluorescence microscopy, revealing cell-to-cell heterogeneity, albeit with less variation 

than LD area. However, no correlation was found between Mtb area and peroxisome 

area at the single-macrophage level (fig. 3.2.4 F). 

It is not necessarily the case that all LD will interact with Mtb in the same way or 

through the same mechanisms. Previous work indicated functionally distinct LD 

populations within individual cells. Multiple mechanisms for LD proliferation and 
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growth have been proposed, and changes in the flux of these pathways could affect 

uptake of BDQ. In a Dictyostelium-Mm model of mycobacterial infection, Plin (an 

orthologue of PLIN2) restricted the transfer of Dgat2 (an orthologue of DGAT-2) to 

the surface of cytosolic mycobacteria (Barisch et al., 2017). In human cells, a reciprocal 

relationship has been observed between surface levels of PLIN2 and Rab18, a Rab 

guanosine triphosphatase (GTPase) (Ozeki et al., 2005; J. Xu et al., 2018). Rab18 

promotes LD growth via lipid transfer from the endoplasmic reticulum, whereas Plin2 

may promote lipophagy under certain conditions (D. Xu et al., 2018; Mardani et al., 

2019).  

In order to investigate whether heterogeneity in LD surface protein composition was 

contributing to Mtb-LD interaction heterogeneity in this system, antibody labelling 

experiments were performed to first determine if distinct populations of LD could be 

identified. The localisation of Rab18 and Plin2 was determined on LD in hMDM 96 

hours post infection by immunofluorescent antibody labelling. At this time-point, 

both proteins were ubiquitous on all LD, suggesting that in this system, all LD are in 

a similar metabolic state, suggesting that LD heterogeneity does not contribute to 

differences in BDQ accumulation (fig. 3.2.4 G). However, it is possible that LD 

heterogeneity could affect antibiotic accumulation in other cell types or under 

conditions of immune activation, previously shown to affect the transfer of lipids 

from LD to Mtb in mouse macrophages (Knight et al., 2018). 
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Figure 3.2.4. Mtb induced host accumulation of LD in hMDM. (A) LD area per 

macrophage, dots show means. (B) Mtb vs LD area 96 hours post infection. Axes 

square root scaled. Scale: 10 µm. (C) Mtb-infected hMDM stained with anti-PLIN2 

antibody, 96 hours post infection. (D) TEM of Mtb in contact with host LD 96 hours 

post infection. (E) Mtb-infected hMDM stained with anti-HSD17B4 antibody, 96 

hours post infection. Scale: 10 µm. (F) Peroxisome and Mtb area per macrophage 96 

hours post infection, pooled from 2 donors. (G) Mtb-infected hMDM stained with 

anti-PLIN2 and anti-Rab18 antibodies, 96 hours post infection. Scale: 5 µm. Credits: 

EM by Matt Russell.  
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Another source of heterogeneity between LD is the composition of lipid species 

present. Although it was not possible to measure the lipidomes of individual LD, and 

therefore heterogeneity between LD, bulk LC-MS was performed to analyse the 

changes in total macrophage lipid composition induced by Mtb infection. LC-MS 

analysis identified that 123 triacylglycerides (TAGs), together with two cholesterol 

esters and four ceramides, were more abundant in infected macrophages (fig. 3.2.5). 

These neutral or acylated lipid species comprise the bulk of up-regulated lipids, 

consistent with the accumulation of these species in the LD core. Conversely, polar 

lipids such as phosphatidylcholines, are mostly downregulated. These lipids are 

primarily components of membranes rather than LD, although LD do have a 

phospholipid monolayer. Together, these results suggested that Mtb-infection 

primarily upregulates lipids for LD formation, but not for the formation of additional 

membranes.  

Because TAGs were not fragmented for analysis, the exact acyl chain lengths cannot 

be determined. However, among the most highly upregulated TAGs are TG (55:7) 

and TG (57:8), which must contain at least one odd-chain fatty acid moiety. Odd-

chain fatty acids, together with cholesterol, are metabolised by Mtb to propionate, the 

accumulation of which is toxic to the bacteria (Upton and McKinney, 2007; Yang et 

al., 2009). One method of detoxification is catabolism of propionate into the surface 

lipids phthiocerol dimycocerosates (PDIMs). As an important virulence factor, PDIM 

synthesis provides a possible mechanism by which host macrophage neutral lipid 

composition may alter Mtb virulence and pathogenesis.  
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Figure 3.2.5. Lipidomics of Mtb-infected macrophages at 24 and 96 hours post 

infection. Values indicate fold-change relative to uninfected control. Only 

significantly altered lipids are shown (p < 0.05), n = 6 technical replicates. Credits: 

LC-MS and analysis by Mariana Silva Dos Santos. 

Given that Mtb is able to consume host lipids as a carbon source, and having 

established that Mtb interacts with host LD in this system, we hypothesised that Mtb 

will consume host LD during intracellular replication. This would have important 

consequences for BDQ efficacy, as Mtb would be exposed to the high concentrations 



  99 

of BDQ accumulated in LD. Conversely, as immune activation of hMDM by Mtb can 

induce an increase in LD levels, increases in LD may also sequester antibiotic. 

Therefore, understanding the temporal relationship between both LD growth and 

consumption is essential to determining whether LD will release BDQ over time. To 

garner further insights into this dynamic relationship, live-cell imaging was used to 

determine whether Mtb induces changes in LD size over time.  

Mtb secretes lipases, and LD in proximity to Mtb were assayed for consumption or 

degradation in infected hMDM (fig. 3.2.6 A). By live-cell imaging, a LD in contact 

with Mtb was seen to shrink in diameter over time, whereas other LD in other parts 

of the macrophage remained a similar size, suggesting that Mtb directly degrades host 

lipids.  

However, tracking individual LD by live-cell imaging in foamy macrophages with 

large numbers of LD is technically challenging. Their rapid movement makes it 

difficult for a human observer to determine which LD is which between neighbouring 

frames, especially when LD cluster together. Implementing automatic computer-

based tracking in order to scale up the analysis to a larger number of cells, and capture 

the heterogeneity in the system, is even more challenging. To address this 

methodological bottleneck, total LD and Mtb areas were monitored at the single-

macrophage level, as individual macrophages are much easier to track over time.  

For this analysis, high content live-cell imaging on an OPERA phenix automated 

confocal microscope was used to track a larger number of infected and uninfected 

macrophages. Mtb and LD burdens of individual macrophages could be measured 

over time (fig. 3.2.6 B and C). LD measurements were normalised to the average of 

uninfected bystander macrophages, to account for photobleaching and also for 

changes in LD not due to the direct effects of Mtb – for example depletion of 

nutrients in the media or immune activation.  

Visualisation of individual infected macrophages indicated that, as Mtb grows, LD 

burden first increased, before eventually beginning to decrease at approximately 48 

hours post infection, whilst Mtb continues to replicate (fig. 3.2.6 B). This Mtb 

replication was followed by host-cell necrosis in some cases, as previously shown 

(Lerner et al., 2017). To determine whether these individual cells were representative 
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of the cellular population, the Mtb and LD levels from 38 infected macrophages were 

quantified, normalised and averaged across 96 hours of infection (fig. 3.2.6 C). This 

analysis indicated a peak in LD levels at approximately 48 hours, which corresponds 

to the period of most rapid Mtb growth. It is unclear from this analysis alone that LD 

are being directly consumed by Mtb, as it is also possible that host-processes consume 

LD during late stages of infection. However, whether or not the lipids are consumed 

by Mtb, depletion of LD will inevitably lead to the release of any accumulated 

antibiotic into the intracellular environment, close to the bacteria. As a net reduction 

in LD levels only begins to occur at around 48 hours, these results also suggest that 

BDQ may be more effective against Mtb in macrophages at late rather than early 

stages of infection. 
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Figure 3.2.6. Live-cell analysis of LD consumption. (A) Maximum-projection 

from live-cell imaging of Mtb infected macrophages with LD diameter, right. (B) 

Mean LD and Mtb burden measured by fluorescent area averaged from two infected 

macrophages. LD normalised to uninfected average. Burdens scaled to starting point 

of 1.0. (C) Mean LD and Mtb burden measured by area, averaged from 38 infected 

macrophages. LD normalised to uninfected average, starting point of 1. Curve LOESS 

fitted with 95% confidence interval. 
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LD levels modulate BDQ transfer 

Having demonstrated that LD accumulate BDQ and that Mtb consumes or otherwise 

induces the consumption of LD, we hypothesized that LD aid the transfer of BDQ 

to Mtb. If this is the case, then manipulation of host LD levels should modulate the 

accumulation and efficacy of BDQ.  

hMDM were infected with Mtb expressing mCherry (mCherry-Mtb) and treated with 

a multi-concentration panel of lipids and chemical inhibitors of multiple enzymes 

involved in lipid synthesis (fig. 3.2.7). The cells were then fixed and stained with 

BODIPY 493/503 to visualize LD. Of the molecules tested, oleate complexed with 

bovine serum albumin was the most effective inducer of LD, and three inhibitors of 

diacylglycerol O-acyltransferase 1 (DGAT-1) almost totally abolished LD. This 

included pradigastat, a drug currently in phase II clinical trials for the treatment of 

non-alcoholic fatty liver disease (Dajani and AbuHammour, 2016). Conversely, the 

DGAT-2 inhibitor JNJ DGAT2-A had no readily detectable effect on LD levels. 

Oleate and the three DGAT-1 inhibitors were also found not to have an inhibitory 

effect on intracellular Mtb growth (fig. 3.2.7 B), nor did the inhibitors affect Mtb 

grown in 7H9 broth, confirming that the effect of these compounds was on the 

macrophages rather than Mtb (fig. 3.2.7 C). 

Surprisingly, low density lipoprotein (LDL) and oxidized LDL (oxLDL) did not 

significantly induce LD formation in infected macrophages, despite their long use in 

other disease models of lipidosis (Koren et al., 1990; Grandl and Schmitz, 2009). LDL 

would arguably be a preferable inducer of LD formation as it is a natural lipid substrate 

for macrophages. A comparison of LD induction by LDL and oxLDL in infected and 

uninfected macrophages revealed that, whereas LDL and oxLDL are effective LD 

inducers in uninfected macrophages, they are not effective LD inducers in Mtb-

infected macrophages, which already have greatly elevated LD levels (fig. 3.2.7 D). 



  103 

 

Figure 3.2.7. Identification of potent and non-toxic modulators of LD levels in 

hMDM. (A) LD area in hMDM infected for 2 hours then treated with LD modulators 

for 48 hours. Oleate 400 µM, LDL and oxLDL 100 mg/L, all inhibitors 10 mg/L. 

Three monocyte donors. (B) Dose-response curves of LD modulators on Mtb burden 

in hMDM infected for 2 hours and treated with LD modulators for 48 hours. Three 

monocyte donors per concentration. (C) Mtb incubated in media with LD inhibitors 

for 72 hours. Data shows mean and S.E.M. of 3 replicates. (D) (left) LD dose-

response curve in uninfected hMDM treated for 48 hours with LDL or oxLDL. 8 

technical replicates each from two monocyte donors. (Right) As E, but with 

macrophages infected with Mtb at MOI 1 two hours before LDL/oxLDL treatment. 

Three monocyte donors were used per concentration of each modulator. 

These experiments allowed the identification of potent and non-toxic modulators of 

LD levels in human macrophages. Based on these results, the following LD 
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modulators were selected for use in further experiments: Oleate, pradigastat, A922500 

and T863. 

These LD modulators were then used to directly test whether LD sequester BDQ or 

allow its transfer to Mtb using ion microscopy. In the first series of experiments, 

hMDM were pre-loaded with BDQ, washed, and then infected with Mtb. If LD can 

supply, rather than only sequester, BDQ to Mtb, then BDQ should be detectable from 

Mtb in the pre-loaded macrophages. Indeed, Mtb in these macrophages had similar 

levels of BDQ as those in macrophages treated post-infection (fig. 3.2.8 A and B).  

However, this experiment alone does not prove that the BDQ came from the LD, 

rather than from other parts of the macrophage shown to accumulate smaller 

concentrations of BDQ, such as mitochondria. Treatment with pradigastat – to reduce 

LD levels – significantly reduces the transfer of BDQ to Mtb, both when BDQ is pre-

loaded or given after infection (fig. 3.2.8 A and B). Oleate, on the other hand, very 

slightly reduced the transfer of BDQ to Mtb. This apparently contradictory result may 

be explained by the temporal progression of LD induction and consumption observed 

earlier. An increase in LD levels may sequester BDQ at early time points during 

infection, before Mtb growth reaches a level that allows consumption of LD to 

outweigh LD growth. Thus, host LD form an accessible rather than a sequestered 

reservoir of BDQ in human macrophages. 
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Figure 3.2.8. BDQ was transferred from host LD to Mtb. (A) (Top-left) hMDM 

treated with 2.5 mg/L BDQ for 24 h, then infected for 24 h; (top-right) 10 mg/L 

pradigastat during 48 hours infection, then 24 hours treatment with pradigastat and 

2.5 mg/L BDQ; (bottom-left) 2.5 mg/L BDQ and 10 mg/L pradigastat for 24 hours 

prior to infection for 24 h; (bottom-right) 400 µM oleate, followed by 48 hours 

infection and 24 hours treatment with 2.5 mg/L BDQ. (B) Quantification of (A). Data 

shows mean signal from 187-640 bacteria per condition, 3 biological replicates, p-

values from linear regression. Credits: EM and ion microscopy by Haibo Jiang. 

Damage to the phagosomal membrane and escape into the cytosol is an important 

feature in the progression of Mtb pathology at the cellular level. Therefore, a 

comparison was made between macrophages infected with  Mtb WT and the Mtb 

ΔRD1 mutant strain, which lacks the ESX-1 type VII secretion system required for 

cytosolic access (Simeone et al., 2012a; Lerner et al., 2019) (fig. 3.2.9 A). Both strains 

showed a similar BDQ signal, suggesting that BDQ can be transferred to phagosomal 

bacteria. Furthermore, macrophages were infected with formaldehyde-killed Mtb to 

test whether BDQ uptake was actively controlled by bacteria. Killed bacteria showed 

a non-statistically significant upward trend in BDQ signal (fig. 3.2.9 B). If dead 

bacteria accumulate more BDQ than live bacteria, this suggests that active efflux or 

degradation of BDQ is an important factor in Mtb resistance within macrophages.  

To further understand the mechanisms of BDQ accumulation in Mtb, macrophages 

were also treated with the proposed efflux-pump inhibitor verapamil (Adams et al., 
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2011; Gupta et al., 2013, 2014), which caused a small but significant reduction in BDQ 

accumulation (fig. 3.2.9 B). However, its mechanism of action has recently been 

called into question as verapamil also has a direct bactericidal effect, and does not 

increase antibiotic accumulation in vitro (Chen et al., 2018). 

 

Figure 3.2.9. Comparison of BDQ accumulation across strains and states. (A) 
79Br signal from hMDM infected and treated with 2.5 mg/L BDQ for 24 hours. P-

values from linear model, 221–643 bacteria analysed per condition, 3 biological 

replicates.  (B) 79Br signal from hMDM infected and treated with 2.5 mg/L BDQ for 

24 hours. In ‘PFA’, macrophages infected with pre-killed Mtb or 40 mg/L verapamil 

added with BDQ. P-values as in B, 221–350 bacteria analysed per condition, 3 

biological replicates. 

LD levels modulate BDQ efficacy 

Given that loss of LD reduces BDQ accumulation in Mtb, we hypothesized that the 

presence LD may enhance antibiotic efficacy. Even at sub-maximally inhibitory 

concentrations of antibiotic, BDQ will accumulate over time in the host macrophage 

LD, increasing the effective BDQ dose for bacteria that later consume them. To study 

marginal changes in BDQ efficacy, two intracellular antibiotic activity assays were 

developed in which Mtb replication was measured by high-content confocal 
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microscopy and analysed at the single-cell level (fig. 3.2.10). To measure marginal 

differences in BDQ efficacy caused by differences in LD levels, it is necessary to use 

marginally effective concentrations of antibiotic. Therefore, in addition to the MIC 

level of 2.5 mg/L, the sub-maximally inhibitory concentrations of 0.04 mg/L and 0.25 

mg/L were also tested. A multiplicity of infection of 1 was used to avoid host cell 

necrosis, which would expose Mtb to extracellular BDQ. 

Donor-to-donor variability in permissiveness to bacterial replication is a well-

recognised problem in assays using primary human-derived macrophages (Bussi and 

Gutierrez, 2019). This limited the sensitivity of traditional hypothesis tests such as the 

t-test or Wilcoxon, which test only the total difference between conditions and are 

not able to discriminate between differences caused by the treatments and differences 

caused by different growth rates in macrophages derived from different donors. To 

enable robust analysis of differences in antibiotic activity, linear models were used for 

statistical analysis. ‘Donor’ was included as a term in the models, allowing the isolation 

of donor-to-donor variability from treatment effect, as described in Materials and 

Methods. Furthermore, log-transformation of the bacterial burden per macrophage 

resulted in normally distributed homoscedastic datasets, satisfying the normality 

assumption of linear regression. 

For the ‘BDQ post-infection’ efficacy assays, hMDM were infected with Mtb at MOI 

1 for two hours, then washed to remove non-attached bacteria (fig. 3.2.10 A). Infected 

cells were then incubated for 22 hours to allow for Mtb to enter multiple host 

compartments, express defence mechanisms and otherwise adapt to the host. During 

this time, the macrophages were also treated with LD modulators. Modulators were 

added after, rather than before, infection to avoid differences in bacterial burden 

caused by differences in bacterial uptake. For example, foamy macrophages have been 

reported to be less phagocytically active (Peyron et al., 2008). The media was then 

changed for fresh media containing BDQ at the indicated doses. Chemical inhibitors 

of LD formation were also re-added, as their activity is dependent on their continued 

use. However no further oleate was added, because of the risk that higher 

concentrations of oleate in the media of some samples could sequester BDQ in the 

media. After 72 hours of treatment, the cells were fixed for imaging. 
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For the ‘BDQ pre-infection’ efficacy assays, hMDM were first treated with LD 

modulators for 24 hours to give them time to affect LD levels (fig. 3.2.10 A). These 

cells were then loaded with BDQ for 1 hour. As indicated by the earlier LC-MS 

experiment, it was expected that macrophages with fewer LD should accumulate less 

BDQ in this time. The cells were then washed with fresh media and given 23 hours 

to recover before infection without exposure to LD modulators. This time also allows 

any BDQ adsorped onto the hydrophobic plastic surfaces of the culture plate to be 

desorped back into the media to eventually be washed off. Cells were then infected as 

for the ‘BDQ post-infection’ assay, and fixed after 72 hours for imaging.  

The inhibition of LD formation by pradigastat, A922500, and T863 reduced antibiotic 

efficacy in macrophages treated with 2.5 mg/L BDQ 24 hours post infection, whereas 

induction with oleate significantly increased BDQ efficacy (fig. 3.2.10 B). Therefore, 

LD facilitated antibiotic effectiveness.  

Moreover, preloading of macrophages with BDQ before infection results in a similar 

level of inhibition (fig. 3.2.10 C).  

Furthermore, the induction of LD by oleate enhanced the efficacy of preloaded BDQ 

at a marginally effective concentration (0.25 mg/L), suggesting that these 

macrophages contained a larger antibiotic reservoir, and therefore a larger potential 

dose of antibiotic. Alternatively, it is possible that greater access to LD favours lipid 

metabolism in the bacteria, which in vitro makes them more sensitive to BDQ due to 

their reliance on the electron transport chain for ATP production. However, this is 

unlikely to explain the differences in BDQ efficacy in this system given that even 

infected macrophages not treated with oleate still contain abundant LD to provide a 

carbon source. Conversely, pre-treatment with pradigastat reduced the efficacy of 2.5 

mg/L BDQ, suggestive of a smaller available pool of BDQ.  

Altogether, these results indicated that the intra-macrophage pool of accumulated 

BDQ is accessible to intracellular Mtb, and not simply sequestered irreversibly within 

the host LD. BDQ has a physiological terminal half-life of 6 months. Therefore, BDQ 

stored in LD may be accessible after the patient has stopped treatment, which would 

protect patients both against reinfection in the environment, and reactivation of small 

populations of bacteria that were not killed by the initial antibiotic treatment. 
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Figure 3.2.10. LD enhanced BDQ efficacy against intracellular Mtb. (A) 

Experimental timelines, hours in brackets. (B) Bacterial area per macrophage at 96 

hours normalised to BDQ-untreated control for each condition. Data shown are 

means, S.E.M. from 12937-17180 infected macrophages per LD modulator from 3 

donors, p-values from linear regression. Y-axis log-scaled. A922500 overlaps with 

T863. Significance-codes: ‘***’<0.001, ‘**’<0.01, ‘*’<0.05. (C) Bacterial area 

normalised to BDQ-untreated control. P-values as in B, 38795–48466 infected 

macrophages analysed per LD modulator, 5 monocyte donors. Y-axis log-scaled. 

It was further hypothesised that differences in LD levels between individual 

macrophages in each condition could result in observable differences in BDQ 

efficacy. To visualise this effect, macrophages were separated by LD content and Mtb 

burden at the single-cell level. It was observed that BDQ disproportionately depleted 

the high-LD/high-Mtb subpopulation compared with low-LD/high-Mtb 

macrophages (fig. 3.2.11). This pattern held when the LD burden in the population 

was skewed with oleate or DGAT-1 inhibitors. These results were consistent with the 

selective antibiotic targeting of Mtb in foamy macrophages. 
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Figure 3.2.11. Identification of LD subsets of Mtb. LD and Mtb burden by area 

from hMDM infected for two hours, treated with LD modulators for two hours, then 

with 0-0.25 mg/L BDQ for 72 hours. Crosses indicate median per condition. 

Quadrant-lines bisect at position of median in condition ‘Control, 0 mg/L’ and 

numbers indicate % macrophages per quadrant. Data from three monocyte donors, 

uninfected macrophages not shown and x-axis log-transformed and truncated at 2 x 

104 pixels. Y-axis square-root scaled and truncated at 5 x 104 pixels. 
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3.3: The role of pH in PZA activity against Mtb in macrophages 

Briefing: Mechanisms of PZA activity 

The anti-tubercular activity of PZA was first discovered in 1952 in mice rather than 

in vitro during in vivo testing of nicotinamide analogues (Malone et al., 1952; 

Solotorovsky et al., 1952; Yeager, Munroe and DESSAU, 1952). PZA could not have 

been discovered by contemporaneous in vitro screening methods, or indeed by many 

modern in vitro compound screens. This is because, unlike other antibiotics, PZA is 

only effective against broth-cultured Mtb at acidic pH, which is not typically used as 

a screening condition (McDermott and Tompsett, 1954). Interest in PZA grew 

because of its ability to kill the subset of bacteria that could persist through isoniazid 

treatment in Mtb-infected mice, allowing an effective cure (McCune, McDermott and 

Tompsett, 1956). In the 1980s, PZA addition to the first two months of multi-drug 

therapy allowed the first-line drug treatment regimen to be reduced from nine to six 

months. 

PZA is a pro-drug, and must be deaminated to pyrazinoic acid (POA) to be effective 

(Zhang et al., 2014). In 1996, pncA was identified as an essential Mtb gene for PZA 

activity. pncA encodes the pyrazinamidase essential for generation of POA (Scorpio 

and Zhang, 1996), with mutations in the pncA gene conferring PZA resistance. M. 

bovis has a naturally defective pncA, and is resistant to PZA treatment. However, these 

strains are still susceptible to POA.  

In Middlebrook 7H9 broth, the most commonly used defined medium to grow 

mycobacteria, PZA and POA are only active against Mtb at an acidic pH (Zhang et 

al., 1999). PZA has remarkably specific activity against only mycobacteria in the Mtb 

complex - with the notable exception of M. bovis. Whereas M. bovis is unable to convert 

PZA to POA, non-tuberculous mycobacteria are resistant to PZA despite having 

abundant pyrazinamidase activity. It has been hypothesised that susceptibility to 

PZA/POA may be dependent on intra-bacterial accumulation. Mtb could convert 

PZA to POA at both acidic and alkaline pH, but POA only accumulated intracellularly 

at pH < 6.6. M. smegmatis only accumulated intracellular POA when co-treated with 

valinomycin, which depletes the membrane K+ gradient, and may therefore inhibit 

active transport mechanisms. It was therefore proposed that Mtb susceptibility to 

PZA/POA is due to naturally defective efflux of POA (Zhang et al., 1999). It has since 
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been further proposed that POA functions by disrupting Mtb membrane potential by 

acting as a proton carrier. Whether or not this mechanism results in bacterial 

inhibition, it could explain why POA only accumulates at an acidic pH, with intra-

bacterial POA accumulation being driven by the proton gradient (fig 3.3.i). This 

disruption of the pH gradient will drive acidification of the cytoplasm and bacterial 

death. 

 

Figure 3.3.i A model for the intra-bacterial accumulation of POA in acidic 

environments. (1) PZA passively diffuses into the bacterial cell (2) PZA is 

deaminated to POA (3) POA loses a proton to solution, becoming negatively charged 

(4) In non-tuberculous mycobacteria, POA- is actively effluxed (5) In Mtb, POA- is 

not actively effluxed, but some will passively leak out over time (6) Leaked POA- is 

protonated to POA (7) Neutral POA passively diffuses back into the cell, and releases 

a proton. High extracellular [H+] will drive the intracellular accumulation of 

protonated POA. Adapted from Zhang et al. 2014. 

One of the earliest proposed mechanisms of action of PZA/POA was as an inhibitor 

of mycobacterial fatty-acid synthase I (FASI) (Zimhony et al., 2000). This study 

identified an inhibition of the incorporation of 14C-acetate into chloroform:methanol-

soluble lipids in PZA-treated mycobacteria. However, the key experiments were 

performed neither with PZA nor Mtb. Instead, 5-chloro-pyrazinamide (5-Cl-PZA) 

was used in combination with the fast-growing mycobacterium M. smegmatis - which 

is naturally resistant to PZA. A subsequent study found that, whereas 5-Cl-PZA does 

inhibit FASI, PZA/POA does not (Boshoff, Mizrahi and Barry, 2002). Instead, the 
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observed effect of PZA on fatty acid synthesis was due to acid stress, and could be 

replicated with the non-antibiotics nicotinic acid and benzoic acid. In 2007, the 

authors of the original paper titled “Pyrazinoic Acid and Its n-Propyl Ester Inhibit 

Fatty Acid Synthase Type I in Replicating Tubercle Bacilli” provided no direct 

evidence of inhibition of FASI other than a reduction in lipid production (Zimhony 

et al., 2007). 

Other attempts to elucidate the mechanisms of PZA activity focus on its sterilising 

activity - that is, its ability to kill dormant bacteria in vivo. One study reported that PZA 

inhibits trans-translation (Shi et al., 2011). Trans-translation is a mechanism that allows 

bacteria to free ribosomes that have stalled mid-translation due to a shortage of 

amino-acid charged tRNAs during nutrient stress (Keiler, 2008). In this study, three 

PZA-resistant mutants were identified without mutations in their pncA genes (Shi et 

al., 2011). Instead, these strains carried mutations in rpsA, a required gene for trans-

translation. As trans-translation is only required in times of stress, this could explain 

how PZA is active against dormant bacteria. However, it would not explain the 

activity of PZA against replicating bacteria - for which trans-translation is not 

essential. PZA does not necessarily have one mechanism of action, and it is likely that 

different mechanisms may dominate under different conditions of pH, nutrient stress 

or carbon source. However, the conclusions of this study have since been called into 

question, as a mutant rpsA associated with PZA resistance did not confer PZA 

resistance when expressed in a susceptible laboratory Mtb strain (Dillon et al., 2017). 

Acidic pH has long been regarded as essential for PZA activity due to its in vitro activity 

in 7H9 broth - with the assumption in vivo that PZA/POA is active against Mtb in 

acidic phagosomes. However this concept is not in agreement with observations that 

intracellular Mtb inhibits phagosomal acidification and escapes to the pH-neutral host 

cell cytosol in macrophages and dendritic cells (van der Wel et al., 2007). Additionally, 

measurements in C3HeB/FeJ mice infected with Mtb indicate that granuloma caseum 

(a site of extracellular Mtb residence) also has neutral pH (Lanoix et al., 2016). 

Another study found that PZA is bactericidal against Mtb at both neutral and alkaline 

pH when bacteria are incubated with PZA in phosphate-buffered saline (PBS) rather 

than 7H9 (Peterson et al., 2015). This paper only compares PBS against 7H9 
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supplemented with oleic acid and glycerol as carbon sources - but raises the possibility 

that other nutritional conditions may exist in which PZA is active at neutral pH. 

Additionally, the authors found that - unlike CCCP and monensin - POA and PZA 

have only a small effect on intra-bacterial pH. This suggests that PZA/POA does not 

effectively shuttle protons across the membrane. However, intra-bacterial pH was 

measured in bacteria incubated in supplemented 7H9 (where it is not effective at 

neutral pH) rather than in PBS, where PZA is active at neutral pH, possibly via a 

different mechanism (Peterson et al., 2015). 

With the knowledge that PZA can indeed be active at neutral pH, Gopal et al. 

investigated mutants that confer PZA resistance in non-acidic environments (Gopal 

et al., 2016). They performed a genetic screen in M. bovis to identify POA-resistant 

mutants on neutral medium agar plates. Whole-genome sequencing of resistant clones 

identified mutations in panD, the gene for an aspartate decarboxylase required for 

coenzyme A (CoA) synthesis, and in mas and ppsA-E, genes involved in the synthesis 

of phthiocerol dimycocerosates (PDIMs). Furthermore, PZA was found to deplete 

CoA, which is required for fatty acid synthesis and catabolism, both essential pathways 

for the growth of intracellular Mtb (Marrero et al., 2010). PDIMs are important 

virulence factors (Rousseau et al., 2004; Lerner et al., 2018), and their synthesis also 

provides a route for Mtb to safely use toxic metabolites from the catabolism of 

cholesterol and branched-chain fatty acids, in particular propionate (Jain et al., 2007; 

Yang et al., 2009). PZA inhibition of PDIM synthesis could therefore serve the dual 

functions of reducing in vivo virulence and causing the buildup of toxic metabolites. 

Subsequent work on the CoA-dependent mechanism found that POA directly binds 

to PanD (Gopal et al., 2017). However, POA does not act as a conventional enzyme 

inhibitor, but instead triggers the degradation of its target by targeting PanD for 

degradation by the ATP-dependent ClpC1-ClpP protease complex (Gopal et al., 

2019). In Salmonella enterica serovar Typhimurium, ClpP is involved in the stress 

response - including pH stress - and the degradation of misfolded proteins (Olsen et 

al., 2002). Upregulation of Clp proteins is essential for Mtb growth in macrophages 

(Estorninho et al., 2010). Upregulation of Clp under acid stress and PBS starvation 

could explain why PZA/POA is particularly active under these conditions.  
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Many questions remain regarding the proposed mechanisms of PZA activity in vivo, 

despite the evidence for multiple in vitro mechanisms presented in the literature. 

Crucially, the limitation of available technologies has precluded many of the prediction 

of these mechanisms - in particular their relation to pH stress - to be studied at the 

single-cell level in in a way that incorporates the complex interactions of Mtb with its 

host.  

This chapter describes the results from experiments to characterize the subcellular 

distribution of PZA, and test the effect of microenvironmental pH on PZA 

accumulation and activity. In particular, the following questions will be tested: 

• Does the host microenvironment determine PZA accumulation? 

• Does PZA target a separate bacterial sub-population from BDQ? 

• Does PZA treatment cause intra-bacterial acidification? 

• Does the host microenvironment determine PZA efficacy? 
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Visualising the subcellular distribution of PZA/POA 

From the initial screen of antibiotic detectable by nanoSIMS, PZA was the only other 

compound detected within infected macrophages. This chapter will describe the 

characterisation of the intracellular PZA distribution, and whether modulation of the 

host environment can influence PZA efficacy. Whereas previous research has 

primarily studied the effect of environmental factors such as pH on PZA efficacy in 

vitro, the following experiments tested whether these models apply to intracellular 

Mtb. 

To test the effects of intracellular microenvironment on PZA localisation and activity, 

the subcellular distribution of PZA was first determined. Correlative nanoSIMS and 

EM was used, as described in the previous chapter for BDQ. Macrophages were 

infected at an MOI of 10 for 48 hours, then treated with 30 mg/L [15N2, 13C2]-PZA 

for 24 hours, fixed as previously described, and processed for EM and nanoSIMS. 

Because both isotopic labels are present on the core PZA ring, they are preserved 

when PZA is converted to pyrazinoic acid (POA) by cellular pyrazinamidases. 

Therefore, ion microscopy cannot differentiate between PZA and POA or other 

potential metabolites, which will collectively be referred to as PZA/POA. 

PZA/POA was detectable by the enrichment of 15N12C relative to 14N12C in the 

sample (fig. 3.3.1) but not by the 13C label, suggesting that this method is not as 

sensitive for the detection of 13C. Necrotic macrophages were excluded from this 

analysis, but will be discussed later. PZA/POA was found to accumulate in 

intracellular Mtb but was not detectable in other organelles of the host cell. 

Additionally, accumulation of PZA/POA was highly heterogeneous even between 

neighbouring bacteria (fig. 3.3.1 A). As with the BDQ analysis, the resolution of SEM 

is not sufficient to reliably distinguish between cytosolic bacteria and bacteria in 

membrane-bound compartments. However, bacteria with very different PZA/POA 

levels can be found together in large, well-resolved vacuoles. This result suggested 

that the intracellular microenvironment is not the primary determinant of PZA/POA 

accumulation – however, it cannot be excluded that other environments the bacteria 

transiently passed through in the 24 hours of treatment also contributed to the level 

of accumulation.  
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Furthermore, some macrophages contained no bacteria with noticeable PZA/POA 

enrichment above the background (fig. 3.3.1 B). This highlighted the importance of 

analysing a large number of macrophages in order to gain a representative overview 

of PZA/POA localisation. Also, this observation suggested that the host macrophage 

may have a general effect on the PZA accumulation of all bacteria within it – for 

example by controlling whether or not PZA is transported across the plasma 

membrane. To test this hypothesis, the distribution of PZA/POA enrichment 

between bacteria within each macrophage was compared to the distribution of 

enrichment across all intracellular Mtb. The within-macrophage variability was found 

to be lower (fig. 3.3.1 C), consistent with the hypothesis that the PZA/POA 

distribution is partially determined by the host cell. Alternatively, this observation 

could be explained because Mtb within a single macrophage may share a common 

progenitor. However, this is unlikely given the relatively high MOI used for the 

infection, which would result in most macrophages being infected with multiple 

bacteria.  
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Figure 3.3.1. PZA accumulates in a subpopulation of intracellular bacteria. (A) 

hMDM infected with Mtb and treated with 30 mg/L 15N-PZA for 24 hours. Scale: 

5µm. (B) Density plot of PZA/POA accumulation in 676 bacteria from 15 PZA-

treated macrophages. Ratio values multiplied by 104. Red line indicates background 

level of 15N enrichment. (C) hMDM infected with Mtb and treated with 30 mg/L 15N-

PZA for 24 hours, containing no bacteria with high PZA/POA enrichment. Scale: 

5µm. (D) Comparison of standard deviation in 15N12C:14N12C ratio between bacteria 

within the same macrophage (counting only macrophages with >9 bacteria), and 

across Mtb in all macrophages. Credits: EM and ion microscopy by Haibo Jiang. 

PZA and BDQ target distinct Mtb subpopulations 

Given that both PZA/POA and BDQ accumulated heterogeneously, infected 

macrophages were co-treated with both antibiotics to determine whether they target 

distinct intracellular Mtb subpopulations (fig. 3.3.2 A and B). When analysed by 

correlative nanoSIMS and EM, no significant overlap between the localisation of the 

two antibiotics was observed in Mtb, demonstrating that they do indeed target 
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separate subpopulations. Furthermore, the addition of BDQ dramatically increased 

the level of PZA/POA accumulation in Mtb. This is suggestive of a synergy between 

the activities of BDQ and PZA that is independent from the targeting of separate sub-

populations. This result also suggested that BDQ may sensitise Mtb to PZA/POA, 

either through a direct effect on the bacteria or by modulating the host environment 

in such a way that induces greater PZA/POA accumulation.  

 

Figure 3.3.2. BDQ and PZA accumulate in separate populations of Mtb. (A) 

hMDM infected with Mtb and treated with 2.5 mg/L BDQ and 30 mg/L 15N-PZA 

for 24 hours. Scale: 3µm.  (B) Quantification of A. (C) Comparison of 15N enrichment 

(values x 104) in PZA and PZA/BDQ co-treated macrophages. Black line indicates 
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background level of 15N enrichment. P-value from linear model, calculated from 65 – 

693 bacteria in 6-15 macrophages.  Credits: EM and ion microscopy by Haibo Jiang. 

Residence in membrane-bound compartments supports PZA efficacy 

Due to a lack of obvious correlation between intracellular environment at the time of 

fixation and PZA/POA accumulation, ion microscopy was used to determine 

whether modulation of the intracellular environment had an impact on antibiotic 

accumulation in intracellular Mtb (fig. 3.3.3). PZA/POA accumulation was higher in 

macrophages infected with Mtb ΔRD1 when compared against Mtb WT (fig. 3.3.3 

A, B and D). As attenuated Mtb is more likely to be in an acidic environment 

(Chandra et al., 2015), this supports the pH dependent model of POA accumulation.  

The postulated pH-dependent model of POA accumulation predicts that inhibition 

of organelle acidification should result in reduced intra-bacterial POA. Bafilomycin-

A1 is an inhibitor of the vacuolar proton ATPase, and therefore reduces the 

acidification of endo-phagolysosomal organelles, lysosomes and autophagosomes 

(Mauvezin and Neufeld, 2015). Co-treatment of macrophages with PZA and 100 nM 

bafilomycin-A1 reduced PZA/POA enrichment in Mtb close to the background level 

(fig. 3.3.3 C and D). Together, these results support the pH-dependent accumulation 

model. Alternatively, it is possible that modulation of Mtb localisation and 

environment affects PZA/POA accumulation indirectly by affecting other aspects of 

Mtb physiology – such as access to nutrients or metabolic activity. 
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Figure 3.3.3. Membrane-bound containment enhances PZA efficacy. (A-C) 

hMDM infected with Mtb WT or Mtb ΔRD1, and treated with 30 mg/L PZA with 

or without 100 nM Bafilomycin-A1. Scale: 5µm. (D) Quantification, shown violin 

plot. Black line indicates the background level of 15N enrichment. P-values from linear 

model, calculated from 96-676 bacteria in 6-18 macrophages from 1-2 monocyte 

donors. Credits: EM and ion microscopy by Haibo Jiang. 

Ion microscopy indicates the position of 15N ions which originated from PZA, but 

cannot determine whether at the time of fixation these isotopes were in PZA, POA 

or another metabolite. Therefore, it is possible that some of the signal may originate 

from PZA or other metabolites that may or may not be active against Mtb. 

Additionally, PZA/POA accumulation may fluctuate over time, or leak out of cells 

that are the most affected due to loss of cell wall integrity. 

In order to test whether there was a direct correlation between PZA/POA 

accumulation and bacterial replication, the thymidine analogue bromodeoxyuridine 

(BrdU) was used. BrdU has been used in several published experimental models to 

identify cells that are replicating their DNA, including by nanoSIMS and ToF-SIMS 
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(Steinhauser et al., 2012; Brison et al., 2013). Live and replicating bacteria should 

incorporate BrdU into their DNA, whereas dead and non-replicating bacteria should 

not. Macrophages were co-treated with PZA and 0.1 µM BrdU for 24 hours, and the 

distribution of the 79Br signal visualised by ion microscopy to determine the presence 

of BrdU in bacteria (fig. 3.3.4). However, no 79Br signal was detected in any of the 

bacteria analysed (fig. 3.3.4 A). This may have been caused by a lack BrdU uptake by 

Mtb, exclusion by the host macrophage, or a limitation of the sensitivity ion 

microscopy. However, one host cell was observed to have a strong 79Br signal in the 

nucleus – either resulting from mitosis or DNA repair – demonstrating that ion 

microscopy is capable of detecting BrdU in DNA in this system (fig. 3.3.4 B). 

 

Figure 3.3.4. BrdU could not be detected in replicating Mtb. (A and B) hMDM 

infected with Mtb and treated with 1 µM BrdU and 30 mg/L BDQ for 24 hours. 

Scale: 5µm. Credits: EM and ion microscopy by Haibo Jiang. 
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Macrophages that had become necrotic due to Mtb virulence were excluded from 

previous analyses because the loss of membrane integrity in these macrophages means 

that Mtb will be exposed to extracellular concentrations of PZA. However, the pH 

dependent hypothesis of POA accumulation predicts that these bacteria should not 

accumulate POA because of the approximately neutral pH in the extracellular media. 

Previous research indicates that Mtb continues to reside and replicate within the 

bodies of necrotic macrophages, which can be identified in electron micrographs by 

gaps in the plasma membrane and lower levels of electron-density in their cytosol 

(Lerner et al., 2017).  

In order to test whether bacteria in necrotic cells accumulated PZA/POA, necrotic 

macrophages were reanalysed, and the levels of PZA/POA compared with non-

necrotic macrophages (fig. 3.3.5 A - C). PZA/POA accumulation was found to be 

close to baseline in both Mtb WT and Mtb ΔRD1 from necrotic macrophages, 

consistent with the notion that POA should leak out of Mtb no longer in an acidic 

environment. This result does not prove that necrosis results in loss of POA, as it is 

possible that the cells that became necrotic were those in which Mtb was already 

resistant to POA accumulation. However, the presence of PZA/POA accumulation 

in these macrophages would have invalidated the pH dependence model.  
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Figure 3.3.5. Mtb in necrotic macrophages accumulates less PZA. (A and B) 

hMDM infected with (A) Mtb WT or (B) Mtb ΔRD1 and treated with 30 mg/L 15N-

PZA for 24 hours. Scale: 10µm. (C) Quantification of antibiotic levels in A and B. 

Red line indicates background 15N enrichment. P-values from linear model, calculated 

from 30-215 bacteria per group. Credits: EM and ion microscopy by Haibo Jiang. 

Low pH supports but is not essential for PZA efficacy 

The pH-dependence model also predicts that PZA/POA will acidify the cytoplasm 

of Mtb in acidic compartments, as is shown under acidic conditions in vitro (Darby et 

al., 2013). To test if PZA decreases the intra-bacterial pH of intracellular Mtb, Mtb 

WT was transformed with a plasmid encoding an intracellular pH-sensitive GFP (pH-

GFP) (Vandal et al., 2008). pH-GFP has two excitation maxima roughly 

corresponding to 405 nm and 488 nm laser wavelengths. The ratio of green emission 

generated by these two excitation wavelengths varies with pH due to protonation of 

the GFP fluorophore, so that a lower 405 excitation efficiency relative to 488 indicates 

a lower pH. This ratio-metric fluorophore was chosen because it is particularly well 
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suited to live-cell imaging, where extended laser exposure can lead to photobleaching. 

As both signals are derived from the same fluorophore, bleaching of some 

fluorophores will not alter the overall ratio of excitation. 

hMDM were infected with Mtb expressing pH-GFP for 24 hours. Infected cells were 

then treated with antibiotics and analysed by live-cell imaging on an OPERA Phenix 

high content microscope to monitor changes in intra-bacterial pH. Due to limitations 

of the imaging modality, it is not possible to take absolute quantitative measurements 

of fluorescence using the OPERA phenix. However, it is still possible to test whether 

PZA causes intra-bacteria acidification by comparing the excitation ratio with an 

untreated control. Initial analysis of the 405/488 excitation ratio indicated that 

differences in intra-bacterial pH could be seen between the control, where intra-

bacterial pH was stable, and treatment with 120 mg/L PZA, where pH dropped (fig. 

3.3.6).  

 

Figure 3.3.6. Measurement of intra-bacterial acidification by live-cell imaging. 

Single hMDM infected with Mtb expressing pH-GFP for 24 hours, then treated with 

0-120 mg/L PZA. 405/488 ratio is indicated by the colour of the bacteria. In grey is 

shown the DPC image of the macrophage containing the bacteria, used for tracking, 

with an approximate outline of the macrophage shown with a dotted white line. Scale 

bars are 5 µm. 
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In order to systematically compare the effect of PZA on intra-bacterial pH, high-

content live-cell imaging of Mtb pH-GFP infected hMDM treated with several 

antibiotics were analysed. Briefly, bacterial regions of interest (ROI) were segmented 

by their fluorescence, and the average 405/488 excitation ratio per ROI quantified for 

each timepoint (fig. 3.3.7). A bacterial ROI may be a single bacterium, or a group of 

bacteria.  

At the population level, PZA lowered the intra-bacterial pH  of intracellular Mtb in 

treated macrophages relative to untreated macrophages (fig. 3.3.7 A), supporting the 

postulated pH-dependent mechanism of PZA accumulation and activity. It is possible 

that this is an effect of Mtb death or stress that is not a specific action of PZA. To 

test this possibility, Mtb pH-GFP-infected macrophages were also treated with 

rifampicin or BDQ, which have unrelated mechanisms of action. Bacteria treated with 

rifampicin did not have a reduction in intra-bacterial pH (fig. 3.3.7 A). On the other 

hand, BDQ did cause a similar drop in pH to PZA, indicating that this activity is not 

unique to PZA. However, the mechanisms that lead to changes in intra-bacterial pH 

are not necessarily the same. BDQ is an uncoupler of the bacterial proton ATP 

synthase and depletes the transmembrane pH (Hards et al., 2015), which could cause 

intra-bacterial acidification if the bacteria are in an acidic environment.  

If the capacity of PZA or BDQ to acidify the bacterial cytoplasm is dependent on the 

bacteria being in an acidic compartment, then only a sub-population of bacteria 

should be acidified. This would be visible as an increase in the spread of intra-bacterial 

pH relative to the untreated condition. To test if this is the case, the distribution of 

ratios per bacterial ROI was analysed over 72 hours of treatment (fig. 3.3.7 B). This 

analysis revealed that the entire population shifts to a more acidic state with both PZA 

and BDQ, indicating that the majority of bacteria are susceptible to acidification, 

rather than just a subpopulation in acidic phagosomes.  
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Figure 3.3.7. PZA depletes intra-bacterial pH. hMDM infected with Mtb pH-GFP 

for 24 hours then treated with antibiotics and imaged by high-content live-cell imaging 

with frames every 20 minutes. (A) Mean 488/405 excitation ratio per bacterial ROI 

per timepoint. (B) Ridge-plot showing distributions of mean 405/488 excitation ratio 

per bacterial ROI per timepoint. One timepoint per hour is shown. 
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In order to more directly test the association between phagosome acidification and 

bacterial pH, the lysosomal marker cresyl violet was also included in the experiment. 

Cresyl violet is an acidophilic dye that fluoresces under acidic pH and is less prone to 

photo-bleaching during live cell imaging than Lysotracker dyes (Ostrowski et al., 

2016). This allowed a direct comparison between 405/488 excitation ratios and 

phagosome acidification at the level of single bacterial ROIs at any timepoint during 

the 72 hour treatment (fig. 3.3.8). 

Three timepoints were selected for comparison, covering the times over which intra-

bacterial acidification was observed (0, 24 and 48 hours post infection). Rifampicin, 

BDQ and 120 mg/L PZA each resulted in a greater number of bacteria with high 

cresyl-violet levels relative to the control (fig. 3.3.8), suggesting that antibiotic killing 

results in a reduction in the ability of Mtb to inhibit phagosome acidification.  

A linear model was fit to each comparison to determine if there was any relationship 

between the variables, using the p-value of the relationship as a test of statistical 

significance (fig. 3.3.8). Immediately after treatment, a slight positive correlation is 

observed with each condition, indicating that Mtb in more acidic compartments are 

slightly more likely to have a higher intra-bacterial pH, although the pH is very 

heterogeneous, and the relationship is not statistically significant in the untreated 

macrophages.  

If PZA drives intra-bacterial acidification in acidic environments only, then it would 

result in a negative correlation between the two measurements. Indeed, a negative 

correlation is seen at both 24 and 48 hours post treatment with 120 mg/L PZA (p-

values < 0.001). This supports the proposed pH-dependent model; however it should 

be noted that intra-bacterial pH is very heterogeneous and the correlation describes 

only some of the variance in pH. This analysis suggests that phagosome acidification 

may support intra-bacterial acidification following PZA treatment in intracellular Mtb. 

However, residence in an acidic compartment is not the only determinant of intra-

bacterial pH in the presence of PZA. Interestingly, no such negative correlation is 

seen following BDQ treatment, indicating that the mechanism of BDQ-mediated 

intra-bacterial acidification is not correlated with phagosome acidification and is 

therefore different to PZA (fig. 3.3.8). 
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Figure 3.3.8. PZA treatment results in a negative correlation between extra-

bacterial acidification and intra-bacterial pH. hMDM infected with Mtb 

expressing pH-GFP for 24 hours, then treated with antibiotics. Mean cresyl violet 

intensity and 405/488 excitation of pH-GFP ratios are given per bacterial ROI. A 

linear model of correlation between these two values for each condition and timepoint 

is shown with standard error. The number in each graph corresponds to the p-value 

of whether a non-zero correlation exists. 260 – 561 bacterial ROI were measured per 

compound per timepoint. 

Given that extra-bacterial acidification has some correlation with intra-bacterial pH at 

the bacterial level with PZA treatment, a set of fixed-cell and live-cell imaging 

experiments was performed to determine whether extra-bacterial pH affects PZA 

efficacy.  

Firstly, a fixed endpoint assay was performed to determine if modulation of vacuolar 

pH by bafilomycin-A1 (BafA1) modified the efficacy of PZA. To test if localisation 

had a role in PZA efficacy, macrophages were infected with Mtb WT, which can be 

both cytosolic and membrane-bound, or Mtb ΔRD1, which is nearly all membrane 

bound (van der Wel et al., 2007). After 24 hours of infection, cells were treated with 0 
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– 120 mg/L PZA with or without 100 nM BafA1 (fig. 3.3.9). BafA1 caused a small 

but non-significant reduction in PZA efficacy in cells infected with Mtb WT, whereas 

it caused a much larger and statistically significant drop in efficacy against intracellular 

Mtb ΔRD1. The greater effect of BafA1 on Mtb ΔRD1 supports the postulated pH 

dependent model. However, whilst BafA1 did not greatly reduce PZA efficacy against 

WT bacteria, PZA was still effective against WT bacteria (fig. 3.3.9). These results are 

consistent with the previous live-cell imaging analysis (fig. 3.3.7 and 3.3.8), which also 

found a relationship between acidic host compartments and PZA activity. However, 

these results argue that, whereas extra-bacterial acidification supported PZA efficacy, 

it was not strictly necessary for the activity of this antibiotic. 

 

Figure 3.3.9. Bafilomycin reduces PZA efficacy of membrane bound Mtb. Dose 

response curves from data in A. macrophages treated with or without 100 nM 

bafilomycin-A1 for 72 hours. Y-axis square-root scaled. hMDM from four monocyte 

donors. P-values from linear model. 643 – 1643 macrophages analysed per condition. 

Given that these results indicate that modulation of acidification can affect PZA 

efficacy against membrane-bound bacteria, it was next determined if there is any 

correlation between pH and bacterial growth at the single-macrophage level (fig. 

3.3.10). For this, macrophages were infected with Mtb expressing pH-GFP for 24 

hours and then infected cells were treated with antibiotics and imaged for 72 hours 

on the OPERA Phenix high content microscope. Analysis of the average Mtb area 



  131 

per macrophage over the time-course showed that PZA had a delayed effect, with 

total growth inhibition not occurring until after 20 hours of treatment. In contrast 

with PZA, BDQ and rifampicin arrested Mtb intracellular replication from the 

beginning of the analysis (fig. 3.3.10 A).  

During the analysis of Mtb replication, it was noticed that Mtb continued to grow in 

a subset of antibiotic-treated host cells, despite the average bacterial burden ceasing 

to increase. To quantify this phenomenon, single macrophages were tracked over 

time, and exponential growth curved were fitted to the bacterial burden within each 

macrophage over the course of the experiment using linear models (fig. 3.3.10 B). 

This single-cell analysis revealed a striking heterogeneity in growth rates across the 

range of bacterial burdens present. Interestingly, although the three antibiotics all 

reduced average growth rates compared to the untreated control, a small subset of 

macrophages continued to support Mtb growth under each of the antibiotic 

treatments.  
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Figure 3.3.10. Mtb continues to grow in some macrophages following 

antibiotic treatment. (A) Average Mtb burden per macrophage in hMDM infected 

with Mtb pH-GFP for 24 hours then treated with antibiotics. Average burdens are 

normalised to a starting point of 1. (B) Growth curves fitted by linear model to Mtb 

area in single macrophages imaged over 72 hours. Colour indicates the growth rate as 

determined by the linear model. Black lines indicate that growth was zero or negative. 

Y-axis is square-root scaled. 

To further investigate the determinants of the heterogeneous antibiotic efficacy in live 

cells, replication rates were correlated against cresyl violet intensity (acidification of 

membrane-bound compartments) and 405/488 excitation ratios (intra-bacterial pH) 

(fig. 3.3.11).  
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Whereas the replication rate is a property of the entire time-course, the other 

calculated parameters vary throughout the course of the infection. To capture these 

dynamic changes, replication rates were compared to the minimum, maximum and 

mean value for each measure. For example, it could be the case that Mtb only needs 

to be localised in an acidic environment for a part of the 72 hour period of infection 

for PZA to be active. In this case, a correlation might be seen between the maximum 

cresyl violet staining and Mtb replication, but not with the mean cresyl violet staining. 

For each antibiotic, a multilinear model was applied to determine whether there was 

any observable correlation. 

In untreated macrophages, no statistically significant correlation is observed between 

any of the measures and the growth rate (fig. 3.3.11). This suggests that intra-bacterial 

pH and compartment acidification are not important determinants of bacterial 

replication in this system. However, it is possible that different experimental 

conditions, such as immune activation, could induce a greater range of pH values, 

which in turn could result in a difference in replication rate.  

It could also be possible that heterogeneity between subsets of bacteria within 

individual macrophages masked a correlation. However, it was unexpected that not 

even a moderate correlation between intra or extra-bacterial acidity is observed, given 

that a wide range of replication rates was observed (Fig. 3.3.10). 

Similarly, no statistically significant correlation was observed when macrophages were 

treated with 30 mg/L PZA, 2.5 mg/L BDQ or 5 mg/L RIF, with the exception of 

RIF with the mean cresyl violet intensity, which is marginally significant. However the 

effectsize of this correlation is small compared with that of PZA. These data suggest 

that the primary action of BDQ and RIF against intracellular Mtb is independent from 

acidification, even though BDQ resulted in an average reduction in intra-bacterial pH 

(fig. 3.3.11). 

If PZA/POA is more effective against Mtb localised in acidic environments, then 

PZA treatment should result in a negative correlation between cresyl violet intensity 

and growth rate. Indeed, this was observed when macrophages were treated with 120 

mg/L PZA (fig. 3.3.11).  In this case, there is a clear and significant negative 

correlation between the maximum cresyl violet intensity and the growth rate. This 
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suggests that PZA is most active against Mtb in acidic compartments, consistent with 

the postulated pH dependent model pf PZA activity. However, this correlation is not 

observed for the minimum or mean cresyl violet intensity. Together, this indicates 

that PZA is most active against bacteria that have at some point been in an acidic 

environment, but it is not necessary for the bacteria to remain in this environment for 

growth to be arrested. Further experiments are required to define the temporal aspects 

of PZA activity and phagosome acidification. 

Similarly, if intra-bacterial acidification is a primary mechanism of bacterial killing by 

POA, then it is expected that PZA treatment would result in a positive correlation 

between growth rate and 405/408 excitation ratio. For example, intracellular Mtb 

displaying a low intra-bacterial pH would be impaired in its ability to replicate. 

However, in this case, no significant correlation is observed. This suggests that the 

link between an acidic environment and replication rate is not due to intra-bacterial 

acidification and that further studies are needed to test alternative hypotheses for this 

relationship. 
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Figure 3.3.11. Comparison of Mtb growth rates with markers of acidification. 

Growth rate per macrophage vs various measurements of bacterial acidification or 

burden. ‘Minimum’, ‘maximum’ and ‘mean’ refer to the minimum, maximum or mean 

value for that macrophage across the full tracked time range. The red line indicates a 

growth rate of zero. The blue line is the line-of-best-fit for each subplot fit by linear 

model, with the standard error in grey. Numbers in the top right corner are p-values 

from a multiple linear-regression indicating the likelihood that the x-value is correlated 

with growth rate. 29-107 macrophages were quantified per antibiotic concentration. 
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4: Discussion 

4.1: Assessing the suitability of SIMS for analysing drug distributions 
ToF-SIMS 

This project initially explored ToF-SIMS because, unlike nanoSIMS, it has the 

potential to allow label free imaging of compounds that do not have an isotopic label 

and contain only atoms present in the biological background. This is possible because 

ToF-SIMS generates a full mass spectrum with peaks detectable up to 2000 Da, 

dependent on imaging conditions (Agüi-Gonzalez, Jähne and Phan, 2019). Whilst this 

mass range is much more limited than lower-spatial resolution methods such as 

MALDI, which can produce peaks up to 140 kDa (Meetani and Voorhees, 2005), it 

covers the mass range of most antibiotics. 

Although some antibiotics naturally contain unique atoms such as Br (BDQ, as shown 

here) or fluorine  (such as fluoroquinolones, delamanid and pretomanid), most 

antibiotics, and all of the first-line TB drugs, contain only carbon, hydrogen, oxygen 

or sulphur. Label free imaging has two important advantages. Firstly, large labels can 

perturb the action and distribution of antibiotics, as discussed in the case of 

fluorescently labelled antibiotics (Stone et al., 2018). Furthermore, although isotopic 

labels are unlikely to have any significant effect on activity or binding, beyond small 

kinetic changes (Schellekens et al., 2011), isotopically labelled drugs are difficult and 

expensive to synthesise. For this project, only 6 antibiotics were available with an 

isotopic label. Of these, only 2 had a label other than deuterium, which could not be 

detected by nanoSIMS. ToF-SIMS could therefore be particularly suited to 

comparative screenings of large numbers of compounds in a non-commercial setting.  

Another advantage of the full mass spectrum delivered by ToF-SIMS is that both the 

drug and its metabolites can be analysed in parallel (Passarelli et al., 2015). This could 

be particularly useful for analysing the activation of prodrugs such as PZA (Zhang et 

al., 2014), or drugs that are rapidly metabolised by cytochrome P450s (Szultka-

Mlynska and Buszewski, 2016). Additionally, dependent on the imaging conditions, 

the full mass spectrum opens the possibility to correlated antibiotic uptake with a wide 

range of cellular metabolites, lipids and other biomolecules (Passarelli et al., 2015, 

2017; Agüi-Gonzalez, Jähne and Phan, 2019).  
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The results obtained in this work demonstrated that ToF-SIMS analysis of biological 

samples can be compatible with the use of glass coverslips. Previously, silicon 

substrates have been used to analyse biological samples because of their favourable 

conductance (Wittig et al., 2005), however the use of glass together with an electron 

flood-gun to prevent sample charging allowed mass images to be correlated with high-

resolution confocal fluorescence microscopy. However, it must be noted that the 

quality of mass spectra was lower from samples on glass than on silicon. Most 

critically, the signal from BDQ (the only antibiotic detected from biological tissue by 

ToF-SIMS) was only detectable when the cells were re-plated onto silicon. 

The ToF-SIMS data obtained with this approach allowed for the successful 3D 

reconstruction of A549 cells by adapting a strategy previously validated by atomic 

force microscopy (Robinson, Graham and Castner, 2012). It was not possible to 

directly apply the published algorithm, which was developed with data from cells 

grown on silicon wafers, to cells grown on glass coverslips. This is because the authors 

used total ion count to differentiate between cells and the substrate, and glass, unlike 

silicon, does yield secondary ions. The work presented here instead used principal 

component analysis to identify the position of the coverslip, generalising the 

technique and allowing 3D reconstruction of cells on glass coverslips for correlative 

imaging.  

However, the use of ToF-SIMS for studying intracellular antibiotic accumulation was 

unsuccessful, despite many of the antibiotics tested having chemical properties 

thought to favour ionisation (Vorng, Anna M. Kotowska, et al., 2016). It is possible 

that some antibiotics could not be detected because they simply do not accumulate in 

macrophages, however previous studies have shown that many antibiotics including 

moxifloxacin and rifampicin do accumulate (Hand et al., 1984; Carryn et al., 2002). Yet 

neither were detectable from treated cells. One possibility is that the antibiotics were 

washed out of the cells following aldehyde fixation, which is required both to stabilise 

the structure of the cells for fluorescence imaging and drying (Malm et al., 2009), and 

also to make them safe for handling outside of a biosafety cabinet. Formaldehyde 

partially permeabilises membranes (Crawford and Barer, 1949) and stops active influx 

processes, and therefore could result in the diffusion of weakly bound molecules out 

of the cell. The development of ToF-SIMS imaging workflows with flash-frozen 
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hydrated samples could overcome this problem by not requiring fixation (Robinson 

and Castner, 2013), however this method is not compatible with confocal 

fluorescence or safe to use with infectious agents. 

Rifampicin was not detectable, even when 1 µg was dried directly onto a cell 

monolayer without washing. This suggests that, at least for this antibiotic, the lack of 

signal is due to the technical limitations of ToF-SIMS, such as the previously described 

issues with poor ionisation and matrix effects (Shard et al., 2015; Gilmore, Heiles and 

Pieterse, 2019). 

BDQ was the only drug that was detectable in this analysis, although it was only 

detectable from cells on silicon rather than glass. However, successful imaging 

requires not only that a compound is detectable, but that the ion yield is great enough 

to allow a sufficient signal from each individual voxel. Therefore a trade-off exists 

between spatial resolution and sensitivity (Buchberger et al., 2018). Mycobacteria are 

typically 0.3 to 0.5 µm in diameter and 1.5 to 4 µm in length (Cook et al., 2009). The 

ToF-SIMS modality used here allowed a spatial resolution of approximately 0.5 µm. 

Therefore, any compromise in resolution in order to visualise marginally detectable 

compounds such as BDQ – for example using larger pixels or pooling pixels – would 

have precluded the analysis of antibiotics at the single bacterial level, a key aim of this 

project. It might instead be possible to image large groups of bacteria, though as later 

shown by nanoSIMS, even groups of bacteria in the same environment may have very 

different levels of antibiotic accumulation.  

Furthermore, gentle fixation protocols that limit chemical crosslinking favour higher 

quality ToF-SIMS spectra (Robinson and Castner, 2013). Therefore, it is also unlikely 

that ToF-SIMS would be suitable for the analysis of cells fixed and prepared for 

electron microscopy with additional crosslinking agents such as osmium tetroxide. 

The practical incompatibility between EM and ToF-SIMS sample preparations would 

make it additionally challenging to identify the compartments that mycobacteria reside 

within, and to correlate this with antibiotic accumulation. 

At the current time, it therefore appears that available ToF-SIMS technology is not 

suited to analysis of intracellular pharmacokinetics, although it has been applied 

successfully to study drug accumulation at the single cell level (Passarelli et al., 2015). 



  139 

However, new technologies currently being developed, but not tested here, are 

improving both ionisation yields and mass resolution through improvements in 

detector technology such as the OrbiSIMS (Yamaguchi et al., 1990; Passarelli et al., 

2017). A trade-off continues to remain between spatial resolution, mass resolution 

and signal. However, even an analysis capable of identifying individual macrophages, 

but not subcellular compartments, would still allow correlations between antibiotic 

accumulation and thousands of other cellular components.  

NanoSIMS 

Previous studies have shown that nanoSIMS can render images of biological samples 

with a spatial resolution of 50 nm, approximately one order of magnitude greater than 

ToF-SIMS (Haibo Jiang et al., 2014; Jiang et al., 2017). Despite limitations in the 

availability of isotopically labelled antibiotics, both unlabelled BDQ and 15N-labelled 

PZA were resolvable in individual bacteria. Furthermore, the results shown here 

demonstrated that the antibiotic-derived signal from individual bacteria and host 

organelles could be correlated with both fluorescence microscopy and electron 

microscopy. Although antibiotic accumulation has previously been measured at the 

single bacterial level (Cinquin et al., 2015; Tian et al., 2017), this was the first time that 

the accumulation of an antibiotic has been measured from intracellular bacteria. 

In this study, EM facilitated the identification of large and morphologically distinct 

organelles such as and some intracellular Mtb-containing compartments. In particular, 

large LD and mitochondria could be identified, as well as large vacuoles and necrotic 

macrophages. However, it is important to consider that many organelles cannot be 

robustly distinguished by SEM alone because of the low resolution of this method 

relative to TEM.  

Although the resolution of SEM was not sufficient to undoubtedly identify all host 

membranes, the resolution obtained by the TEM used for CLEIM indicated that it is 

possible to incorporate high resolution techniques into the nanoSIMS pipeline. The 

correlation of BODIPY 493/503 fluorescence with LD in TEM and BDQ 

accumulation in ion microscopy provided a proof of concept for the CLEIM 

correlative workflow. This has opened the door to an extensive toolbox of fluorescent 

markers for use in future experiments. Ongoing experiments will attempt to identify 
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the determinants of heterogeneity of antibiotic accumulation and efficacy using 

fluorescent markers of bacterial metabolism and localisation.  

Although both drugs imaged in this work (BDQ and PZA) had uniform distributions 

within Mtb, the granular appearance of the 31P signal demonstrates that it is possible 

to further localise compounds to certain points within the bacterium. For example, 

the resolution achieved in this work of approximately 50 nm would allow the 

visualisation of an antibiotic that accumulates in the cell wall but not the bacterial 

cytoplasm. 

The nanoSIMS analysis presented here also revealed that the 31P signal was particularly 

strong within Mtb compared with the host cell cytoplasm, and could therefore be used 

to identify intracellular bacteria in nanoSIMS images. This facilitated correlation 

between EM and nanoSIMS images to the level of individual bacteria. Interestingly, 

unlike the signals obtained from BDQ and PZA, the 31P signal in some bacteria 

seemed to localise to foci. The phosphorous signal could originate from phosphates 

in the backbone of DNA, but could also derive from bacterial polyphosphate granules 

(Ward et al., 2012). Elemental X-ray spectroscopic analysis of Mtb has revealed the 

presence of polyphosphate granules also containing other essential nutrients including 

calcium and magnesium (Ward et al., 2012). Polyphosphate granules are comprised of 

chains of phosphate groups constructed from ATP, and can act as an energy reserve 

for bacteria under stress (reviewed in Seufferheld, Alvarez and Farias, 2008). Mtb has 

been shown to accumulate polyphosphate granules under stress conditions, and loss 

of the ppk-1 gene, required for polyphosphate construction, is attenuated in 

macrophages and shows greater antibiotic susceptibility in guinea pigs (Singh et al., 

2013). In this study, the 31P signal facilitated correlation with electron microscopy by 

acting as an easily identifiable landmark for Mtb. However, further experimentation 

with polyphosphate-defective mutants could further probe the role of these granules 

in mediating heterogeneous responses to antibiotics.  

4.2: LD facilitate the transfer of BDQ to intracellular Mtb 
The accumulation of BDQ within intracellular Mtb is heterogeneous 

A surprising level of heterogeneity of BDQ accumulation was seen between 

intracellular Mtb, despite using a concentration (2.5 mg/L) that almost entirely 
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prevents Mtb growth, and would therefore be expected to be active against all bacteria. 

NanoSIMS cannot generate concentration values because it is not possible with 

current technologies to create a suitable calibration curve within biological tissue. 

Therefore, in this work, it was only possible to determine the relative enrichment of 

BDQ, rather than the absolute concentration. Because of this technical limitation, the 

accumulation observed within single bacteria cannot be compared with published 

inhibitory concentrations. However, it is also unclear whether the concept of a 

‘minimum inhibitory concentration’, a concept derived from the susceptibility of 

populations of millions of bacteria, is meaningful at the level of individual bacteria, 

given heterogeneity in antibiotic sensitivity and that the average concentration in a 

bacterium may not reflect the concentration the concentration at the ATPase target 

(Dhar, McKinney and Manina, 2016).  

NanoSIMS is a low-throughput technique, and previous studies of drug accumulation 

in cultured cells have typically shown results from only one or a few treated cells 

(Wedlock et al., 2013; Legin et al., 2014; Jiang et al., 2017). Because of the small sample 

sizes, it is not possible to know if the distribution found is representative of the whole 

population. Despite the obstacles to determining absolute concentration, an ion 

normalisation strategy was used in this project to allow the relative quantification of 

BDQ in thousands of bacteria across tens of macrophages derived from three 

monocyte donors per experiment. This allowed both a robust measurement of the 

inherent heterogeneity between bacteria, as well as comparisons between average 

intra-bacterial antibiotic accumulation when the system was perturbed with LD 

modulators. 

Some statistical heterogeneity can result from the random process of taking 2D slices 

through 3D bacteria in multiple orientations and depths. However, in this work the 

intra-bacterial 31P signal served as a useful control to show that the interior of a 

bacterium is present in a slice. Even when comparing bacteria with identical 31P 

signals, greatly differing levels of BDQ were observed. Because the 31P signal was a 

specific and ubiquitous Mtb signal in this system, future work should examine whether 

it could also be used to identify other strains of bacteria, or bacteria within infected 

tissue. This would allow the application of this technique to measure antibiotic 

accumulation in a greater range of settings. Mtb from patient tissue is notoriously 
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difficult to label, due to its lack of immunogenicity and a lack of fluorescent labelling 

techniques specific to Mtb and validated in tissue (Yang et al., 2016; Cheng et al., 2018). 

Although evidence from direct bulk measurements of antibiotic accumulation in 

mycobacteria have demonstrated that verapamil, used in this work, is not an efflux 

pump inhibitor (Chen et al., 2018), the active efflux of BDQ remains a possible source 

of heterogeneity. For example, mutations that increase expression of the MmpS5-

MmpL5 efflux pump confer resistance to BDQ and clofazimine (Hartkoorn, Uplekar 

and Cole, 2014). Future work could include a nanoSIMS quantification of Mtb 

carrying mutations on this efflux pump, to define if they accumulate less BDQ in vitro, 

in cellulo and in vivo.  

In this system, verapamil did cause a minor drop in BDQ levels within intracellular 

Mtb, contrary to in vitro findings (Chen et al., 2018). This could be due to indirect 

effects on other bacterial processes due to the toxicity of verapamil against Mtb. 

However, formaldehyde-killed Mtb showed an unexpected increase in BDQ levels. 

As efflux pumps can only function in live bacteria, this result is consistent with the 

proposed role of efflux pumps as a mechanism for reducing the intra-bacterial 

concentration of BDQ. However, an even greater level of inter-bacterial heterogeneity 

was observed in these samples – suggesting that efflux pumps may not be 

determinants of heterogeneity, even if they do determine average BDQ accumulation. 

Accumulation heterogeneity could also result from differing rates of BDQ 

metabolism – although this is unlikely to have a large effect on this analysis given that 

the primary metabolites of BDQ also contain bromine and have similar chemical and 

antibacterial properties (Liu et al., 2014). Therefore, metabolism of BDQ to its primary 

metabolites would not alter its apparent accumulation as visualised by nanoSIMS. 

Alternatively, Mtb accumulates its own intra-bacterial LD (ILD) that could also be a 

site of BDQ accumulation (Garton et al., 2008; Daniel et al., 2011; Caire-Brändli et al., 

2014), with heterogeneity in ILD accumulation resulting in different levels of BDQ 

accumulation. The resolution of the SEM images was not sufficient to reliably identify 

ILD. However, the uniform nature of BDQ accumulation observed by nanoSIMS 

would suggest that BDQ accumulation is distributed fairly evenly throughout bacteria, 

rather than localised to possible foci such as ILD. Besides ILD, Mtb is a very lipid 
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rich bacterium with a thick lipophilic cell wall, which could also accumulate BDQ in 

the absence of ILI. However, as discussed above, the spatial resolution of nanoSIMS 

should have been sufficient to have identified if BDQ was present primarily in the cell 

wall and absent in the cytoplasm. 

Surprisingly, BDQ was observed in the majority of Mtb within macrophages. This is 

consistent with predictions that lipophilic compounds such as BDQ should be able 

to freely diffuse through biological membranes into all subcellular compartments. 

However, it should be noted that, despite the wide prevalence of the concept of 

passive diffusion by lipophilic compounds in the research literature (Goldman, 2002; 

Liu, Testa and Fahr, 2011), direct evidence for the passive diffusion of drugs is limited, 

and its contribution to intracellular pharmacokinetics relative to transporter-mediated 

entry remains controversial (Kell, Dobson and Oliver, 2011). 

Other than free, passive diffusion of BDQ through membranes, two possibilities can 

explain the extensive penetration of BDQ. Firstly, passage through host membranes 

could be facilitated by common or ubiquitous transporters. Secondly, it should also 

be considered that the intracellular localisation of Mtb is dynamic (reviewed in Bussi 

and Gutierrez, 2019). As discussed in the introduction, a combination of 

phagocytosis, host membrane damage and repair, and autophagy can traffic bacteria 

though multiple intracellular environments. Therefore, it cannot be assumed that, 

because a bacterium is in a particular environment at the time of fixation, that was the 

only compartment that it inhabited during the whole 24 hours treatment period. The 

question of correlating the apparent host microenvironment with antibiotic 

accumulation will be considered further in the discussion of the PZA results.  

BDQ localises primarily in host LD 

By using the CLEIM workflow developed in this project, it was revealed that the 

primary site of host-cell accumulation is the macrophage LD. Partitioning of BDQ 

into the lipid interior of LD is consistent with its lipophilic character (logP 7.13). It 

could be expected that all lipophilic antibiotics will have a similar distribution, 

however the literature on the distribution of other drugs suggests that this is not the 

case. In contrast, the lipophilic drugs clofazimine (logP 7.3, ChemAxion) – which 

localises to membrane aggregates (Baik and Rosania, 2011) – and amiodarone (logP 
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7.64, ChemAxion) – which localises to lysosomal inclusion bodies (Adams et al., 1985; 

Jiang et al., 2017).  

BDQ, on the other hand, localised almost exclusively to LD, with only trace amounts 

on membranes. Furthermore, the accumulation of BDQ in LD was confirmed by LC-

MS analysis of unfixed macrophages. In this validation experiment, inhibition of LD 

formation with pradigastat almost totally eliminated BDQ accumulation – confirming 

that the nanoSIMS result was not skewed by drug washout during sample preparation.  

Examination of the chemical structures or physicochemical properties of BDQ, 

clofazimine and amiodarone does not reveal any obvious differences that would 

account for their different distributions (fig. 4.1). Each molecule is a similar size, has 

a logP between 7.13 and 7.64, has 3 to 5 aromatic rings, a polar surface area between 

40.0 and 45.6 Å2, 3 or 4 hydrogen bond acceptors, one hydrogen bond donor and a 

physiological charge of 1 (source: drugbank.org). Together, these data suggests that 

the subcellular distribution and accumulation in organelles of lipophilic drugs cannot 

be predicted on the basis of basic physicochemical parameters alone from current 

data. The CLEIM workflow presented here will allow the investigation of a wider 

number of compound distributions, which may eventually allow the determination of 

properties that are predictive of the subcellular distribution. Furthermore, the fact that 

molecules with very similar properties have such different binding specificities 

cautions against the use of fluorescent labels (Stone et al., 2018) to determine 

localisation, as small changes in structure may have a large impact on subcellular 

localisation.  

 

Figure 4.1. Structures of BDQ, clofazimine and amiodarone. Source: 

Drugbank.org 
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These data, together with the results presented here, demonstrate that not all lipophilic 

drugs will accumulate in LD – with affinity to LD determined by a more complex set 

of parameters than logP alone. An analogy can be made to lipophilic small molecule 

dyes used for fluorescence microscopy. The neutral lipid dye BODIPY 493/503 

accumulates in LD, as confirmed by colocalization with LD surface proteins (Ozeki 

et al., 2005). The phospholipid dyes ‘LipidTox Phospholipid’ accumulate in 

macrophages in a state of amiodarone-induced phospholipidosis (Shahane et al., 

2014). Dil labels phospholipid membranes under some conditions (Cheng, Trzcinski 

and Doering, 2014), but can also accumulate in cholesterol crystals (Warnatsch et al., 

2015). Finally, Filippin-III binds to free cholesterol and other sterols (Arthur, 

Heinecke and Seyfried, 2011). 

All these dyes are hydrophobic, yet show very selective binding to only certain lipid 

structures. It is not yet known what determines the localisation and binding of these 

compounds. Study of the relationship between the structure and localisation of these 

dyes is further complicated because some are only fluorescent in certain 

microenvironments, and so could be present elsewhere in the cell, but not visible. For 

example, Dil is only fluorescent when its hydrocarbon tail is in a lipid environment 

such as the interior of a membrane (Cheng, Trzcinski and Doering, 2014). Other 

factors suggested to influence selective dye binding to lipids include the dye-induced 

shift in the phase transition temperature between liquid and gel phases (Klausner and 

Wolf, 1980; O’ Connor, Byrne and Keyes, 2019).  

Based on the available data, the partitioning of BDQ into the interior of LD cannot 

be explained and could not have been predicted from its chemical properties. These 

findings are consistent with a high-throughput attempt to correlate chemical structure 

with the localisation of fluorescent molecules, which found little correlation (Rosania 

et al., 2013). This highlights the importance of using techniques such as CLEIM to 

directly measure subcellular localisation rather than trying to make a priori assumptions 

based on physicochemical properties such as lipophilicity.  

The LD pool of BDQ is a transferable reservoir 

Having established LD as the primary host reservoir of BDQ, this project combined 

both quantitative nanoSIMS measurements of BDQ accumulation and high-content 
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imaging of Mtb growth inhibition to determine whether LD were sequestering BDQ 

or if the BDQ LD pool was accessible to Mtb. NanoSIMS analysis of macrophages 

loaded with antibiotic prior to infection conclusively showed that BDQ can be 

transferred to intracellular Mtb. However this experiment did not by itself show that, 

in the absence of LD, BDQ would not have been higher in Mtb. The use of TAG-

formation inhibitors demonstrated that LD do, in fact, increase intra-bacterial BDQ 

levels, and furthermore that this also results in enhanced inhibition of bacterial 

growth.  

A genetic screen of knock-downs of LD related proteins could have been performed 

to attempt to identify molecular mechanisms of BDQ transfer. LD surface proteins 

play a signalling as well as structural role, and can control the release of fatty acids 

(Olzmann and Carvalho, 2019). The LD proteins Plin and Dgat-1 and Dgat-2 have 

been shown to associate with Mm in a D. discoideum model of infection (Barisch et al., 

2017) and could have a mechanistic role in determining interactions with LD. Plin2 

was also shown to localise to a small subpopulation of Mtb in this project. However, 

a genetic approach would be problematic as knockdowns of LD proteins also have a 

significant impact on the level of LD in cells (Harris et al., 2011; Wilfling et al., 2013), 

and would therefore affect the total amount of BDQ present. It would therefore be 

very difficult to determine whether changes in efficacy are due to the changes in LD-

Mtb interactions or changes in LD levels. 

High-content live-cell imaging revealed that LD are consumed as Mtb grows. 

However, the question of whether this is direct consumption by bacteria remains 

open. Although it was possible to compare an LD in contact with Mtb shrinking in 

size, the technical difficulty of tracking large numbers of LD in three dimensions made 

it impossible to tell how widespread this behaviour is. Ideally, a method is needed to 

track the trafficking and transfer of lipids between LD and Mtb in live-cells. For 

example, coherent antistokes raman scattering (CARS) could potentially be used to 

track isotopically labelled lipids in live-cells using non-invasive infrared microscopy 

(Di Napoli et al., 2014; Boorman et al., 2019).  

Direct consumption of LD by Mtb is the simplest explanation, as Mtb expresses 

secreted lipases such as LipY (Deb et al., 2006) and Mtb consumes intracellular lipids 
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(Daniel et al., 2011). This is further supported by findings presented here that PLIN2 

is transferred to some Mtb in human macrophages, as has been shown previously with 

Mm (Barisch et al., 2015). though it is still possible that this transfer occurs from the 

cytoplasm rather than through direct physical contact with LD.  

Another possible explanation for the reduction in LD levels observed by high content 

live-cell imaging is an upregulation of lipophagy, as Mtb induces autophagy (Dutta et 

al., 2012). Lipophagy has been proposed as a facilitating mechanism for the transfer 

of LD to the phagosomal lumen (Barisch and Soldati, 2017). Any consumption of LD 

in the cell will release BDQ in proximity to the bacteria, whether or not the LD are in 

direct contact with the bacteria. However, given that LD have been detected within 

mycobacterial vacuoles (Barisch et al., 2015), it is possible that the consumption could 

occur within the same vacuole as the bacteria, resulting in a localised delivery of BDQ. 

Electron micrographs from Mm-infected Dictyostelium indicate LD and Mm within the 

same single-membrane compartments, which could be degradative (Barisch et al., 

2015).  

BDQ has an estimated half-life in patients of 5.5 months (Highlights of Prescribing 

Information). If the patient reservoir of BDQ is similarly accessible to Mtb, then it 

could allow shorter treatment times (as BDQ will continue to be delivered after 

treatment stops) and also protect against re-infection. This possibility is reflected in 

the result, demonstrated here, that macrophages pre-treated with BDQ 24 hours prior 

to infection are still able to control Mtb growth to a similar extent as those treated 

after infection. In a localised epidemic setting, where not all those with TB are treated 

at the same time or with the same efficacy, a patient with alveolar macrophages pre-

loaded with BDQ could have extended resistance to reinfection (Dheda et al., 2016). 

A key part of this research project was the development of high-content image based 

assays of antibiotic efficacy against intracellular Mtb. High content imaging has 

previously been used to monitor antibiotic efficacy for compound screening 

(Christophe et al., 2010; Lakshminarayana et al., 2015), and most notably led to the 

discovery of Q203 (Pethe et al., 2013). In these studies, the authors were typically 

testing for absolute inhibition of replication, rather than marginal differences caused 

by manipulation of the host environment. As demonstrated here, populations of 
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infected macrophages are extremely heterogeneous, and so robust analysis of marginal 

changes in efficacy – such as with the manipulation of LD levels – required that large 

numbers of macrophages are imaged across multiple technical and biological 

replicates. 

The method developed here was designed with several enhancements to increase the 

precision of the assay. Firstly, hMDM were used instead of a replicating cell line. This 

allowed for Mtb burden heterogeneity to be studied at the single-cell level, without 

artefacts introduced by – for example – differing replication rates in infected and non-

infected cell-line derived macrophages (Cumming et al., 2017). Additionally, for post-

treatment experiments, macrophages were infected for 24 hours before the addition 

of antibiotics to allow Mtb to adapt to the host environment, including the 

development of antibiotic tolerance (Adams et al., 2011; Daniel et al., 2011; Liu et al., 

2016). This better reflects the antibiotic tolerant status of Mtb in patients being treated 

with antibiotics. With this enhanced imaging approach, it was possible to determine 

marginal changes in BDQ efficacy when LD levels were modulated with DGAT-1 

inhibitors or oleate, demonstrating that LD levels correlate with BDQ efficacy. 

LD facilitate BDQ transfer to intracellular Mtb 

Taking all these results together, a new model is proposed for the concentration of 

BDQ in LD, followed by transfer to intracellular Mtb (fig. 4.2). Early in infection, 

Mtb induces host LD formation through activation of receptors such as PPAR-γ and 

TR4, as discussed in the introduction (Mahajan et al., 2012). The higher LD levels in 

infected tissues allows infected cells to accumulate higher doses of BDQ in their LD. 

Subsequently, Mtb induce consumption of LD – either directly through secreted 

lipases or indirectly through host-mechanisms such as lipophagy – resulting in the 

release of BDQ in proximity to Mtb. In this way, LD enhance the efficacy of BDQ 

against intracellular Mtb. 
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Figure 4.2. A model for the transfer of BDQ to intracellular Mtb via LD. 

Mtb is far from being the only pathogen that interacts with host LD. Other examples 

span the kingdoms of life, including the virus Hepatitis C Virus, the bacterium 

Chlamydia trachomatis and the eukaryotic parasite Trypanosoma cruzi (Melo and Dvorak, 

2012). The widespread phenomenon of pathogen-LD interactions could explain why 

antibiotics were considered an outlier from Lipinski’s rules of five (Lipinski et al., 

1997), as accumulation in LD will in this case facilitate transfer of the drug to its target. 

Similarly, whilst the intracellular localisation of nearly all other antibiotics is as yet 

unknown, it is likely that at least some other lipophilic antibiotics also accumulate in 

LD, and their efficacy may therefore also be enhanced by this method.  

Other novel anti-TB antibiotics and clinical candidates are also lipophilic, though 

none are as lipophilic as BDQ. Pretomanid (logP 2.75) and linezolid (logP 0.9) recently 

received FDA approval for the treatment of extremely drug resistant TB (XDR-TB) 

in combination with BDQ, following successful results in the South African Nix-TB 

trial (Pretomanid and BPaL Regimen for Treatment of Highly-Resistant Tuberculosis, 

2019). Q203 has a logP of 4.0 (Manjunatha and Smith, 2015) and is currently 

undergoing phase II clinical trials (ClinicalTrials.gov Identifier: NCT02858973). 

Delamanid is the most lipophilic with a logP of 6.14 (drugbank.org), and since 2015 

has been classed as an essential medicine for the treatment of MDR-TB by the WHO 

(WHO Model List of Essential Medicines 19th List, April 2015). Only one of these 
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compounds has a logP above the Lipinski rule’s ceiling of 5. The results with BDQ 

here suggest that very lipophilic compounds (logP > 5) may represent an important 

and under-sampled chemical space for the testing of novel anti-TB chemotherapies. 

4.3: Phagosomal acidification supports but is not necessary for PZA 

activity against intracellular Mtb 
Characterisation of the distribution of PZA/POA 

The pro-drug PZA, and its active metabolite POA, have very different 

physicochemical properties from BDQ. Most notably, PZA is smaller (123 Da vs 555 

Da) and hydrophilic (logP -0.6, drugbank.org). As the only other antibiotic detectable 

in the nanoSIMS screen, it therefore provided an opportunity to test the subcellular 

distribution of a compound likely to have a different behaviour from BDQ. Analysis 

of the distribution of PZA from intracellular Mtb also made it possible to test whether 

the pH-dependent model of POA accumulation postulated from in vitro data, 

discussed in the briefing to the third results chapter, applies in macrophages (Zhang 

et al., 2003). 

As observed with BDQ, the level of PZA/POA accumulation was highly 

heterogeneous between bacteria, with no easily observable correlation with specific 

microenvironments. As discussed, SEM could not unequivocally identify host 

membranes. However, small clusters of Mtb in direct physical contact, and therefore 

in the same microenvironment, were found to have heterogeneous levels of 

PZA/POA accumulation. This is contrary to the expectation of the proposed pH-

dependent model, which predicts that the pH of the microenvironment is the key 

determinant of POA accumulation as is the case in vitro (Zhang et al., 1999). 

By using nanoSIMS, PZA/POA was not found to accumulate anywhere in the host 

cell, consistent with previous quantifications of macrophage lysates that indicated host 

cell penetration but not accumulation (Hand et al., 1984). Some evidence of host-cell 

determination of PZA/POA accumulation was observed however, as the standard 

deviation of PZA/POA signal between bacteria was lower within individual 

macrophages than across the whole population. This is reflective of other studies that 

have found a link between host cell status and bacterial antibiotic tolerance at the 
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population level – for example, a study in mice which found that activation of host 

macrophages modulated Mtb tolerance to isoniazid and rifampicin (Liu et al., 2016). 

It is important to stress that accumulation of PZA/POA observed in nanoSIMS does 

not necessarily correlate perfectly with efficacy. Firstly, because of the position of the 
15N label on the PZA ring, which is unaltered by deamination, we cannot distinguish 

between inactive PZA and active POA in our study. Although POA, and not PZA, 

has been found to accumulate in Mtb in vitro (Zhang et al., 1999), as predicted by the 

pH-dependent model (Zhang et al., 2014), this was not testable in the system used 

here. A possible future strategy to overcome this limitation would be to 15N label only 

the amide group, and use a 13C label for the core ring. However, the 13C label on the 

[15N2-13C2]-PZA used in these experiments could not be detected by nanoSIMS, and 

therefore may not facilitate sensitive enough detection to be tractable for nanoSIMS 

imaging.  

Secondly, the proportion of bacteria positive for PZA/POA is below the proportion 

of bacteria that must be affected by the antibiotic to explain the observed bacterial 

restriction with 30 mg/L PZA with 3 days of treatment. Several hypotheses could 

explain this discrepancy: 

1. PZA/POA accumulates, kills the bacterium, and then leaks out.  

2. PZA/POA accumulates slowly, and its full effect is not observed within the 

24 hour treatment period used for the nanoSIMS experiments. 

3. The level of intra-bacterial PZA/POA accumulation varies dynamically with 

local microenvironment, however only a brief pulse of accumulation is 

necessary for growth inhibition. 

Study of these hypotheses was limited by the methodology used, as NanoSIMS can 

only define the distribution of PZA/POA at fixed timepoints. Unfortunately, an 

ongoing lack of technologies capable of visualising PZA or POA in live-cells means 

that the role of dynamic processes must be inferred from orthogonal methods. 

Bacterial lysis has not been reported as a mechanism of PZA activity, at least in the 

time-course of in vitro studies (Zhang et al., 2014), and the expected leak-out of GFP 

that would result was not observed in the live-cell imaging studies. However, if PZA 

uptake is ATP-dependent, then a loss of ATP due to cell death could prevent 
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replenishment of PZA/POA that leaks out (Raynaud et al., 1999). The same outcome 

would occur if POA accumulation required a continuing pH gradient across an intact 

bacterial membrane, as postulated (Zhang et al., 1999, 2014). 

Evaluating the postulated pH-dependent model of POA accumulation 

The pH-dependent model of POA accumulation predicts that manipulation of the 

acidity of the Mtb microenvironment should alter the accumulation of antibiotic, and 

also that the bacterial cytoplasm will be acidified by PZA treatment (Zhang et al., 

2014). The acid-dependent accumulation of POA has been demonstrated in vitro but 

not in host cells (Zhang et al., 1999). Here, both a genetic and a chemical approach 

were used to modulate the exposure of Mtb to host microenvironments. 

Despite inter-bacterial heterogeneity, average PZA/POA accumulation was 

detectably manipulated by perturbation of the system. The Mtb DRD1 strain is 

primarily membrane-bound (Lerner et al., 2016), and is therefore more likely to be in 

an acidic environment. Consistent with the acidification theory of POA accumulation, 

the RD1 mutant did indeed show a greater PZA/POA accumulation within human 

macrophages. Conversely, inhibition of vacuolar acidification with Bafilomycin-A1 

reduced accumulation, further consistent with a role for acidic compartments 

promoting POA accumulation. Inhibition of the vATPase with BafA1 has been 

shown to reduce accumulation of weak bases in the Mtb phagosome, implying a loss 

of acidification (Schump et al., 2017).  

As well as monitoring accumulation by nanoSIMS, the efficacy of PZA in this system 

was also assayed by high-content confocal imaging. BafA1 co-treatment caused only 

a small reduction in Mtb growth inhibition, as previously reported (Welin et al., 2011), 

although the difference was not statistically significant in this system. However, BafA1 

caused a much larger and significant difference in the restriction of intracellular Mtb 

DRD1. The larger effect on membrane-bound bacteria supports the conclusion that 

PZA is acting against Mtb in acidic compartments, and therefore manipulation of 

those compartments should have little effect on Mtb that can escape into the neutral 

cytosol. However, PZA is still bactericidal against Mtb WT, indicating that acid pH is 

not, after all, strictly required – even though it may contribute to PZA efficacy.  
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Furthermore, PZA caused a fall in the average intra-bacterial pH observed in high-

content live cell imaging (Levitte et al., 2016), again consistent with the prediction of 

the pH-dependent model of PZA activity. However the lack of correlation at the 

single-bacterial level indicates that any correlation with antibiotic accumulation is not 

caused by the proposed mechanism (Zhang et al., 2014). 

A possible explanation for both the observed heterogeneity in PZA/POA 

accumulation between bacteria and low the proportion of bacteria with visible 

accumulation could be the dynamic nature of phagosome acidification and damage, 

discussed in the introduction (Schnettger et al., 2017; López-Jiménez et al., 2018; Mittal 

et al., 2018). Live-cell imaging of Mtb in murine BMM has previously demonstrated 

that Mtb-phagosomes can undergo multiple rounds of damage and repair, 

demonstrated by loss and re-gain of lysotracker staining (Schnettger et al., 2017).  

If POA accumulates under acidic conditions, as shown in vitro (Zhang et al., 1999), and 

leaks out under neutral pH following phagosome permeabilisation, then the average 

antibiotic level depends on the kinetics of POA leakage (fig. 4.3). If leakage is slow, 

then many bacteria in non-acidic environments will retain antibiotic signal. 

Furthermore, the kinetics of PZA/POA uptake and efflux, and PZA deamination, are 

likely to differ between individual bacteria, resulting in different timescales of overall 

PZA/POA accumulation.  

The near-total loss of PZA/POA in necrotic macrophages suggests that PZA/POA 

can leak out within the timeframe of this experiment, though it is also possible that 

these bacteria did not take up PZA/PAO initially – giving them a growth advantage 

that then allowed them to necrotise the host. Loss of PZA/POA could also be 

triggered by bacterial lysis, however lysis has not previously been observed as a 

mechanism of PZA (Zhang et al., 2003), nor was it observed here. 
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Figure 4.3. Models of PZA accumulation dynamics. Following uptake of Mtb 

into phagosomes, PZA accumulates under acidic conditions, and leaks out when 

acidity is lost by phagosome lysis. Acidity can be gained and lost multiple times in 

cycles of repair and damage, with the average antibiotic accumulation dependent on 

the rate at which PZA/POA leaks out under neutral pH.  

However, if this model is accurate, we would still expect that groups of bacteria in 

contact with one another would have similar PZA/POA levels because of their 

presence in the same environments. If micro-environment alone does not determine 

antibiotic accumulation, then accumulation may be determined by bacterial 

phenotypic heterogeneity. The following mycobacterial factors have been implicated 

in the accumulation or activity of PZA/POA: 

• Expression of the proposed ATP-dependent PZA/POA influx transporter 

(Raynaud et al., 1999) 

• Expression of the pyrazinamidase gene panD (Scorpio and Zhang, 1996) 

• Expression of a PZA efflux pump (Zhang et al., 1999) 

Given that the divisome factor LamA promotes heterogeneity between daughter cells, 

and that this heterogeneity promotes antibiotic tolerance, it can be hypothesised that 

this heterogeneity may influence antibiotic accumulation. This hypothesis could be 

further investigated by characterising the PZA/POA accumulation heterogeneity in a 

lamA knockout strain – which would be expected to have a more homogenous 

antibiotic distribution. 
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Stress determines PZA efficacy 

Efficacy of PZA may not require that the bacteria are in an acidic environment 

throughout the duration of treatment, with a shorter time being sufficient for 

PZA/POA to take effect. This concept is supported by the results from the high 

content live-cell imaging experiments, which found a correlation between growth rate 

and maximum, but not mean or minimum, cresyl violet intensity. This suggests that 

temporary residence in an acidic environment is sufficient to allow PZA activity. 

The novel mechanism of POA activity proposed by Gopal et al. could explain why 

PZA/POA efficacy is correlated with acidification at the bulk level and only with 

maximum cresyl violet intensity at the single cell level (Gopal et al., 2019). According 

to this mechanism, the activity of POA is dependent on the ClpP protease, the 

expression of which is induced by stress (Olsen et al., 2002). Therefore, acid stress 

could semi-permanently sensitise bacteria to POA. Meanwhile, a subpopulation of 

bacteria may remain POA tolerant if they are immune to stress-induced expression of 

ClpP (fig. 4.4). 

 

Figure 4.4. Activation of PZA sensitivity by exposure to an acidic environment. 

Solid line indicates a bacterium that becomes sensitised to PZA/POA, and the dashed 

line indicates a bacterium that is resistant to PZA/POA sensitisation. 

This model also unites the observations that nutrient stress, ultraviolet light and 

metabolic inhibitors can also sensitise Mtb to PZA (Wade and Zhang, 2006; Peterson 

et al., 2015). Expression of ClpP requires the transcriptional regulator ClgR 
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(Estorninho et al., 2010), the expression of which is in turn driven by the alternative 

sigma factor SigE (Manganelli et al., 2001). SigE is induced by multiple stress factors 

including heat shock and detergent stress, and a sigE knockout mutant is more 

sensitive to peroxide and superoxide stress (Manganelli et al., 2001). Future work could 

include a SigE-inducible fluorophore to monitor Mtb exposure to stresses such as 

phagosomal acidification or antibiotic stress, and correlation with PZA efficacy using 

the high-content live-cell imaging approach demonstrated here. 

This model can also explain why PZA still inhibited the growth of Mtb WT, as the 

lack of a modulatory effect on PZA efficacy with BafA1 indicates that the mechanism 

of PZA against these bacteria is not dependent on an acidic environment. Non-

acidified bacteria may still, however, face a variety of other stress sources that will 

sensitise them to POA (Gopal et al., 2019). Furthermore, this model is consistent with 

the live-cell imaging data presented here, in which the maximum (but not mean or 

minimum) cresyl violet intensity was found to correlate negatively with bacterial 

growth following PZA treatment. In this model, brief exposure to an acidic 

environment would activate expression of ClpP, resulting in sensitivity to POA that 

outlasts the exposure to the acidic environment. Additionally, this model may provide 

a unifying mechanism to explain the synergy between PZA and multiple antibiotics in 

vivo (Ibrahim et al., 2007; J. Xu et al., 2018), as stress caused by other antibiotics through 

multiple mechanisms could increase expression of ClpP. 

BDQ and PZA target separate subpopulations 

PZA/POA and BDQ were found by nanoSIMS to accumulate in distinct 

subpopulations of Mtb, which may reflect their very different physicochemical 

properties as discussed, in particular lipophilicity. Targeting of separate 

subpopulations could explain the synergistic effect of PZA and BDQ cotreatment in 

a mouse model of TB infection (Ibrahim et al., 2007). 

Notably, the addition of BDQ to PZA treatment greatly increased the accumulation 

of PZA/POA in intracellular Mtb. Therefore, it cannot simply be the case that BDQ 

and PZA/POA are targeting separate pre-existing subpopulations based on their 

affinity for different microenvironments. The increase in PZA/POA accumulation is 

particularly unexpected because PZA uptake was reported to be ATP dependent 
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(Raynaud et al., 1999), and BDQ depletes intra-bacterial ATP (Andries et al., 2005; 

Koul et al., 2008). Therefore it would have been expected that BDQ would reduce 

PZA/POA accumulation. 

The mechanism by which BDQ induces bacterial accumulation of PZA could be host-

mediated, for example if BDQ causes a greater number of bacteria to be in an acidic 

environment. BDQ has previously been reported to induce autophagy, and to 

therefore cause greater exposure to acidic environments (Genestet et al., 2018). This 

result was confirmed here by high-content live cell imaging, which showed that 

treatment with 2.5 mg/L BDQ induced greater association between Mtb and the 

lysosomal marker cresyl violet. 

Alternatively, BDQ could modulate PZA/POA accumulation by affecting bacterial 

determinants of PZA/POA accumulation such as inhibiting the expression of efflux 

pumps. For example, the Rv1258c efflux pump may have a role in conferring 

resistance to PZA (Liu et al., 2019). BDQ could be activating the SigE-dependent 

stress-response pathway that could promote PZA activity (Manganelli et al., 2001; 

Estorninho et al., 2010; Gopal et al., 2019), however whilst this could result in increased 

POA efficacy, this mechanism would not by itself result in greater antibiotic uptake.  

In conclusion, these results show that acidification supports intracellular PZA activity, 

possibly due to a stress-response mechanism, yet an acidic environment is not strictly 

necessary for activity against intracellular Mtb. This implies that the classical pH-

dependent model needs to be revised or is one of several mechanisms of PZA/POA 

accumulation and activity that can be active dependent on environment. However, 

the link between PZA/POA accumulation and acidification remains complex, 

particularly because of the many other factors (in particular the expression of influx 

and efflux pumps, and pyrazinamidase activity) that could drive heterogeneity of 

antibiotic accumulation in intracellular Mtb. Experiments in vitro with isolated Mtb 

only could help to isolate the effects of bacterial heterogeneity from host 

microenvironments. Additionally, whereas both antibiotics were here added 

simultaneously, a comparison of experiments in which BDQ and PZA are added at 

separate timepoints could determine whether BDQ is inducing sensitivity to PZA. 
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More generally, these results provide a proof-of-concept for the use of nanoSIMS to 

study the extent to which synergy between antibiotics may be caused by the targeting 

of distinct bacterial subpopulations. Future work with a greater range of antibiotics 

will help to elucidate other combination therapies that similarly result in near-total 

coverage of intracellular bacteria.   
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Abbreviations 
2D 2 Dimensional 

3D 3 Dimensional 

ATP Adenosine Tri-Phosphate 

Baf Bafilomycin 

BDQ Bedaquiline 

BMM Bone Marrow Macrophages 

BODIPY boron-dipyrromethene 

CD Cluster of Differentiation 

CE Cholesterol Ester 

CISH Cytokine Inducible SH2 containing protein 

CLEIM Correlative Light, Electron and Ion Microscopy 

CLEM Correlative Light and Electron Microscopy 

CoA Coenzyme A 

DAPI 4′,6-diamidino-2-phenylindole 

DGAT Diglyceride Acyltransferase 

DMSO Dimethyl sulphoxide 

DPC Digital Phase Contrast 

ETC Electron Transport Chain 

GFP Green Fluorescent Protein 

GM-CSF Granulocyte Macrophage Colony Stimulating Factor 

hMDM Human Monocyte-Derived Macrophages 

IFN-γ Interferon γ 

IL Interleukin 

LAL Lysosomal Acid Lipase 

LD Lipid Droplet 

LDL Low Density Lipoprotein 

LM Linear Model 

M. Mycobacterium 

MIC Minimum Inhibitory Concentration 

Mm Mycobacterium marinum 

Mtb Mycobacterium tuberculosis 



  160 

NanoSIMS Nanoscale Secondary Ion Mass Spectrometry 

NFkB Nuclear Factor kappa-light-chain-enhancer of activated B cells 

OD Optical Density 

oxLDL Oxidised Low Density Lipoprotein 

PBMC Peripheral blood mononuclear cells 

PCA Principal Component Analysis 

PDIM Phthiocerol Dimycoserosates 

PFA Para-Formaldehyde 

POA Pyrazinoic Acid 

PPAR-γ Peroxisome proliferator-activated receptor gamma 

PZA Pyrazinamide 

RD1 Region of Deletion 1 

RFP Red Fluorescent Protein 

RIF Rifampicin 

ROI Region of Interest 

ROS Reactive Oxygen Species 

SH2 Src Homology 2 

SIMS Secondary Ion Mass Spectrometry 

SREBP Sterol regulatory element-binding protein 

TAG Triacyl-glyceride 

TLR Toll-Like Receptor 

ToF Time of Flight 

TR4 Testicular Receptor 4 

WT Wild Type 
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Appendices 

Appendix I: ToF-SIMS analysis code 
Included below are the key functions written in R for the analysis and display of ToF-

SIMS data used in the manuscript. Other script elements based primarily on 3rd party 

software, or functions for basic tasks such as file-saving and image display are omitted 

for clarity.  

Read ToF-SIMS .txt data into R 
library(foreach) 

library(doParallel) 

library("Matrix") 

 

# Define class for data storage 

setOldClass("prcomp") 

setClass( 

  "raw.sims.data", 

  representation( 

    data = "Matrix", 

    index = "numeric", 

    sample.id = "character", 

    x.max = "numeric", 

    z.max = "numeric", 

    y.max = "numeric", 

    pca = "prcomp" 

  ), 

  prototype = prototype(pca = structure(list(), class = 

"prcomp")) 

) 

 

open.raw.txt <- function() { 

  files <- choose.files(caption = "Select .txt files for import") 

  sample.id <- readline(prompt = "Enter sample id: ") 

   

  # Extract data dimensions 

  cat("Extracting data dimensions\n") 

  maximums <- col.max(read.table(files[1])) 

  z.max <- as.numeric(maximums[3]) + 1 
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  x.max <- as.numeric(maximums[1]) + 1 

  y.max <- as.numeric(maximums[2]) + 1 

  number.data <- z.max * x.max * y.max * length(files) 

   

  # Create index 

  cat("Generating index\n") 

  index <- vector(length = length(files)) 

  for (i in 1:length(files)) { 

    mass = sub(pattern = "^.*- ", replacement = "", files[i]) 

    mass = as.numeric(substr(mass, 1, nchar(mass) - 6)) 

    index[i] = mass 

  } 

     

  # Read text files in parallel 

  cat("Detecting cores\n") 

  cores <- detectCores() - 2 

  cat("Initialising cluster\n") 

  cluster <- makeCluster(cores) 

  registerDoParallel(cluster) 

  cat("Reading data into memory\n") 

  data <- 

    foreach(file.temp = files[1:length(files)], 

            .combine = cbind, 

            .export = "files") %dopar% 

    (read.table(file.temp, colClasses = rep("numeric", 4))[, 4]) 

  cat("Closing cluster\n") 

  stopCluster(cluster) 

   

  # Compress data matrix into sparse format 

  colnames(data) <- index 

  cat("Compressing matrix\n") 

  data <- Matrix(data) 

   

  all.data <- new( 

    "raw.sims.data", 

    data = data, 

    index = index, 

    sample.id = sample.id, 

    x.max = x.max, 
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    z.max = z.max, 

    y.max = y.max 

  ) 

  gc() 

  return(all.data) 

   

} 

Poisson-corrected principal component analysis 
# Perform PCA with poisson scaling 

ppca <- function(data) { 

  # Generate scaling matrix 

  cat("Scaling data\n") 

  q <- sqrt(colMeans(data@data)) 

  h <- sqrt(rowMeans(data@data)) 

  scaling.matrix <- outer(h, q) 

   

  # Divide data by scaling matrix 

  scaled.data <- data@data / scaling.matrix 

   

  # Perform PCA 

  cat("Performing PCA\n") 

  pca.scaled.data <- 

    prcomp(scaled.data, center = FALSE, scale. = FALSE) 

   

  # Plot PCA 

  plot(pca.scaled.data) 

   

  # Transform scores back to normal space 

  cat("De-scaling scores") 

  pca.scaled.data$x <- pca.scaled.data$x * scaling.matrix 

   

  # Return PCA 

  return(pca.scaled.data) 

} 

Z-correction algorithm 
# Select component corresponding to coverslip 

correct.z <- 

  function(data, 
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           component = 1, 

           coverslip = TRUE, 

           median.filter.size = 2, 

           threshold = 0.2) { 

    # Convert (x, y, z) to position in 2D data matrix 

    coordinate.convert <- function(x, y, z) { 

      position <- 

        x + ((y - 1) * data@y.max) + ((z - 1) * data@y.max * 

data@x.max) 

      return(position) 

    } 

     

    # And to convert position into coordinates 

    position.convert <- function(position, return.value = TRUE) { 

      z <- position %/% (data@y.max * data@x.max) + 1 

      z.leftover <- position - ((z - 1) * data@y.max * 

data@x.max) 

      y <- z.leftover %/% data@x.max + 1 

      x <- z.leftover - ((y - 1) * data@x.max) + 1 

       

      if (return.value == TRUE) { 

        return(c(x, y, z)) 

      } else if (return.value == 'x') { 

        return(x) 

      } else if (return.value == 'y') { 

        return(y) 

      } else if (return.value == 'z') { 

        return(z) 

      } 

    } 

     

    # Generate and display substrate image 

    substrate.image <- normalize(plot.scores(data, component)) 

     

    # Smooth noise in component image 

    substrate.median <- 

      medianFilter(substrate.image, median.filter.size) 

    display(substrate.median, method = "raster", all = TRUE) 
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    # Threshold image 

    if (coverslip == TRUE) { 

      substrate.thresholded <- substrate.median > threshold 

    } else if (coverslip == FALSE) { 

      substrate.thresholded <- substrate.median < threshold 

    } else { 

      cat("Invalid value for \'coverslip\'") 

    } 

    false.floor <- matrix(TRUE, ncol = data@x.max, nrow = 

data@y.max) 

    substrate.thresholded[, , data@z.max] <- false.floor 

    display(substrate.thresholded, method = "raster", all = TRUE) 

     

    # Ask if user is happy to continue with these settings 

    cat("Would you like to continue with these settings? 

[y/n]\n") 

    line <- readline() 

     

    if (line == "y") { 

      cat("Continuing with these settings\n") 

    } else if (line == "n") { 

      return("") 

    } else { 

      cat("\nCommand not understood") 

      return("") 

    } 

     

    # Identify co-ordinates of top layer of substrate in parallel 

    cat("Establishing cluster\n") 

    number.of.cores <- detectCores() - 2 

    registerDoParallel(number.of.cores) 

    cat("Determining z=0 position\n") 

    substrate.levels <- 

      foreach(column = 1:data@x.max, .combine = 'cbind') %:% 

      foreach(row = 1:data@y.max, .combine = 'c') %dopar% 

      (which.max(substrate.thresholded[row, column,])) 

    cat("Closing cluster\n") 

    stopImplicitCluster() 

    colnames(substrate.levels) <- NULL 
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    # Correct z axis of original data 

    # Generate new matrix of nulls 

    cat("Initialising corrected data array\n") 

    corrected.data <- array(0, dim = dim(data@data)) 

     

    cat("Writing corrected data\n") 

     

    new.index <- vector(mode = 'numeric', length = 

nrow(data@data)) 

    for (pixel in 1:nrow(data@data)) { 

      coord <- position.convert(pixel) 

      baseline <- substrate.levels[coord[1], coord[2]] 

      new.z <- coord[3] + data@z.max - baseline 

      if (new.z <= data@z.max) { 

        position <- coordinate.convert(coord[1], coord[2], new.z) 

        new.index[position] <- pixel 

      } 

    } 

    new.index <- (NA ^ !new.index) * new.index 

    data.as.matrix <- matrix(data@data, nrow = nrow(data@data)) 

    corrected.data <- data.as.matrix[new.index,] 

    rm(data.as.matrix) 

    corrected.data <- 

      replace(corrected.data, is.na(corrected.data), 0) 

    corrected.data <- Matrix(corrected.data) 

     

    cat("Correction complete") 

    return(corrected.data) 

  } 
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Appendix 2: Intracellular Mtb growth rate analysis 
The following R script fits exponential growth curves to Mtb levels in tracked 

macrophage imaged on an OPERA Phenix microscope and analysed in Harmony 4.9.  

For clarity, the code shown below uses the example of data used to generate the 

growth curves in figure 3.3.8, however the principle used is general. For clarity, only 

code used to generate growth curves is shown, and some downstream visualisation 

steps have been omitted. 

The following quality control steps are included to remove poorly tracked cells from 

the analysis: 

• Removal of macrophages tracked for < 73 time-points (24 hours) 

• Macrophages with a median measured ‘Mtb burden’ < 5 µm2 over the entire 

tracked time-course are considered uninfected 

• Growth curves with a deviance > 99 are excluded, as higher deviances are 

likely due to tracking errors 

### Load and pre-process data ### 

# Load dependencies 

library(broom) 

library(tidyverse) 

library(viridis) 

 

# Load data table of Mtb burdens per cell 

data.t = read.table("Objects_Population - Tracked DPC.cells.txt", 

                    header = TRUE, 

                    skip = 9, 

                    sep = "\t") 

 

# Label conditions and timepoints (20 minute frames) 

data.t$Compound = factor(data.t$Compound, levels = c("0", 

"30_PZA", "120_PZA", "2.5_BDQ", "5_Rif")) 

data.t$time = data.t$Timepoint / 3 

 

# Load tracking data table 

tracks = read.table("Tracks_Population - Tracks_ Tracked 

DPC.cells.txt", 
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                    header = TRUE, 

                    skip = 9, 

                    sep = '\t') 

 

# Create macrophage ID to link Mtb area per macrophage with 

tracking data 

data.t = mutate(data.t, id = paste(Field, Row, Column, Object.No, 

sep = '_'), 

                mtb.area = Tracked.DPC.cells...mtb.Area..ÂµmÂ²., 

                mtb.ratio = 

Tracked.DPC.cells...Intensity.mtb.mtb.ratio.Mean, 

                cresyl.violet = 

Tracked.DPC.cells...Intensity.mtb.Cresyl.violet.Mean) 

tracks = mutate(tracks, id = paste(Field, Row, Column, Object.No, 

sep = '_')) 

 

# Find cells tracked for at least 24 hours 

long.cells = filter(tracks, 

Tracks..Tracked.DPC.cells...Number.of.Timepoints > 73)$id 

data.t %>% 

  dplyr::group_by(id) %>% 

  dplyr::summarise(mtb.median = median(mtb.area)) %>% 

  dplyr::filter(mtb.median > 5) -> infected.cells 

infected.cells = infected.cells$id 

infected.long = intersect(infected.cells, long.cells) 

 

### Calculate growth rate ### 

# Create generic function to define exponential growth model 

mtb.lm.exp <- function(data) { 

  lm(log2(mtb.area) ~ time, 

     data = data) 

} 

 

# Create generic function for data pre-processing 

mtb.prep.exp <- function(data) { 

  data %>% 

    filter(id %in% infected.long) %>% 

    mutate(mtb.area = mtb.area + 1) %>% 

    select(id, time, mtb.area, Compound) %>% 
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    na.omit() %>% 

    group_by(id) 

} 

 

# Fit model to each macrophage to generate growth rates 

data.t %>% 

  mtb.prep.exp() %>% 

  filter(id %in% infected.long) %>% 

  do( 

    tidy(mtb.lm.exp(.)) 

  ) %>% 

  filter(term == 'time') -> growth.rates 

 

# Save model parameters for quality control 

data.t %>% 

  mtb.prep.exp() %>% 

  filter(id %in% infected.long) %>% 

  do( 

    glance(mtb.lm.exp(.)) 

  )  -> models 

 

# Generate growth predictions from models for visualisation 

data.t %>% 

  mtb.prep.exp() %>% 

  do( 

    augment(mtb.lm.exp(.)) 

  ) %>% left_join(data.t) %>% 

  left_join(growth.rates) %>% 

  left_join(models, by = "id") -> growth.predictions 

 

### Visualise models ### 

plot = ggplot(filter(growth.predictions, deviance < 100)) + 

  aes(x = time, y = 2^log2.mtb.area., colour = estimate, group = 

id) + 

  geom_point(alpha = 0.5, size = 0.1) + 

  geom_line(aes(y = 2^.fitted), size = 1, alpha = 0.5) + 

  facet_grid(.~Compound) + 

  scale_y_continuous(trans = 'sqrt') + 

  scale_colour_viridis(trans = 'log', na.value = 'black') + 
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  theme_bw() + 

  labs(x = 'Hours post infection', y = 'Mtb area per macrophage') 

+ 

  theme(panel.grid = element_blank()) 

 

### Selected outputs ###  

# Plot growth curves and raw data 

plot

 
# Show first 6 calculated growth rates 

header(growth.rates) 

# A tibble: 6 x 6 
# Groups:   id [6] 
  id        term  estimate std.error statistic  p.value 
  <chr>     <chr>    <dbl>     <dbl>     <dbl>    <dbl> 
1 1_3_5_223 time   0.0234    0.00335     6.98  4.54e-11 
2 1_3_5_555 time   0.00464   0.00507     0.916 3.62e- 1 
3 1_3_5_556 time   0.0125    0.00197     6.36  8.17e- 9 
4 1_3_6_123 time  -0.00763   0.00361    -2.11  3.65e- 2 
5 1_3_6_132 time  -0.00150   0.00299    -0.503 6.16e- 1 
6 1_3_6_133 time   0.00120   0.00650     0.184 8.54e- 1 
 

# Show parameters for first 6 growth models 

header(growth.curves) 

# A tibble: 6 x 12 
# Groups:   id [6] 
  id        r.squared adj.r.squared sigma statistic  p.value    df logLik   AIC   BIC deviance df.residual 
  <chr>         <dbl>         <dbl> <dbl>     <dbl>    <dbl> <int>  <dbl> <dbl> <dbl>    <dbl>       <int> 
1 1_3_5_223  0.202          0.198   0.878   48.8    4.54e-11     2 -250.  506.  516.    149.           193 
2 1_3_5_555  0.00923       -0.00178 0.431    0.839  3.62e- 1     2  -52.0 110.  118.     16.7           90 
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3 1_3_5_556  0.310          0.302   0.167   40.5    8.17e- 9     2   34.9 -63.7 -56.2     2.52          90 
4 1_3_6_123  0.0322         0.0250  0.551    4.46   3.65e- 2     2 -111.  228.  237.     40.7          134 
5 1_3_6_132  0.00122       -0.00362 0.864    0.253  6.16e- 1     2 -264.  533.  543.    154.           206 
6 1_3_6_133  0.000322      -0.00920 0.692    0.0339 8.54e- 1     2 -111.  229.  237.     50.3          105 
 


