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Abstract 

Mycobacterium abscessus is a respiratory pathogen of growing concern within individuals 

with compromised respiratory systems, such as in Cystic Fibrosis (CF) and Chronic 

Pulmonary Obstructive Disease (COPD). It is associated with accelerated lung function 

decline and in some cases, respiratory failure. Treatment requires multiple antibiotics which 

can be futile, due to both intrinsic and acquired antibiotic resistance mechanisms. Further, 

little is known about the immunological correlates of protection against M. abscessus. While 

urgently needed, there is currently no licensed vaccine to prevent M. abscessus infection. 

There has been a lack of consensus on the most appropriate animal model in which to study 

host-pathogen interactions of M. abscessus. Many models use immuno-deficient strains, 

which may not be useful in studying complex immunological mechanisms contributing to 

protection against M. abscessus. In this thesis, a pulmonary infection model in C57BL/6 

mice was developed using intranasal delivery of clinical M. abscessus isolates. Detailed 

assessment of the pulmonary cell subsets responding to M. abscessus infection identified 

interstitial macrophages (IMs) as the key correlate of protective immunity. IMs were the 

major producers of iNOS in the lung, and their presence correlated with Th1 responses and 

bacterial clearance. This process was dependent on tumour necrosis factor (TNF), as TNF-

deficient mice displayed poor recruitment of IMs, limited iNOS production in the lung and 

reduced Th1 immunity. Thus this study highlights the complex interplay between TNF, IMs 

and iNOS, how they work together to mediate early innate responses and how they function 

to induce adaptive immunity. These results also provide targets for host-directed therapies 

where pathogen-directed therapies may fail. 

The next component of this thesis sought to determine how Bacille Calmette-Guérin (BCG) 

vaccination may impact infection with non-tuberculous mycobacteria (NTM), using the 

murine model of M. abscessus infection described in Chapter 3 and observational data 

across CF clinics. BCG vaccination induced Th1 effector responses in the mouse lung with 

intermediate levels of protection against pulmonary M. abscessus infection. However, BCG 

vaccination induced multifunctional antigen-specific CD4+ T cells circulating in the blood 

and was highly protective against dissemination of bacteria to the spleen. Prior infection with 

M. abscessus afforded the highest level of protection against M. abscessus challenge in the 

lung, and immunity was characterised by a greater frequency of pulmonary cytokine-
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secreting CD4+ T cells compared to BCG vaccination. To explore whether these findings 

had clinical relevance, observational data across two CF clinics in Australia and South Africa 

was examined, where BCG vaccination policy differs. The overall rates of NTM sampling 

during a three-year period were equivalent between the two CF cohorts, however rates of 

NTM colonisation were significantly lower in the BCG-vaccinated cohort (South Africa), 

which was most apparent for M. abscessus. This study provides evidence that BCG 

vaccination can reduce M. abscessus colonisation in individuals with CF, which corelates 

with the ability of BCG to induce multifunctional CD4+ T cells recognising M. abscessus in a 

murine model. Further research is needed to determine the optimal strategies for limiting 

NTM infections in individuals with CF. 

The final objective of this thesis was to explore whole-cell inactivated vaccination as a 

strategy to control M. abscessus infection. Three formulations of whole-cell inactivated M. 

abscessus were investigated; -irradiated (-Mabs), heat-killed (HK- Mabs) and 

paraformaldehyde-inactivated (PFA-Mabs). While all inactivated vaccine were confirmed to 

be non-viable, only -Mabs showed metabolic activity comparable to live M. abscessus 

controls and stimulated release of a broad array of cytokines/chemokines by macrophages 

in vitro. Vaccination of C57BL/6 mice mice with -Mabs or HK-Mabs conferred significant 

protection against pulmonary M. abscessus infection, which correlated with the influx of 

iNOS-producing IMs and the recruitment of Th1 CD4+ T cells to the lungs. Vaccine 

approaches that were unable to afford significant protective efficacy (i.e. PFA- Mabs) were 

poor stimulators of iNOS-producing IMs and Th1 cell recruitment, identifying these immune 

parameters as key correlates of protection against infection. Addition of the Advax 

polysaccharide adjuvant to -Mabs enhanced the immunogenicity of the vaccine but also 

resulted in greater inflammation in the lungs and the site of vaccination. These results 

identify immune correlates of vaccine-induced protection against M. abscessus, but also 

highlight the requirement to balance vaccine efficacy with safety.   
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1.1. Mycobacterium spp. is a significant global health problem 

Mycobacterium spp. is a large, diverse genus comprising of over one hundred species. 

Mycobacteria are found ubiquitously in soil and water and possess a characteristic mycolic 

acid-rich cellular envelope (Brennan & Nikaido, 1995). This waxy, hydrophobic layer 

surrounding the cell is thicker, less permeable, and biochemically unique compared to 

Gram-positive and Gram-negative bacteria. Mycobacteria tend to be protected from 

desiccation and resistant to common antimicrobials and environmental stressors (Nguyen & 

Thompson, 2006). Although most mycobacteria are non-pathogenic, many can cause 

severe disease in humans, and thus the mycobacterial genus remains a considerable 

clinical concern. The two most significant human mycobacterial pathogens are 

Mycobacterium tuberculosis, the causative agent of tuberculosis, and Mycobacterium 

leprae, the causative agent of leprosy. While these pathogens are the most well-known 

mycobacterial pathogens, there has been a significant emergence of non-tuberculosis 

mycobacterial (NTM) infections in humans, particularly in the immunocompromised 

population (Dahl et al., 2022). These include, but are not limited to, Mycobacterium 

abscessus, Mycobacterium avium, and Mycobacterium kansaii (Johnson & Odell, 2014).  

Mycobacteria can be divided into two categories based on their replication on solid media: 

rapid-growing mycobacteria and slow-growing mycobacteria (RGM and SGM, respectively). 

RGM are visible on solid agar between three to five days after inoculation, whereas SGM 

are defined as mycobacteria that take seven days or more to form visible colonies on agar 

(Kim et al., 2013). Clinically relevant RGM include M. abscessus and Mycobacterium 

fortuitum, while M. tuberculosis and M. leprae are the most common SGM infections in 

humans.  

1.2. Mycobacterium abscessus is an emerging clinical pathogen 

M. abscessus is a rapid-growing NTM that is of increasing clinical concern. It is a saprophytic 

mycobacteria, considered to be ubiquitously found in soil and water (Sabin et al., 2017). It 

was first isolated from a knee abscess in 1952 by Moore and Freichs, and classified as an 

entirely new species of mycobacteria, named for its potential to cause subcutaneous 

abscesses (Moore & Frerichs, 1953). At the time, M. abscessus was regarded as a minimally 

virulent, self-limiting, cutaneous infection. Since then, its clinical relevance has exponentially 
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increased with implication in pulmonary infections, particularly in vulnerable populations, 

such as Cystic Fibrosis (CF) patients and the elderly (Johansen et al., 2020). 

Historically, M. abscessus was considered to be a strictly opportunistic pathogen, infecting 

patients from contaminated soil and water sources. However transmission between patients 

– both within CF centres and globally – has been demonstrated. Bryant et al. (2013) used 

whole-genome sequencing (WGS) of 168 clinical isolates of M. abscessus to 

phylogenetically map the global distribution of subspecies, identifying distinct clusters 

spread throughout the world, clearly implicating common-source infection and potential 

patient-patient transmission (Bryant et al., 2016; Ruis et al., 2021). A recent long-term follow-

up study of patients with NTM disease demonstrated that infection with M. abscessus was 

associated with poorer outcome and higher rates of mortality compared to any other NTM 

infection (Jhun et al., 2020). 

1.2.1. Classification of M. abscessus subspecies 

The classification and taxonomy of the M. abscessus complex has been an area of rapid 

evolution and contention since its isolation. Originally designated a subspecies of M. 

chelonae, it was recognised as an independent species, M. abscessus, in 1992 (Lopeman 

et al., 2019). In 2006, with the identification of two closely related species, M. bolettii and M. 

massiliense, the Mycobacterium abscessus complex was proposed, and divided into three 

subspecies (Tortoli et al., 2016). Since then, there has been much discussion in the literature 

regarding this classification. Recently, Gupta and colleagues proposed an amendment to 

the classification of Mycobacterial genera, in which M. abscessus belongs to a distinct clade, 

the Mycobacteroides gen. nov. Abscessus-Chelonae (Gupta et al., 2018). The Abscessus-

Chelonae clade, regarded to have the earliest branching lineage, is highly genetically 

cohesive and distinct from other clades. However, as a relatively new proposal, this 

nomenclature has not yet been widely adopted.  

The three subspecies of M. abscessus do possess some differences, particularly their 

resistance to currently available antibiotics. M. abscessus subsp. abscessus is the most 

common subtype isolated from infections (Sabin et al., 2017). Sequencing reveals the 

presence of erm, an inducible macrolide resistance gene, and is a distinguishing factor of 

this subspecies. The presence of a single aminoglycoside resistance gene renders M. 

abscessus subsp. abscessus more susceptible to resistance against amikacin and 

streptomycin (Rubio et al., 2015). M. abscessus subsp. bolettii is the least commonly 
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identified M. abscessus subspecies. It displays a similar resistance profile to that of M. 

abscessus subsp. abscessus. However, a kanamycin resistance encoding plasmid 

compounds the antibiotic resistance, making it particularly difficult to treat (Rubio et al., 

2015). The final and most recently identified subspecies of M. abscessus is M. abscessus 

subsp. massiliense. Since its discovery in 2004, M. abscessus subsp. massiliense has been 

shown to be distributed globally. Clinical presentations of this subspecies are often more 

virulent due to the possession of distinct virulence factors. However, most clinical isolates 

of M. abscessus subsp. massiliense lack the erm resistance gene, allowing better treatment 

options (Sassi & Drancourt, 2014). 

While the subspecies of M. abscessus have now been well-characterised, classification of 

M. abscessus clinical isolates remains challenging in many cases. Co-infections with other 

pathogenic and commensal organisms allows for the horizontal transfer of genetic material. 

These co-infections prevent precise subspecies identification using a single gene or method 

(Boeck et al., 2022; Mougari et al., 2016). Genomic analysis has revealed that M. abscessus 

can be separated into clusters with distinct virulence traits and clinical outcomes, suggesting 

the isolate selection is critically important for the analysis of M. abscessus virulence (Bryant 

et al., 2021). 

1.2.2. Epidemiology and clinical presentations of M. abscessus infections 

M. abscessus infections are diverse, but most commonly manifest as respiratory, skin, or 

soft-tissue infections. Most M. abscessus infections occur in immunocompromised patients 

or those with underlying pathologies such as CF or Chronic Obstructive Pulmonary Disease 

(COPD). However, infections can also occur in immunocompetent patients; for example, 

skin and soft-tissue infections may occur in patients following surgical procedures with 

contaminated equipment or instruments.  

The global distribution and epidemiology of M. abscessus is diverse and can be challenging 

to attain due to complexities in the classification and identification of subspecies. However, 

there is no doubt that it has been steadily increasing over the past 20 years, partly due to 

improved diagnostic tools and species classification. In general, the incidence rate of NTM 

infections in industrialised countries is approximately 1-1.8 cases per 100 000, with M. 

abscessus accounting for 3-13% of all NTM disease (Honda et al., 2018). 
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The acquisition and transmission of M. abscessus is poorly understood. Historically, M. 

abscessus was considered a purely environmentally acquired, opportunistic pathogen due 

to its ubiquitous presence in soil, water, and plumbing (De Groote et al., 2006; Falkinham, 

2011; Feazel et al., 2009). However, studies have yet to prove a strong causation link 

between the exposure to biofilms and M. abscessus niches in the household and acquisition 

of M. abscessus infection. Interestingly, a genetic link between M. abscessus isolated from 

pulmonary infections and contaminated water sources has been shown (Thomson et al., 

2013). However, it was not determined whether contamination of the water source caused 

the pulmonary infection, or vice versa.  

With the availability of WGS and other genetic studies, insight into potential patient 

transmission has arisen in the field of M. abscessus research. Examining the genetic 

diversity of pulmonary isolates of M. abscessus both within CF centres and across trans-

continental CF centres have identified clusters of isolates that appear to have originated 

from a single source; thus, the potential for indirect patient transmission exists (Bryant et al., 

2013; Bryant et al., 2016). Further, these studies highlighted that isolates could be grouped 

into "dominant clones" spread across continents (Ruis et al., 2021). These findings suggest 

that instead of existing environmentally as an opportunistic pathogen, M. abscessus has 

evolved into a true pathogen adapted to the human host. At the time of writing, studies are 

yet to show direct transmission of M. abscessus between patients, however it is postulated 

that accelerated pathogenic adaptation is possible once direct transmission occurs, as seen 

for M. tuberculosis (Bryant et al., 2021). 

Respiratory M. abscessus infection 

M. abscessus is the most predominant RGM causing respiratory infection; it is estimated 

that M. abscessus is the causative agent of up to 80% of all respiratory infections caused 

by RGM (Griffith et al., 2007). The symptoms of M. abscessus respiratory infections can be 

diverse and non-specific. However, most patients will have a persistent cough, following a 

slow yet progressive course, inevitably leading to respiratory decline and reduced quality of 

life (Griffith et al., 2007). On the other hand, serious, fulminant infections can occur, causing 

rapid pulmonary function decline and acute respiratory failure (Lee et al., 2015). Diagnosis 

of pulmonary M. abscessus can be difficult according to the American Thoracic 

Society/Infectious Diseases Society of America (ATS/IDSA). Diagnosing M. abscessus 

pulmonary infection requires both clinical and microbiological criteria to be met. This 

includes the presentation of clinical symptoms, positive culture from a minimum of 2 
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separate sputum samples, and evidence of pulmonary lesions per typical NTM infections as 

determined by radiography (Griffith et al., 2007). The implications of M. abscessus infections 

in CF patients will be discussed in more detail in Section 1.4. 

Skin and soft-tissue M. abscessus infections 

Extra-pulmonary M. abscessus infections are mostly skin and soft-tissue infections (SSTIs); 

these can range in severity from localised skin infections to deep tissue infections. 

Symptoms associated with SSTIs from M. abscessus can include abscesses, tender 

cutaneous nodules, and erythematous papules/pustules (Kothavade et al., 2013). M. 

abscessus SSTIs can be acquired either directly through contact with environmental M. 

abscessus (that is, contaminated soil or water, usually through an open wound) or by 

dissemination of primary disease at another body site (Kothavade et al., 2013). Forty-five 

percent of all extra-pulmonary M. abscessus infections are caused by post-operative 

infections (Chadha et al., 1998).  

Other M. abscessus presentations 

M. abscessus can also cause Central Nervous System (CNS) infections, particularly 

following neurosurgical procedures and intracranial catheters and patients with underlying 

otological pathologies (M. R. Lee et al., 2012). Contaminations of catheters can cause 

disseminated M. abscessus infections and bacteraemia. Disseminated M. abscessus 

infection is also associated with immunocompromised patients, such as those with cancer 

or Human Immunodeficiency Virus (HIV) (El Helou et al., 2013). Other extra-pulmonary M. 

abscessus infections include ocular infections, such as keratitis, endophthalmitis, and 

scleritis (Moorthy et al., 2012).  

Considering respiratory infections are the most common and the most severe manifestations 

of M. abscessus infection, these will be the focus in the remainder of this thesis. 

1.2.3. M. abscessus is a significant clinical problem in Cystic Fibrosis patients 

M. abscessus has emerged in recent years as a significant pathogen, particularly within the 

CF community. CF is an autosomal recessive disorder involving mutations in the Cystic 

fibrosis transmembrane conductance regulator (CFTR) gene (Riordan et al., 1989). It is the 

most common congenital life-limiting disorder affecting Caucasians and carries significant 

morbidity (Guo et al., 2022). Currently, it is estimated that the prevalence in North Americans 



Chapter One: General Introduction 

 7 

is 30,000 (Elborn, 2016), with respiratory failure and infection being the most common cause 

of mortality (Cantin et al., 2015).  

The CFTR protein is predominantly expressed on the apical surface of epithelial cells and 

functions to regulate chloride ion transport across luminal surfaces (Riordan et al., 1989). 

Defective or absent CFTR results in mucus accumulation in the airways, pancreatic 

insufficiency, gastrointestinal complications, and infertility in males due to vas deferens 

impairment (Elborn, 2016). The lack of mucociliary clearance in the airways provides a rich 

micro-environment for colonisation and persistent infection with bacteria, particularly 

Pseudomonas aeruginosa, Staphylococcus aureus, and Burkholderia cenocepacia (Cantin 

et al., 2015). Treatment of concurrent infections such as S. aureus and P. aeruginosa with 

broad-spectrum antibiotics further predispose CF patients to acquire M. abscessus infection 

due to its multidrug resistance (Catherinot et al., 2013). Concurrent infections with other 

pathogenic bacteria have also allowed for the evolution of M. abscessus over time into a 

more virulent species through horizontal gene transfer, with the acquisition of genes such 

as mtgC and plc, which have been implicated in intracellular survival capabilities (Maloney 

& Valvano, 2006; Mathee et al., 2008; Ripoll et al., 2009). 

The prevalence of M. abscessus infections in CF patients has been steadily rising over the 

last two decades and has presented a significant clinical problem for this population. Indeed, 

it has been projected that between 10-20% of CF patients will develop an NTM infection 

within their lifetime, with most of these being M. abscessus as the causative agent (Roux et 

al., 2009). The observed global rise in M. abscessus cases may reflect improved diagnostics 

and classification of the species, yet it is still significantly underestimated in many countries. 

This may be attributed to the lack of mandatory reporting guidelines, false-negative cultures, 

and interference of concomitant bacterial colonisers, such as P. aeruginosa, during isolation 

(Mougari et al., 2016). Between 2016 and 2020, the proportion of NTM-positive sputum 

cultures in Australian CF patients aged 18-30 years old increased from 2.1% to 5.2% 

(Australian Cystic Fibrosis Data Registry, 2021). The prevalence is even higher in USA and 

European CF centres, with a period prevalence of M. abscessus culture positivity of 8% and 

3.4-5.8%, respectively (Ademhan Tural et al., 2021; Adjemian et al., 2018). Further, the 

proportion of infections caused by M. abscessus among all NTM infections has risen and is 

now the most commonly isolated RGM in CF patients (Honda et al., 2018; Mougari et al., 

2016) (Table 1.1).  
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Table 1.1: Proportions of cases caused by M. abscessus of all respiratory NTM 
infections in CF patients by country* 

Country Proportions of cases caused by M. 
abscessus of all respiratory NTM 
infections in CF patients 

United Kingdom 56% 
France  52% 
USA 45% 
China 13.3% 

*Adapted from Mougari et al. (2016). 

M. abscessus infection can be particularly devastating in CF patients as it is correlated with 

a progressive decline in lung function. Some risk factors in CF patients have been identified, 

including age over 40, low body mass index (BMI), poor spirometry results, concurrent 

infections with P. aeruginosa and/or Stenotrophomonas maltophilia, and with that, use of 

antibiotics by inhalation (Viviani et al., 2016). M. abscessus is intrinsically resistant to many 

antibiotics currently available. In many cases, it may prove impossible to treat. In some 

centres, M. abscessus infection may be a contraindication for a lung transplant, a last-line 

treatment for many CF patients, and hence may be the cause of death in some CF patients. 

However, this remains controversial (Chandrashekaran et al., 2017) and more recently it 

has been observed that it is no longer a contraindication for a lung transplant, though serious 

post-operative complications are likely to occur (Benwill & Wallace, 2014). Thus, new tools 

are required to effectively treat and prevent M. abscessus infections in susceptible 

populations, such as CF patients. 

1.2.4. M. abscessus can have a smooth or rough morphotype, which may depend on 
its environment 

M. abscessus is further diversified by having either a smooth (S-) or rough (R-) morphotype, 

which can determine the fate of the organism within the host upon infection. S- and R- 

morphotypes are classified based on the expression of glycopeptidolipids (GPLs). GPLs are 

expressed on many of mycobacterial species' surface and serve various functions, including 

motility, biofilm formation, host-cell interactions, and survival within macrophages (Roux et 

al., 2016). The presence (S-variants) or absence (R-variants) of these surface GPLs have 

many pathophysiological and immunological consequences and can determine the outcome 

of infection with M. abscessus. S-M. abscessus variants display abundant GPL expression 

and are consequently non-cording, motile, and can form biofilms (Roux et al., 2016). 
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Conversely, R-M. abscessus strains lack GPLs, yet possess the propensity to form cords – 

long, dense groups of bacilli – but are non-motile and do not tend to form biofilms (Medjahed 

& Reyrat, 2009). 

It is well-established that S and R variants have distinct fates within the host. S-M. abscessus 

have the propensity to form biofilms: communities of micro-organisms that can colonise an 

environmental surface, biomaterial, or, indeed, the lung alveoli, particularly in patients with 

established lung disease such as CF or bronchiectasis. Within biofilms, bacteria are 

embedded within a complex matrix of extracellular DNA, glycopeptides, and other protein 

and lipid molecules (Esteban & García-Coca, 2017). The high GPL expression of the S 

variant facilitates this kind of colonisation. In addition, the high GPL content of the S-M. 

abscessus cell wall has been shown to "mask" other immunogenic peptides – such as 

trehalose dimycolate (TDM), a key regulator in the cording phenotype and virulence that is 

associated with M. abscessus infection – resulting in reduced macrophage activation and 

apoptosis. Roux and colleagues demonstrated that S-M. abscessus, despite being readily 

phagocytosed by macrophages in vitro, prevents phagosome acidification and maturation, 

thereby failing to trigger macrophage apoptosis (Roux et al., 2016). Consequently, S-M. 

abscessus variants have limited potential to spread amongst macrophages, ultimately 

limiting their virulence within a host (Howard et al., 2006; Kam et al., 2022).  

The R-M. abscessus phenotype, on the other hand, is considered to be more detrimental to 

macrophage survival. The lack of surface GPLs results in more potent Toll-Like Receptor-2 

(TLR2) agonism by M. abscessus, driving potent tumour necrosis factor (TNF) expression, 

and subsequent inflammatory responses (Davidson et al., 2011). In addition to driving strong 

macrophage recruitment via TLR2 signalling, when phagocytosed, R-M. abscessus is more 

apoptotic than S variants (Roux et al., 2016). As a result, high numbers of bacteria are 

released from macrophages, where they rapidly replicate into large, extracellular cords. 

These large aggregates are then unable to be phagocytosed; instead, they form abscesses, 

resulting in tissue damage and, ultimately, tissue death (Bernut et al., 2014). Furthermore, 

Howard and colleagues (2006) demonstrated that R variants cause a more invasive 

pulmonary infection in mice. Hence, the R variant of M. abscessus is significantly more 

virulent and correlated with more severe disease. In particular, colonisation of CF patient 

lungs with R-M. abscessus results in severe, progressive decline in lung function, ultimately 

causing respiratory failure (Jönsson et al., 2007). 
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The ability of M. abscessus clinical isolates to transition from S to R variants has been 

referred to as a "double-edged sword" (Gutiérrez et al., 2018); it efficiently transitions 

between a colonising, environmental micro-organism to an invasive human pathogen. Little 

is known about this process, including what triggers it and the precise mechanism by which 

it occurs. Nessar and colleagues (2011) demonstrated that the deletion of the mmpL4b gene 

– a membrane protein crucial for GPL expression – results in the S- to R-M. abscessus 

transition. This was characterised by the loss of sliding motility and biofilm formation, but the 

acquisition of virulence and an invasive phenotype (Nessar et al., 2011). Further, differences 

in immunopathogenesis have been shown (Kam et al., 2022). The dichotomy between S- 

and R-variants of M. abscessus must be carefully considered in experimental approaches 

to the immune response to M. abscessus infection in vitro. It may be useful to elucidate 

particular immune responses to M. abscessus in vaccine design by extension. 

1.3. M. abscessus is notoriously difficult to treat, and new tools 
are required to manage infection in CF patients 

1.3.1. Current treatment guidelines for M. abscessus infection in CF patients 

M. abscessus is renowned for its difficulty to treat, so much so that it is still regarded as a 

"chronic, incurable disease," given its resistance to almost all anti-tuberculous treatments 

as well as broader spectrum antimicrobials (Johansen et al., 2020). Given its pathogenicity 

and likelihood to cause rapid respiratory decline, treatment is urged in patients experiencing 

the criteria outlined in Table 1.2. Like most mycobacterial infections, treatment of M. 

abscessus requires an intensive phase followed by a continuation phase. The current 

guidelines suggest that the intensive phase be a 3-12 week course of a macrolide and 

parenteral amikacin, and tigecycline, imipenem or cefoxitin. The subsequent continuation 

phase should extend for at least 12 months following conversion of culture (sputum, 

bronchoalveolar lavage or bronchial washing) and consist of oral macrolide and inhaled 

amikacin, with 2-3 of the following: minocycline, clofazimine, moxifloxacin, linezolid (oral) 

(Floto et al., 2016). Surgical resection of infected tissue may be considered in some cases, 

albeit with variable success (Jarand et al., 2011). 

While these are the currently recommended and accepted treatment guidelines, no 

randomised controlled trials assessing these regimens have been performed. Much of the 

evidence comes from retrospective studies of non-CF patient cohorts (Waters et al., 2016). 

This is further compounded by the observation that in vitro susceptibility for M. abscessus 
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does not correlate well with clinical response (Griffith et al., 2007). As such, our current 

methods of predicting the efficacy of M. abscessus treatment regimens are not much better 

than "trial and error."  

Table 1.2: Criteria suggesting that treatment of M. abscessus infection should be 
considered in paediatric CF patients*.  

(i) Deterioration in lung function and/or symptoms, despite treatment of 
comorbidities (diabetes, allergic bronchopulmonary aspergillosis) and 
concurrent infections  

(ii) At least two sputum cultures that are positive for M. abscessus  
(iii) Radiological evidence of NTM pulmonary disease (inflammatory nodules, 

"tree-in-bud opacities," cavities) 

*Adapted from Andrew et al. (Andrew et al., 2019) 

1.3.2. Current antimicrobials for M. abscessus infection are costly and pose 
significant safety threats to the patient 

As detailed in the section above, the currently advised treatment regimens for M. abscessus 

are lengthy and arduous. This carries significant implications for both the patient and the 

healthcare system. Notably, high rates of antibiotic toxicity and intolerability have been 

reported. A retrospective study in South Korea revealed that 51% of patients treated with 

cefoxitin developed leukopenia, 15% had drug-induced hepatotoxicity, and 6% experienced 

thrombocytopenia (Jeon et al., 2009). In addition, gastrointestinal symptoms (anorexia, 

nausea, diarrhoea) were observed in 22% of patients. A North American study reported 74 

side effects – namely nausea, vomiting, and skin changes – in 62% of patients attributed to 

amikacin and tigecycline treatment (Novosad et al., 2016). Another important safety 

consideration in treating M. abscessus is hearing loss, which occurs at a rate of up to 7% of 

patients treated with clarithromycin (Coulston & Balaratnam, 2005; Heffernan et al., 2018).  

1.3.3. M. abscessus possesses both intrinsic and acquired resistance mechanisms, 
which make it a difficult pathogen to treat 

In addition to safety considerations, current M. abscessus treatment options confer high 

rates of treatment failure. The average treatment success rates for M. abscessus have been 

estimated to be 45.6%, varying with subspecies (Choi et al., 2018; W. J. Koh et al., 2017; 

Kwak et al., 2019). This can be attributed to the possession of resistance mechanisms, both 

intrinsic and acquired.  
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Intrinsic resistance can be attributed to many mechanisms: impermeability of the cell 

envelope, expression of efflux pumps that inhibit the accumulation of sufficient drug 

concentrations within bacterial cells, expression of enzymes that modify and/or degrade 

drugs or drug targets, and reducing or destroying the antimicrobial's affinity for drug targets 

within the bacteria (Nessar et al., 2012; Ripoll et al., 2009). These innate mechanisms have 

resulted in M. abscessus being resistant to almost all β-lactams, tetracyclines, 

aminoglycosides, and macrolides. A more detailed overview of resistance mechanisms 

identified in M. abscessus isolates can be found in Degiacomi et al. (2019). 

The rise in acquired resistance factors further compounds the difficulty in treating M. 

abscessus. It has been hypothesised that horizontal transfer of resistance genes occurs in 

patients due to the numerous and diverse range of bacteria that may colonise the lung of 

CF patients simultaneously, as well as inappropriate and/or prolonged exposure to 

antibiotics (Nessar et al., 2012). One of the primary mechanisms by which this may occur is 

the mutation of target genes. Perhaps one of the most clinically significant acquired drug 

resistance mechanisms is that of acquired macrolide resistance, which occurs due to 

mutation in the erm(41) gene, rendering the clinical isolate entirely resistant to macrolides, 

one of the most essential antibiotic classes required for successful NTM treatment. 

Interestingly, this confers a high positive predictive value for treatment failure, not only for 

macrolide treatment but also for amikacin (Griffith, 2019).  

1.3.4. Novel compounds in the clinical pipeline for the treatment of M. abscessus 

infections 

Despite the limited efficacy of currently available antimicrobials for M. abscessus infection, 

little progress has been made in developing novel compounds to combat this pathogen. 

These include repurposed antimicrobials, such as oral clofazimine and inhaled amikacin, as 

well as rifabutin, tigecycline and bedaquiline (Victoria et al., 2021). Novel compounds such 

as delamanid, pretomanid and, PIPD1, as well as new beta-lactamase inhibitors, avibactam, 

relebactam and vaborbactam, have shown promise in pre-clinical models (Meir & Barkan, 

2020). However these antimicrobials have not yet shown significant efficacy in patients 

infected with M. abscessus, and more work is needed to harness their therapeutic potential.  

Perhaps one of the most exciting prospects in novel M. abscessus therapeutics is phage 

therapy. A case of completely drug-resistant strain and progressive M. abscessus infection 

in a fifteen-year-old was treated with a cocktail of three bacteriophages, with no adverse 
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effects and resulted in complete clearance of M. abscessus infection (Dedrick et al., 2019). 

This represents an exciting prospect for the future of M. abscessus treatment, however, it is 

highly involved due to its patient- and strain-specific nature (Dedrick et al., 2022; Meir & 

Barkan, 2020).  

Many new drugs in the pipeline are bacteriostatic instead of bactericidal, leading to poor 

therapeutic outcomes (Maurer et al., 2014). Perhaps, given its propensity for acquired or 

inducible resistance, more efforts should be made in developing strategies to prevent 

infection in the first place, rather than treating them after colonisation.  

1.4. Immune response to mycobacterial pathogens 

Due to the increasing prevalence and difficulty in treating M. abscessus, improved 

knowledge of immunity to infection is critical for the development of effective 

immunotherapies such as vaccines. Pulmonary disease is believed to begin with inhalation 

of M. abscessus aerosols, followed by phagocytosis of mycobacteria by macrophages. A 

complex cascade of events results in inflammation and cellular recruitment, eventuating in 

the formation of granulomas, the hallmark of mycobacterial infection (Johansen et al., 2020). 

Granulomas are aggregates of cells, predominantly macrophages, T cells, and B cells, that 

physically contain the infection to prevent bacterial dissemination (Bernut et al., 2016). 

However, the propensity of M. abscessus to transition from smooth to rough variant during 

intracellular infection, allows uncontrolled replication of the bacteria into large extracellular 

cords, disrupting the tight granulomatous structure and causing disseminated infection 

(Johansen et al., 2020; Kam et al., 2022).  

1.4.1. Innate immune response to M. abscessus infection  

Macrophages 

It is well-known that macrophages are the primary host cell for mycobacteria and are 

essential in controlling infection. Once phagocytosed by the macrophage, M. abscessus is 

subject to many fates: it may undergo phagolysosomal destruction, serve as a dormant 

reservoir of infection, or propagate and disseminate infection by intracellular replication 

(Awuh & Flo, 2017). M. abscessus antigens trigger signalling through pattern recognition 

receptors (PRRs) such as TLR-2 and Dectin-1, a C-type lectin-like pattern recognition 

receptor, causing active phagocytosis of the bacilli (Shin et al., 2008). M. abscessus 
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activates the NLRP3 inflammasome by spleen tyrosine kinase (Syk)-dependent signalling 

which then contributes to the microbicidal capacity of the macrophage (H. M. Lee et al., 

2012).  

Despite the potent antimicrobial capacity of the macrophage, M. abscessus has evolved to 

resist phagosome maturation, allowing it to survive intracellularly (Oberley-Deegan et al., 

2010). In particular, the R-variant is able to inhibit phagolysosomal fusion, and replicate 

within vacuoles (Kim et al., 2017). As the bacilli continue to replicate, the macrophage is no 

longer able to contain the infection, allowing it to spread extracellularly. M. abscessus 

continues to replicate into extracellular cords which are too large to be phagocytosed, 

facilitating the spread and propagation of infection (Bernut et al., 2014).  

Phagocytosis of M. abscessus by macrophages triggers the recruitment of other 

inflammatory cells to control infection. TLR-2 signalling in macrophages triggers 

transcriptional activation of pro-inflammatory genes; in particular, TNF, Interleukin-1 (IL-1), 

IL-6, IL-12, nitric oxide (NO), reactive oxygen species (ROS) and other chemokines (Wang 

et al., 2019). Infection of tlr2-/- mice with M. abscessus resulted in the loss of several crucial 

events that allow for bacterial clearance: there was a lack of interferon-gamma (IFN-), TNF, 

and IL-12p70 production, no early migration of neutrophils, monocytes or dendritic cells 

(DCs), as well as an absence of important adaptive immune responses such as early CD4+ 

and CD8+ T cell migration, as well as memory and effector T cell expansion (Kim et al., 

2015). Macrophages infected with M. abscessus had significantly increased expression of 

IFN-I, which strongly correlated with increased TNF production and intracellular killing 

(Ruangkiattikul et al., 2019). In this study, it was shown that signalling through the TLR2-

TLR4-MyD88-TRIF-IRF3 axis upregulates type I interferon expression, which subsequently 

drives the expression of inducible nitric oxide synthase (iNOS). iNOS is the enzyme required 

for the production of NO, a potent antimicrobial agent employed by macrophages (Flynn & 

Chan, 2001). An overview of the virulence mechanisms involved in M. abscessus resistance 

of phagosome maturation can be found in Ferrell et al. (2022). 

There is thought to be two main macrophage subsets in the lung – alveolar macrophages 

(AMs) and interstitial macrophages (IMs). AMs are embryologically derived from foetal liver, 

and self-renew in the lung during steady state (Guilliams et al., 2013). IMs, on the other 

hand, are considered to be monocyte-derived and replenished by chemokine receptor-2 

(CCR2) dependent circulating monocytes (Gibbings & Jakubzick, 2018; Liegeois et al., 
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2018). Historically, AMs have been considered to be the predominant subset essential in 

mycobacterial infection clearance, whereas IMs are often overlooked as a transient myeloid 

subset in the processes of differentiating into AMs (Liegeois et al., 2018). However, IMs may 

indeed play an active role in infection. IMs possess high phagocytic capacity and express 

Major Histocompatibility Complex Class II (MHCII) at high levels, suggesting their propensity 

for professional antigen presentation to DCs in order to engage the adaptive immune 

response to infection (Bedoret et al., 2009; Gibbings et al., 2017). They have also been 

shown to produce IL-1, IL-6, and TNF, important pro-inflammatory cytokines in the context 

of controlling infection (Hoppstädter et al., 2010). Invariably, IMs have been shown to 

express high levels of CX3CR1 and CD14, which can be used to identify them from other 

myeloid subsets (Gibbings et al., 2017). Interestingly, detailed transcriptomic analysis of IMs 

isolated from murine lungs has revealed three distinct IM subsets, expressing varying levels 

of pro-inflammatory cytokines, chemokine ligands, MHCII, CD11c, CD206, and Lyve-1 

(Gibbings et al., 2017). However, the functional significance of these subsets remains to be 

elucidated. 

A role for IMs particularly in the context of mycobacterial infection has been described. 

Srivastava and colleagues (2014) revealed that IMs are recruited to the lung during M. 

tuberculosis infection. Another pivotal study in this field was conducted by Huang and 

colleagues, which showed that AMs are more permissible to M. tuberculosis infection, 

providing a nutrient-rich environment for bacilli to replicate intracellularly (Huang et al., 

2018). Conversely, IMs were shown to restrict mycobacterial growth and intracellular 

survival, by restricting the nutrients available for bacterial metabolism. Further, depletion of 

AMs reduced M. tuberculosis bacterial load in the lungs, while depletion of IMs significantly 

increases the bacterial load (Huang et al., 2018). Interestingly, dissemination from and 

activation of AMs and IMs has been shown to be dependent upon mycobacterial virulence; 

while intranasal BCG was contained to and subsequently promoted activation of AMs, 

virulent M. tuberculosis strains more readily disseminated to IMs (Mata et al., 2021). These 

studies highlight IMs as an important – albeit often neglected – immune cell subset that may 

be crucial to the control of mycobacterial infection more broadly. 

Neutrophils 

Neutrophils are phagocytic cells with a diverse repertoire of antimicrobial defences. During 

the steady state, neutrophils are rarely found in peripheral tissues. Rather, they are rapidly 

recruited in response to infection and inflammation (Pohl et al., 2020). Bernut and colleagues 
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(2016) demonstrated that TNF/IL-8 signalling in macrophages is essential for neutrophil 

recruitment after M. abscessus infection in a zebrafish model. Importantly, they also 

demonstrated that neutrophils have an essential role in the formation of structured 

granulomas to contain M. abscessus infection. Impaired TNF signalling resulted in defective 

IL-8 production, subsequently leading to poor neutrophil migration and a lack of granuloma 

formation (Bernut et al., 2016). 

Once recruited, the control of M. abscessus infection requires both intracellular and 

extracellular mechanisms employed by neutrophils. Intracellular strategies include the 

production of ROS, a potent antimicrobial causing oxidative damage to the bacteria 

(Malcolm et al., 2018). Neutrophils are able to kill M. abscessus within one hour of in vitro 

infection, highlighting their potent microbicidal capacity (Malcolm et al., 2018). Interestingly, 

the mechanism by which this occurs differs between S and R variants. S variants are 

susceptible to both intracellular and extracellular killing, while R variants are resistant to 

intracellular killing strategies employed by neutrophils; in fact, R- M. abscessus variants 

promote neutrophil necrosis, an evolutionary advantage of the bacteria to propagate 

infection (Malcolm et al., 2013). 

The major extracellular mechanism of neutrophil defence is the formation of neutrophilic 

extracellular traps (NETs). NETs are composed of extracellular enzymes such as elastase 

and myeloperoxidase that immobilise extracellular bacteria and other foreign particles 

allowing them to be cleared by the immune system (Malcolm et al., 2018). When NET 

formation is disrupted, M. abscessus bacterial load significantly increases, thus highlighting 

their importance in the early response to M. abscessus infection. Interestingly, neutrophils 

have a reduced capacity to internalise M. abscessus compared to S. aureus, a ‘conventional’ 

extracellular bacterial pathogen (Malcolm et al., 2013). This may be partially explained by 

the propensity for M. abscessus to inhibit neutrophil activation, thereby promoting its survival 

and by extension, its ability to adapt to environmental stressors. Notably, CFTR deficiency 

– as is the case in CF patients – impairs intracellular growth restriction capacity in neutrophils 

as well as neutrophil recruitment, due to defective NADPH oxidase-dependent pathway 

(Bernut et al., 2019). This may contribute to CF patients being susceptible to severe 

pulmonary M. abscessus infection. Thus, while neutrophils are classically an important 

immune subset for the early control of infection, they are not sufficient to limit M. abscessus 

infection. 
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Dendritic cells 

It is widely accepted that DCs are the most significant stimulators of naïve T cells. Immature 

DCs are present in large numbers in the lung at the onset of inflammation, highly specialised 

for antigen uptake and processing (Guilliams et al., 2013). DCs may encounter whole 

mycobacteria or mycobacterial antigens via stimulation of an array of PRRs, such as 

complement receptors, mannose receptors, TLRs and Dendritic Cell-Specific Intracellular 

adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) (Herrmann & Lagrange, 2005). 

Tailleux et al. (2003) proposed DC-SIGN to be the predominant receptor involved in 

mycobacterial antigen internalisation by human DCs. In the context of M. tuberculosis 

infection, antigen uptake results in DC maturation and increased CCR7 expression, allowing 

for migration to draining lymph nodes (Riol-Blanco et al., 2005). Indeed, DC migration from 

the primary site of infection to the draining lymph nodes (dLN) is the most important means 

by which naïve T cells are primed, hence “kick-starting” the adaptive immune response to 

mycobacterial infection (Lee et al., 2014). 

While the role of DCs in M. tuberculosis infection has been widely studied, little is known 

about the specific interactions between host DCs and M. abscessus infection. Indeed, M. 

abscessus has been shown to stimulate TLR-4 and through MAPK signalling to drive DC 

maturation. This induces CD4+ and CD8+ T cell differentiation, a crucial step in the adaptive 

immune response to M. abscessus infection (Lee et al., 2014). In particular, this pathway 

strongly promotes T-helper type 1 (Th1) cell differentiation. However, more insight is needed 

into the role of DCs in M. abscessus infection and, more specifically, the recruitment of T 

cell subsets, in order to better design vaccines and understand the immune correlates of 

protection against M. abscessus infection. 

1.4.2. Adaptive immune response to M. abscessus infection 

The adaptive immune response, namely CD4+ T cells, CD8+ T cells, B cells, as well as non-

conventional subsets, is crucial for clearing intracellular bacterial infections and generating 

memory cells. Severe Combined Immunodeficient (SCID) mice infected with M. abscessus 

had significantly higher bacterial burdens, and progressive disease up to 40 days post-

infection (dpi) (Obregón-Henao et al., 2015). In addition, nude mice, which have significantly 

reduced T cell populations due to a defective thymus, also had significantly worse disease 

outcomes when infected with M. abscessus infection (Bernut et al., 2017). Thus, there is a 

clear role for the adaptive immune response in controlling M. abscessus infection. 
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CD4+ T cells 

CD4+ T cells have been identified as the key cellular mediators of adaptive immunity to 

mycobacterial infection. This is evidenced in mice with CD4+ depletion, which show 

markedly increased severity of mycobacterial infection (Caruso et al., 1999). Effective 

protection against Mycobacterium bovis is achieved when CD4-deficient mice were 

reconstituted with antigen-specific CD4+ T cells from vaccinated controls, further highlighting 

the importance of CD4+ T cells in mycobacterial infection (Feng & Britton, 2000). In humans, 

patients with HIV, and thus a depletion in CD4+ T cells, have increased susceptibility to non-

tuberculous mycobacterial infections (Cai et al., 2017). 

Th1 CD4+ T cells 

Th1 cells appear to be the most important CD4+ T cell subset in controlling mycobacterial 

infection and are the most widely characterised. Th1 differentiation is driven predominantly 

by IL-12 secretion by DCs and macrophages (Lee et al., 2016). IL-12 secretion results in 

upregulation of the master transcription factor T-box expressed in T cells (Tbet), which 

allows for differentiation into the Th1 phenotype (Johnson et al., 2018). This includes the 

production of IFN-, the key mediator of Th1 function, as well as chemokine receptors such 

as CXCR3 causing Th1 cells to migrate to the site of infection (Gagliani & Huber, 2017). 

Once at the site of infection, Th1 cells produce IFN-, TNF and IL-2, contributing to 

granuloma formation (Flynn & Chan, 2001; Johansen et al., 2020). Indeed, polyfunctional 

CD4+ T cells – that is, IFN-+TNF+IL-2+ CD4+ T cells – have been correlated with protection 

in mice and humans. When examining the circulating T cell profiles of humans infected with 

NTM compared to healthy controls, Shu et al. (2019) found that patients with more severe 

disease had attenuated polyfunctional T cells, whereas patients with less severe disease 

had strong polyfunctional T cell responses. This suggests a role for these cells in control of 

disease progression. Finally, beige mice – a mouse strain in which Th2 cell responses are 

predominant – infected with M. abscessus were also more susceptible to disease, further 

reinforcing the notion that Th1 cell responses are required for adequate immune control of 

M. abscessus infection (Bernut et al., 2017). 

Th17 CD4+ T cells 

More recently, Th17 cells have been shown to be important in combatting mycobacterial 

infections, although their precise role is subject to contention. Th17 differentiation requires 
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IL-6 and IL-1 production through activation of STAT3 upon antigen presentation to naïve T 

cells by antigen presenting cells (APCs) (Ouyang et al., 2008). Activation of the key 

transcription factor retinoid-related orphan (ROR)T drives expression of effector cytokines; 

IL-17A, IL-17F, IL-21 and IL-22. Th17 cells are able to rapidly proliferate and undergo 

apoptosis at the site of infection, provide an instantaneous response to inflammation, 

stimulate B cells to undergo isotype switching, and act on epithelial cells to drive the immune 

response to infection at mucosal sites (Rathore & Wang, 2016). When stimulated with IL-17 

or IL-22, epithelial cells produce granulocyte colony-stimulating factor (G-CSF) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF), as well as chemokines 

CXCL1 and CXCL8 to facilitate neutrophil recruitment (Ouyang et al., 2008). This enables 

neutrophils to engulf and kill pathogens through antimicrobial defences discussed 

previously. Interestingly, Albanesi and colleagues (1999) showed that the synergism 

between Th1 cytokines, such as IFN- and Th17 lymphocytes, is required for adequate 

immune responses. 

Th17 cells have been shown to play a crucial role in mediating mycobacterial infection. In a 

study in paediatric idiopathic pulmonary NTM patients, disease was correlated with reduced 

Th17 responses, while IL-12/IFN- signalling appeared intact (thought to be associated with 

disseminated NTM infection) (Wu et al., 2019). Another study in children with NTM disease 

showed that patients had attenuated Th1/Th17 differentiation capacity and expressed 

reduced IFN- and IL-17 after stimulation when compared to healthy controls (Claeys et al., 

2019). In this way, while Th1 responses may prevent dissemination of NTM disease, Th17 

responses are crucial for controlling mucosal immunity.  

Though Th17 responses are important for controlling mycobacterial infection, caution must 

be taken in assigning them a protective role. Th17 cells and subsequent IL-17 and IL-22 

production is associated with inflammation which, if not balanced, may be pathogenic. For 

example, Th17 responses can be detrimental in CF patients which experience chronic 

pulmonary neutrophil influx (Dubin et al., 2007). 

CD8+ T cells 

CD8+ T cells, including cytotoxic T lymphocytes (CTLs), are also important mediators in 

mycobacterial immunity. CD8+ T cells produce high levels of IFN- in response to M. 

tuberculosis infection (Flynn et al., 2011). Granulysin-dependent killing of extracellular M. 
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tuberculosis by CTLs has also been shown, as well as Fas ligand-induced apoptosis of 

infected macrophages (Blomgran & Ernst, 2011; Oddo et al., 1998). Further, mycobacterial 

antigens produce antigen-specific CD8+ T cell responses in mice, however these are unable 

to confer protection against M. tuberculosis challenge (Lindenstrøm et al., 2014). Thus while 

CD8+ T cells have some role in mediating mycobacterial immunity, it is unlikely that their 

contribution is greater than that of CD4+ T cells. 

The role of CD8+ T cells in M. abscessus infection remains unclear. Intravenous (i.v.) 

infection of C57BL/6 mice showed both CD4+ and CD8+ T cell recruitment into granulomas. 

However, the proportion of CD8+ T cells was notably reduced compared to CD4+ T cells 

(Rottman et al., 2007). Further, when studying circulating T cells in NTM infections, CD8+ T 

cell levels were similar between NTM-infected subjects and healthy controls (Lim et al., 

2010). Therefore, more in-depth analysis is required to further elucidate the role of CD8+ T 

cells in M. abscessus infection and immunity. 

B cells 

The contribution of B cells to mycobacterial immunity has long been a point of contention. B 

cells possess the capacity for antigen presentation, antibody production and cytokine 

secretion, thereby acting on behalf of both innate and adaptive immune responses (Chan et 

al., 2014). In Tuberculosis (TB) patients, high serum levels of antibodies are correlated with 

protection against dissemination (Costello et al., 1992). B cells have also been implicated in 

granuloma formation and containment of infection in mice (Maglione et al., 2007). However, 

B cell depletion studies have yielded variable results, creating ambiguity in the exact role of 

B cells in mycobacterial infection. Some studies report an increase in susceptibility to 

mycobacterial infection (Maglione et al., 2007), while others show a reduction in severity 

(Turner et al., 2001), or no change (Phuah et al., 2016). 

There is also variable evidence for the role of B cells in M. abscessus infection. In a high-

dose i.v. model of infection, µMT-/- mice – that is, mice deficient in B cells – had 100-fold 

higher bacterial burden in the spleen compared to wild-type (WT) mice, suggesting a 

protective role of B cells in M. abscessus infection (Rottman et al., 2007). This is supported 

by observations that beige mice, with a predominantly Th2/humoral-mediated immune 

response, were more susceptible to infection than WT mice (Rottman et al., 2007). However, 

the exact role of B cells in these studies may be difficult to discern, given the high dose and 

route of infection, leading to an overwhelming systemic response. Thus more research is 
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needed in a lower-dose, pulmonary infection model of M. abscessus to more accurately 

identify the contribution of B cells and other cell types in disease. 

Interestingly, there appears to be a dichotomy in the role of B cells between S- and R- M. 

abscessus variants. The GPL-rich content of S variants are potent B cell antigens, and thus 

infections with smooth variants tend to be more humoral mediated. On the other hand, R- 

M. abscessus infection produces a Th1-skewed immune response (Rottman et al., 2007). 

Thus, B cells may play a minor role in the early containment of S morphotype infection, but 

have a minimal role compared to Th1 cells in the context of R- M. abscessus infection. 

1.4.3. Important soluble mediators in M. abscessus infection 

While the cells described above are crucial in mounting the immune response to M. 

abscessus infection, it is the soluble mediators they produce that are the effectors in this 

process. The key mediators that have been identified are IFN-, TNF and NO. 

Interferon gamma (IFN-) 

IFN- production by CD4+ T cells is a potent stimulator of macrophage effector functions and 

hence an important mediator in antimycobacterial responses. IFN- promotes NO production 

by inducing iNOS transcription, which improves the ability of macrophages to clear 

intracellular pathogens (Thirunavukkarasu et al., 2017). IFN- also stimulates transcription 

of genes involved in important immunological defences such as antigen processing and 

presentation, apoptosis, and Th1 development (Dorman & Holland, 2000). Several studies 

have demonstrated the importance of IFN-, such that deficency in IFN- or its receptor 

signalling is detrimental to the host. Ifngr1-/- mice infected with M. abscessus had 

significantly increased bacterial burden as well as persistent, progressive disease (Rottman 

et al., 2007). Deficiencies in IL-12/IFN- signalling axis also resulted in severe disseminated 

M. abscessus disease (Casanova & Abel, 2002).  

Interestingly, while IFN- is clearly essential in fighting mycobacterial infection, the 

magnitude of IFN- response by CD4+ T cells does not strongly correlate with mycobacterial 

immunity (Counoupas et al., 2020; Kaufmann, 2013). This suggests that the immune 

response to mycobacteria is complex, and it may be the interplay between a multitude of 

mediators that induces protection against mycobacterial infection. 
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Tumour necrosis factor (TNF) 

TNF is also an essential effector cytokine in the control of mycobacterial infection. It is 

produced early in infection by macrophages, as well as being one of the hallmark effector 

cytokines produced by Th1 cells (Mehta et al., 2018; Parameswaran & Patial, 2010). TNF, 

like IFN-, is a potent inducer of iNOS expression and therefore killing of mycobacteria 

(Bekker et al., 2001). TNF also induces chemokine expression to foster lymphocyte 

migration to the site of infection and is crucial in maintaining granuloma formation (Ehlers & 

Schaible, 2012; Roach et al., 2001). Finally, TNF activates naïve and effector T cells to 

promote differentiation and proliferation. Interestingly, TNF also has the propensity to induce 

apoptosis of “over-active” effector T cells, mediating the magnitude of the T cell response 

(Mehta et al., 2018). Thus, TNF can have both potent inflammatory or anti-inflammatory 

effects.  

The effect of TNF signalling in the context of M. abscessus infection has been widely studied. 

In a zebrafish model, Bernut and colleagues (2016) showed that defective TNFR signalling 

resulted in complete abrogation of granuloma formation and increased burden of disease. 

In mice, TNF deficiency (TNFKO mice) in the context of i.v. M. abscessus infection leads to 

severe disease, with all animals succumbing to infection within 20 days (Bernut et al., 2017). 

Further, TNF has been shown to be critical in preventing disseminated M. abscessus 

infection in C57BL/6 mice (Jeon et al., 2009). The protective role of TNF in M. abscessus 

infection is further supported by observations in humans that patients undergoing anti-TNF 

therapy for inflammatory conditions are more susceptible to NTM infections (Brode et al., 

2015).  

Inducible nitric oxide synthase (iNOS) 

iNOS is an enzyme that produces large quantities of NO when activated and has potent 

antimicrobial activity. iNOS expression is induced in macrophages by TNF and IFN- during 

inflammation (Strijdom et al., 2009). The potent antimicrobial activity of NO in the context of 

mycobacterial infection has been widely studied. When infected with M. tuberculosis, iNOS 

deficient mice are extremely susceptible to disease (MacMicking et al., 1997). In the context 

of M. abscessus infection, Bernut (2017) demonstrated that iNOS deficient mice were 

unable to clear infection.  
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NO can also act as a secondary messenger, regulating many intracellular signalling systems 

thereby altering the outcome of cellular functions. For example, Bailey and colleagues 

(2019) recently demonstrated that NO can reprogram metabolic processes in macrophages 

to modulate their cytokine and chemokine expression profile. Interestingly, NO is able to 

suppress inflammasome-dependent IL-1 production to limit excessive inflammation in the 

context of infection (Mishra et al., 2013). Evidence has also suggested that NO can act in 

an anti-inflammatory way by stabilising HIF-1, a transcription factor that regulates some 

inflammatory cytokines during M. tuberculosis infection (Braverman & Stanley, 2017). Given 

the diversity and importance of iNOS and the subsequent actions of NO during infection, it 

would be of interest to further elucidate its role specifically in the context of M. abscessus 

infection. 

1.4.4. Animal models of M. abscessus infection 

While some advances have been made in understanding the immune response to M. 

abscessus infection, a large body of research remains to be elucidated in this field. In-depth 

analysis of the complex interplay between M. abscessus and the host immune system 

requires robust animal models that accurately represents the major facets of human 

pulmonary M. abscessus infection. At the time of writing, there is no consensus in the field 

on the best animal model of M. abscessus infection; zebrafish, mice and guinea pig models 

have all been used to examine M. abscessus biology, infectivity and immunity.  

Zebrafish models 

Zebrafish (ZF, Danio rerio) have gained interest in the last two decades for a multitude of 

scientific studies, particularly when studying host-pathogen interactions. ZF embryos are 

transparent, meaning non-invasive imaging of host-pathogen interactions are readily 

accessible, especially using fluorescent genes and probes (Davis et al., 2002). Further, ZF 

are cost-efficient and easy to maintain in the laboratory. In the context of M. abscessus 

infection, ZF have been pivotal in our knowledge of the dichotomy between S and R variants, 

early macrophage and neutrophil responses to infection, and the process of granuloma 

formation (Bernut et al., 2015; Bernut et al., 2014). However, ZF models have some 

disadvantages. ZF embryos do not have an adaptive immune system; this develops later, 

when ZF are no longer transparent and therefore not as useful for real-time imaging (Novoa 

& Figueras, 2012). Therefore, they are more suited to studying the acute response to 

inflammation as opposed to chronic infections. However, recent work by Kam et al. outlined 
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the potential use of adult zebrafish for modelling chronic infection, particularly for 

investigating the role of T cell subsets in the immune response to M. abscessus (Kam et al., 

2022). None-the-less, anatomical differences such as gills instead of lungs, renders the ZF 

model an inaccurate representation of true M. abscessus infection, which tends to be a 

chronic pulmonary disease.  

Murine models 

Mice (Mus musculus) have also been used to investigate the host immune response to M. 

abscessus infection, in part due to their relative accessibility, abundance of tools for 

evaluation, and low cost. Indeed, most literature regarding the adaptive immune response 

to M. abscessus infection has been derived from murine studies. Immunocompetent strains, 

such as C57BL/6, typically clear M. abscessus infection rapidly; in a low-dose aerosol model 

in C57BL/6 mice there was lack of sustained infection (Ordway et al., 2008). In these same 

mice, however, high-dose aerosol infection persists with early recruitment of IFN-+ CD4+ T 

cells (Ordway et al., 2008).  

CH3eB/FeJ – or “Kramnik” – mice have also been explored as a potential model for 

persistent M. abscessus infection. Historically, this strain has been used in M. tuberculosis 

studies to assess granuloma pathology, as infection of these animals produces lesions more 

similar to those found in humans, as opposed to the ‘traditional’ C57BL/6 mouse model 

(Driver et al., 2012; Kramnik et al., 2000). Indeed, it has also been used to study other NTM 

infections such as M. avium (Verma et al., 2019). During M. abscessus infection, Kramnik 

mice were able to clear infection, although bacteria persisted for up to 40 days, longer than 

typically seen in C57BL/6 mice (Obregón-Henao et al., 2015). In addition, the majority of 

studies have used the ATCC 19977 type strain, which may not fully recapture the infection 

paramters observed with diverse clinical isolates. 

Immunocompromised mouse models establish persistent and progressive infection. SCID 

mice show significant persistence of bacterial burden, which demonstrates the importance 

of adaptive immunity in controlling M. abscessus infection (Rottman et al., 2007). Deletions 

in other components of the immune system, such as IFN-, GM-CSF and MyD88, also result 

in M. abscessus persistence for up to 40 days in mice (Obregón-Henao et al., 2015; Rottman 

et al., 2007). Beige mice, which have a Th2-skewed immune response, are also more 

susceptible to M. abscessus infection, highlighting the importance of Th1 immunity in its 

clearance (Bernut et al., 2017). While these models may be useful in preclinical evaluation 
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of antimicrobials, lack of crucial components of the immune system limits the in-depth 

analysis of the interaction of bacterial infection with the host immune response.  

The route of infection of M. abscessus also plays a role in the severity of disease. While 

some studies employ an aerosol route (Ordway et al., 2008), others have used intravenous 

infection to establish a significantly higher and more persistent bacterial load (Obregón-

Henao et al., 2015). While intravenous inoculation induces a persistent, high bacterial 

burden, M. abscessus infection tends to localise to the liver and spleen, as opposed to the 

lungs when inoculated via a mucosal route (Ordway et al., 2008). This may produce 

discrepancies in the infection model, as the microenvironment of solid organs such as the 

liver and spleen can vary greatly from mucosal sites, such as the lung. 

More recently, a chronic pulmonary infection model has been proposed using agar beads 

embedded with M. abscessus using intratracheal inoculation (Riva et al., 2020). Indeed, 

infection persisted up to two months in the lungs, with granulomatous infiltration. Within the 

lung lesions, neutrophils, lymphocytes and foam cells were identified. However, 

intratracheal infection with agar beads can be laborious and invasive, requiring significantly 

more anaesthesia and placing the animals under undue stress, compared to less invasive 

methods such as aerosol or intranasal infection. Further, some studies have suggested that 

intratracheal instillation produces more inter-subject variability compared to intranasal 

techniques (Khadangi et al., 2021). Interestingly, another study reported that intratracheal 

inoculation with M. abscessus resulted in high mortality rates (Le Moigne, Roux, et al., 

2020). 

Guinea pig models 

Guinea pigs (Cavia porcellus) have been explored as an in vivo model of M. abscessus 

infection. While guinea pigs are an excellent model of granuloma formation, the persistence 

of aerosol M. abscessus infection is only marginally greater in guinea pigs when compared 

to murine models of infection (Ordway et al., 2008). Due to the maintenance cost, animal 

size, and avaliability of suitable reagents, guinea pigs are not considered to be an 

appropriate model for M. abscessus studies. 
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1.5. Vaccination strategies against mycobacterial pathogens 
1.5.1. BCG: an old vaccine repurposed for M. abscessus infection? 

The Bacillus Calmette-Guérin (BCG) vaccine is a live-attenuated strain of M. bovis, and is 

currently the only available vaccine against M. tuberculosis. While the immune response to 

BCG vaccination is well-characterised, its efficacy is contentious; protection induced by BCG 

vaccination against M. tuberculosis ranges from 0-80% (Colditz et al., 1995). Vaccination 

with BCG induces neutrophil, macrophage and DC migrations to the site of inoculation, 

whereby DCs then migrate to the lymph nodes to activate CD4+ T cells of Th1 phenotype 

(Moliva et al., 2017). The activated CD4+ T cells produce IFN-, TNF, and IL-2, which is 

believed to correlate with protective efficacy of BCG (Moliva et al., 2017). 

BCG also appears to have cross-protective properties. Many studies have observed that 

BCG-vaccinated children had lower mortality rates than unvaccinated children. These 

studies were recently reviewed in-depth (Covián et al., 2019). It has been proposed that 

BCG induces “trained immunity”, which is defined by Netea and colleagues (2011) as an 

increase in the non-specific immune response to secondary infections, either of the same 

microbial origin or different. This is mediated by the innate immune response, namely 

monocytes, macrophages and NK cells, independent of adaptive immune responses (Netea 

et al., 2011). This unique phenomenon, combined with its excellent safety profile and 

approval for human use, makes BCG vaccine an attractive candidate for a range of 

immunotherapies, both infectious and non-infectious. Indeed, it has been shown that BCG 

vaccination induced non-specific protection against pathogens such as Staphylococcus 

aureus and Candida albicans, which was mediated by circulating monocytes and NK cells 

producing pro-inflammatory cytokines such as IL-2 (Johanneke Kleinnijenhuis and Jessica 

Quintin and Frank Preijers and Leo, 2014). More recently, BCG has been proposed to have 

protective effects against SARS-CoV2 infection (Gonzalez-Perez et al., 2021). Interestingly, 

BCG has also been explored as an immunotherapy for autoimmune diseases such as 

multiple sclerosis and Type-1 Diabetes Mellitus, as well as some malignancies, for its 

immunomodulatory effect (Covián et al., 2019). 

The cross-reactive effects of BCG as cited above therefore warrant its investigation to 

combat the rise in NTM infections in recent decades. Epidemiological data has suggested 

that BCG vaccination is associated with reduced prevalence of M. avium infections in some 

countries (Švandová, 1994). Further, patients with latent TB infection have lower risk of 
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acquiring NTM disease (Horsburgh et al., 1996). Most recently, it was found that BCG 

vaccination induces M. ulcerans-specific immune responses, characterised by high levels 

of polyfunctional CD4+ T cells (Pittet et al., 2021). This suggests some level of cross-

reactivity between BCG and NTMs. In this way, it would be of interest to employ similar 

vaccination strategies that have been applied to M. tuberculosis to the field of M. abscessus 

research.  

A recent study was undertaken to explore the cross-reactivity of BCG against M. abscessus 

infection. BCG-specific T cells were able to inhibit intracellular growth of M. abscessus in an 

in vitro co-culture experiment (Abate et al., 2019). Using paired pre- and post-BCG 

vaccination peripheral blood mononuclear cells (PBMCs), Abate and colleagues also 

demonstrated that BCG is able to elicit an M. abscessus-specific T cell response in humans, 

characterised by IFN- expression and proliferation. However, a major caveat to this study 

is that the in vivo protective efficacy of BCG against M. abscessus was not ascertained. As 

such, this study demonstrates a limited read-out of the immunogenicity of BCG against M. 

abscessus. More detailed in vivo analysis of this interaction remains to be elucidated. 

1.5.2. M. abscessus vaccine research  

Despite the growing concern in M. abscessus prevalence, there is unfortunately very little 

research in vaccine development, compared to the large investment in new vaccines for 

other infectious diseases such as COVID-19 and M. tuberculosis. Reverse vaccinology 

techniques to identify key antigens that may be useful targets for vaccination (Le Moigne, 

Gaillard, et al., 2016). An in silico hierarchical approach to identifying key immunogenic 

genes and proteins in M. abscessus has been explored, which may serve as a useful 

database to identify vaccine targets (Shanmugham & Pan, 2013). Phospholipase C (PLC) 

was identified as one such candidate using genomic analysis comparing M. abscessus to 

other non-pathogenic RGMs (Ripoll et al., 2009). Using a prime-boost immunisation 

protocol, ∆F08 mice (CF mouse model) or their WT littermates (FVP) were immunised with 

a plasmid encoding for the M. abscessus PLC. While vaccination induced a strong IgG 

antibody response, aerosol challenge only induced a small protective effect in CF mice, and 

no protection in WT counterparts (Le Moigne et al., 2015). A similar effect was also observed 

in mice vaccinated subcutaneously with purified PLC protein. This study did not include any 

data on cell-mediated immune response to these vaccines, thus limiting the identification of 

correlates of immune protection. 
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Another vaccine strategy employed by this group involved the MtgC gene, which plays a 

key role in survival within macrophages, particularly in the absence of Mg2+ (Alix & Blanc-

Potard, 2007). MtgC is highly expressed during M. abscessus infection and represents a 

good vaccine candidate (Belon et al., 2015). MtgC DNA immunisation in ∆F08 mice resulted 

in significant protection against M. abscessus challenge, however there was no difference 

compared to vector-only vaccination in WT mice (Le Moigne, Belon, et al., 2016). Again, no 

data regarding the cell-mediated response to infection was included in this study. 

Finally, a TLR2-activating fraction purified from M. abscessus has also been used as an 

immunisation strategy. As discussed previously, TLR2 is important in the initiation of the 

immune response to many pathogens, including M. abscessus. TLR2 agonists are able to 

promote the activation and recruitment of adaptive immune components and are often used 

as adjuvants (Higgins & Mills, 2010). In this study TLR2eF, an M. abscessus fraction, was 

previously identified to be a TLR2 agonist. Mice were subsequently challenged with aerosol 

or intravenous M. abscessus of S phenotype conferred no protection against aerosol M. 

abscessus infection in mice, however, there was some protection against i.v. infection. While 

these results do not provide strong evidence for its utility as a vaccine candidate, they do 

demonstrate variability between data gained from differing routes of infection. This in turn 

highlights the need for a standardised and robust infection model that can be used for 

vaccine studies. 

Whole cell vaccines 

Live attenuated vaccines are complete mycobacterial vaccines that have been weakened, 

by either deletion of virulence genes or passaging, to be less pathogenic (Gonzalo-Asensio 

et al., 2017). These are an attractive vaccine candidate as they more closely mimic infection 

without causing significant immunopathology (Vetter et al., 2018). BCG is a live-attenuated 

vaccine, which as mentioned previously, induces a strong and prolonged immune response. 

Recombinant BCG strategies have been explored in recent years to induce more TB-specific 

protection to varying degrees of success (Reviewed in (Kaufmann, 2020)). For example, 

MTBVAC, currently in recruitment for Phase III clinical trials, is a M. tuberculosis clinical 

isolate that has been attenuated by deletion of the phoP and fadD26 genes (Arbues et al., 

2013). NHP studies showed that immunisation with MTBVAC was protective against aerosol 

M. tuberculosis challenge, and induced strong cytokine signatures which have been 

correlated with protection against TB clinically (White et al., 2021). A recent review of 
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advances in whole-cell TB vaccines can be found in Bouzeyen and Javid (2022). A major 

concern about live-attenuated vaccines is their safety and the potential for reversion to 

pathogenic strains. In the case of MTBVAC, preliminary safety studies showed that it was 

able to be administered safely in SCID mice, and regarded to have more attenuation of 

virulence than BCG (Pérez et al., 2020). 

Other vaccine strategies 

While most previously assessed M. abscessus vaccines are subunit vaccines, other 

methods of vaccine production that have been used for disease prevention and may be 

useful in developing M. abscessus vaccines. Whole cell vaccines are those that involve 

vaccination with complete mycobacteria. They are an attractive strategy for vaccine design 

in that they contain a more diverse antigenic profile than subunit vaccines, which more 

closely mimics active infection (Schrager et al., 2020). The presence of lipids, glycolipids 

and other metabolites on the mycobacterial cell wall is thought to recruit more diverse 

components of the immune system, thus contributing to a more robust response and 

stronger induction of protective immunity (Busch et al., 2016; Spencer et al., 2008; Van Rhijn 

& Moody, 2015). Whole cell vaccines can be further divided into two categories; live 

attenuated vaccines, and inactivated/killed vaccines. For the purposes of this thesis, a focus 

will be on inactivation methods for whole-cell vaccines.  

Inactivation has been explored as a solution to possible safety concerns of live attenuated 

vaccines. Inactivated whole cell vaccines still possess a diverse antigenic profile and induce 

a diverse immune response, without the possibility of reversion to virulence and infection 

(Schrager et al., 2020). However, these vaccines are considered to be less immunogenic 

than live vaccines, and may require multiple doses (Vetter et al., 2018). Chemical 

inactivation, such as using formal or paraformaldehyde (PFA), are also commonly used 

inactivation methods. This method is used for inactivation of viral infections, including 

influenza and Poliovirus (Bruxvoort et al., 2019; Okayasu et al., 2016). These vaccines have 

been highly efficacious. However, there have been some safety concerns regarding the 

inactivation chemical, which are toxic if not washed out of the vaccine completely (Fertey et 

al., 2016). Interestingly, a study of a Japanese Encephalitis vaccine revealed that formalin 

inactivation can alter the antigenic and immunogenic profile of the vaccine (Fan et al., 2015). 

For M. tuberculosis there are several inactivated whole cell vaccines in the clinical pipeline. 

Vaccae™ vaccine, a heat-killed version of M. vaccae, has been shown to be efficacious in 
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humans, and is now licensed for use as an adjuvant therapy for TB. The most recent analysis 

demonstrating that M. vaccae combined with conventional TB drugs can reduce treatment 

length and limit clinical manifestation of TB (Bourinbaiar et al., 2020). Phase III clinical trials 

have demonstrated safety and efficacy of Vaccae™, however at the time of writing this 

thesis, results of this trial are not yet available (ClinicalTrials.gov: NCT01979900). 

Gamma-irradiation (-irradiation) of viruses and bacteria have been explored as vaccine 

candidates. This method involves subjecting the target to high frequency electromagnetic 

rays, or “gamma rays”, and is widely used to sterilise foods and some pharmaceuticals 

(Sommers & Rajkowski, 2011). -irradiation, unlike heat-killing and formalin inactivation, is 

able to preferentially inactivate DNA and other nucleic acid components of the cell, leaving 

the surface antigens intact for immune recognition (Seo, 2015). While -irradiation restricts 

replication, the metabolic machinery of the bacteria remains intact. This allows the bacteria 

to remain metabolically active which permits prolonged secretion of metabolites (i.e. 

antigens). -irradiation has been widely explored as a tool for influenza vaccine 

development, and more recently, SARS-CoV2 (Sabbaghi et al., 2019) (Mullbacher et al., 

2020). Indeed, it has also been applied to bacterial vaccinology; a -irradiated S. 

pneumoniae vaccine has been evaluated. Intranasal immunisation with this vaccine induced 

potent antibody responses and conferred significant protection when compared to heat-

killed or formalin-inactivated S. pneumoniae (Jwa et al., 2018). Interestingly, immunisation 

with -irradiated S. pneumoniae induced potent mucosal IL-17 responses, which has been 

correlated previously with protection for this pathogen (Babb et al., 2016). Another striking 

-irradiated vaccine in clinical development is the Sanaria®PfSPZ Vaccine, an irradiated 

sporozoite formulation that has shown significant protection against malaria. When 

administered with malaria chemoprophylaxis, irradiated sporozoites confer significant 

protection against malaria infection through potent CD*+ T cell responses (Sissoko et al., 

2022). Therefore, -irradiation is an attractive strategy for vaccine development for 

pathogens where exiting vaccine technology has not proved effective.                                                                                                       

1.6. Present study 

While M. abscessus has become an important pathogen within the context of susceptible 

populations, the complexity of the host immune response to M. abscessus infection is poorly 

understood. Without detailed understanding of the host-pathogen interplay, it is difficult to 

implement host-directed therapies and design effective vaccines to prevent infection and/or 
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disease. A major contributor to the dearth of effective treatments is the lack of consensus 

regarding a suitable animal model in which these phenomena can be studied. As such, this 

thesis aims to: 

• Establish a pulmonary in vivo mouse model in order to identify immune cell subsets 

that are important in the host response to infection, using clinically relevant M. 

abscessus isolates; 

• Define the protective effect of M. bovis Bacillus Calmette-Guérin (BCG) vaccine on 

M. abscessus infection; and 

• Identify novel vaccine candidates for the prevention of pulmonary M. abscessus 

infection using inactivation techniques.
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2.1. Materials 
2.1.1. List of reagents 

Reagents used in this study are detailed in Table 2.1.  

2.1.2. Tissue culture media 

• Complete Roswell Park Memorial Institute (cRPMI) media: sterile RPMI 1640 (Life 

Technologies, Thermo Fisher Scientific) was supplemented with 10% (v/v) heat-

inactivated foetal calf serum (FCS, 56˚C for 30 minutes) (Sigma-Aldrich), 0.5mM 2-

-mercaptoethanol (Sigma), 100 U mL-1 penicillin (Sigma-Aldrich) and 0.1% (v/v) 

streptomycin (Sigma-Aldrich). 

• RPMI with DNase/Collagenase: RPMI 1640 was supplemented with 0.1 mg mL-1 

DNase I (Worthington, Freehold, USA) and 10 U mL-1 Collagenase Type IV 

(Worthington). 

• Wash media: RPMI 1640 was supplemented with 2% (v/v) FCS. 

• Antibiotic-free media: RPMI 1640 was supplemented with 10% FCS and 0.5mM 2--

mercaptoethanol. 

2.1.3. Bacterial culture media 

• Complete 7H9 broth: 0.47% (w/v) Middlebrook 7H9 powder (Difco, Detroit, USA) was 

dissolved in triple distilled water (TDW), and autoclaved for 10 minutes at 110˚C. 

Broth was then supplemented with 0.2% (v/v) filter-sterilised glycerol (Thermo Fisher 

Scientific), 0.02% filter-sterilised Tween20 (Sigma), and ADC (Table 2.1). 7H9 broth 

was kept sterile and stored at 4˚C. 

• Complete 7H10 agar: 2.1% (w/v) Middlebrook 7H10 (Difco) agar was dissolved in 

TDW and autoclaved 110˚C for 10 minutes. This was supplemented with 0.2% (v/v) 

filter-sterilised glycerol and oleic acid-albumin-dextrose-catalase (OADC) (Table 2.1). 

Agar was immediately poured into petri dishes and stored in foil at 4˚C.  

• Sauton Media: the following ingredients were dissolved in TDW and buffered to pH 

7.2-7.4 with sodium hydroxide: 0.40% (w/v) L-Aspargin; 0.10% (w/v) magnesium 

sulphate, 7H2O; 0.07% (w/v) dipotassium hydrogen phopspate, 3H2O; 0.20% (w/v) 

citric acid; 0.0005% (w/v) ferric ammonium citrate; 0.50% (w/v) sodium pyruvate; 
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0.02% (v/v) glycerol. The medium was autoclaved at 110˚C for 10 mins and stored 

sterile at 4˚C.  

• Luria Bertani (LB) agar: 1% (w/v) LB broth powder (Difco) was dissolved in TDW with 

1.5% (w/v) bacteriological agar and autoclaved at 110˚C for 10 mins, poured into petri 

dishes and stored at 4˚C.  

Table 2.1: General reagents used in this study. 

Reagent Manufacturer Storage 
Ammonium-chloride-

potassium (ACK) Lysis 
Buffer 

Thermo Fisher Scientific 
(MA, USA) 

Room Temperature (RT) 

Advax-CpG adjuvant Provided by Professor 
Nikolai Petrovsky, School of 

Medicine, Flinders 
University (Adelaide, 

Australia) 

4˚C 

Albumin-dextrose-catalase 
(ADC): 5% (w/v) BSA, 2% 

(w/v) dextrose, 0.003% (w/v) 
catalase, dissolved in TDW 

and filter-sterilised. 

BSA: Moregate Biotech, 
Australia) 

Dextrose: Sigma 
Catalase: Sigma 

NaCl: Sigma 

4˚C, in 50 mL aliquots 

Fluorescence activated cell 
sorting (FACS) buffer: 4% 

FCS, 5 mM ethylene 
diamine tetra acetic acid 

(EDTA) in phosphate-
buffered saline (PBS); filter 

sterilised 

N/A 4˚C 

Foetal calf serum (FCS, 
heat-treated at 56˚C for 30 

mins) 

Scientifix Life (Victoria, 
Australia) 

4˚C, in 50 mL aliquots 

Neutral-buffered formalin 
(10% v/v) 

Fronine (Sydney, Australia) RT 

Oleic acid-albumin-
dextrose-catalase (OADC): 

5% (w/v) Bovine serum 
albumin (BSA) + 2% (w/v) 
dextrose + 0.004% (w/v) 

catalase + 0.05% (w/v) oleic 
acid + 0.85% (w/v) NaCl 

dissolved in TDW and filter-
sterilised 

BSA: Moregate Biotech, 
Australia) 

Dextrose: Sigma 
Catalase: Sigma 
Oleic acid: Sigma 

NaCl: Sigma 

4˚C, in 50 mL aliquots, away 
from light 

PBS/Heparin: 20 U mL-1 
Heparin in sterile PBS 

Fisions Pharmaceuticals 
(Sydney, Australia) 

4˚C 

Phosphate-buffered saline 
(PBS): 0.14 M NaCl, 2.7 mM 

KCl), 0.1 M phosphate 
buffer, pH 7.4 

Astral Scientific (Sydney, 
Australia) 

RT 

Trypsin-EDTA 0.5% (v/v) Gibco (Gaithersburg, MD, 
USA) 

4˚C 

Tween20 Sigma (St Louis, MO, USA) RT 
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2.2. Bacterial culture 
2.2.1. General mycobacterial culture 

Mycobacterium abscessus strains used in this study were kindly provided by Professor Vitali 

Sintchenko, Centre for Infectious Diseases and Microbiology, Westmead Hospital (See 

Table 3.1 for details). Mycobacterium bovis BCG Pasteur strain (ATCC35734) was also 

used in this study.  

All bacterial experiments were conducted using aseptic technique in Class II Biosafety 

cabinets in a PC2 laboratory. M. abscessus and BCG were grown in complete 7H9 media 

in a rolling incubator at 37˚C and maintained at log growth phase (OD600 0.5-1.0), which was 

measured by spectrophotometry. For bacterial enumeration, mycobacteria were inoculated 

by serial dilution onto 7H10 agar quad plates. M. abscessus plates were incubated for 5 

days, and BCG incubated for three weeks at 37˚C before being counted and expressed as 

colony forming units per millilitre (CFU/mL). 

Stocks of M. abscessus and BCG were made by culturing bacteria to OD600 0.8. Cultures 

were then centrifuged at 4800g for 10 mins at room temperature (RT), the supernatant was 

removed and the pellet resuspended in 25% (v/v) sterile glycerol in PBS. Stocks were stored 

in 1 mL aliquots in Eppendorf tubes at -80˚C. The concentration of bacterial stocks was 

enumerated approximately one week after stocks were made. Bacteria were thawed and 

prepared as described in 2.2.3 and then immediately enumerated onto 7H10 agar.  

2.2.2. Preparation of mycobacteria for infection 

Stocks of M. abscessus of known concentration were thawed quickly, centrifuged at 4800g 

for 10 mins and the pellet resuspended in 1 mL of sterile PBS. Cells were sonicated using 

the SonoPlus Ultrasonic Homogeniser (Bandelin, Berlin, Germany) for 30 seconds at 30% 

amplitude, and cooled on ice. The suspension was further diluted to the desired 

concentration for infection (CFU/mL) using antibiotic-free cRPMI for in vitro infection, or 

sterile PBS for in vivo infection. The final suspension was passed through a 26-gauge 

syringe 10 times to further disperse any clumps before infection.  

BCG was cultured to log phase, centrifuged at 4800g for 10 mins and the supernatant 

discarded. The pellet was resuspended in sterile PBS and centrifuged again at 100g for 10 

mins to pellet any clumps. The supernatant was retained and sonicated at 30% amplitude 
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for 30 seconds. The OD600 was obtained and the sample was diluted in PBS to the desired 

concentration for vaccination. Immediately prior to vaccinated, BCG was passed through a 

syringe to further disperse any remaining aggregates. 

2.2.3. Preparation of whole cell inactivated M. abscessus vaccines 

M. abscessus Strain 7 (MA07) was cultured to log phase in 7H9 media to log phase in a 

rolling incubator at 37˚C for 48-72 hours. Bacteria were centrifuged at 4800g for 10 mins 

and the pellet was resuspended in one-tenth 10% (v/v) sterile glycerol in PBS. The 

suspension was sonicated at 30% amplitude for 30 seconds, passed through a 26G syringe 

to remove any bacterial aggregates and then processed as below, depending on the 

inactivation method. An aliquot of this mixture was stored immediately at -80˚C and later 

used to estimate the concentration of bacteria as CFU/mL.  

Heat-killed M. abscessus 

The M. abscessus suspension was heat inactivated in a water bath at 80˚C for 30 mins and 

then rested on ice for 30 mins. One mL aliquots were made and stored at -80˚C until 

required. One aliquot was kept for validation of heat-killing as outlined in 2.2.3.5. 

Paraformaldehyde-inactivated M. abscessus 

M. abscessus suspension was pelleted by centrifuging at 4800g for 10 mins and the 

supernatant discarded. The pellet was resuspended in one mL 4% (v/v) paraformaldehyde 

and covered in foil. Bacteria were incubated at 4˚C in the dark with gentle agitation for 30 

mins. The fixed bacteria were then washed 3 times by centrifugation with 10% (v/v) glycerol 

in PBS, aliquoted into 1mL Eppendorf tubes and stored at -80˚C. One aliquot was kept for 

validation of PFA-inactivation as outlined in 2.2.3.5. 

Gamma-irradiated M. abscessus 

M. abscessus Strain 7 was aliquoted into 1.5 mL cryovials and placed inside 15 mL Falcon 

tubes for double concealment. Samples were transported on ice to Australia's Nuclear 

Science and Technology Organisation (ANTSO) where they were irradiated with 20kGy at 

4˚C for 8 hours. Samples were stored at -80˚C as soon as possible with one vial being kept 

for validation of -irradiation.  
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Validation of inactivation methods 

To ensure effectiveness of inactivation methods, samples was inoculated onto 7H10 agar 

plates and LB agar plates and incubator for up to 14 days to assess for any mycobacterial 

viability or contamination, respectively. The sample was also cultured in 7H9 broth and 

OD600 monitored up to 14 days for growth. Metabolic activity as assessed as outlined in 

2.4.5. 

2.2.4. Culture Filtrate Protein 

Culture filtrate proteins were harvested by Dr Claudio Counoupas. Briefly, MA07 was 

cultured to log phase in Sauton medium to a final volume of 100mL. The culture was then 

centrifuged at 4800g for 10 mins. The supernatant was collected and passed through a size 

exclusion column (10kDa). The concentration of the culture filtrate was confirmed using 

NanoDrop. 

2.3. Mammalian cell culture 

RAW264.7 cells (ATCC TIB-71) were obtained from liquid nitrogen storage, thawed and 

centrifuged at 300g for 10 mins. The pellet was resuspended in cRPMI and cultured at 37˚C 

5% CO2 in ventilated tissue culture flasks (Corning) to 80% confluence. Passaging confluent 

cells involved removing culture media and incubating with 0.1% (v/v) Trypsin-EDTA in PBS 

for 10 mins at 37˚C in 5% CO2 with intermittent agitation. The resulting suspension was 

inactivated with cRPMI and centrifuged at 300g for 5 mins. The pellet was resuspended in 

fresh cRPMI and a cell count performed in 0.1% Trypan Blue and a haemocytometer. To 

continue culturing, the cell suspension was diluted and transferred to a larger tissue culture 

flask.  

2.4. In vitro experiments 
2.4.1. Growth curve of M. abscessus strains 

For assessment of M. abscessus clinical isolates in culture, sixteen clinical isolates (Table 

3.1) were cultured in duplicate in 7H9 media to log phase. OD600 was measured and bacteria 

were diluted in 7H9 media to OD600 0.05. Samples were incubated in a rolling incubator at 

37˚C for 48 hours, with the OD600 taken every 4-8 hours.  
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2.4.2. Intracellular survival of M. abscessus clinical isolates 

RAW264.7 cells were grown to confluence and seeded into a 96-well flat-bottom tissue 

culture plate at a concentration of 106 cells/mL (105 cells per well) and incubated at 37˚C in 

5% CO2 overnight to allow them to adhere. On the day of infection, cells were washed three 

times with warm antibiotic-free cRPMI. Cells were then infected in triplicate with one of the 

sixteen M. abscessus clinical isolates at MOI 10. The inoculating dose of each M. abscessus 

strain was evaluated by enumeration on 7H10 agar. Plates were incubated for 2 hours at 

37˚C in 5% CO2 to allow M. abscessus infection of cells, and subsequently washed three 

times with warm wash media to remove extracellular bacteria. Cells were then either 

immediately lysed with sterile TDW and bacterial count enumerated on 7H10 agar, or 

incubated for a further 48 hours with antibiotic-free media, then lysed and enumerated. 

Supernatants were collected at both 2 hours post-infection (hpi) and 48hpi. Uptake was 

calculated as the percentage of bacteria in cells 2 hours after infection compared to the 

inoculating dose. Persistence within macrophages was calculated by the change in CFU 

after 48 hours normalised to the CFU at 2hpi. This assay was adapted from Bryant et al. 

(2016). 

2.4.3. Cytokine Bead Array 

Supernatants collected from infected RAW264.7 cells were analysed using BD Cytometric 

Bead Array Kit (BD Biosciences) to assess the inflammatory profile of each M. abscessus 

clinical isolate. A standard curve from 2500 pg/mL to 2.44 pg/mL was made using serial two-

fold dilutions of each cytokine being measured. Cytokines measured included GM-CSF, TNF 

and interleukin 6 (IL-6). Cytokine bead array (CBA) was performed according to the 

manufacturer’s instructions.  

CBA was also performed on lung homogenates and serum from in vivo experiments (See 

2.5). Cytokines measured in this assay included chemokine ligand 1 (CXCL1), G-CSF, IFN-

, IL-1, IL-6, interleukin 10 (IL-10), interleukin 12p40 (IL-12p40) and TNF. 

Samples were analysed using the BD LSR Fortessa X-20 and 500 events were acquired 

per sample as per the manufacturer’s instructions. Cytokine production was calculated using 

BD FCAP array software and expressed as pg/mL.  
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2.4.4. Griess Assay 

The Griess assay is a colorimetric assay that has been used extensively to measure the 

production of nitrite. In its aqueous form, NO auto-oxidises to nitrite, which is much more 

stable than NO, and therefore the Griess assay can be used as a proxy measure of NO 

concentration (Tsikas, 2007). A standard curve of sodium nitrite ranging from 100 µM to 1.5 

µM was made in duplicate using serial 2-fold dilution in cRPMI. Supernatants from infected 

cells or lung homogenates from infected mice were aliquoted into a 96-well plate, and Griess 

reagent added [0.1% (w/v) Napthyllethylene diamine dihydrochloride, 1% (w/v) 

sulphanilamide, 0.03% (v/v) phosphoric acid] and incubated at RT for 10 mins. Fluorescence 

was measured at 590nm using the Infinite M1000 Pro plate reader (Tecan, Männedorf, 

Switzerland), and the standard curve subsequently used to calculate the NO production in 

samples expressed in µM.  

2.4.5. Resazurin assay 

The resazurin assay is a colorimetric assay which relies on the reduction of nicotinamide 

adenine dinucleotide phosphate (NADPH) to nicotinamide adenine dinucleotide (NAD), 

during active metabolism, which allows resazurin to be reduced to resorufin, causing a 

colour change that can be detected as fluorescence at 590nm (Mueller et al., 2013). Heat-

killed, PFA-inactivated and -irradiated samples were incubated with 0.05% (v/v) resazurin 

(Sigma-Aldrich) in a flat-bottom 96-well plate at 37˚C overnight. Live M. abscessus and 10% 

(v/v) sterile glycerol in PBS were used as positive and negative controls, respectively. 

Absorbance was subsequently measured at 590 nm using the Infinite M1000 Pro plate 

reader. Metabolic activity of each inactivation method was expressed as the percentage of 

absorbance relative to live bacteria.  

2.5. In vivo experiments 
2.5.1. Experimental animals used for infection and vaccine experiments 

Six to eight week-old female C57BL/6 mice were used for most experiments, purchased 

from Australian BioResources (ABR, Sydney, Australia). Female C3HeB/FeJ and Tnf-/- mice 

were sourced from within the Centenary Institute. All animals were maintained under specific 

pathogen-free conditions in the Animal Facility at the Centenary Institute, and all animal 

work was conducted in certified PC2 laboratories. All experiments performed involving 
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animals were done so with approval from the Sydney Local Health District Animal Welfare 

Committee, protocol 2018/018. 

2.5.2. Vaccination of mice  

Mice were anaesthetized with isoflurane (Veterinary Companies of Australia, Kings Park, 

Australia) and vaccinated subcutaneously at the base of tail with 5 x 105 CFU BCG once in 

200 µL PBS. Some mice were vaccinated subcutaneously 106 CFU of PFA-inactivated, 

heat-killed or -irradiated M. abscessus Strain 7 in 200µL PBS, or with 20mg Advax-CpG 

(three times, two weeks apart). Mice were rested for six to twelve weeks before challenge 

with M. abscessus, depending on the experiment. 

2.5.3. Intranasal infection of mice with M. abscessus 

Prior to intranasal inoculation, mice were anaesthetized with Ketamine (80mg/kg)/Xylazine 

(10mg/kg) in 150 µL PBS via intraperitoneal injection. Anaesthesia was reversed after 

infection with intraperitoneal injection of 1 mg/kg AntiSedan (Zoetis, USA). Whilst 

anaesthetized and during recovery, mice were maintained on a heat pad at 37˚C to maintain 

body temperature.  

Once anaesthetized, mice were infected with 106 CFU M. abscessus in 25 µL PBS via the 

intranasal route. The infectious dose was verified by plating on 7H10 media lung 

homogenates collected one hour after inoculation. At various time-points, mice were 

euthanased, the lungs and spleen collected, homogenised in TDW using the Rotor Stator 

Homogeniser (Sigma, St Louis, USA), the bacterial burden enumerated on 7H10 plates and 

expressed as Log10CFU. 

2.5.4. Preparation of single cell suspensions 

Lung 

Lungs of culled mice were perfused with sterile PBS by injection into right ventricle of the 

heart until they turned white, then excised and placed in RPMI with DNA/Collagenase. The 

lungs were dissociated using a gentleMACS OctoDissociator, then incubated in a waterbath 

at 37˚C for 30 minutes. Lungs were further homogenised using the gentleMACs before being 

passed through a 40µm cell strainer. Cells were washed twice with wash media by 

centrifugation to remove excess digestive enzymes. The pellet was resuspended in 1mL 
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ACK lysis buffer for 60 seconds to remove any remaining erythrocytes, wash media added 

and cells washed a further two times by centrifugation. The final pellet was suspended in 

1mL AB-free cRPMI, and a cell count was performed on the single cell suspension using 

Trypan Blue, in order to adjust the cell concentration for future assays. 

Spleen and lymph nodes 

Spleens and mediastinal lymph nodes (mLNs) were removed from euthanased mice, placed 

into 2 mL RPMI, passed through a 40µM cell strainer and erythrocytes removed using ACK 

lysis buffer as in 2.5.4.2. The recovered cells were resuspended in 2 mL antibiotic-free 

cRPMI and a cell count performed. 

Peripheral blood 

While restrained, the lateral tail vein of mice was punctured with a scalpel to collect 

approximately 200 µL blood into a tube containing 2mL heparin (20 U mL-1) in PBS. The 

blood solution was then slowly pipetted onto 3mL of Histopaque 1083 (Sigma) without 

mixing and centrifuged at RT at 300g for 30 mins. The peripheral blood mononuclear cells 

formed a ring at the interface between aqueous and histopaque layers, which was carefully 

collected and washed twice in cRPMI. The final pellet was then resuspended in 1 mL ACK 

lysis buffer for 1 minute to lyse erythrocytes. Ten mL of cRPMI was added immediately to 

stop the reaction, cells were washed again, and a cell count performed as described for lung 

single cell suspensions.  

2.6. Immunological assays 
2.6.1. Flow cytometry 

Surface staining 

Single cell suspensions were prepared as described in 2.5.4, aliquoted into round-bottom 

96-well plates and pelleted by centrifugation at 300g for 4 mins at 4˚C. Cells were then 

stained with the following antibody panels: myeloid cells (Table 2.2) or T cells (Table 2.3). 

The supernatant was removed and the cells were stained in 50 µL of surface stain antibody 

cocktail. Plates were incubated in the dark at 4˚C shaking for 30 mins. Cells were then 

washed in 200 µL FACS buffer by centrifugation three times, then fixed in 70 µL Cytofix (BD 
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Biosciences) in the dark for 20 mins at 4˚C. Fixed cells were washed in CytoPerm (BD 

Biosciences) before intracellular staining.  

Intracellular staining 

Fixed cells were stained with 50 µL of intracellular antibody cocktail in CytoPerm for 45 

minutes at RT (Table 2.2, 2.3, 2.4). Cells were then washed with CytoPerm three times and 

stored at 4˚C in 10% neutral buffered formalin until flow cytometry acquisition. 

Restimulation assay 

Single cell suspensions were prepared as described in 2.5.4 and aliquoted into a round-

bottom 96-well plate in antibiotic free (AB-free) cRPMI. Cells were stimulated with 50 µg/mL 

M. abscessus whole cell lysate in AB-free cRPMI overnight at 37˚C. Protein Inhibitor Cocktail 

(manufacturer) was added at 1 in 500 and incubated at 37˚C for 5 hours. Cells were washed 

3 times in FACS wash, and the pellet resuspended in the restimulation panel surface stain 

cocktail as detailed in 2.6.1.1 (See Table 2.5 for antibodies used). Cells were fixed in Cytofix, 

and stained for intracellular cytokines and transcription factors as detailed in 2.6.1.2.  

Table 2.2: Monoclonal antibodies used for myeloid flow cytometry panel.  

Marker Clone Fluorochrome* Dilution Manufacturer 
CD103 2.00E+07 BV786 1 in 200 BioLegend 
CD11b M1/70 APC-Cy7 1 in 200 BD Biosciences 
CD11c N418 AF700 1 in 200 BD Pharmingen 
CD24 M1/69 BUV737 1 in 200 BD Biosciences 
CD3e 145-2C11 PECF594 1 in 200 BD Horizon 
CD45 104 BV510 1 in 200 BD Biosciences 
CD64 X54-5/7.1 PE/Cy7 1 in 200 BioLegend 
FcRIII/II 
(CD16/32) 

2.4G2 NA 1 in 200 BD Pharmingen 

Live/Dead  UV450 1 in 300  
Ly6C HK1.4 PerCP/Cy5.5 1 in 200 Invitrogen 
Ly6G 1A8 BUV395 1 in 200 BD Horizon 
MHCII M5/114.15.2 BV421 1 in 200  BD Horizon 
NOS2 CXNFT FITC 1 in 200 Invitrogen 
SiglecF E50-2440 PE 1 in 200 BD Pharmingen 

*AF700 – AlexaFluor 700; APC – allochycocyanin; Cy5.5 – cyanine 5.5; Cy7 – cyanine 7; 
FITC – fluorescein isothiocyanate; PE – phycoerythin; PerCP – peridinin chlorophyll protein; 
UV – ultra violet. 
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Table 2.3: Monoclonal antibodies used for T cell flow cytometry panel.  

Marker Clone Fluorochrome* Dilution Manufacturer 
B220 PA3-6B2 PerCP/Cy5.5 1 in 200 BD Pharmingen 
CD4 RM4-5 AF700 1 in 200 BD Pharmingen 
CD44 IM7 PE/Cy7 1 in 300 BD Pharmingen 
CD62L MEL-14 PE 1 in 300 BioLegend 
CD8a 53-6.7 APC-Cy7 1 in 200 BD Pharmingen 
FcRIII/II 2.4G2 NA 1 in 200 BD Pharmingen 
KLRG-1 2F1/KLRG1 FITC 1 in 300 BioLegend 
Live/Dead  UV450 1 in 300  
RorT Q31-378 PECF594 1 in 200 BD Horizon 
Tbet 4B10 APC 1 in 200 BioLegend 

*AF700 – AlexaFluor 700; APC – allochycocyanin; Cy5.5 – cyanine 5.5; Cy7 – cyanine 7; 
FITC – fluorescein isothiocyanate; PE – phycoerythin; PerCP – peridinin chlorophyll protein; 
UV – ultra violet. 
 
 

Table 2.4: Monoclonal antibodies used for intracellular cytokine flow cytometry 
panel.  

Marker Clone Fluorochrome* Dilution Manufacturer 
CD4 RM4-5 AF700 1 in 200 BD Pharmingen 
CD44 IM7 FITC 1 in 300 BD Pharmingen 
CD8a 53-6.7 APC-Cy7 1 in 200 BD Pharmingen 
FcRIII/II 2.4G2 NA 1 in 200 BD Pharmingen 
IFN XMG1.2 PE/Cy7 1 in 300 BD Pharmingen 
IL-17 TC11-18H10 Pacific Blue 1 in 200 BD Horizon 
IL-2 JES6-5H4 PE 1 in 200 Miltenyi Biotec 
Live/Dead  UV450 1 in 300  
TNF MP6-XT22 PerCP/Cy5.5 1 in 200 BD Pharmingen 

*AF700 – AlexaFluor 700; APC – allochycocyanin; Cy5.5 – cyanine 5.5; Cy7 – cyanine 7; 
FITC – fluorescein isothiocyanate; PE – phycoerythin; PerCP – peridinin chlorophyll protein; 
UV – ultra violet. 
 
 

Flow cytometry acquisition and analysis 

Sample analysis was conducted with the LSR-Fortessa Flow Cytometer (BD Biosciences) 

using the BD FACSDiva software. Before acquisition, compensation controls were 

generated using microbeads (BD Biosciences) stained with single fluorophores to 

compensate for any fluorescence overlap between samples. All samples were resuspended 

and filtered before running, then collected at less than 9000 events per second to ensure a 

single cell suspension was maintained.  
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General gating strategies used for flow cytometric analysis 

FlowJo was used to analyse cell subsets acquired by flow cytometry. The general gating 

strategy applied to all samples is detailed in Figure 2.1. Briefly, a size gate was used to 

select lymphocytes, followed by forward and side scatter gate to exclude doublets. The 

remaining cells were gated on Live/Dead staining, with negative cells being gated as “live”. 

For myeloid cells, the gating strategy was modified from (Misharin et al., 2013) (Figure 2.2). 

For adaptive immune cells, the gating strategy employed is shown in Figure 2.3. Further 

analysis was conducted based on surface and/or intracellular markers of interest.  

2.6.2. ELISA  

Indirect enzyme-linked immunosorbent assay (ELISA) was used to detect the presence of 

IgG antibodies in the serum of vaccinated mice post-M. abscessus challenge. Substrates 

and buffers used in this assay are detailed in Table 2.X. Corning 96 Well Clear PVC Assay 

Microplates (Sigma-Aldrich) were coated with 1µg/mL M. abscessus culture filtrate proteins 

(See 2.2.4) and incubated overnight at RT. Plates were then blocked with 3%(v/v) BSA in 

PBS for 2 hours at RT, and then washed 4 times with 0.01% Tween + 0.1% BSA in PBS. 

Serum samples were serially diluted in 1% BSA in PBS and then added to coated plates for 

1 hr at RT. After washing, primary antibody was added (Goat Anti-Mouse IgG2c heavy chain 

(Biotin) (Abcam), 1:10,000) for 1 hr at RT. Plates were washed again before the incubation 

with Streptavidin-Horse Radish Peroxidase at 1:30,000 (Abcam) for 30 mins at RT. 

Following washing, antibody binding was visualised by addition of addition of substrate (0.1 

mg/mL 3,3',5,5'-Tetramethylbenzidine (Sigma-Aldrich)) and hydrogen peroxide in 0.5 M 

phosphate citrate buffer (Sigma-Aldrich) for 5-10 mins in the dark or until complete colour 

change was observed. 10-20µL of 0.2M H2SO4 was used to stop the reaction. Absorbance 

was read at 450nm using M1000 pro plate reader (Tecan, Mannedorf, Switzerland), and 

serum antibody titres were then ascertained by fitting to a sigmoidal curve using GraphPad 

Prism 9 (GraphPad, CA, USA).  

  



Figure 2.1. Gating strategy to identify murine immune cells. Cells isolated from the 
lungs, spleen or blood were stained according to 2.6.1 and then identified based on forward 
scatter (FSC) and side-scatter (SSC) profiles. Dead cells were excluded using UV-Live 
Dead staining. Further characterisation of cells by either myeloid or T cell markers was then 
performed as per Figure 3.2 or Figure 3.3.
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Figure 2.2. Gating stratgey used to identify myeloid cell subsets by flow cytometry. 
Immune cells were gated on based on Figure 2.1. Adapted from Misharin et al. (2013).
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Figure 2.3. Identification of adaptive immune cells by flow cytometry. 
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2.7. Comparison of M. abscessus infection across two CF clinics 

This work was conducted by Anneliese Blaxland, Janine Verstraete, and Mark Zampoli, who 

have kindly permitted its inclusion in this thesis. Across a three year period (2017-2019), the 

medical records of all patients attending CF clinics at The Children’s Hospital at Westmead 

(CHW, Sydney, Australia) and Red Cross War Memorial Children’s Hospital (RCWMCH, 

Cape Town, South Africa) were examined. Ethics approval was granted by the ethics 

committee at each site (2019/ETH13741). Both CF clinics have NTM specific screening 

strategies in place to detect and identify NTM infection based on annual surveillance on 

sputum samples. The following data was collected from the medical record: Demographic 

data (age, anthropometry), class of CF-causing mutations, baseline lung function (forced 

expiratory volume in 1 second (FEV1), defined as the highest value in the calendar year, 

%predicted), BCG vaccination status and microbiology (NTM, Pseudomonas aeruginosa, 

Staphylococcus aureus, Aspergillus spp. and Mycobacterium tuberculosis). Infection was 

defined as one of two categories: intermittent, defined as any laboratory isolation during the 

year, and colonisation, defined as >3 isolates/year or >50% of samples if >4 samples/year. 

Parametric data is described as mean (SD) and compared using independent t-tests. 

Proportions were compared using chi-square tests. 

2.8. Statistical analysis 

All statistical analysis was conducted using Prism 9 for MacOS (version 9, GraphPad, CA, 

USA). The significance of protective efficacy and immunological assays were calculated 

using one-way or two-way analysis of variance (ANOVA). When statistical significance was 

assessing multiple sets of data, the Dunnet post-hoc test of significance was applied. The 

threshold for significance was defined as a p-value <0.05. 
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3.1. Introduction 

In the last two decades, Mycobacterium abscessus has emerged as a pathogen of 

increasing concern within Cystic Fibrosis (CF) patients. While initially considered to be a 

minimally virulent and self-limiting infection, M. abscessus has evolved to be an important 

respiratory pathogen in CF patients and other vulnerable populations (Bryant et al., 2016). 

As a pathogen, M. abscessus causes progressive lung function decline and reduced quality 

of life (Griffith et al., 2007). Indeed, in more serious cases, M. abscessus infection can cause 

acute respiratory failure and can be fatal (Jhun et al., 2020). It is estimated that up to 20% 

of all non-tuberculous mycobacteria (NTM) infections in CF patients are caused by M. 

abscessus, which is predicted to continue to rise (Martiniano et al., 2019).  

Although M. abscessus is potentially fatal infection in vulnerable individuals, treatment is 

problematic. M. abscessus has an extensive drug resistance profile, possessing both 

intrinsically and acquired resistance genes that make it almost impossible to treat in some 

cases (Degiacomi et al., 2019). Further, the extensive treatment regime under the current 

guidelines confers high rates of adverse effects and treatment failure (Choi et al., 2018). As 

such, further research into the host immune response to M. abscessus is required to develop 

therapies that are better able to treat infection than existing antibiotics. 

Currently, little is known about pulmonary M. abscessus infection compared to other more 

studied mycobacterial infections such as those caused by M. tuberculosis or M. avium. One 

explanation for this is a lack of consensus regarding an in vivo infection model. Zebrafish 

models are commonly utilised due to their low cost and ability to perform real-time imaging 

to assess host-pathogen interplay; however, zebrafish embryos do not possess an adaptive 

immune system, thus neglecting to identify aspects of memory formation that are essential 

in vaccine development (Novoa & Figueras, 2012). Recent studies have attempted to 

address this using adult zebrafish however, this model does not completely capture the true 

in vivo environment (Kam et al., 2022). Animal models including mice and guinea pigs have 

been explored. However, in these models there is no consensus regarding the route of 

infection, mouse strain, and degrees of persistence of M. abscessus that would allow for 

determination of immunity that best represents the clinical situation (Nicola et al., 2022). 

Over the last decade some key advances have been made in understanding the immune 

response to M. abscessus infection. It is clear that neutrophils and macrophages are 
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important in early infection from zebrafish studies (Bernut et al., 2015; Bernut et al., 2016). 

Further, it has been established that a T-helper type 1 (Th1) cell response is important in 

clearing M. abscessus infection (Bernut et al., 2017), while T regulatory populations are 

important in limiting pulmonary inflammation (Nava et al., 2022). Interestingly, recent studies 

have acknowledged that smooth (S) and rough (R) morphotypes may differentially interact 

with the immune system (Kam et al., 2022). However, the current literature is lacking 

detailed analysis of the precise immune cell populations and complex host-pathogen 

interplay required to control pathogen persistence within the host during M. abscessus 

infection.  

The current study aimed to establish a pulmonary infection model to explore in detail the 

host-pathogen responses to M. abscessus infection and further identify possible immune 

correlates of protection that could be utilised for vaccine design. Sixteen clinical isolates of 

M. abscessus from CF patients were screened for their persistence, virulence, and potential 

immunogenicity in vitro, with the most promising strains selected for in vivo characterisation 

in mice.  

  



Chapter 3: Murine model of pulmonary M. abscessus infection 

 52 

3.2. Results 
3.2.1 Assessment of the growth, persistence and inflammatory capacity of M. 

abscessus strains in vitro 

To identify M. abscessus clinical isolates that are suitable for use in mice, sixteen strains 

from various M. abscessus subspecies of both S and R morphotypes were evaluated in vitro 

(Table 3.1). However, MA05 was not able to be cultivated and hence removed from 

investigations. Firstly, the growth rates of these strains were examined in culture. This was 

assessed by measuring the OD600 of the cultures every 4 hours over a 52 hour time period. 

MA03, MA09, MA14 and MA16 demonstrated the most rapid growth rate, reaching a final 

OD600 reading of 2.820, 2.628, 2.772, and 2.754, respectively (Figure 3.1). MA01 and MA15 

appeared to be more slow-growing, reaching a final OD600 of 1.076 and 1.070 at the final 

time point, respectively. Overall, M. abscessus massiliense strains (MA03, MA06, MA08, 

MA16) appeared to be more rapid-growing than M. abscessus subsp. abscessus strains, 

however there was larger variability in the growth rates of strains classified as M. abscessus 

subsp. abscessus (Figure 3.1). There was no clear distinction between the growth rates of 

S and R morphotypes of M. abscessus.  

Once the growth rate of M. abscessus strains was established in culture, it was next 

determined whether M. abscessus isolates displayed differential invasive and persisting 

capacities in host cells. To investigate this, the murine macrophage cell line, RAW264.7, 

was infected with a multiplicity of infection (MOI) of 10:1, and bacterial load at 2 and 48 

hours post-infection (hpi) enumerated. The invasive capacity of bacteria was expressed as 

the percentage of bacterial load at 2hpi relative to the infectious dose. Overall, R strains 

typically displayed a high percentage of uptake after 2 hours compared to S strains (Figure 

3.2A). In particular, MA07, MA09, MA10, MA13 and MA15 had the greatest uptake at 2hpi; 

which were 3.27%, 4.10%, 4.11%, 4.69%, and 5.77% of total bacteria, respectively. Of the 

S morphotype, MA01, MA02 and MA08 demonstrated the greatest invasive capacity, with 

the mean percentage of uptake at 2hpi being 5.56%, 4.68% and 4.53%, respectively. To 

assess the persistence of each strain in macrophages, the fold-change in bacterial load from 

2hpi to 48hpi was calculated. Of note, MA08 and MA16 (S variants) and MA09 (R variant) 

had a reduction in bacterial load over 48 hours, whereas all other strains showed varying 

degrees of persistence in macrophages (Figure 3.2B). MA03 and MA07 displayed the 

greatest degree of persistence, with a fold-change of 5.29 and 4.79, respectively. 
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Interestingly, MA03 also displayed the poorest uptake in macrophages (0.071%) (Figure 

3.2A).  

Table 3.1: Strains of M. abscessus assessed with morphotype and subspecies, 
isolated from Cystic Fibrosis (CF) or non-CF patients. Clinical isolates were kindly 
provided by Professor Vitali Sintchenko (Centre for Infectious Diseases and Microbiology, 
Westmead Institute). Subspecies was determined using whole genome sequencing (WGS), 
which was performed by Andrea Bustamante (NSW Health Pathology). 

Strain Smooth/Rough 
Phenotype 

WGS Subspecies 
Result 

Clade WGS 
Number 

MA01 Smooth M. abscessus abscessus 1 16-3027-0041 
MA02 Smooth Unknown N/A 17-3027-0026 
MA03 Smooth M. abscessus 

massiliense 
N/A 16-3027-0045 

MA04 Smooth M. abscessus abscessus 2 17-3027-0029 

MA06 Smooth M. abscessus 
massiliense 

N/A 16-3027-0047 

MA07 Rough M. abscessus abscessus 1 16-3027-0043 
MA08 Smooth M. abscessus 

massiliense 
N/A 16-3027-0044 

MA09 Rough M. abscessus abscessus 3 16-3027-0040 
MA10 Rough M. abscessus abscessus 1 17-3027-0021 
MA11 Rough M. abscessus abscessus 3 17-3027-0002 
MA12 Rough M. abscessus abscessus 3 17-3027-0025 
MA13 Rough M. abscessus abscessus N/A 17-3027-0023 
MA14 Smooth M. abscessus 

massiliense 
N/A 17-3027-0027 

MA15 Rough M. abscessus abscessus 4 17-3027-0022 
MA16 Smooth M. abscessus 

massiliense 
N/A 16-3027-0027 

 

  



Figure 3.1. Growth curve of M. abscessus clinical isolates in vitro. Fifteen clinical isolates of M. 
abscessus were cultured to Log-phase and then diluted to OD600 0.05. Isolates were then incubated 
at 37˚C and 5% CO2 for 52 hours. The growth of isolates was estimated by taking OD600 readings in 
triplicate every 4 hours. Data shown is mean OD600 of each M. abscessus clinical isolate over 52 
hours. Data is representative of three independent experiments.
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Figure 3.2. Capacity of M. abscessus clinical isolates to invade host macrophages and persist in 
vitro. RAW264.7 cells were infected with one of fifteen M. abscessus clinical isolates (Yellow bars = 
Smooth; Green = Rough) at a MOI of 10:1 and incubated for 2 hours. Cells were washed and replen-
ished with fresh media and incubated for a further 48 hours. Samples were lysed at 2hpi and 48hpi 
and enumerated on 7H10 agar plates. (A) Percentage of M. abscessus enumerated in macrophages 
after 2 hours of infection relative to the infectious dose. (B) Fold-change in M. abscessus enumerat-
ed in macrophages after 48 hours of infection normalised to intracellular bacterial concentration 
after 2 hours of infection. (C) After 48 hours of incubation with M. abscessus strains, the production 
of NO by macrophages was assessed by performing a Griess assay on RAW264.7 supernatants. Data 
is representative of four independent experiments and is displayed as mean ± SD. Significance of 
difference between infected and uninfected cells in (C) were calculated by one-way ANOVA 
(*P<0.05, **P<0.01, ****P<0.0001). 
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All other strains displayed moderate degrees of persistence, with fold-changes in the range 

of 1.23-2.56 (Figure 3.2B). Again, there was no observable pattern in invasive or persistence 

capacity in terms of M. abscessus subspecies. 

Nitric oxide (NO) is a potent antimicrobial produced by macrophages in response to 

mycobacterial infection. As such, the capacity of M. abscessus clinical isolates to invoke a 

potent NO response in macrophages was explored by Greis Assay. NO production in 

RAW264.7 cells infected with MA07 was higher than any other M. abscessus isolate (Figure 

3.2C). There was also significant NO production in macrophages infected with MA14 and 

MA15. There was no observable difference in NO response between S and R morphotype, 

nor between M. abscessus subspecies. 

The next series of experiments assessed the capacity of M. abscessus clinical isolates to 

induce an inflammatory response in RAW264.7 cells. The supernatants of infected cells 

were collected and cytokine bead array (CBA) was performed to examine cytokine 

production by infected cells. The cytokines examined included GM-CSF, important in the 

differentiation and recruitment of myeloid cells during infection, such as dendritic cells (DCs) 

and macrophages (Hamilton, 2020); TNF, involved in a multitude of functions including iNOS 

expression and lymphocytic recruitment (Ehlers & Schaible, 2012); and IL-6, which has a 

broad effects in inflammation, and haematopoiesis. (Tanaka et al., 2014). IL-1 and IL-

12p70 were also examined, however sample readouts were below the limit of detection (data 

not shown). Overall, macrophages infected with R morphotypes produced greater 

magnitudes of cytokines. There was significant production of GM-CSF in macrophages 

infected with strains MA02, MA07, MA10 and MA15 relative to uninfected macrophages 

(Figure 3.3A). MA07 and MA10-infected macrophages displayed the highest levels of IL-6 

production (Figure 3.3B). There was also significant IL-6 detected in macrophages infected 

with MA02, MA14 and MA15 compared to uninfected cells. Finally, TNF production was 

induced by all macrophages infected with M. abscessus to some degree. Strains that 

reached statistical significance relative to uninfected controls included MA02, MA14, MA07, 

MA09, MA09, MA10, MA11 and MA15 (Figure 3.3C).  

  



Figure 3.3. Cytokine response induced in macrophages infected with M. abscessus clinical isolates 
in vitro. RAW264.7 cells were infected with one of fifteen clinical isolates (Yellow bars = Smooth; 
Green bars = Rough) of M. abscessus infected at an MOI 10:1 for 2 hours or left uninfected. Cells 
were washed and replenished with fresh media and incubated for a further 48 hours. Supernatants 
were collected after 48 hours for cytokine analysis by cytokine bead array.  Concentration of (A) 
GM-CSF, (B) IL-6 and (C) TNF  production by RAW264.7 cells 48hpi in pg/mL. Data is shown as mean 
concentration ± SD in pg/mL and is representative of two independent experiments. Significance of 
difference between infected and uninfected cells in were calculated by one-way ANOVA (*P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001).
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In conclusion, there were five strains that stood out as potential candidates for in vivo model 

of infection; MA02, MA07, MA10, MA14 and MA15. While MA02 had high uptake by 

macrophages and high levels of cytokine production in vitro, MA02 not appear to persist 

within macrophages to a significant extent, nor did it elicit a strong NO response. Further, 

the subspecies and clade details of MA02 is unknown, and therefore was not selected for in 

vivo assessment (Table 2.2). MA07 showed moderate growth in culture, high uptake and 

persistence in macrophages, high cytokine responses, and significant NO production. MA10 

demonstrated moderate to high replication capacity in culture, moderate uptake and 

persistence in macrophages, low NO production, and high cytokine production. MA14 

showed rapid replication capacity, low uptake in macrophages, moderate NO production, 

and moderate to high cytokine production. MA15 had one of the lowest growth rates 

extracellularly, but high uptake and persistence in macrophages, and significant NO 

production. In addition, MA15 was a potent stimulator of cytokine production in 

macrophages. Thus, to provide a cross section of strains representing different clades and 

morphotypes, MA07 (clade 1, R morphotype) MA11 (clade 3, R morphotype), MA14 (clade 

unknown, S morphotype) and MA15 (clade 4, R morphotype) were selected for further 

analysis.  

3.2.2 M. abscessus clinical isolates induced comparable bacterial burden and 
cellular responses in C57BL/6 mice infected via intranasal route 

The next series of experiments investigated whether there was any difference in persistence 

and immunogenicity of the selected strains in a pulmonary infection model. C57BL/6 mice 

were infected intranasally (i.n.) with 106 CFU of M. abscessus, and bacterial load, as well as 

T cell populations, were assessed at day 1, 7, 14 and 21 days post-infection (dpi) in the lung 

and spleen. In both organs, there was no significant difference between strains in the growth 

over the time period examined, although there did appear to be greater initial colonisation 

at day 1 with strains MA11 and MA15 in the lung (Figure 3.4A). The bacterial load in the 

lung peaked at 1dpi and gradually cleared over the 21 day period. In the spleen, bacterial 

load peaked 7dpi however, only small numbers of bacteria were recovered (Figure 3.4B). 

Therefore, the M. abscessus strains assessed were able to colonise the lung and were 

gradually cleared over time, with limited dissemination to the spleen.  

  



A

Figure 3.4. Persistence and immunogenicity of selected M. abscessus strains in mice. C57BL/6 mice 
(n=3) were infected with 106 CFU M. abscessus MA07, MA11, MA14 or MA15 via intranasal route. 
The lungs and spleens were collected at day 1, 7, 14 and 21 post-infection for bacterial enumeration 
and flow cytometric analysis. Bacterial load in the lung (A) and (B) spleen is represented as Log

10
 CFU 

per organ. (C) Representative FACS plots of uninfected and MA07-infected groups at day 7 post-in-
fection and (D) Mean percentage ± SEM of  CD4+ T cells in the lung over time. (E) Representative 
FACS plots of uninfected and MA07-infected groups at day 7 post-infection and (F) Mean percentage 
± SEM of  CD4+ T cells in the spleen over time. Significance of difference between infected and unin-
fected groups in (C-E) were calculated by two-way ANOVA (***P<0.001, ****P<0.0001). Dashed line 
= limit of detection of CFU. Data is representative of one individual experiment.
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The proportion of T cell populations in the lung over the course of infection were analysed. 

CD4+ T cells peaked at 14dpi for all four strains, with MA07 having a noticeably stronger 

response (Figure 3.4C-D). MA07, MA11 and MA15 demonstrated a significant increase in 

CD4+ T cell responses compared to uninfected control at this timepoint (P<0.0001). The 

accumulation of CD4+ T cells in the lung of mice infected with MA07, MA11, and MA15 

remained significantly higher than uninfected controls at 21dpi (P<0.0001, P=0.0008, 

P<0.0001, respectively). MA14 did not produce a significant CD4+ T cell response. Similar 

to the pulmonary response, CD4+ T cell responses in the spleen peaked at 14dpi across the 

four clinical isolates (Figure 3.4E-F). MA07, MA11 and MA14 displayed a significant 

increase in CD4+ T cell accumulation compared to uninfected controls at 14dpi (P<0.0001, 

P=0.0002, P<0.0001, respectively). Infection with MA15 did not induce a statistically 

significant CD4+ T cell response in the spleen compared to uninfected mice. 

While infection kinetics of the four clinical isolates were comparable, MA07 demonstrated a 

significantly stronger immunogenic profile on initial screening; that is, the CD4+ T cell 

responses in the lung and spleen post-infection were markedly increased compared to 

uninfected controls, as well as being greater than other clinical isolates. For this reason, 

MA07 was selected as the most appropriate strain to use in future studies to further elucidate 

the immune response to pulmonary M. abscessus infection. 

3.2.3 Pulmonary M. abscessus infection persists for 21 days in the lung in C57BL/6 
mice 

The kinetics of pulmonary M. abscessus infection was next examined in more detail using 

MA07 as the representative strain for these experiments. CFU from the lung and spleen 

were enumerated at timepoints up to 21dpi after i.n. infection with MA07. As evident in Figure 

3.5A, pulmonary M. abscessus infection peaked on the first day following infection, 

replicating approximately 15-fold in the first 24 hours. M. abscessus bacterial numbers 

declined from this peak at 24 hours, with a drop of approximately 4 log at 21dpi, however 

bacterial loads were still detectable in the lung at this timepoint. M. abscessus bacterial load 

peaked in the spleen at 5dpi; however, dissemination to the spleen was limited, with 

numbers peaking at approximately 103 CFU (Figure 3.5B). By 21dpi, most animals had 

cleared M. abscessus from this site. Previous literature has suggested that C3HeB/FeJ 

(Kramnik) mice offer a more persistent M. abscessus infection model (Driver et al., 2012). 

Thus, we investigated if persistence of the MA07 strain was impacted in Kramnik mice.  



A

Figure 3.5. Kinetics of M. abscessus infection in the C57BL/6 and C3HeB/FeJ mice following intra-
nasal challenge. C57BL/6 mice (n=3, A-B) or Ch3HeB/FeJ (C) were infected with 106 CFU M. absces-
sus MA07 via intranasal route. Bacterial load in the (A) lung and (B) spleen of C57/BL6, or lungs of 

C3HeB/FeJ (C) mice were enumerated at 6 hours, day 1, 3, 5, 7, 14 and 21 following infection. Data 
is expressed as mean Log

10
CFU per organ ± SEM. Dashed line = limit of detection for CFU.
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Bacterial burdens in the lung for Kramnik mice infected with M. abscessus did not appear to 

persist any longer than in C57BL/6 mice (Figure 3.5C). Further, no dissemination to the 

spleen of Kramnik-infected mice was detected (data not shown). Hence, C57BL/6 mice were 

used for all future experiments to establish a pulmonary M. abscessus infection.  

3.2.4 Marked recruitment of interstitial macrophages to the lung in response to 
pulmonary M. abscessus infection 

Pulmonary cellular infiltration was comparable between infected and uninfected mice from 

days 1-7 post-infection (Figure 3.6). There were significantly more cellular infiltrates in the 

lungs of infected mice at 14 and 21dpi (P=0.0296, P<0.0001, respectively). Various myeloid 

populations were then analysed via flow cytometry to identify cell subsets that may be 

involved the immune control of infection: alveolar macrophages (AMs), interstitial 

macrophages (IMs), neutrophils, eosinophils, monocytes, CD11b+ dendritic cells (DCs) and 

CD103+ DCs, as outlined by the gating strategy in Figure 2.2. Due to logistical constraints, 

specific natural killer (NK) cell markers were not included, and so CD11bmid cells were 

analysed as a surrogate for NK cells {Cong, 2019 #1305}. Representative FACS plots of 

these populations are shown in Figure 3.7. At 24hpi, neutrophils were the predominant 

myeloid cell subset identified in the lungs of infected mice and present at significantly higher 

proportions than uninfected mice; by day 3 the proportion of neutrophils in infected mice was 

comparable to uninfected controls (Figure 3.8A). CD11b+ DCs peaked at day 3 and returned 

to baseline at day 5, with no significant differences found across time-points (Figure 3.8B). 

CD103+ DCs peaked later, at day 14, where there were significantly higher proportions in 

infected mice compared to uninfected controls (Figure 3.8C). Interestingly, the kinetics of 

AM changes in the lung were mostly comparable between infected and uninfected mice 

across all timepoints; indeed, at day 7 there were significantly higher proportions of AMs in 

uninfected controls compared to infected mice (Figure 3.8D). Similarly, M. abscessus-

infected mice showed reduced proportions of eosinophils at days 1 and 7 post-infection 

compared to naïve controls (Figure 3.8E). Monocytes demonstrated peak accumulation at 

day 5, before dropping below uninfected controls at day 7 (Figure 3.8F). CD11bmid cells 

peaked at days 5 to 7; at this point there were significantly higher numbers in infected mice 

compared to uninfected controls (Figure 3.8G). CD11bmid cells were comparable between 

groups by day 14. Finally, the most salient finding in this experiment was the observation 

that M. abscessus-infected mice had significantly higher proportions of IMs at day 3, day 5,  



Figure 3.6. Kinetics of inflammatory cell infiltration into the lung following intranasal M. abscessus 
infection. C57BL/6 mice (n=3) were infected with 10

6

 CFU M. abscessus MA07 via intranasal route. 

Total cell number in the lung was enumerated at 6 hours, and day 1, 3, 5, 7, 14 and 21 following 

infection. Each value represents mean percentage of total lung cells ± SEM of n=3 per group. 
*P<0.05, ****P<0.0001, two-way ANOVA. 
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Figure 3.7. Representative FACS plots for myeloid subsets assessed during M. abscessus infection. 
C57BL/6 mice (n=4) were infected with 106 CFU M. abscessus MA07 via intranasal route or left unin-
fected. Lungs were collected at 6 hours, day 1, 3, 5, 7, 14 and 21 following infection and proportions 
of innate immune cells were identified using flow cytometry. FACS plots are shown for day 7 post-in-
fection. 
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Figure 3.8. Kinetics of myeloid cell accumulation in the lung over the course of intranasal M. 
abscessus infection. C57BL/6 mice (n=4) were infected with 106 CFU M. abscessus MA07 via intrana-
sal route or left uninfected. Lungs were collected at 6 hours, day 1, 3, 5, 7, 14 and 21 following infec-
tion and proportions of innate immune cells were identified using flow cytometry. For (A-H) each 
value represents mean percentage of total lung cells ± SEM of n=3-4 per group. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001, two-way ANOVA. Data is representative of two individual experiments.
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day 7 and day 14 post-infection compared to uninfected mice, with a noticeable peak at day 

7 (Figure 3.8H). Considering the importance of iNOS in the control of bacterial infections 

(Braverman & Stanley, 2017), the kinetics of iNOS production relative to bacterial clearance 

and immune cell accumulation was investigated by flow cytometry. Total iNOS production 

peaked at day 7 post-infection with M. abscessus and was significantly higher in infected 

mice compared to uninfected controls across time-points between days 3 and 14 (Figure 

3.9A-B). Once it was established that iNOS appeared to be involved in the clearance of M. 

abscessus infection, it was next determined which cell subsets were responsible for its 

production. Figure 3.8C demonstrates the percentage of iNOS production by cell subset. It 

is evident that in M. abscessus MA07-infected mice, IMs are the major contributors to iNOS 

production.  

In conclusion, i.n. infection with M. abscessus MA07 induced the accumulation of a variety 

of myeloid cell subsets in the lung, however the most noticeable change occurred in IMs. 

IMs demonstrated the greatest production of iNOS. Additionally, the high levels of iNOS 

production in infected mice correlated with bacterial clearance. 

3.2.5 Pulmonary M. abscessus infection induces a robust T-helper type 1 cell 
response in C57BL/6 mice 

To examine the adaptive immune response to intranasally-delivered M. abscessus MA07, 

flow cytometric analysis of T and B cell populations was performed. Overall, CD4+ T cells 

were the predominant adaptive immune cell type identified in the lung following M. 

abscessus infection (Figure 3.10A). These cells were significantly increased in numbers 

than uninfected controls at day 7 and 14 (P=0.033, P<0.0001, respectively), with the peak 

of the CD4+ T cell response at 14 dpi. There was no significant difference in CD8+ T cell and 

B cell numbers between infected and uninfected groups across all time-points examined 

(Figure 3.10B-C).  

It is well-established that Th1 responses are crucial in the control of mycobacterial infections 

(Shu, Wu, et al., 2019), while Th17 cells have been shown to be critical in the control of M. 

tuberculosis using a mucosal vaccination model (Counoupas et al., 2020). To examine the 

phenotype of responding CD4+ T cells in the lung, the expression of two master regulators 

of transcription was analysed; Tbet, the regulator of Th1 differentiation, and RorT, the 

regulator of Th17 cell differentiation (Mousset et al., 2019). C57BL/6 mice were infected with 

106 CFU of M. abscessus MA07 and the lungs were harvested for flow cytometric analysis 



BB

Figure 3.9. iNOS production by myeloid cells in the lung following M. abscessus infection. C57BL/6 
mice were infected with 106 CFU M. abscessus MA07 via intranasal route (n=4) or left uninfected 
(n=3). Lungs were collected at 6 hours, day 1, 3, 5, 7, 14 and 21 following infection and proportions 
of innate immune cells were identified using flow cytometry. (A) Representative FACS plots of 
percentage of total iNOS-producing CD45⁺ cells in the lung over time. (B) Percentage of iNOS⁺ cell 
over time compared to bacterial load. (C) Proportional distribution of iNOS expression identified in 
lung innate immune cells by flow cytometry following M. abscessus infection at day 7 post-infection. 
(D) Representative FACS plots of iNOS⁺ IMs. **P<0.01, two-way ANOVA. 
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Figure 3.10. Adaptive immune response to intranasal M. abscessus challenge. C57BL/6 mice were 
infected with 106 CFU M. abscessus MA07 via intranasal route (n=4) or left uninfected (n=3). Lungs 
were collected at 6 hours, day 1, 3, 5, 7, 14 and 21 following infection and proportions of innate 
immune cells were identified using flow cytometry. (A-C) Shows proportions of CD4⁺ T cells, CD8⁺ T 
cells and B cells over 21 days in infected (red) and uninfected (black) mice. (D) Representative FACS 
plots of Tbet and RorγT-positive CD4⁺ T cells in the lung at 14 days post-infection. (E) Summary data 
of differences in Tbet and RorγT expression in CD4⁺ T cells between M. abscessus-infected (red) and 
uninfected (black) mice at 14dpi. (F) Representative FACS plots and (G) summary data of M. absces-
sus-specific CD4⁺ T cells in the lung producing IFN-γ, IL-2, IL-17 and TNF in naïve mice (black) or 14 
days following M. abscessus infection (red). Data shown in A-C, E, G shows mean ± SEM for n=3-4 
and is representative of two independent experiments. Significance of difference between groups 
was calculated by two-way ANOVA (A-C) or one-way ANOVA (E, G) (*P<0.05, ***P<0.001, 
****P<0.0001). 
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over 21 days. At the peak of the CD4+ T cell response (14dpi), there was significantly higher 

levels of Tbet expression in M. abscessus-infected mice compared to naïve controls (Figure 

3.10D-E; P<0.0001). However, there was no significant difference in RorT expression 

between infected and uninfected mice (Figure 3.10D-E). Next, to determine the functional 

capacity of CD4+ T cells, cytokine production by CD4+ T cells in the lungs 14 days after 

infection was examined following restimulation with 105 CFU M. abscessus. CD4+ T cells 

expressing TNF were the most represented cell type identified, with responses significantly 

higher in M. abscessus-infected mice compared to uninfected controls (P=0.039, Figure 

3.10F-G). This was followed by IFN--producing CD4+ T cells, which were significantly 

higher in proportion in M. abscessus-infected mice (P=0.022). Both IL-2 or IL-17-expressing 

CD4+ T cells were comparable between infected and uninfected mice. In conclusion, 

intranasal M. abscessus infection in C57BL/6 mice induces a strong CD4+ T cell response 

in the lungs, which was characterised by IFN- and TNF-expressing CD4+ T cells (Th1 type) 

and peaked 14 days after infection.  

3.2.6 M. abscessus MA07 infection leads to a potent pro-inflammatory cytokine 
profile in the lung 

To examine the inflammatory milieu of the lung microenvironment following M. abscessus 

infection, chemokine and cytokine activity was measured in the lung over the course of 

infection. G-CSF, CXCL1, IL-6 peaked 6 hours after infection and rapidly returned to the 

limit of detection by 24 hours post-infection (Figure 3.11A-C; P<0.0001, P=0.061; P=0.0206, 

respectively). Production of TNF had a biphasic pattern, peaking at both 24 hours after 

infection and day 14 in M. abscessus-infected mice (Figure 3.11D). IFN- expression 

increased in M. abscessus-infected mice at day 3 and remained elevated until day 14, before 

returning to baseline at day 21 (Figure 3.11E). IL-10 was undetectable until 14 days after 

infection and remained elevated at day 21 in infected mice (Figure 3.11F). Taken together, 

these data suggest that intranasal M. abscessus infection invokes varied cytokine and 

chemokine activity at different times throughout the infectious time-course, characterised by 

TNF and IFN- production and appearance of IL-10 at late timepoints.  

  



Figure 3.11. Cytokines and chemokines produced in the lung following M. abscessus infection. 
C57BL/6 mice were infected with 106 CFU M. abscessus MA07 via intranasal route (n=4) or left unin-
fected (n=3). Lungs were collected at 6 hours, day 1, 3, 5, 7, 14 and 21 following infection and lung 
homogenate supernatant was analysed for cytokine and chemokine production by cytokine bead 
array. A-F shows the mean concentration of cytokine/chemokine ± SEM in the lung at each time-
point. Significance of difference between groups was conducted using two-way ANOVA (*P<0.05, 
**P<0.01, ****P<0.0001). Dashed line represents limit of detection for each cytokine.
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3.2.7 TNF is required for interstitial macrophage accumulation and iNOS production 
in the lung following M. abscessus infection 

Considering the accumulation of TNF-expressing CD4+ T cells and the high level of TNF in 

lung homogenates in M. abscessus-infected mice, the next series of experiments 

endeavoured to investigate how control of M. abscessus infection was impacted in the 

absence of TNF, using a tnf-/- mouse model (Saunders et al., 2004). Compared to wildtype 

(WT) mice, tnf-/ (TNFKO) mice demonstrated an impaired ability to clear M. abscessus 

infection; indeed, M. abscessus persisted to 42 days post-infection in tnf-/- mice, though this 

did not reach statistical significance (Figure 3.12A). Further, there was significantly higher 

bacterial burden in the spleen of tnf-/- mice compared to WT mice infected with M. 

abscessus, although the rate of clearance from the spleen was similar from day 7 onwards. 

(Figure 3.12B).  

Given that previous data indicated that IMs are important iNOS-producers in the lungs of M. 

abscessus mice (Section 3.2.5), we investigated their accumulation in the lung in the 

absence of TNF. In the absence of TNF, iNOS expression was almost completely abolished 

across all timepoints (Figure 3.12C-D). T-distributed stochastic neighbour embedding 

(tSNE) analysis was employed to display differences in cell subsets at day 14 post-infection. 

While most myeloid cell subsets remain unchanged, in the absence of TNF there was a 

marked absence of the IM population (Figure 3.12E). This translated to a reduced 

accumulation of IMs in the lungs of tnf-/- mice compared to WT following M. abscessus 

infection (Figure 3.12F). When TNF was not present, iNOS expression in IMs was markedly 

downregulated compared to all other cell types, which showed a marginal compensatory 

upregulation of iNOS expression (Figure 3.12G). There was also marked down-regulation 

of MHCII expression across all myeloid cell subsets in the absence of TNF. Taken together, 

these data suggest that TNF is crucial in the clearance and containment of M. abscessus 

infection in mice, which correlates with the requirement of TNF for the accumulation of IMs 

in the lungs and iNOS expression. 

3.2.8 TNF is important in Th1 differentiation and prevents T cell exhaustion 

TNF is known as an important effector cytokine of CD4+ T cells in mycobacterial infection. 

As such, the role of TNF in the adaptive immune cell response to intranasal M. abscessus 

infection was investigated. There were significantly higher proportions of CD4+ T cells in 

infected mice in the absence of TNF, persisting to day 42 post-infection (Figure 3.13A-B).  



Figure 3.12. Role of TNF in innate immune responses to pulmonary M. abscessus. C57BL/6 (red) or 
tnf-/- (blue) mice were infected with 106 CFU M. abscessus MA07 by intranasal route and lungs and 
spleen were collected 6 hours, 1, 7, 14 or 42 days after infection to enumerate bacterial load and 
assess cell subsets by flow cytometry. Bacterial load following infection is shown in the lung (A) and 
spleen (B). (C) Representative FACS plots and (D) Mean ± SEM Percentage of iNOS-producing cells in 
the lung following infection. (E) t-SNE representation of differences in cell subsets between infected 
WT (red) and tnf-/- (blue) mice at 14 dpi was generated using FlowJo software by clustering on 
phenotypic markers and subset identity was confirmed using the manual gating strategy outlined in 
Figure 2.2.(F) Proportions of interstitial macrophages in WT (red) and tnf-/- (blue) mice infected with 
M. abscessus. (G) Heat maps of geometric mean fluorescence intensity (MFI) expression of iNOS and 
MHCII for tnf-/- mice infected with M. abscessus MA07 at 14dpi, shown as fold change relative to WT 
mice. Mean values are representative of n=3-4 per group and represent two independent experi-
ments. Significance of difference between groups for (A-D) was determined by two-way ANOVA 
(**P<0.01, ****P<0.0001).
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Figure 3.13. Role of TNF in adaptive immune response to intranasal M. abscessus challenge. 
C57BL/6 (red) or tnf-/- (blue) mice were infected with 106 CFU M. abscessus MA07 by intranasal route 
and lungs were collected 6 hours, 1, 7, 14 or 42 days after infection to assess T cell subsets by flow 
cytometry. (A) Percentage of CD4⁺ T cells in the lungs of WT (red) or tnf-/- (blue) mice following M. 
abscessus infection. (B) Representative FACS plots of CD4⁺ and CD8⁺T cells lungs of WT (red) or tnf-/- 
mice 14 days following M. abscessus infection. C-F shows representative FACS plots and summary 
data of Tbet (C), M. abscessus-specific IFN-γ (D), RorγT (E), and M. abscessus-specific IL-17 (F) 
expression in WT and tnf-/- mice 14 days following M. abscessus infection. (G-H) Representative FACS 
plots and summary data of KLRG-1 expression in the lungs of WT (red) or tnf-/- (blue) mice following 
M. abscessus infection. Mean values are representative of n=3-4 per group and represent two inde-
pendent experiments. Significance of difference between groups was determined by one-way (C-F) 
or two-way (B, H) ANOVA (*P<0.05, **P<0.01, ***P<0.001).
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Further, there was a noticeable reduction in Tbet expression between WT and tnf-/- groups, 

though this did not reach statistical significance (Figure 3.13C). Importantly, in the absence 

of TNF, IFN- production was significantly reduced at 14 days-post infection with M. 

abscessus (Figure 3.13D). Conversely, there was a compensatory increase in RORT 

expression and IL-17 production by CD4+ T cells in the absence of TNF (Figure 3.13E-F). 

Recent studies in our laboratory using M. tuberculosis vaccine design revealed that killer 

cell lectin-like receptor subfamily G member 1 (KLRG-1) expression correlates with T cell 

exhaustion and terminal differentiation. These cells also displayed a reduced capacity to 

protect against infection compared with KLRG-1-negative T cells (Reiley et al., 2010). Thus, 

KLRG-1 expression in CD4+ T cells following M. abscessus infection was explored. A 

significantly higher proportion of CD4+ T cells expressed KLRG-1 in the lungs of M. 

abscessus-infected mice when TNF was not present (Figure 3.13G-H). Taken together, 

these data suggest that during intranasal M. abscessus infection, TNF is required for the 

development of a ‘Th1-like’ immune response and may limit T cell exhaustion. 
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3.3. Discussion 

M. abscessus has emerged in recent decades as a significant respiratory pathogen in 

susceptible individuals, such as CF patients and those with chronic obstructive pulmonary 

disease (COPD). However, despite the increasing concern in the medical community, little 

is known about the complex interplay between infection and the host immune response. This 

chapter therefore aimed to identify corelates of protection against M. abscessus infection, 

by identifying important immune cell subsets that could be used to develop host-directed 

immunotherapies and effective vaccine design.  

The first aim of this chapter was to identify the ability of an M. abscessus clinical isolate to 

replicate and persist within the host, as well as generate a sufficient inflammatory response. 

Previous literature has described differences in the fate of S- and R-M. abscessus strains 

during infection due to the presence of glycopeptidolipids on the surface of bacilli (Daher et 

al., 2022; Roux et al., 2016). Results presented in this Chapter showed no noticeable pattern 

in the growth rates between S- and R-M. abscessus morphotypes in growth media; there 

was however a greater proportion of R variants that had high levels of phagocytosis and 

persistence in macrophages (Figure 3.1, 3.2). This suggests that these strains may have a 

greater propensity to disseminate and propagate in infected individuals (Bryant et al., 2016), 

or alternatively, that GPL are an immune evasive mechanism to prevent phagocytosis. 

Interestingly, previous studies have suggested that R morphotypes are unable to be 

phagocytosed due to their ability to replicate in large cords (Bernut et al., 2014). This is in 

contrast with our studies, which demonstrated that R morphotypes persisted to a greater 

magnitude in macrophages compared to S morphotypes. This difference may be due to the 

use of the M. abscessus ATCC 19977 type strain in the study of (Bernut et al., 2014), while 

this Chapter made use of a panel of strains of differing phenotypes, isolated directly from 

CF patients. The finding that R morphotypes elicited a greater cytokine response by 

macrophages (Figure 3.3) is in keeping with previous studies which identified that the high 

GPL content of S morphotypes can mask antigenic properties of the bacilli, and 

subsequently a reduction in macrophage activation (Roux et al., 2016). Similarly, the high 

levels of GM-CSF, TNF and IL-6 production by macrophages infected with R-M. abscessus 

strains (Figure 3.3) may suggest a propensity of these strains to induce inflammation in the 

lung to recruit components of the adaptive immune response. Production of these cytokines 

is also important to induce both adequate clearance of infection and memory cell formation 

to prevent subsequent infection (Chen, Li, et al., 2016).  
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While a number of studies have used infection models to characterise M. abscessus 

interaction with the host, most of these studies make use of the ATCC 19977 type strain, 

which may not fully recapture the infection observed with clinical isolates (Nicola et al., 

2022). In this Chapter it was observed that M. abscessus MA07 strain persisted in mice up 

to 21 days after intranasal infection, with some dissemination of bacteria to the spleen 

(Figure 3.4). This is in contrast to a previous study in which C57BL/6 mice were inoculated 

with the ATCC 19977 strain via intratracheal route with M. abscessus fibrin plugs, which 

showed clearance by 14 days post-infection, with very minimal dissemination to the spleen 

(Caverly et al., 2015). Instead, the kinetics of infection in the present study are more in 

keeping with those in which a high dose aerosol (1000 CFU per mouse) model was used. 

Ordway and colleagues demonstrated that with this route, M. abscessus ATCC 19977 

persists between days 0 and 15 and is subsequently cleared before day 30 of infection, with 

significant dissemination to the spleen (Ordway et al., 2008). Low-dose aerosol (100 CFU 

per mouse), on other hand, did not produce any recoverable CFU from lung or spleen at any 

time following infection. Thus, it appears that strain MA07 may persist in mouse lungs to a 

greater extent than the widely used ATCC19977; direct comparison between clinical isolates 

and the reference study would delineate this. We also investigated the use of CH3eB/FeJ – 

or “Kramnik” – mice as previous literature has suggested that M. abscessus persists up to 

40 days following i.v. infection (Obregón-Henao et al., 2015). However, this was not 

replicated when administered via i.n. delivery in our study (Figure 3.5), suggesting that 

differences in persistence is dependent upon strain type in mice. Further, no observable 

difference in infection kinetics was observed after infection with different clinical isolates 

(Figure 3.4). This includes S (MA14) and R (MA07, MA11, and MA15) isolates, for which 

differences in infection dynamics have been previously reported in the literature (Bernut et 

al., 2014; Jönsson et al., 2013), as well as the worse clinical outcome for individuals infected 

with R strains (Hedin et al., 2023). This may be confounded by their differing origins, as each 

strain examined has been identified to originate from a different clade (Table 2.2). Bryant et 

al. (2016) demonstrated that different clades of M. abscessus possess varying degrees of 

virulence and can be correlated with worse clinical outcomes. Although we were unable to 

obtain S and R morphotypes of the same clinical isolates used in this study, it would be of 

interest to examine the infection kinetics of these strains in future, and where possible 

correlate this with clinical data. 

The innate immune response to infection is crucial in early control of disease, as well as 

engaging the adaptive immune response for long term protection. Following infection of mice 
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with the M. abscessus type strain, there was significant neutrophil infiltration of the 

bronchoalveolar lavage fluid (BALF) at 3 and 14 days post-infection (Caverly et al., 2015). 

Further, neutrophils have been shown to be crucial in granuloma formation in the zebrafish 

model (Bernut et al., 2016). However, in this current study, while we observed an initial spike 

in neutrophil influx to the lung, proportions rapidly dropped over the course of infection 

(Figure 3.8). This was further supported by the initial peak and rapid reduction in CXCL1 

and G-CSF (Figure 3.11), mediators important in the recruitment and function of neutrophils, 

in the lung immediately after infection (Drummond et al., 2019; Ramakrishna & Cantin, 

2018). This may be explained by the finding that R-M. abscessus morphotypes, such as the 

MA07 isolate used here, are resistant to intracellular killing by neutrophils, and are able to 

inhibit neutrophil activation (Malcolm et al., 2013). Indeed, Malcom et al. (2013) reported 

that R M. abscessus infection of neutrophils can induce apoptosis, potentially explaining the 

relatively limited neutrophil response observed here compared to previous reports.  

DCs are well known to be important antigen presenting cells (APCs) and are required to 

stimulate the adaptive immune system. When DCs are stimulated with M. abscessus 

antigens, the TLR4-MAPK signalling system drives DC maturation and strongly promotes a 

Th1 phenotype (Lee et al., 2014). In this study, we identified a biphasic infiltration of DCs; 

CD11b+ DCs were present early during infection, and CD103+ DCs were evident at later 

timepoints (Figure 3.7). In M. tuberculosis infection, CD11b+ DCs have been shown to be 

important in controlling early infection by homing to the mediastinal lymph nodes (mLN) for 

CD4+ T cell activation (Wolf et al., 2007). It is possible that the early CD11b+ response in 

the current study reflects this early activation of CD11b+ DCs for mediastinal lymph node 

(mLN) homing. On the other hand, CD103+ DCs have been shown to be crucial in controlling 

bacterial infection. In an intranasal adoptive transfer experiment, transfer of CD103+ DCs 

into the lung following Chlamydia muridarum infection induced a Th1 skewed phenotype 

(Shekhar et al., 2018). Indeed, CD103+ DC transfer resulted in better control of infection 

compared to CD11b+ DC transfer. In this chapter, the rise in CD103+ DCs correlated with 

the peak of CD4+ T cell recruitment to the lung. Thus, it could be postulated that following 

M. abscessus infection, high proportions of CD103+ DCs are important for stimulating strong 

CD4+ T cell responses and enhancing protective immunity. The DC stimulation of Th1 

phenotype is known to be mediated by IL-12p40 (Khader et al., 2006; Lee et al., 2014); 

although we could not detect IL-12p40 levels in the lung following M. abscessus infection, 

defining the interplay between DCs and CD4+ T cells during M. abscessus infection is an 

important area of future study. 



Chapter 3: Murine model of pulmonary M. abscessus infection 

 79 

It is well-known that macrophages are the principal cell subset involved in the control of 

mycobacterial infection, playing a key role in phagosome destruction of bacteria, adaptive 

cell recruitment, and can even serve as a niche in which mycobacteria can propagate (Awuh 

& Flo, 2017). In this chapter, IMs were the predominant subset identified in the lung following 

infection with M. abscessus. Historically, AMs have been deemed as the primary responders 

to mycobacterial infection; these cells reside in the alveolar air space and are largely anti-

inflammatory in the steady state, responding to the constant exposure to airway pathogens 

(Guilliams et al., 2013). During active infection, AMs can upregulate their phagocytic 

capacity and self-renew (Ardain et al., 2020). AMs are highly permissible to M. tuberculosis 

infection, providing a nutrient-dense niche in which infection can propagate (Huang et al., 

2018). Interestingly, AMs have been shown to be defective in diseases of chronic pulmonary 

inflammation – such as CF and COPD – and thus are unable to respond to infection (Allard 

et al., 2018). IMs, on the other hand, reside on the bronchial side of the alveoli and 

demonstrate high expression of monocyte lineage markers and are thought to be 

replenished from blood monocytes (Schyns et al., 2019). Similar to our findings that IMs 

were recruited during M. abscessus infection in mice, this is also true for M. tuberculosis 

(Srivastava et al., 2014). IMs are able to restrict bacterial growth, and in their absence, 

pulmonary bacterial burden dramatically rises (Huang et al., 2018). IMs have been shown 

to express high levels of MHCII (Schyns et al., 2019) and in vitro coculture experiments have 

demonstrated they have higher antigen presentation capacity than AMs, and (Chakarov et 

al., 2019). IMs also express high levels of IL-10 which dampens the immune response and 

prevents excessive immunopathology (Kawano et al., 2016). In this study, we observed IL-

10 expression in the lungs at day 7 post infection (Figure 3.11). It is possible that the 

enhanced IL-10 expression could be a result of IMs accumulating in the lung. Defining the 

cell subset expression of IL-10 expression should be possible area of future investigation. 

While outside the scope of this study, defining the role of IMs in M. abscessus by selective 

cell subset depletion (Huang et al., 2018) would be useful in defining the true role of these 

cells in bacterial control. 

This chapter demonstrates the highly novel finding that IMs are responsible for the majority 

of iNOS production after M. abscessus infection, which plays a role in bacterial clearance 

(Figure 3.9). iNOS expression allows for the production of NO, a potent antimicrobial 

molecule that is crucial for controlling infection (Ahn et al., 2021; Strijdom et al., 2009). In 

addition to possessing antimicrobial activity, NO is able to act as a secondary messenger, 

influencing expression of cytokines and chemokines to limit inflammation in the lung 
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following infection (Braverman & Stanley, 2017; Mishra et al., 2013). Previous studies have 

identified that iNOS expression is regulated by TNF and IFN- (Strijdom et al., 2009). Indeed, 

we confirmed in a M. abscessus infection model that iNOS production is abolished in the 

absence of TNF (Figure 3.12). Notably, the downregulation of iNOS expression was 

uniquely confined to the IM population, suggesting that TNF is crucial for the maintenance 

of this cell subset. There was also a lack of IM recruitment in TNF-deficient mice, significantly 

higher bacterial burden, and greater dissemination of infection to the spleen (Figure 3.12). 

This is concurrent with observations that patients on anti-TNF therapy have an increased 

susceptibility to NTM infections (Brode et al., 2015). Early during infection, TLR-4 stimulation 

by PAMPs results in NFB signalling to produce TNF along with other cytokines (Wesemann 

& Benveniste, 2003). Among other functions, such as inducing antimicrobial mechanisms 

described above, TNF is a master regulator of cytokine and chemokine expression. TNF 

depletion results in reduced expression of CXCL9 and CXCL10, which are involved in 

macrophage chemoattraction (Algood et al., 2004). Further, TNF is also able to increase the 

proliferation and differentiation of macrophages (Guilbert et al., 1993; Witsell & Schook, 

1992). The data presented in this Chapter shows that the recruitment, proliferation and 

differentiation in IMs is mediated by TNF in response to M. abscessus infection, corelating 

with previous literature. The observed increase in bacterial dissemination in TNF-deficient 

mice may be attributed to the role of TNF in granuloma formation, considering the known 

role that TNF plays in the formation of granulomas to prevent and restrict M. abscessus 

spreading within the host (Bernut et al., 2016; Jeon et al., 2009). However, it is important to 

note that bacterial clearance in the lungs began prior to the peak of iNOS expression 

following infection, and further investigation of other methods of bacterial clearance in M. 

abscessus infection will be important in further characterising the immune response to 

infection. 

Following intranasal infection with M. abscessus, CD4+ T cells were the predominant 

adaptive immune cell population recruited to the lungs, reaching maximal response 14 days 

after infection. The majority of CD4+ T cells identified in the lung were of Th1 phenotype, 

characterised by expression of its master transcription factor Tbet (Johnson et al., 2018), 

and production of TNF and IFN- (Johansen et al., 2020). IFN- and TNF are crucial effector 

molecules produced by Th1 cells at the site of infection. CD4+ T cells expressing IFN-, IL-

2 and TNF are considered key correlates of protection against mycobacterial infection 

(Counoupas et al., 2017; Lindenstrøm et al., 2014). IFN- and TNF function synergistically 
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to activate macrophages and induce iNOS expression, enhancing bacterial control (Flynn & 

Chan, 2001). Further, Th1 cells have been implicated in the containment of mycobacterial 

infection to the lung by contributing to granuloma formation (Johansen et al., 2020). 

Clinically, patients with functionally impaired T cells infected with M. abscessus have worse 

clinical outcomes, which highlights the importance of Th1 cells in adequately controlling M. 

abscessus infection (Shu, Pan, et al., 2019). The critical role of Th1 cells was also evident 

in TNF-deficient mice. In the absence of TNF, infected mice had significantly higher M. 

abscessus burden, while CD4+ T cells were elevated yet displayed lower Tbet expression 

and IFN- production (Figure 3.13). Indeed, infection of TNF-deficient mice with BCG results 

in low levels of IFN- production, which is restored when mice are infected with a 

recombinant BCG expressing TNF (Kaufmann et al., 2000). As discussed previously, TNF 

is required for the recruitment of macrophages to the infected tissue, and for the induction 

of iNOS expression and subsequent NO production for early infection control (Bekker et al., 

2001; Kaufmann et al., 2000). It is possible that this high bacterial burden results in a TNF-

independent inflammatory cascade in the lungs, which drives an influx of more CD4+ T cells 

into the lungs in the absence of TNF. For example, in the absence of TNF receptor signalling, 

mice infected with M. avium demonstrate a hyperinflammatory response, with higher levels 

of IL-12 and IFN- (Kaufmann et al., 1999). Further, TNF depletion resulted in T-helper cell 

skewing to a Th17 phenotype (Figure 3.12). We observed a compensatory increase in 

RORT expression and IL-17 production by CD4+ T cells in the lung following M. abscessus 

in TNF-deficient animals. Thus, TNF is required for the recruitment of Th1 effector cells to 

the site of M. abscessus infection to adequately control infection and in its absence, CD4+ 

T cells are functionally impaired. It is important to note however, that interpretations may be 

skewed by the effects of higher bacterial burdens which are difficult to uncouple, as antigenic 

load is thought to be a major contributor to T cell priming (Moguche et al., 2017).  

In this chapter, an intranasal model of infection using M. abscessus clinical isolates was 

established. To our knowledge, these studies are the first to define in detail the pulmonary 

cell subsets responding to M. abscessus infection. My findings identified IMs as a crucial 

immune cell subset for controlling M. abscessus infection due to their potent iNOS 

production and role in mediating Th1 responses and bacterial clearance from the lung. TNF 

is required for the control of M. abscessus infection, by its stimulation of iNOS production, 

as well as recruitment of IMs. Further, TNF is required for the differentiation of functional 

Th1 cells to the lung following M. abscessus infection. Thus, this study highlights the 

complex interplay between TNF, IMs and iNOS and how they work together to mediate both 
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early innate responses as well as how they function to induce adaptive immunity. These 

findings are significant to aid future vaccine development, as they propose correlates of 

protection against M. abscessus infection. This is a major aim of the subsequent chapters 

in this thesis. 
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4.1. Introduction 

Mycobacterium abscessus is a respiratory pathogen of increasing concern, particularly in 

patients with underlying lung pathology such as Cystic Fibrosis (CF) and Chronic 

Obstructive Pulmonary Disease (COPD) (Martiniano et al., 2019). Currently, it is estimated 

that 20% of CF patients infected with non-tuberculous mycobacteria (NTM) are infected with 

M. abscessus, an incidence that is estimated to increase further over time (Martiniano et al., 

2019). In these patients, M. abscessus in many cases causes a progressive decline in lung 

function and subsequently reduced quality of life (Griffith et al., 2007). In some more serious 

cases, it can even be fatal due to acute respiratory failure (Lee et al., 2015) with a 15-year 

cumulative mortality rate of 51% (Jhun et al., 2020). 

The poor morbidity and mortality associated with M. abscessus infection, is in part driven by 

the limited treatments available and poor response to these treatments. Due to its extensive 

drug resistance profile, patients infected with M. abscessus are recommended to undergo 

up to eighteen months of treatment with a cocktail of multiple antibiotics (Degiacomi et al., 

2019). Often, these treatment regimens result in significant adverse effects and toxicity (Choi 

et al., 2018). Further, these prolonged treatments are costly to both the individual and the 

health care system (Mirsaeidi et al., 2015). Given the difficulty in treating M. abscessus 

infection, prophylactic strategies to prevent infection are critical. Development of a vaccine 

to prevent M. abscessus infection is one such strategy that could significantly improve the 

quality of life of many CF patients as well as lower health care burden and cost. 

Mycobacterium bovis Bacillus Calmette Guérin (BCG) is currently the only approved vaccine 

to prevent tuberculosis (TB) which, until the arrival of SARS-CoV-2, was responsible for the 

greatest annual number of deaths caused by a single infectious agent worldwide (WHO, 

2021). As an attenuated strain of M. bovis, it has been safely used in humans since 1921 

(Calmette & Plotz, 1929), is relatively cheap to manufacture and is globally available 

(Kilpeläinen et al., 2018). BCG vaccination induces potent neutrophil, macrophage and 

dendritic cell (DC) responses, which in turn elicit a strong Th1 response, evident by the 

production of high levels of IFN- by CD4+ T cells in vaccinated individuals (Moliva et al., 

2017). Whilst highly protective against disseminated and meningitis TB, its efficacy against 

pulmonary TB wanes over time and ranges from 0-80% in clinical trials. This may reflect a 

number a factors including BCG strain, population genetics and impact of previous exposure 

to environmental mycobacteria (Colditz et al., 1995). BCG is known to be cross protective 
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against other NTM infections: it is currently recommended to prevent transmission of M. 

leprae, the causative agent of leprosy (Schoenmakers et al., 2020). Epidemiological data 

suggests that protection against, or delayed onset of Buruli ulcer caused by M. ulcerans 

(Pittet et al., 2021), while BCG vaccination is associated with reduced rates of M. avium 

infection in some countries (Švandová, 1994). The possible cross-protective effects of BCG 

have been explored against M. abscessus in an ex vivo model using BCG-vaccinated patient 

peripheral mononuclear blood cells (PBMCs), which showed that BCG-specific T cells 

inhibited growth of M. abscessus, as well as inducing strong IFN+CD4+ T cell responses 

when stimulated with M. abscessus ex vivo (Abate et al., 2019). While this suggests cross-

reactivity between BCG and M. abscessus, whether and how this translates to protection 

against M. abscessus infection has not been evaluated in either humans or preclinical 

models. 

In addition to its efficacy against NTM, BCG is widely known to have unique cross-protective 

properties against other unrelated pathogens through its ability to induce trained immunity. 

Through epigenetic programming BCG vaccination drives monocytes, macrophages and NK 

cells to a more “vigilant” state where they possess non-specific protection against other 

infections (Covián et al., 2019). These cells have a higher capacity to produce pro-

inflammatory cytokines, and PRRs are more responsive to PAMPs allowing for earlier 

detection and response to pathogens (Netea et al., 2011). This is evident in studies that 

have observed that BCG vaccination in some countries correlates with reduced childhood 

all-cause mortality, as well as against specific infections, which are reviewed here (Covián 

et al., 2019). 

This study aimed to assess the protective efficacy of BCG vaccination against pulmonary 

M. abscessus infection by (i), using an animal model of pulmonary M. abscessus infection 

to describe the effect of BCG vaccination on infection characteristics and immunological 

pathways, in comparison to naturally acquired immunity, and (ii) examining observational 

data regarding NTM and M. abscessus infection rates in two tertiary CF clinics with and 

without routine BCG vaccination.  
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4.2 Results 
4.2.1 M. abscessus-specific cytokine responses in murine PBMCs after BCG 

vaccination 

The previous chapter identified Th1 cells to be crucial in the control of pulmonary M. 

abscessus infection. The first series of experiments in this chapter sought to determine if 

BCG was capable of inducing cross-reactive immunity against M. abscessus in the murine 

model. In silico analysis revealed BCG Pasteur shares approximately 60% genetic 

homology with the reference strain of M. abscessus, indicating the likelihood of shared 

antigenic components (Figure 4.1). This suggests a possible mechanism of BCG-induced 

protection using a murine model of M. abscessus infection.  

To examine immunity, mice initially were either vaccinated subcutaneously (s.c.) with BCG 

or infected via the intranasal (i.n.) route with M. abscessus (MA07) (as a control for natural 

immunity acquired from prior exposure, hereafter referred to as convalescent) and the 

frequency of M. abscessus-specific T cells examined ten weeks after vaccination in the 

PBMCs of mice restimulated with 105 CFU M. abscessus MA07. BCG-vaccinated mice 

displayed significantly higher proportions of CD4+ T cells secreting IFN- compared to naïve 

mice (Figure 4.2A). BCG vaccination also induced noticeably more IL-2+ and TNF+ 

circulating CD4+ T cells, though this did not reach significance. When Boolean gating was 

performed to assess the presence of polyfunctional CD4+ T cells, BCG-vaccinated mice 

demonstrated significantly higher levels of triple-positive (IFN-+IL-2+TNF+), and double 

positive (IFN-+IL-2+; IL-2+TNF+) CD4+ T cells. Convalescent mice also had notably 

increased proportions of IFN+IL-2+TNF+ triple-positive CD4+ T cells in the blood, though this 

did not reach significance (Figure 4.2B). Thus, BCG vaccination results in significant levels 

of circulating M. abscessus-specific polyfunctional CD4+ T cells in mice.  

4.2.2 Protection conferred by BCG vaccination against intranasal M. abscessus 

infection 

To determine the impact of BCG-induced immunity on protective efficacy, vaccinated mice 

were challenged i.n. with MA07. Prior infection with M. abscessus resulted in significant 

reduction in bacterial load against subsequent M. abscessus infection in the lung (Figure 

4.3A) and spleen (Figure 4.3B) compared to unvaccinated mice (~1 log10 CFU protection in 

lung, ~2 log10 CFU in spleen), indicating that protective immunity to M. abscessus can be 



Figure 4.1. Gene homology between M. abscessus and M. bovis BCG Pasteur strain. Blast shows 
the sequence homology between M. abscessus ATCC 19977 (outer grey line) and M. bovis BCG 
Pasteur strain (turquoise). Genetic sequences were obtained from the National Centre for Biotech-
nology Information Nucleotide Database and homology assessed using its Basic Local Alignment 
Search Tool (BLAST) .



Figure 4.2. M. abscessis-specific cytokine production by circulating CD4⁺ T cells following BCG 
vaccination. C57BL/6 mice (n=4-6) were vaccinated s.c. with 106 CFU BCG, infected i.n. with 106 CFU 
M. abscessus MA07 or left untreated. Ten weeks after vaccination, PBMCs were isolated by tail vein 
bleed and restimulated ex vivo with 5x105 CFU/mL M. abscessus. IFN-γ, IL-2 or TNF was assessed 
using flow cytometry. (A) Representative FACS plots of cytokine-expressing CD4⁺ T cells in the blood 
and corresponding summary graphs of cytokine expressing cells per 106 PBMCs. (B) Proportion of 
CD4⁺ T cells expressing single, double or triple positive combinations of cytokines was determined 
using Boolean gating. Data is representative of two independent experiments and is shown as mean 
± SEM for n=4-6. Differences between BCG-vaccinated and previously-infected groups compared to 
unvaccinated controls was determined by two-way ANOVA (*p<0.05, **p<0.01). 
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Figure 4.3. Meta-analysis of the degree of protection conferred by BCG against M. abscessus. 
C57BL/6 mice were vaccinated s.c. once with 106 CFU BCG, infected i.n. with 106 CFU M. abscessus 
or left unvaccinated. Twelve weeks after vaccination, mice were challenged intranasally with 106 CFU 
M. abscessus. Seven days post-infection, bacterial load in the (A) lungs and (B) spleen was enumer-
ated. Data was pooled from two independent experiments and is represented as Log10 difference in 
CFU for individual mice compared to unvaccinated mice. Statistical significance was evaluated by 
one-way ANOVA (****p<0.0001). 
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achieved in this model. While there was some protection afforded by BCG vaccination in the 

lung (Mean 0.33 log10 CFU), this did not reach statistical significance, possibly due to wide 

variation between mice (p=.09; Range -0.30-2.32). However, BCG vaccination resulted in 

significant protection against M. abscessus in the spleen, with a reduction of ~1.5 log10 CFU 

compared to unvaccinated mice (Figure 4.3B). Thus, BCG could impart some level of 

protective immunity against M. abscessus in a murine model, which was most apparent in 

limiting dissemination of infection.  

4.2.3 Analysis of innate and adaptive cellular response after BCG vaccination and M. 

abscessus challenge.  

To determine if the recruitment, expansion and activation of immune cells subsets correlated 

with the protection observed in section 4.2.1, both the innate and adaptive cellular response 

was examined in vaccinated and M. abscessus challenged mice. Myeloid populations were 

assessed using the gating strategy outlined in Figure 2.2. When comparing the myeloid 

response to M. abscessus following vaccination, there were no significant differences 

between innate immune cell populations between BCG-vaccinated and naïve mice (Figure 

4.4A). On the other hand, convalescent mice displayed an increase in IMs in the lung 

following re-infection when compared to naïve mice (Figure 4.4A). This population was not 

evident in BCG-vaccinated mice. Further, the accumulation of IMs in re-infected mice 

correlated with a significant increase in production of iNOS in the lungs, which was absent 

in BCG-vaccinated or naïve groups (Figure 4.4B&C). The correlation between reduced 

bacterial load, IM accumulation and iNOS production in convalescent mice indicates a 

protective role for these cells. The failure of s.c.-administered BCG vaccination to induce 

this immune profile may provide one explanation for its limited protective efficacy against M. 

abscessus challenge.  

Analysis of CD4+ T cells in the lung revealed that overall numbers following M. abscessus 

challenge did not differ between BCG-vaccinated mice compared to convalescent mice 

(Figure 4.5A-C). However, there were enhanced CD4+ T cell numbers in re-infected mice 

compared to BCG-vaccinated or unvaccinated animals in the lung (Figure 4.5B). There were 

no significant differences in CD8+ T cell numbers in either BCG-vaccinated or re-infected 

mice compared to naïve controls. Interestingly, there were higher levels of B cells in the 

lungs of BCG-vaccinated mice, which was not observed in mice previously infected with M. 

abscessus (Figure 4.5B).  



Figure 4.4. Myeloid cell recruitment and iNOS production in the lung following M. abscessus chal-
lenge in BCG-vaccinated mice. C57BL/6 mice were vaccinated once with 106 CFU BCG s.c., infected 
with 106 CFU M. abscessus i.n. or left unvaccinated. Twelve weeks after vaccination, mice were chal-
lenged intranasally with 106 CFU M. abscessus. Seven days post-infection, cells were isolated from 
the lung and analysed using flow cytometry according to the gating strategy outlined in Figure 2.2. 
(A) Total numbers of myeloid cell populations in the lung 7dpi. (B) Representative FACS plots of iNOS 
expression in CD45⁺ cells in the lung 7dpi. (C) Mean ± SEM of iNOS⁺ CD45⁺ cells in the lung 7dpi. Data 
is representative of two independent experiments (n=4-6). Statistical significance was determined 
using two-way (A) or one-way (C) ANOVA (**p<0.01, ****p<0.0001). 

103

104

105

106
UNV
BCG
Conv.

ns
To

ta
l c

el
ls 

in
 lu

ng
A ****

UNV BCG Conv.
103

104

105

106 ns

**

0.39 0.91 2.63

CD
45

iNOS

B C
UNV BCG Convalescent

To
ta

l i
N

O
S+  c

el
ls 

in
 lu

ng

Monocytes

CD103⁺ DCs

CD11b⁺ DCsAMs
IMs

Neutrophils

Eosinophils

CD11bmid cells



Figure 4.5. Adaptive immune cell distribution in the lungs of BCG-vaccinated mice challenged with 
M. abscessus. C57BL/6 mice were vaccinated and challenged as described in Figure 4.4. Seven days 
post-infection, mice cells were isolated from the lung and analysed using flow cytometry following 
the gating strategy outlined in Figure 2.3. (A) Representative FACS plots of the proportion of CD4⁺ 
and CD8⁺ T cells in the lung 7dpi. (B) Representative FACS plots of proportion of B cells in the lungs 
7dpi. (C) Mean ± SEM total CD4⁺, CD8⁺ and B cells in the lung following vaccination. Data is represen-
tative of two independent experiments (n=4-6) and statistical differences were evaluated using 
two-way ANOVA (*p<0.05, ***<0.001). 
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When the expression of master regulators of T cell differentiation of CD4+ T cells in the lung 

following M. abscessus challenge were assessed, both vaccinated groups showed 

enhanced T-bet expression (Figure 4.6A, 4.6B). There was no significant difference in RorT 

expression between groups (Figure 4.6A, 4.6C), nor was there any significant IL-17 

production (data not shown). When Th1 effector cytokine production was examined, there 

was increased IFN-, IL-2 and TNF production in CD4+ T cells of convalescent re-infected 

mice (Figure 4D-4H). In contrast, CD4+ T cells from BCG-vaccinated mice elicited 

intermediate levels of IFN-, IL-2 and TNF, which did not differ significantly to the levels 

observed in unvaccinated mice. Thus, BCG vaccination in this model induced Th1-like 

responses within the lung of immunised animals, however the response was noticeably 

smaller in magnitude compared with mice previously exposed to M. abscessus. 

Convalescent mice also displayed significantly increased proportions of IFN-+TNF+ double 

positive CD4+ T cells in the lung.  

The presence of memory-like CD4+ T cells in the lungs of vaccinated mice was also 

assessed. Effector memory cells (CD44hi CD62Llo) circulate in the peripheral tissues, 

whereas central memory cells (CD44hi CD62Lhi) home to lymphoid organs (Mousset et al., 

2019). Following M. abscessus challenge, both BCG-vaccinated and previously infected 

groups showed higher levels of effector memory-like CD4+ T cells in the lungs (Figure 4.7A, 

4.7B). Central memory-like (CM) populations were not detected in appreciable numbers in 

any of the groups at the examined timepoint. Thus, these data suggest that BCG-vaccination 

and previous M. abscessus exposure induces substantial effector memory-like populations 

in the lung. 

4.2.4 Comparison of M. abscessus infection across two CF clinics 

Given the findings that BCG offers some protection against disseminated M. abscessus, 

and invokes some cross-reactive immune responses, we next sought to determine whether 

this effect correlated with epidemiological data. The medical records of all patients attending 

CF clinics at the Children’s Hospital Westmead (CHW, Sydney, Australia) where BCG 

vaccination is not routine, and Red Cross War Memorial Children’s Hospital (RCWMCH, 

Cape Town, South Africa), where children are routinely BCG-vaccinated, were examined. 

In total, 91 and 231 children attended across a three year period at RCWMCH and CHW, 

respectively. Characteristics of those children attending both clinics are summarised in 

Table 4.1. Comparing the cohorts, CHW children were taller (0.06 vs -0.57 peak height z  
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Figure 4.6. Transcription factor and cytokine production by CD4+ T cells in the lungs of BCG-vacci-
nated mice after M. abscessus challenge. C57BL/6 mice were vaccinated and challenged as in Figure 
4.4 and 7 days post-infection cells were isolated from the lung and analysed using flow cytometry. 
(A) Representative FACS plots of the proportion of CD4⁺ T cells expressing Tbet and RORγT. (B-C) 
Mean ± SEM CD4⁺ T cells expressing Tbet and RORγT respectively. (D) Representative FACS plots of 
cytokine-producing CD4⁺ T cells following ex vivo stimulation with 105 M. abscessus. (E-G) Mean ± 
SEM CD4⁺ T cells producing IFN-γ, IL-2, or TNF respectively, 7dpi. (H) Mean ± SEM CD4⁺ T cells 
production multiple cytokines as determined using Boolean gating. Data is representative of two 
independent experiments (n=5-6) and statistical differences were evaluated using two-way ANOVA 
(*p<0.05, ***<0.001).



Figure 4.7: Memory CD4⁺ T cell subsets in the lungs of BCG-vaccinated mice following M. absces-
sus challenge. C57BL/6 mice were vaccinated and challenged as in Figure 4.5 and 7 days post-infec-
tion cells were isolated from the lung and analysed using flow cytometry. (A) Representative FACS 
plots of the proportion of naïve (CD62L⁺CD44-), central memory (CM, CD62L⁺CD44⁺), and effector 
memory (EffEM, CD62L-CD44⁺) CD4⁺ T cells (B) Mean ± SEM of memory cell subsets as a percentage 
of total CD4⁺ T cells. Data is representative of two independent experiments (n=4-6) and statistical 
differences were evaluated using two-way ANOVA (*p<0.05, ***<0.001, ****<0.0001).
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Table 4.1. Characteristics of children attending the two Cystic Fibrosis clinics over 
the 3-year period of the study (2017-2019). 

 CHW, AUSTRALIA* RCWMCH, SOUTH AFRICA* 

Year 1 Year 2 Year 3 Overall Year 1 Year 2 Year 3 Overall 

No. patients 71 80 82 91 208 208 213 231 

% males 51 49 50 49 51 51 52 52 

Age (years) 8.8 8.9 9.7 9.4 9.1 9.4 9.7 9.8 

Peak FEV1 (% predicted) 88.0 86.3 85.4 91.3 95.6 96.5 94.7 98.7 

Peak Height (z score) -0.91 -0.89 -0.86 -0.57 -0.08 -0.13 -0.09 0.06 

Peak Weight (z score) -0.78 -0.74 -0.72 -0.45 -0.01 -0.03 -0.03 0.18 

Peak BMI mean (z score) -0.22 -0.26 -0.27 0.04 0.06 0.06 0.11 0.27 

Number tested for NTM (% 

sampled) 

43 (61) 41 (51) 55 (67) 77 (85) 129 

(62) 

139 

(67) 

131 

(62) 

193 

(84) 

Any NTM 

isolated (%) 2.33 4.88 1.82 7.77 4.65 5.04 6.11 5.19 

colonised (%) 0 0 0 6.74 3.88 5.76 6.11 0 

isolated or 

colonised (%) 

2.33 4.88 1.82 11.92 8.53 10.79 12.21 5.19 

M. abscessus 

isolated (%) 2.33 0 0 2.59 0.78 0 3.05 1.30 

colonised (%) 0 0 0 5.70 3.10 5.04 6.11 0 

isolated or 

colonised (%) 

2.33 0 0 7.25 3.88 5.04 9.16 1.30 

M. avium 

isolated (%) 2.33 2.44 1.82 4.66 3.88 3.60 3.05 3.90 

colonised (%) 0 0 0 1.55 1.55 1.44 0 0 

isolated or 

colonised (%) 

2.33 2.44 1.82 5.70 5.43 5.04 3.05 3.90 

M. 

intracellulare 

isolated (%) 0 4.88 1.82 1.55 0 1.44 0.76 3.90 

colonised (%) 0 0 0 0 0 0 0 0 

isolated or 

colonised (%) 

0 4.88 1.82 1.55 0 1.44 0.76 3.90 

Number tested for other 

bacteria (% sampled) 

71 

(100) 

80 

(100) 

82 

(100) 

91 (100) 208 

(100) 

208 

(100) 

213 

(100) 

231 

(100) 

Pseudomonas 

aeruginosa 

isolated (%) 28.17 18.75 29.27 45.05 19.71 14.90 15.49 35.50 

colonised (%) 16.90 18.75 14.63 28.57 13.94 12.02 9.39 19.05 

Staphylococc

us aureus 

isolated (%) 64.79 66.25 67.70 84.62 74.04 78.85 80.75 90.48 

Haemophilus 

spp. 

isolated (%) 12.68 15.00 12.20 27.47 16.83 10.58 11.74 28.14 
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Aspergillus 

spp. 

isolated (%) 25.35 21.25 20.73 32.97 22.60 25.48 23.00 37.66 

*Data is shown as mean unless otherwise indicated. The overall value is calculated from the mean result 
of data from the entire 3 year period. As such the overall % of subjects tested for NTM reflects the % of 
children screened over the entire 3 year period and is therefore higher than the individual year on year 
values. 
 

Table 4.2: Isolation, colonisation and isolation or colonisation rates of NTM and 
subspecies 

 Isolated Colonised Isolated or colonised 

 SA 

(%) 

AUS 

(%) 

p SA 

(%) 

AUS 

(%) 

p SA 

(%) 

AUS 

(%) 

p 

NTM 
(overall) 

5.2 7.8 0.45 0.0 6.7 0.02 5.2 11.9 0.10 

M. 

abscessus 

1.3 2.6 0.52 0.0 5.7 0.03 1.3 7.3 0.05 

M. avium 3.9 4.7 0.78 0.0 1.6 0.27 3.9 5.7 0.55 

M. 

intracellulare 

3.9 1.6 0.24 0.0 0.0 - 3.9 1.6 0.24 
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score, p<0.001) with higher BMIs (0.27 vs 0.04 peak BMI z score, p=0.26), yet had similar 

lung function (98.7 vs 91.3 peak FEV1 %predicted, p=0.20).  

The overall rates of NTM sampling during the three year period were equivalent between 

the RCWMCH and CHW cohort: 85% vs 84%, p=0.87. Table 1 details the rates of NTM 

isolation, colonisation, and isolation and/or colonisation between the cohorts, as well as 

other common bacterial pathogens. Overall rates of NTM isolation, colonisation, and 

isolation and/or colonisation were all numerically lower in the RCWMCH cohort vs CHW 

cohort (Table 2) and reached statistical significance for rates of NTM colonisation (0.0 vs 

6.7%, p=0.02), M. abscessus colonisation (0.0 vs. 5.7%, p=0.03), and either isolation or 

colonisation of M. abscessus (1.3% vs 7.3%, p=0.05). There was no significant difference 

for overall rates of isolation for other common CF pathogens (Table 4.2). Thus BCG 

vaccination appears to play a role in reducing colonisation/isolation of NTM in these cohorts, 

particularly M. abscessus, however further correlation analysis may be required to further 

elucidate this finding. 
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4.3 Discussion 

The major aim of this chapter was to assess the utility of BCG vaccination in providing 

protection against M. abscessus infection and to determine a role for BCG in a clinical 

context where M. abscessus infection is problematic. BCG vaccination did confer significant 

protection against dissemination of M. abscessus to the spleen, however unlike prior M. 

abscessus infection, minimal protection was afforded by BCG in the lung (Figure 4.3). BCG 

is a live-attenuated vaccine delivered parenterally that is known to be protective against 

disseminated TB (Dockrell & Smith, 2017). BCG seeds to the spleen to induce localised 

immunity, preventing significant dissemination upon subsequent intranasal mycobacterial 

challenge (Darrah et al., 2020). Indeed, BCG induced the greatest level of circulating, 

cytokine-expressing M. abscessus-specific CD4+ T cells in the blood (Figure 4.2), yet was a 

relatively poor inducer of T cell responses in the lung (Figure 4.5). While both BCG and prior 

M. abscessus infection elicited Th1 responses and multifunctional CD4+ T cells in the lung, 

convalescent mice had higher responses which correlated with the protective efficacy 

observed. The role of multifunctional CD4+ T cells in M. abscessus infection has been 

studied recently in a large cohort study, where triple-positive CD4+ T cells correlated with 

better disease control (Shu, Wu, et al., 2019). The functional capacity of triple-positive CD4+ 

T cells has also been studied in other mycobacterial models, though the evidence is less 

well-defined. In M. tuberculosis infection, polyfunctional CD4+ T cells appear to have higher 

proliferative capacity and are correlated with better disease control (Day et al., 2011). 

However, in a Phase IIb randomised control trial of the TB vaccine candidate MVA85A, 

polyfunctional T cells did not correlate with protection against M. tuberculosis (Tameris et 

al., 2013).  

Both BCG vaccination and prior M. abscessus exposure resulted in significant levels of 

effector memory-like CD4+ T cells in the lung following intranasal challenge. The presence 

of effector memory-like cells are crucial in the context of vaccine development as these cells 

are able to rapidly acquire effector functions, enabling inflammatory cytokine production to 

recruit other effector cells for early bacterial control (Kaech et al., 2002). The extensive influx 

of these cells into the lung following intranasal M. abscessus challenge in previously BCG-

vaccinated or M. abscessus-exposed mice suggests their importance in the early control of 

M. abscessus infection. BCG vaccination was also associated with elevated levels of B cells 

in the lung following M. abscessus challenge, which was not seen after prior M. abscessus 

exposure. The role of B cells in the context of BCG vaccination against M. abscessus has 
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been explored previously. Following BCG vaccination, B cell-deficient mice have 

overwhelming neutrophilia, which hinders the capacity for DC migration to the mLN in order 

to prime CD4+ T cells to induce a potent Th1 response (Kozakiewicz et al., 2013). Several 

studies have demonstrated a significant level of antigen-specific IgM and IgG production in 

the context of BCG vaccination (Tanner et al., 2019). BCG-specific antibodies have been 

shown to enhance Th1 responses in M. tuberculosis infection (Chen, Blanc, et al., 2016; de 

Vallière et al., 2005). Thus, while there is some evidence suggesting a role for B cells in 

enhancing anti-mycobacterial protective immunity, the data presented here suggests that 

expansion of BCG-specific B cells does not appear to play a major role in protection against 

pulmonary M. abscesses infection in mice.  

The next aim of this chapter was to determine whether epidemiological data shows any 

evidence of BCG conferring a protective effect against M. abscessus infection in humans. 

In paediatric CF patients in South Africa, where BCG is part of the routine immunisation 

schedule, lower rates of NTM and M. abscessus colonisation were found, as well as lower 

rates of isolation or colonisation of M. abscessus compared to those in a CF centre in 

Australia, where patients have not been vaccinated with BCG. Lower rate of infection in 

countries with routine BCG vaccination is also supported by a recent report of incidence in 

a Turkish CF centre where only 2.1% had at least one NTM positive culture from respiratory 

samples between 2012-20 (Ademhan Tural et al., 2021). While epidemiological 

observations such as this correlate with the notion of the cross-reactivity of BCG and NTM, 

it is important to consider some confounding factors that may skew the interpretation of 

these data. The overwhelming prevalence of M. tuberculosis, as well as a higher prevalence 

of ubiquitous mycobacteria in South Africa may contribute to the cross-protective immunity 

observed (Davenne & McShane, 2016). This theory is supported by evidence that prior 

sensitisation to NTMs can adversely affect protection afforded by BCG against pulmonary 

TB (Mangtani et al., 2014). Alternatively, differences in baseline prevalence of M. abscessus 

infection in South African versus Australian populations may contribute to differences seen. 

In a worldwide study of NTM prevalence by the NTM Network European Trials framework 

(NTM-NET), M. abscessus accounted for 0-2% of all NTM isolates in South Africa, 

compared with >8% of isolates in Australia (Hoefsloot et al., 2013). Given that the 

prevalence of pulmonary M. abscessus infections in Australia appears higher, this may have 

skewed the results of our study as the higher rates of infections in Australia could be due to 

the absence of BCG vaccination. While beyond the scope of this study, these confounders 
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could be addressed using a randomised control trial of BCG vaccination to prevent M. 

abscessus infection across multiple centres with differing rates of M. abscessus infection.  

It is important to note that the route of administration may play a role in the efficacy of BCG 

vaccination against M. abscessus infection when compared to convalescent infection. It is 

well-documented that mucosal and parenteral BCG vaccination confer differing levels of 

protection against mycobacteria. For example, intranasal BCG vaccination has been shown 

to induce antigen-specific tissue-resident memory T cells (Wu et al., 2021). This has been 

shown to be associated with better protection when compared directly with subcutaneous 

vaccination (Chen et al., 2004). As such, the role of pulmonary BCG vaccination in M. 

abscessus infection  would be an interesting area of future research. 

In conclusion, this chapter has explored the potential of BCG vaccination to protect against 

M. abscessus infection. While vaccination induced strong IFN--producing antigen-specific 

CD4+ T cells in the blood, it was not protective against pulmonary M. abscessus infection. 

However, the vaccine was protective against dissemination of bacteria to the spleen. BCG 

vaccination induced some level of Th1 effector responses, significant levels of EffEM 

populations in the lung, and strong B cell responses/recruitment. Although these responses 

were not sufficient to significantly protect against murine, pulmonary M. abscessus infection. 

None-the-less, the results of this chapter provide a platform for future evaluation of BCG as 

a tool for enhancing protection against M. abscessus. Further, this chapter has defined 

possible immune correlates of protection against M. abscessus. Prior-M. abscessus 

infection imparted strong protective immunity that correlated with correlated with iNOS-

producing IMs in the lung, as well as the expansion of IFN-+- and TNF+-secreting CD4+ T 

cells. Together, these provide an excellent foundation for identifying novel vaccine 

candidates to protect against M. abscessus infection, which will be further explored in 

Chapter 5 of this thesis. 
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5.1. Introduction 

Mycobacterium abscessus is a non-tuberculous mycobacterium (NTM) pathogen of 

increasing concern, due to rapidly increasing incidence of infection in people living with 

Cystic Fibrosis (CF) and other chronic respiratory pathologies (Martiniano et al., 2019). In 

this cohort, M. abscessus infection can cause progressive pulmonary function decline, 

diminish quality of life and even cause acute respiratory failure, which can be fatal (Lee et 

al., 2015). The extensive intrinsic and acquired drug resistance profile of M. abscessus 

renders it an onerous and costly ordeal to treat with antimicrobials for both the individual 

and the healthcare system (Degiacomi et al., 2019). Indeed in some cases, antimicrobials 

fail to eliminate M. abscessus colonisation from the lung (Choi et al., 2018). Preventative 

strategies such as vaccination are required to reduce the need for antimicrobials and limit 

the prevalence of M. abscessus infections in the CF community.  

At the time of writing, very little literature exists in the field of vaccine design for M. abscessus 

infection. Reverse vaccinology has been used to produce a M. abscessus Phospholipase C 

(PLC) DNA vaccine, which elicited a strong IgG response in a mouse model of CF (Le 

Moigne et al., 2015). Interestingly, this effect was diminished in wildtype (WT) mice. In 

another study by the same group, immunisation with virulence factor MtgC DNA also 

induced protection against M. abscessus infection and antibody titres in CF mice (Le 

Moigne, Belon, et al., 2016). Vaccination of CF mice with TLR2 enriched fraction (TLR2eF), 

a M. abscessus cell wall component known to be a potent stimulator of TLR2-mediated 

inflammation, did not provide significant protection against aerosol M. abscessus challenge, 

but conferred some protection against intravenous M. abscessus challenge (Le Moigne, 

Roux, et al., 2020). Importantly, none of these studies reported on the role of cellular-

mediated immunity in protection against M. abscessus infection. This is an obvious limitation 

of previous studies, as the role of cell mediated immunity in the control of mycobacterial 

infection is well established (Han et al., 2020; Mauch et al., 2020). Lee et. al (2016) 

described D-alanyl-D-alanine dipeptidase as a potential vaccine candidate, due to its potent 

role in dendritic cell (DC) activation and Th1 cell polarisation, however assessment of 

vaccine efficacy has not been performed. More recently, in silico analysis of the M. 

abscessus genome has identified core proteins as potential subunit vaccine candidates (Dar 

et al., 2021). Computational analysis of protein structures and receptor binding revealed 

their potential in TLR2 stimulation and lymphocyte activation (Dar et al., 2021). However, 

translation of this data into an animal model is required to assess protective efficacy. 
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Most candidates proposed to combat M. abscessus infections have been DNA or protein 

subunit vaccines. Whole-cell vaccines (WCV) are a strategy that has been used to engineer 

vaccines against many other diseases, such as influenza, polio and rabies. WCV are an 

attractive approach for vaccine design in that they contain a more diverse antigenic profile 

than subunit vaccines (Schrager et al., 2020). In whole cell mycobacterial vaccine 

candidates, the presence of lipids, glycolipids and other metabolites on the mycobacterial 

cell wall is thought to recruit diverse components of the immune system, thus contributing 

to a more robust response and stronger induction of protective immune responses (Busch 

et al., 2016; Spencer et al., 2008; Van Rhijn & Moody, 2015). For inactivated WCVs, heat 

or chemical inactivation are common methods that have been used for vaccine 

development. However, some studies suggest that heat and chemical treatments can alter 

the structure of surface antigens, rendering them less immunogenic (Fertey et al., 2016; 

Sabbaghi et al., 2019). Gamma-irradiation is an alternative inactivation treatment which 

targets nucleic acids while preserving antigenic epitopes on the cell surface, therefore 

maintaining immunogenic potential (Babb et al., 2016). Intranasal immunisation with -

irradiated Streptococcus pneumoniae induced potent antibody responses and conferred 

significant protection when compared to heat-killed or formalin-inactivated S. pneumoniae 

(Jwa et al., 2018). 

This Chapter aimed to assess the protective efficacy of three WCVs engineered by -

irradiation, heat treatment or paraformaldehyde inactivation of M. abscessus. Both 

subcutaneous and intranasal vaccine delivery was explored. The intranasal pulmonary 

infection model from Chapter 3 was used here to examine the immunogenicity and 

protective efficacy afforded by each vaccine type. Further, addition of a delta inulin 

polysaccharide adjuvant, AdvaxCpG, was used in combination with -irradiated M. abscessus 

to develop combination vaccines with enhanced immunogenicity.  
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5.2. Results 
5.2.1 Inactivation of M. abscessus MA07 to produce novel vaccine candidates 

The first aim of this Chapter was to create three vaccine candidates from different 

inactivation methods described in the literature: -irradiated (-Mabs), heat-killed (HK-Mabs) 

or paraformaldehyde (PFA)-inactivated (PFA-Mabs), using the procedures detailed in 

Chapter 2.2.3. To verify these, single cell culture of M. abscessus MA07 were inactivated 

using the three methods, and viability was assessed by measuring growth on solid agar. All 

inactivation methods resulted in strains with no growth on media after four weeks of 

incubation (Figure 5.1). Given that -irradiation damages nucleic acids while preserving 

protein structure and function, it is believed that irradiated material should remain somewhat 

metabolically active, while DNA replication is arrested (Jwa et al., 2018). Metabolic activity 

was measured using the resazurin assay, which is a colorimetric assay that measures the 

reduction of resazurin to resorufin by NAD in actively metabolizing cells (Präbst et al., 2017). 

-Mabs showed metabolic activity comparable to live M. abscessus controls, while HK-Mabs 

or PFA-Mabs showed no activity (Figure 5.1). Thus, -Mabs maintains some metabolic 

activity while remaining non-viable and unable to replicate, while other inactivation 

techniques do not preserve metabolic function.  

The differential metabolic activity of the different inactivated vaccines suggests that they 

have different capacities to activate host cells. To assess this ability, the three WCV 

candidates were incubated with RAW264.7 cells in vitro and chemokine/cytokine production 

was determined in the cell culture supernatants. Overall, the strongest chemokine 

responses were seen with -Mabs or live M. abscessus-stimulated cells. -Mabs produced 

significant levels of CCL3 (MIP-1) compared to unstimulated or other vaccine groups 

(Figure 5.2A). CCL22 production was significantly increased in all inactivated vaccine 

groups compared to unstimulated cells, but not in the live bacteria group (Figure 5.2B). 

CCL5 levels were similar across all vaccinated groups with greatest responses observed in 

-Mabs vaccination (Figure 5.2C). There was no significant difference in CCL2 (MCP-1) 

production by any of the vaccinated groups compared to unstimulated cells (Figure 5.2D). 

When cytokine production was assessed, only live M. abscessus resulted in significantly 

higher levels of GM-CSF and IL-1 compared to unstimulated cells (Figure 5.2E,F). 

Similarly, -Mabs was the only vaccine capable of stimulating significant release of IL-6 

(Figure 5.2G). TNF production was highest in live-stimulated and HK-stimulated cells, but  



Figure 5.1. Viability and metabolic activity of inactivated M. abscessus vaccine candidates. M. 
abscessus MA07 vaccines were prepared  as described in 2.2.3. (A) Representative flow diagram of 
how viability and metabolic activity was assessed. (B) Summary table of viability and metabolic 
activity of M. abscessus vaccine candidates compared to live MA07 culture. (C) Percentage of meta-
bolic activity of M. abscessus vaccine candidates relative to live MA07 culture.
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Figure 5.2. In vitro cytokine and chemokine production by RAW 264.7 cells following stimulation 
with M. abscessus vaccine candidates. RAW264.7 cells were stimulated with live M. abscessus, or 
γ-irradiated (γ-Mabs), heat-killed (HK-Mabs) or paraformaldehyde-inactivated M. abscessus  
(PFA-Mabs) at a MOI of 10:1 for 2 hours. The supernatant was analysed for cytokine and chemokine 
production by cytokine bead array as per manufacturer’s instructions. (A-H) Mean concentration of 
cytokine/chemokine ± SEM (n=3). Data shown is representative of one experiment. Statistical analy-
sis was conducted using two-way ANOVA compared to unstimulated samples (*P<0.05), **P<0.01, 
***P<0.001, ****P<0.001; ns=not significant). Dashed line = limit of detection.
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was also significantly increased in cells stimulated with -irradiated and PFA-inactivated 

vaccines (Figure 5.2H). Thus while all inactivated vaccine strains could stimulate release of 

chemokine/cytokine by RAW macrophage cells, the most diverse response was observed 

with -Mabs. 

5.2.2 Protection against M. abscessus challenge by inactivated vaccines  

The next series of experiments examined the protective efficacy of inactivated M. abscessus 

vaccines and determined if any particular immune signatures correlated with protection 

against pulmonary M. abscessus challenge. Mice were vaccinated via subcutaneous (s.c.) 

route with -Mabs, HK-Mabs and PFA-Mabs vaccines three times, two weeks apart. Given 

that mucosal vaccination has also been shown to be effective in murine models of pulmonary 

M. tuberculosis infection (Counoupas et al., 2020), the protective efficacy of intranasal (i.n.) 

-Mabs was also examined. Preliminary studies showed that -Mabs was the most 

immunogenic formulation, and so it was selected as the i.n. test group. After vaccination 

mice were rested for seven weeks and then challenged with i.n. M. abscessus. Lungs and 

spleen were harvested for enumeration of bacterial load and flow cytometric assessment of 

immune cell phenotype at 7 days post-infection (Figure 5.3A). 

After vaccination, and prior to pulmonary challenge, mice were bled to assess the presence 

of vaccine-specific T cells, by ex vivo stimulation of peripheral blood mononuclear cells 

(PBMCs) with 105 CFU M. abscessus culture. No significant difference in the proportions of 

circulating CD4+ or CD8+ T cells was observed (Figure 5.3B-C). Given that a Th1 CD4+ T 

response has been previously identified to correlate with the control of M. abscessus 

infection (Chapter 3), Tbet production was examined, the transcription factor driving Th1. 

Vaccination with s.c. -Mabs or HK-Mabs induced significantly higher levels of Tbet-

expressing CD4+ T cells compared to naïve, i.n. -irradiated or PFA-inactivated vaccination 

groups (Figure 5.3D-E; P<0.001, P<0.05, respectively). Indeed, -Mabs vaccination induced 

the highest Tbet expression. Further, s.c. -Mabs vaccination induced greater levels of IFN-

- and TNF-producing CD4+ T cells compared to unvaccinated mice (Figure 5.3F-G, J-K; 

P<0.05, P<0.01, respectively). IL-2 production by CD4+ T cells was not significantly different 

across any of the vaccinated groups when compared to unvaccinated mice (Figure 5.3H-I). 

Therefore, vaccination with -Mabs induced a higher number of circulating vaccine-specific 

Th1 CD4+ T cells compared with other vaccine types. Intranasal -Mabs vaccination did not 

result in any difference in circulating CD4+ T cells. 



Figure 5.3. Vaccine-mediated induction of circulating cytokine-producing CD4⁺ T cells. C57BL/6 
mice (n=6) were vaccinated three times, two weeks apart intranasally (i.n.) with 106 CFU γ-Mabs, or 
subcutaneously (s.c.) with 106 CFU γ-Mabs, HK-Mabs or PFA-Mabs. Four weeks after the last vaccina-
tion, mice were bled to isolate PBMCs (A). Cells were restimulated ex vivo with M. abscessus and 
CD4⁺ and CD8⁺ T cell proportions (B-C), and expression of Tbet (D-E), IFN-γ (F-G), IL-2 (H-I) or TNF 
(J-K) CD4⁺ T cells were assessed by flow cytometry. Data is represented as mean number of cells 
producing transcription factor or cytokine per 106 PBMCs ± SEM. Data shown is representative of 
one experiment. Statistical significance was determined by ANOVA (*P<0.05, **P<0.01, ***P<0.001;  
ns=not significant).
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Protection conferred by the vaccine candidates was assessed by challenging the mice with 

i.n. M. abscessus and enumerating the CFU in the lungs and spleen 7 days post-challenge. 

In the lungs, -Mabs and HK-Mabs vaccination conferred significant protection, resulting in 

approximately 1.5-log reduction in bacterial load compared to unvaccinated mice (Figure 

5.4A, P<0.05). Intranasal -irradiated and PFA-inactivated M. abscessus vaccination did not 

confer any significant difference in pulmonary bacterial load compared to unvaccinated 

groups (Figure 5.4A). To examine whether the vaccine candidates provided any protection 

against disseminated infection, bacterial load in the spleen was assessed. None of the 

vaccination types resulted in significant different in bacterial load in the spleen when 

compared to unvaccinated mice (Figure 5.4B). Therefore, WCV candidates -Mabs and HK-

Mabs induce circulating Th1 cells and protect mice from pulmonary M. abscessus infection.  

5.2.3 Protective M. abscessus vaccines induce strong innate immune cell 
responses, including a marked interstitial macrophage recruitment 

Flow cytometry was used to assess the immune cell phenotype in the lungs 7 days after M. 

abscessus challenge in vaccinated and unvaccinated mice. Overall, there was a marked 

increase in total CD45+ cells in the lungs of s.c. -Mabs and HK-Mabs-vaccinated groups 

compared to unvaccinated mice (Figure 5.5; P<0.0001, P<0.001, respectively). The 

composition of the innate immune response was assessed by applying the myeloid gating 

strategy outlined in Figure 2.2. Representative FACS plots of the proportions of each innate 

immune cell subset examined in each vaccination group is shown in Figure 5.6.  

The total number of alveolar macrophages (AMs) were not significantly different between 

groups, however there were noticeably higher numbers of AMs in intranasally-vaccinated 

mice (Figure 5.7A). Monocytes in the lungs were only altered in s.c. -Mabs vaccinated mice 

compared to unvaccinated mice, with a significant drop in cell number (Figure 5.7B; P<0.05, 

P<0.01, respectively). Strikingly, the most protective vaccines (s.c. -Mabs and HK-Mabs) 

induced significant increases in numbers of interstitial macrophages (IMs) and CD11bmid 

cells, which was not observed with other vaccinated groups (Figure 5.7C,D). Subcutaneous 

delivery of -Mabs, HK-Mabs or PFA-Mabs induced a significant neutrophil response 

following pulmonary M. abscessus challenge (Figure 5.7E; P<0.01, P<0.05, P<0.05, 

respectively). Examination of DC recruitment to the lungs after M. abscessus challenge 

revealed no significant difference in CD11b+ DC populations (Figure 5.7F). However there  



Figure 5.5. Immune cell recruitment to the lungs in vaccinated mice following pulmonary M. 
abscessus challenge. C57BL/6 mice (n=6) were vaccinated and challenged as described in Figure 5.4. 
7 days post-challenge, lungs were processed into single cell suspensions and cell number deter-
mined by flow cytometry. Data mean total CD45⁺ cells in the lung±SEM 7 days post-infection. Data 
representative of one independent experiment for i.n. γ-irradiated vaccination and two indepen-
dent experiments for s.c. vaccinations. Statistical significance was determined by ANOVA 
(***P<0.001, ****P<0.001; ns=no significance).
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Figure 5.6. Proportions of myeloid cells in the lungs of vaccinated mice following pulmonary M. 
abscessus challenge. C57BL/6 mice (n=6) were vaccinated and challenged as in Figure 5.4. 7 days 
post-challenge, lungs were processed into single cell suspensions and stained for myeloid cell 
surface markers. Data shows representative FACS plots for myeloid populations assessed by flow 
cytometry and is representative of one independent experiment for i.n. γ-Mabs vaccination and two 
independent experiments for s.c. vaccinations.
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Figure 5.7. Myeloid cell recruitment to the lungs of vaccinated mice following pulmonary M. 
abscessus challenge. C57BL/6 mice (n=6) were vaccinated and challenged as in Figure 5.4. 7 days 
post-challenge, lungs were processed into single cell suspensions and stained for myeloid cell 
surface markers. Numbers of alveolar macrophages (A), monocytes (B), interstitial macrophages (C), 
NK cells (D), neutrophils (E), CD11b⁺ DCs (F), CD103⁺ DCs (DCs; G), or eosinphils (H) were deter-
mined by flow cytometry using the gating strategy detailed in Figure 2.2. Data shows mean cell 
number ± SEM in lungs 7 days post-challenge. Data representative of one independent experiment 
for i.n. γ-irradiated vaccination and two independent experiments for s.c. vaccinations. Statistical 
significance was determined by ANOVA (*P<0.05, **P<0.01, ***P<0.001, ****P<0.001; ns=no 
significance).
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were significantly higher numbers of CD103+ DCs in s.c. -Mabs and HK-Mabs vaccinated 

groups compared to unvaccinated mice (Figure 5.7G; P<0.01, P<0.05, respectively). There 

was no significant difference in eosinophils between vaccinated and unvaccinated groups 

(Figure 5.7H).  

To define a possible mechanism for the link between elevated innate immune cells 

populations and protective efficacy, iNOS production in vaccinated groups was examined 

(Chapter 3). -Mabs vaccination resulted in the greatest number of iNOS+ CD45+ cells in the 

lungs 7 days following M. abscessus challenge (Figure 5.8A,B; P<0.001). Mice vaccinated 

with s.c. HK M. abscessus also had significantly higher iNOS production in the lungs 

compared to unvaccinated mice (Figure 5.8A,B; P<0.05). When examining the distribution 

of iNOS production, it was evident that IMs were responsible for almost all observed iNOS 

production in s.c. -Mabs and HK-Mabs vaccinated mice. Whereas iNOS production for i.n. 

-Mabs or PFA-Mabs vaccinated groups was distributed more evenly between AMs and IMs 

(Figure 5.8C). Thus -Mabs and HK-Mabs vaccines, delivered subcutaneously, drive a 

potent lung localised IM response characterised by iNOS production. 

5.2.4 Subcutaneous -irradiated and heat-killed M. abscessus vaccines induce 

strong Th1 CD4+ T cell responses in the lungs following pulmonary M. 

abscessus challenge 

Next, the adaptive immune response following vaccination and pulmonary M. abscessus 

challenge was examined. There was no significant difference in the number of CD8+ T cells 

in the lungs of vaccinated mice when compared to unvaccinated mice (Figure 5.9A, B). 

However, there were enhanced numbers of CD4+ T cells in the lungs of mice previously 

vaccinated with s.c. -Mabs or HK-Mabs (Figure 5.9A-B, P<0.0001). There were significantly 

more Tbet-producing CD4+ T cells in the lungs of mice vaccinated with s.c. -Mabs or HK-

Mabs, suggestive of a Th1 phenotype (Figure 5.9C,D; P<0.0001). Given that mucosal 

vaccinations have been shown to induce Th17 CD4+ T cell responses, RORT expression 

was also examined as the transcription factor driving Th17 polarisation (Counoupas et al., 

2020). There was no appreciable RORT expression observed across unvaccinated and 

vaccinated groups (data not shown).  

Finally, the memory cell phenotype induced after pulmonary M. abscessus challenge was 

assessed. Mice previously vaccinated with s.c. -Mabs or HK-Mabs showed increased  
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Figure 5.8. iNOS production in the lungs of vaccinated mice following pulmonary M. abscessus 
challenge. C57BL/6 mice (n=6) were vaccinated and challenged as described in Figure 5.4. 7 days 
post-challenge, lungs were processed into single cell suspensions and stained for myeloid cell 
surface markers and intracellular iNOS expression. (A) Representative FACS plots of iNOS production 
by CD45⁺ cells in the lung. (B) Mean percentage of iNOS⁺ CD45⁺ cells in the lung ± SEM. (C) Distribu-
tion of iNOS production amongst myeloid cells in the lungs 7 days post-challenge. (D) Representative 
FACS plots of iNOS⁺ IMs. Data representative of one independent experiment for i.n. γ-irradiated 
vaccination and two independent experiments for s.c. vaccinations. Statistical significance was 
determined by ANOVA (*P<0.05, ***P<0.001; ns=no significance).



Figure 5.9. T cell recruitment and phenotype in the lungs of vaccinated mice following pulmonary 
M. abscessus challenge. C57BL/6 mice (n=6) were vaccinated and challenged as described in Figure 
5.4. 7 days post-challenge, lungs were processed into single cell suspensions and stained for T cell 
surface markers and transcription factor expression. (A-B) Numbers of CD4⁺ and CD8⁺ T cells  in the 
lung following M. abscessus challenge. (C-D) Tbet-expressing CD4⁺ T cells in the lung following M. 
abscessus infection.  (E-F) Memory CD4⁺ T cell populations  were determined by flow cytometry; 
Naive (CD44loCD62Lhi), Effector-like (EffEM, CD44hiCD62Llo), and Central Memory (CM, 
CD44hiCD62Llo). Data shown is representative FACS plots and mean cells±SEM in the lung 7 days 
post-challenge. Data representative of one independent experiment for i.n. γ-irradiated vaccination 
and two independent experiments for s.c. vaccinations. Statistical significance was determined by 
ANOVA (*P<0.05, **P<0.01, ***P<0.001, ****P<0.001; ns=no significance).
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 numbers of effector-type (CD44+CD62L-) CD4+ T cells in the lungs (Figure 5.9 E-F; 

P<0.0001). There was no difference observed in CD4+ T cells displaying a naïve phenotype 

(CD44-CD62L+) or central memory phenotype (CD44+CD62L+) across all vaccinated groups 

when compared with unvaccinated mice (Figure 5.9E-F). 

5.2.5 Mucosal delivery of -irradiated M. abscessus vaccine induces a stronger B-

cell response than subcutaneous vaccination 

While i.n. -Mabs did not display a markedly different CD4+ T cell phenotype, B cells were 

significantly increased in mice previously vaccinated with i.n. -Mabs following pulmonary 

challenge with M. abscessus in the lungs (Figure 5.10A). When expressed as total number 

of B cells in the lungs, there were significantly more B cells in i.n. -Mabs, s.c. -Mabs and 

HK-Mabs vaccinated mice (Figure 5.10B; P<0.05, P<0.0001, P<0.001, respectively). This 

correlated with a noticeably higher titre of M. abscessus-specific IgG antibodies in the lungs 

in mice vaccinated with i.n. -Mabs following infection, however this did not reach statistical 

significance (Figure 5.10C). Therefore, mucosal vaccination induced a potent B cell 

response in the lungs following M. abscessus challenge, which correlated with stronger 

antibody production.  

5.2.6 Impact of AdvaxCpG adjuvant on immunogenicity and protective efficacy of -

irradiated M. abscessus  

Given the vaccine potential of -Mabs, we aimed to enhance its protective efficacy with the 

addition of an adjuvant. AdvaxCpG has been shown to afford significant protection against 

other mycobacterial pathogens, when combined with immunogenic antigens (Counoupas et 

al., 2020; Counoupas et al., 2017; Quan et al., 2021). To examine the impact of AdvaxCpG 

on vaccine efficacy, mice were vaccinated s.c. three times, two weeks apart with -Mabs 

alone or in combination with AdvaxCpG (-Mabs-AdvaxCpG), then rested for six weeks before 

pulmonary M. abscessus challenge. Seven days after challenge, the cellular composition 

and bacterial load in lungs and mediastinal lymph nodes (mLN) was determined. Three out 

of six mice vaccinated with -Mabs+AdvaxCpG developed ulceration at the site of vaccination, 

and were euthanased before the end of the experiment due to ethical reasons. 

Mice vaccinated with -Mabs alone or -Mabs+AdvaxCpG demonstrated a significant increase 

in total cells in the lungs following pulmonary M. abscessus infection (Figure 5.11A; P<0.05,  



Figure 5.10. Humoral responses in vaccinated mice following M. abscessus challenge. C57BL/6 
mice (n=6) were vaccinated and challenged as described in Figure 5.4. 7 days post-challenge, lungs 
were harvested and processed into single cell suspension for flow cytometry or homogenised and 
the supernatant collected for ELISA. (A-B) Representative FACS plots and mean ± SEM B cells in the 
lungs 7dpi. (C) Titres of IgG2c in lung homogenates as calculated by ELISA. Data representative of 
one independent experiment. Statistical significance compared to unvaccinated mice was deter-
mined by ANOVA (*P<0.05, ***P<0.001, ****P<0.001; ns=no significance).
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Figure 5.10. Humoral responses in vaccinated mice following M. abscessus challenge. C57BL/6 
mice (n=6) were vaccinated and challenged as described in Figure 5.4. 7 days post-challenge, lungs 
were harvested and processed into single cell suspension for flow cytometry or homogenised and 
the supernatant collected for ELISA. (A-B) Representative FACS plots and mean ± SEM B cells in the 
lungs 7dpi. (C) Titres of IgG2c in lung homogenates as calculated by ELISA. Data representative of 
one independent experiment. Statistical significance compared to unvaccinated mice was deter-
mined by ANOVA (*P<0.05, ***P<0.001, ****P<0.001; ns=no significance).
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Figure 5.11: Innate immune cell recruitment and iNOS production in the lungs of mice vaccinated 
with γ-irradiated vaccine alone or with adjuvant following pulmonary M. abscessus challenge. 
Vaccination and M. abscessus challenge was performed as described in Figure 5.11. Lungs were 
processed into single cell suspension and stained for myeloid surface markers and iNOS expression. 
Flow cytometry was performed as detailed in Figure 2.2 and total cell number (A), total iNOS expres-
sion (B), and iNOS-producing interstitial macrophages (IMs; C) as well as the total numbers of mono-
cytes, (D-E), neutrophils(F-G), CD103⁺ DCs(H-I) and IMs (J-K) were determined. Data is expressed as 
representative FACS plots as well as mean cell number or percentage in the lung±SEM. Statistical 
significance was determined by ANOVA (*P<0.05, **P<0.01, ***P<0.001, ****P<0.001; ns=no 
significance). 
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P<0.01). However, the -Mabs+AdvaxCpG group had greater numbers of monocytes and 

neutrophils in the lungs compared to vaccination with -Mabs alone (Figure 5.D-G).  

While both vaccine groups induced significant CD103+ DC recruitment to the lungs following 

M. abscessus infection, the addition of AdvaxCpG did not alter the total number of CD103+ 

DCs (Figure 5.11H-I). Interestingly, the addition of AdvaxCpG resulted in significantly less 

total iNOS-producing CD45+ cells in the lungs following M. abscessus infection compared 

to -Mabs alone (Figure 5.11B, P<0.001). However, both -Mabs alone or -Mabs+AdvaxCpG 

resulted in significantly higher numbers of iNOS-producing CD45+ cells in the lungs when 

compared to unvaccinated mice (Figure 5.11B, P<0.0001). Indeed, this same trend was 

observed in the total number of IMs as well as the proportion of iNOS-producing IMs; while 

both groups had significantly more total IMs and iNOS-producing IMs compared to 

unvaccinated mice, the addition of AdvaxCpG appeared to dampen the response (Figure 

5.11C, J-K). These data demonstrate that adjuvanted -Mabs results in a less dramatic iNOS 

and IM response to M. abscessus infection, and a more dominant neutrophil response.  

Addition of AdvaxCpG to -irradiated M. abscessus vaccination results in significantly higher 

numbers of CD4+ T cells in the lungs following pulmonary M. abscessus challenge, and no 

difference in CD8+ T cell numbers (Figure 5.12A-C). Both vaccine groups demonstrated 

significantly higher proportions of Tbet-expressing CD4+ T cells in the lungs compared to 

unvaccinated mice, indicating a strong Th1 response; however, there was no significant 

difference in IFN- production between vaccinated and unvaccinated groups (Figure 5.12D-

F). AdvaxCpG has been shown in previous studies to induce a Th17 response in the lungs, 

which is characterised by expression of the transcription factor RORT, as well as 

expression of the classical Th17 cytokine, IL-17 (Counoupas et al., 2020). Indeed, the 

addition of AdvaxCpG resulted in higher proportions of CD4+ T cells expressing RORT and 

IL-17 in response to pulmonary M. abscessus infection (Figure 5.12G-I). Analysis of overall 

cytokine responses in the mLN showed that only -Mabs+AdvaxCpG-vaccinated mice 

demonstrated significantly higher proportions of IFN-, IL-2, IL-17 and TNF cytokine 

expressing CD4+ T cells compared to unvaccinated mice (Figure 5.13A-B; P<0.05, P<0.001, 

P<0.05, P<0.001, respectively). In addition, mice vaccinated with -Mabs+AdvaxCpG showed 

significantly higher proportions of all polyfunctional T cell subsets in mLN compared to mice 

vaccinated with -Mabs alone (Figure 5.13C-F).  



Figure 5.12. T cell recruitment and phenotype in the lungs of mice vaccinated with γ-irradiated 
vaccine alone or with adjuvant following pulmonary M. abscessus challenge. Vaccination and M. 
abscessus challenge was performed as described in Figure 5.11. Lungs were processed into single 
cell suspension and restimulated ex vivo with 105 CFU M. abscessus. Cells were stained for CD4⁺ and 
CD8⁺ T cells (A-C), as well as transcription factors Tbet- (D-E) and RORγT-expressing CD4⁺ T cells 
(G-H) and IFN-γ (D, F) and IL-17-producing CD4⁺ T cells (G, I). Data is expressed as representative 
FACS plots as well as mean cell number or percentage in the lung  SEM. Statistical significance was 
determined by ANOVA (*P<0.05, **P<0.01, ***P<0.001, ****P<0.001; ns=no significance). 
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Figure 5.13. T cell recruitment and phenotype in the mediastinal lymph nodes of mice vaccinated 
with γ-irradiated vaccine alone or with adjuvant following pulmonary M. abscessus challenge. 
Vaccination and M. abscessus challenge was performed as described in Figure 5.11. Mediastinal 
lymph nodes were processed into single cell suspension and restimulated ex vivo with M. abscessus.  
(A-B) Representative FACS plots and mean proportion ± SEM of cytokine producing CD4⁺ T cells in 
the mLN. (C) Percentage of polyfunctional CD4+ T cells in the mLN. Statistical significance was deter-
mined by ANOVA (*P<0.05, **P<0.01, ***P<0.001, ****P<0.001; ns=no significance). 
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Figure 5.14: Protection conferred by γ-irradiated vaccination alone or with adjuvant following 
pulmonary M. abscessus challenge. C57BL/6 mice (n=6) were vaccinated and challenged as 
described in Figure 5.11. Mice were euthanased 7 days post-challenge and bacterial load was 
assessed in the lungs (A), spleen (B) and mediastinal lymph nodes (mLN; C). Data is presented as 
log10 CFU±SEM and statistical significance was determined by ANOVA (*P<0.05, **P<0.01). Dashed 
line = limit of detection.
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To determine if the increased immunogenicity of -Mabs+AdvaxCpG resulted in greater 

protection against infection, the bacterial load in lungs, spleen and mLN was examined. Both 

-Mabs alone or -Mabs+AdvaxCpG vaccinated groups showed a significant reduction 

inbacterial load in the lungs compared to unvaccinated mice (Figure 5.14A; P<0.01). 

Addition of AdvaxCpG did not significantly enhance protection conferred by the irradiated 

vaccine. In the spleen, mice vaccinated with -Mabs- AdvaxCpG had a lower CFU burden, 

however this did not reach statistical significance (Figure 5.14B). In the mLN, there was no 

significant protection conferred by -Mabs vaccination alone (Figure 5.14C). However, -

Mabs- AdvaxCpG resulted in significantly less bacterial load in the mLN compared to 

unvaccinated mice (Figure 5.14C; P<0.05). Thus, this data suggests that the addition of 

AdvaxCpG to -Mabs vaccination might confer a level of protection against disseminated M. 

abscessus infection. 
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5.3. Discussion 

At the time of writing, no vaccines are currently licensed for the prevention of M. abscessus 

infection. This study aimed to evaluate three whole-cell inactivated vaccines (WCVs) created 

from the same M. abscessus clinical isolate to determine if the method of inactivation 

impacts the development of protective immunity. All vaccine approaches tested; -

irradiation, heat killing (HK) or paraformaldehyde (PFA) treatment, were successful at 

rendering the bacteria non-viable (Figure 5.1). This is an important consideration for vaccine 

development, given that M. abscessus often infects those with underlying immune or 

respiratory conditions (Ademhan Tural et al., 2021), making live vaccine strategies 

problematic for targeting at risk populations (something like that). In addition, the -irradiated 

candidate was the only vaccine that retained metabolic activity at rates comparable to live 

cultures. Gamma irradiation affects DNA and RNA, but leaves the rest of the cell to function 

(Babb et al., 2016). This is in contrast to HK and PFA-inactivating techniques, where 

proteins, as well as nucleic acids, are damaged (Fertey et al., 2016; Sabbaghi et al., 2019). 

Indeed, a study comparing -irradiated Brucella abortus – an intracellular pathogen – to HK 

B. abortus showed an association between the preserved metabolic activity and the 

immunogenicity of these vaccines (Sanakkayala et al., 2005). This was reflected in in vitro 

studies of the immunogenicity of M. abscessus vaccine candidates. Gamma-irradiation was 

consistently more inflammatory than other inactivation types, resulting in significantly higher 

CCL3, CCL5, CCL22, and IL-6 production (Figure 5.2). These chemokines and cytokines 

function to enhance migration, activation and proliferation of monocytes, macrophages, 

neutrophils and T-helper lymphocytes, all of which were consistent with in vivo findings 

(Baba & Mukaida, 2014; Culley et al., 2006; Rapp et al., 2019).  

Subcutaneous -irradiated vaccination induced significantly more circulating Th1-type CD4+ 

T cells; that is, more Tbet-expressing, as well as IFN-- and TNF-producing CD4+ T cells 

(Figure 5.3). HK vaccination also induced significant numbers of Tbet-expressing CD4+ T 

cells, without impacting cytokine production. The production of vaccine-specific circulating 

Th1 cells has previously been shown to be critical in protection against mycobacterial 

infection (Counoupas et al., 2020; Counoupas et al., 2017; Lindenstrøm et al., 2009). More 

recently, the role of circulating multifunctional Th1 cells were shown to correlate with M. 

abscessus disease control in a large cohort study (Shu, Wu, et al., 2019). Post-infection 

assessment of the adaptive immune response to M. abscessus vaccination showed that -
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irradiated and HK vaccines induces a greater magnitude of CD4+ T cell influx into the lung 

as well as potent Th1 responses, which correlates with reduction in bacterial load (Figure 

5.9). Th1-type cells have been well-characterised in the context of mycobacterial vaccination 

and their role in protection against mycobacterial challenge. The production of IFN- by Th1 

cells significantly enhances innate immune responses to infection, through activation and 

recruitment of macrophages, enhanced antigen presentation and potent stimulation of iNOS 

production (Thirunavukkarasu et al., 2017). Indeed, this is reflected in the current study; the 

more potent Th1 response observed in mice vaccinated with -irradiated and HK vaccines 

correlates with greater IM, neutrophil and CD103+ DC recruitment, as well as significantly 

more iNOS production. Further, the more rapid accumulation of effector-type CD4+ cells 

(CD44+CD62L-) in the lungs following mycobacterial challenge has been correlated with 

more effective clearance of bacterial load (Jung et al., 2005). While a greater magnitude of 

the effector response was observed in this Chapter, it would be interesting to investigate 

whether vaccination with -Mabs or HK-Mabs improves the kinetics of effector Th1 cell 

recruitment to the lungs following pulmonary challenge.  

Gamma-irradiated and HK vaccines induced significant protection in the lungs upon 

pulmonary M. abscessus challenge, whereas PFA-Mabs vaccination did not (Figure 5.4). 

These findings can be correlated with the innate and adaptive immune responses in the 

lungs following infection. It has been shown previously in this thesis that there is a unique 

innate immune response to M. abscessus in the lungs following infection; that is, iNOS-

producing IMs appear to be the most important myeloid cell subset in clearing M. abscessus 

(Chapter 3). Indeed, both -Mabs and HK-Mabs-vaccinated mice had significantly increased 

numbers of IMs in the lungs following M. abscessus infection (Figure 5.7). Further, iNOS 

production appeared to be specifically produced by IMs in these groups, a cell type that has 

a major role in bacterial clearance (Bogdanovski et al., 2020; MacMicking et al., 1997). Here, 

we confirm the findings in Chapter 3 that iNOS-producing IMs are crucial in controlling M. 

abscessus infection, and the proportion of these cells directly correlates with pulmonary 

bacterial burden. It is also possible that the protection associated with IMs seen in this 

Chapter may be due to the ability of IMs to traffic to the mediastinal draining lymph nodes 

(mLN) and enhance antigen presentation to T cells. This has been demonstrated in the 

literature, as IMs have been shown to express high levels of MHCII for antigen presentation 

(Chakarov et al., 2019). This could validated by assessing the antigen presenting function 

of IMs after exposure to M. abscessus by using methodology previously developed to 

assess these functions (Hou et al., 2021).  
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Vaccination with -Mabs and subsequent pulmonary M. abscessus challenge also induced 

significantly lower numbers of monocytes in the lungs when compared to unvaccinated mice 

(Figure 5.7). IMs appear to be derived from monocytes, as evident by expression of Ly6C, 

CX3CR1 and CD11b (Huang et al., 2018). It is possible that -Mabs vaccination results in 

rapid migration and differentiation of monocytes into IMs in the lungs upon M. abscessus 

challenge, resulting in the observed reduction in monocyte populations. It would be 

interesting to investigate this further using fluorescent reporter mice that can track monocyte 

migration and differentiation. Conversely, vaccination with -Mabs and HK-Mabs resulted in 

significant influx of neutrophils, CD11bmid cells and CD103+ DCs (Figure 5.7) after pulmonary 

challenge. Neutrophil accumulation is associated with granuloma formation and 

containment of M. abscessus infection (Bernut et al., 2016). NK cells have been shown to 

play an important role in M. fortuitum infection. Antibody depletion of NK cells, as well as 

infection of NK-deficient beige mice resulted in significantly increased susceptibility to 

infection (Tomioka et al., 2004). It has been proposed that NK cells mediate their effect on 

mycobacterial clearance by enhancing intracellular killing of mycobacteria, or by enhancing 

production of inflammatory cytokines such as IFN- and TNF, which potentiate the 

microbicidal activity of macrophages in the infection microenvironment (Bermudez et al., 

1995; Brill et al., 2001). CD103+ DCs are known to play a role in transport of mycobacteria 

to the mLN following infection and early activation of T cells, in the context of M. tuberculosis 

infection (V. H. Q. Koh et al., 2017). It is possible that this holds true for M. abscessus 

infection as well. Further, the increased activity of IMs, neutrophils, and NK cells in the lung 

may also explain the reduction in the number of AMs seen in mice vaccinated with -

irradiated M. abscessus. Given that AMs are the primary host of M. abscessus infection, 

combined with the magnitude of IM, neutrophil and CD11bmid cell influx into in the lungs of 

vaccinated mice, -Mabs vaccination may induce more significant killing of M. abscessus-

infected AMs (Johansen et al., 2020). Further characterisation of CD11bmid cells as NK cells 

would be required to delineate these notions. 

Mucosal delivery of vaccines has been increasingly recognised as an attractive strategy to 

induce more localised immunity and enhance rapid elimination upon pulmonary bacterial 

challenge (Bull et al., 2019; Moliva et al., 2019). Thus, intranasal delivery of -irradiated M. 

abscessus was assessed in this Chapter. However, while subcutaneous -Mabs vaccination 

induced a myriad of immune responses that correlated with protection, the same was not 

observed with intranasal administration of M. abscessus. Importantly, the lack of protection 
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conferred by i.n. -Mabs vaccination also correlated with reduced numbers of IM and limited 

iNOS expression (Figure 5.7 & 5.8). Intranasal vaccination also induced a higher proportion 

of iNOS-expressing AMs compared to the s.c. route. This may be reflective of a more 

localised response to infection, rather than systemic recruitment of IMs as observed with 

s.c. vaccination (Huang et al., 2018). Future studies may seek to define the inflammatory 

response in the lung parenchyma after i.n. vaccination before M. abscessus challenge, to 

more discretely identify the local immune response to vaccination, such as the presence of 

tissue-resident memory T cells (TRMs). TRMs have been shown to be a key mediator in 

mucosal vaccination, as they rapidly respond to secondary antigen challenge in the absence 

of circulating memory cells to afford enhanced protection (Darrah et al., 2020; Perdomo et 

al., 2016).  

Mucosal vaccination with -irradiated M. abscessus induced a significant humoral response 

in the lungs to M. abscessus challenge (Figure 5.10). Indeed, mucosal delivery of a -

irradiated streptococcal vaccine induced potent humoral responses which correlated with 

protection against subsequent streptococcal challenge (Babb et al., 2016). However, the 

role of B cells in mycobacterial infection is more contentious, and does not always correlate 

with protection (Rottman et al., 2007). It is possible that the presence of B cells and 

antibodies is reflective of inducible bronchus-associated lymphoid tissue (iBALT) formation 

in the lungs; a niche similar to secondary lymphoid tissue that has been shown to promote 

the survival of TRMs (Schreiner & King, 2018). Further imaging studies would be required 

to assess the localisation of B cells in the lungs following M. abscessus challenge in i.n. 

vaccinated mice.  

The addition of adjuvants to vaccines have been shown to enhance the initial innate immune 

response, consequently mediating an increased engagement of the adaptive immune 

response (Awate et al., 2013; Reed et al., 2013). AdvaxCpG is one such adjuvant that is 

currently being evaluated in many vaccine studies. Advax is a delta-inulin polysaccharide 

adjuvant which has been formulated with CpG, a TLR9 agonist which has been shown to 

induce strong Th1 polarisation when combined with protein subunit vaccination (Counoupas 

et al., 2017). While addition of AdvaxCpG to -Mabs vaccination did not significantly enhance 

clearance of M. abscessus from the lungs compared to -Mabs alone, there was marked a 

reduction in bacterial load in the mLN (Figure 5.11). This correlated with enhanced cytokine 

expressing CD4+ T cells in the mLN, that may serve to limit bacterial replication at that site 

(Figure 5.14). Interestingly, AdvaxCpG significantly increased proportions of ‘multifunctional’ 
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CD4+ T cells that have been shown to mediate rapid effector functions following infection, 

resulting in earlier bacterial clearance (Seder et al., 2008). Further, the greater proportion of 

CD4+TNF+IL-2+ T cells seen here have been previously identified to have a higher 

proliferative capacity, which has been correlated with protective efficacy in murine models 

of M. tuberculosis infection (Lindenstrøm et al., 2009). Coformulation of AdvaxCpG with -

Mabs did not increase Th1 cell responses in the lung of vaccinated mice; this may explain 

why there was no significant difference in pulmonary bacterial load between these groups. 

However, significant Th17 responses were observed in -Mabs+ AdvaxCpG vaccinated mice. 

It has been postulated that Th17 responses to mycobacterial infection trigger chemokine 

responses, which lead to the recruitment of T cells to the lungs (Kay et al., 2018). Previous 

studies within our laboratory have demonstrated that mucosal vaccination with AdvaxCpG 

stimulates the production of tissue-resident Th17 responses following M. tuberculosis 

infection. Additionally, these cells were shown correlate with recruitment of neutrophils and 

macrophages to the lungs following M. tuberculosis infection (Counoupas et al., 2020). Thus 

in this study, it is possible that the addition of AdvaxCpG to -Mabs vaccination induced more 

Th17 responses, thereby mediating the inflammatory milieu in the lungs following M. 

abscessus infection. Indeed, addition of AdvaxCPG to -Mabs vaccine enhanced the 

magnitude of innate immune cell responses, including monocytes and neutrophils numbers 

in the lung following M. abscessus challenge (Figure 5.12). AdvaxCpG is known to induce 

significant neutrophil and monocyte recruitment through potent chemoattractant and 

cytokine production (Counoupas et al., 2017; Ferrell et al., 2021).  

While the addition of AdvaxCpG to -Mabs vaccination shows promise, caution must be taken 

when evaluating it as a potential vaccine candidate. Three of six mice showed extensive 

ulceration at the site of vaccination that was not seen with -Mabs vaccination. It is known 

that IL-17-mediated inflammation can be detrimental to the host, and a delicate balance 

must be struck between protection and pathology (Das & Khader, 2017). Thus the 

combination of -irradiated M. abscessus with AdvaxCpG may be too inflammatory for human 

use. One potential strategy to dampen the deleterious excessive inflammation while 

preserving immunogenicity of the vaccine is through delipidation of M. abscessus before 

undergoing the -irradiation process. Delipidation removes pro-inflammatory lipids present 

in the mycobacterial cell wall, while maintaining the antigenicity of proteins (Tran et al., 

2016). Indeed, delipidation of BCG has been shown to reduce immunopathology while 

maintaining protective efficacy against M. tuberculosis (Moliva et al., 2019).  



Chapter 5: Whole cell inactivated vaccines against M. abscessus 

 134 

In conclusion, this study has identified -irradiated M. abscessus as a novel vaccine against 

M. abscessus infection. The vaccine would be safer to use in immunocompromised hosts 

compared to live-attenuated vaccines, while the conservation of metabolic activity may 

permit the prolonged secretion of metabolites and antigens, creating a ‘self-adjuvanting 

vaccine’. Systemic vaccination with -irradiated M. abscessus affords significant protection 

against subsequent pulmonary M. abscessus challenge, which correlated with the induction 

of iNOS-producing IMs and the recruitment of Th1 CD4+ T cells to the lungs. This study thus 

identified a vaccine strategy that induced an immune profile which correlated with the 

immune control of M. abscessus infection identified in Chapter 3. This was further confirmed 

by the use of vaccine approaches that were unable to afford significant protective efficacy 

and were poor stimulators of iNOS-producing IMs and Th1 cell recruitment. This Chapter 

also demonstrated that while addition of adjuvants can enhance the immunity imparted by 

-irradiated M. abscessus, enhanced inflammation in the lungs and the site of vaccination 

may be detrimental, highlighting the need to balance vaccine efficacy with safety.  
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Mycobacterium abscessus is a pathogen of increasing concern within susceptible 

populations such as those with Cystic Fibrosis (CF) and Chronic Obstructive Pulmonary 

Disease (COPD) (Johansen et al., 2020). Both intrinsic and acquired antibiotic resistance 

genes have rendered M. abscessus an extremely difficult pathogen to treat (Daley et al., 

2020). Given that the prevalence of M. abscessus infections in CF patients is rising, 

combined with evidence of patient-to-patient transmission and the difficulty in treating it, 

development of a vaccine to prevent the initial acquisition of M. abscessus infection and/or 

limit disease severity is desperately needed (Martiniano et al., 2022). However little progress 

has been made in this area. Some cross-reactivity between BCG – the only currently 

licensed TB vaccine – and M. abscessus has been proposed, yet cross-protection in animal 

models or humans has not been demonstrated (Abate et al., 2019). DNA and subunit 

vaccine candidates have been identified, yet at the time of writing none have progressed to 

clinical development (Le Moigne, Belon, et al., 2016; Le Moigne, Gaillard, et al., 2016; Le 

Moigne, Roux, et al., 2020). 

In order to develop a vaccine, a robust animal model in which to evaluate novel candidates 

is required, in particular to allow precise definition of immune cell subsets important for 

infection. Despite the growing need for a vaccine, as well as new antimicrobials to combat 

infection, the literature regarding animal models is heterogenous. Murine models are the 

most suitable for preclinical assessment of vaccine candidates, however there are large 

variations in mouse or M. abscessus strains used, infection route and dose (Nicola et al., 

2022). Further, limited literature exists regarding the immune correlates of protection for 

pulmonary M. abscessus infection. Therefore the overarching aims of this thesis were to 

firstly determine if a pulmonary murine infection model of M. abscessus could be used to 

identify the immune cell subsets that are important in clearance of infection. Subsequently, 

the possibility of repurposing the BCG vaccine for M. abscessus control was investigated, 

as well as the vaccine potential of three whole-cell inactivated M. abscessus candidates. 

6.1. Infection models for assessment of M. abscessus host-
pathogen interactions and preclinical evaluation of vaccine 
efficacy 

A wide heterogeneity exists in the literature regarding animal models used for preclinical 

evaluation of therapeutics and vaccine candidates against pulmonary M. abscessus 
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infection. Immunodeficient mouse models are commonly used for preclinical assessment of 

novel therapeutics, however lack of defined immune components may hinder their use for 

determining vaccine effectiveness and defining immune correlates of protection. In this 

thesis, an intranasal, pulmonary infection model using immunocompetent C57BL/6 mice 

was employed, utilising an immunogenic clinical M. abscessus isolate that was selected 

from a library of strains (Chapter 3). This model allowed immune cell subsets to be identified 

that were clearly pertinent in the clearance of pulmonary M. abscessus infection. Le Moigne 

and colleagues (2020) used C3HeB/FeJ mice to examine the efficacy of a bedaquiline-

imipenem treatment combination, as C3HeB/FeJ mice have a higher susceptibility to 

mycobacterial infection due to their lack of intracellular pathogen resistance 1 (Ipr1) 

(Kramnik et al., 2000). However, in this thesis persistent M. abscessus infection in 

C3HeB/FeJ mice was not observed; this difference may be due to the intravenous route 

used in the Le Moigne study, which may allow greater bacterial colonisation and persistence, 

but is not representative of the natural M. abscessus infection in humans. As such, the 

intranasal route used here is less labour intensive and more reproducible than other models 

used, such as aerosol delivery or intratracheal delivery of M. abscessus-coated agar beads 

(Ordway et al., 2008; Riva et al., 2020). Thus this thesis described a simple and effective 

murine model in which to study M. abscessus infection and host-pathogen interactions 

(Chapter 3), assess vaccine efficacy (Chapters 4,5) and potentially test novel antimicrobials.  

It is important to note that almost all previous studies in the literature have utilised a single 

reference strain of M. abscessus, ATCC19977, also known as CIP104536T (Gupta et al., 

2018). This strain is a clinical isolate of unknown origin that was first described in 1992 

(Kusunoki & Ezaki, 1992). The variation in virulence between different M. abscessus strains 

may explain the differential growth pattern observed between the isolates used in this thesis, 

and the previous studies using similar animal models (Boeck et al., 2022; Nicola et al., 2022). 

Indeed in the current study, rough M. abscessus strains displayed higher rates of 

phagocytosis and persistence in macrophages in vitro and elicited higher cytokine 

responses (Chapter 3). This is in keeping with previous findings that the lack of 

glycopeptidolipids (GPLs) on rough phenotypes exposes TLR2 agonists, leading to high 

levels of TNF expression and inflammation (Davidson et al., 2011). Interestingly, there was 

no appreciable difference in pulmonary bacterial load between smooth and rough strains in 

vivo, despite well-documented differences between smooth and rough phenotypes existing 

in the literature (Bernut et al., 2014; Jönsson et al., 2013). This may relate to strains 

differences overriding any morphotype-specific effects; matched S and R strains from each 
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isolate would account for this and is a future avenue of investigation. Previous studies 

suggest that infection with rough phenotypes drive a Th1 response in the host, while the 

presence of GPLs on smooth variants drive a more humoral-mediated response (Kam et al., 

2022). While an appreciable difference in CD4+ T cell infiltration into the lungs was observed 

between rough and smooth phenotypes (Chapter 3), more detailed analysis of humoral 

responses is required to further delineate the complex dichotomy between smooth and 

rough M. abscessus variants. Understanding this could allow more targeted pathogen-and 

host-directed therapies to combat M. abscessus infection, such as phage or 

immunomodulatory therapies (Nick et al., 2022). Further, while we did not have access to 

data on the clinical progression of infected individuals for the strains used in this thesis, such 

information would be useful to correlate strain characteristics with clinical outcome. A recent 

study has shown that rough M. abscessus isolates are associated with radiological evidence 

of cavitary lesions and have a significantly lower odds ratio of clinical cure when compared 

to smooth isolates (Hedin et al., 2023). Being able to predict clinical outcome based on 

morphology and genotyping of the strain would be useful to determine the best course of 

action for treatment and prioritise lung transplantation.  

6.2. The interplay between interstitial macrophages and CD4+ T 
cells for protective immunity to pulmonary M. abscessus 
infection.  

This thesis provides a detailed framework for the interaction of immune cell subsets and 

mediators in response to pulmonary M. abscessus infection and the immune correlates of 

protection against infection. A visual summary of the mechanisms of protection against 

pulmonary M. abscessus challenge can be found in Figure 6.1. It is likely that alveolar 

macrophages (AMs) are the primary infection source of M. abscessus, as seen with other 

pathogenic mycobacteria (Cohen et al., 2018). Early production of pro-inflammatory 

cytokines (e.g. G-CSF, CXCL1, IL-6 and TNF) correlates with neutrophil accumulation in the 

lung (Chapter 3); G-CSF promotes recruitment, proliferation, differentiation and maturation 

of neutrophils at the site of infection, and CXCL1 is also essential in neutrophil trafficking to 

the lung (Cai et al., 2010; Roberts, 2005). The early production of IL-6 may also reflect its 

role in differentiation of monocytes into macrophages by potentiating M-CSF expression, as 

well as migration and activation of interstitial macrophages (IMs) (Velazquez-Salinas et al., 

2019). In addition, IMs are recruited to the lung from the blood via CCL2 chemokine gradient 



Figure 6.1: Immune response to pulmonary M. abscessus infection proposed in this thesis. (1) Intranasal M. abscessus infection results in (2) 
engulfment of bacilli into alveolar macrophages (AMs) on the bronchial side of lung tissue, leading to local inflammation including cytokine 
release and (3) recruitment of neutrophils and dendritic cells (DCs). (4) TNF and early cytokines, as well as (5) AM migration into the lung paren-
chyma, leads to activation of interstitial macrophages (IMs). Chemoattraction results in (6) recruitment of monocytes from the blood and (7) 
differentiation into IMs, amplifying the IM response. (8) IMs expression large amounts of iNOS which leads to NO-mediated killing of M. absces-
sus. (9) IMs also migrate to draining lymph nodes, expressing MHCII to recruit CD4+ T cells. (10) Th1 cells migrate to the lung and further 
enhance clearance of M. abscessus. Later in infection, (11) IMs produce IL-10, to dampen inflammation and promote tissue repair. 
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(Liegeois et al., 2018) and this thesis identified two major roles for this subset: direct 

antimicrobial effect by induction of iNOS expression, together with expansion of CD4+ T cells 

to drive Th1 polarization and recruitment (Chapter 3). IMs have been shown to have a 

significantly increased rate of killing of M. tuberculosis when compared to AMs and 

neutrophils, and clodronate depletion of IM populations leads to significant increases in 

bacterial load (Huang et al., 2018). IM recruitment is dependent on TNF (Chapter 3); this 

may be explained by TNF’s capacity to induce expression of chemokines and 

chemoattractants required for macrophage recruitment to the site of infection, as well as 

proliferation and differentiation of macrophages within the lung tissue (Algood et al., 2004; 

Guilbert et al., 1993; Witsell & Schook, 1992). The majority of inducible nitric oxide synthase 

(iNOS) production in the lungs following M. abscessus challenge comes from IMs, which 

was also TNF dependant (Chapter 3). Expression of iNOS leads to the production of nitric 

oxide (NO), which is essential for intracellular killing of M. abscessus (Lee et al., 2017) and 

can also act as a second messenger, driving IL-12R expression, IFN- production and 

subsequently, Th1 polarization (Niedbala et al., 2002). IMs induced after M. abscessus 

infection also displayed significant MHCII expression, which may implicate a role for antigen 

presentation to T cells and subsequent recruitment of the adaptive immune system.  

These findings not only provide insight into the role of IMs, CD4+ T cells, TNF and iNOS in 

clearance of M. abscessus infection, but also provide targets for therapies. In a disease 

where antimicrobials are often futile, host-directed therapies are an attractive alternative, as 

the emergence of resistance is significantly reduced. The role of iNOS and NO identified in 

this thesis provides further support for the emerging development of NO therapies for multi-

drug resistant strains of M. abscessus. Indeed, inhaled NO therapies are currently in Phase 

II clinical trials for CF patients with pulmonary M. abscessus disease, where they have been 

shown to reduce bacterial load in the sputum, and improve lung function (Bentur et al., 2020; 

Quang & Jang, 2021; Yaacoby-Bianu et al., 2018). Aerosolised IFN- therapy has been 

evaluated in the context of drug-resistant M. tuberculosis infection; studies have shown 

reduced time to sputum conversion, and when used as an adjunct to antimicrobial therapy, 

facilitation of lung repair (Dawson et al., 2009; Gao et al., 2011). More recently, macrophage 

and monocyte microRNA has declared itself as an exciting host-directed therapy which may 

be able to target and modulate macrophage functions, to enhance host-mediated defences 

against TB (Sampath et al., 2021). Finally, the emergence of immunometabolism and its 

differential effect on macrophage phenotypes also provides an area of future research 

(Sheedy & Divangahi, 2021). Understanding the role of IMs in regulating inflammation and 
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role in infection and immunity may reveal targets to potentiate this effect with 

immunometabolic stimuli. 

The vaccine studies in this these provide additional insights into the requirements for 

protection against M. abscessus infection. In Chapter 4, we demonstrate that BCG is not 

strongly protective against M. abscessus challenge in our model; however, in Chapter 5, 

subcutaneous vaccination with whole-cell inactivated (WCI) M. abscessus – namely -Mabs 

and HK-Mabs – are protective. Assessment of the immune cells present in the lungs of these 

different vaccination groups provide crucial insight into the correlates of protection. Most 

importantly, -Mabs and HK-Mabs induce significant IM responses in the lungs and 

subsequent iNOS production, whereas BCG does not. To our knowledge, this is the first 

study to directly correlate IMs with protection against M. abscessus infection. Most M. 

abscessus vaccination studies have focused primarily on the humoral response, despite 

cellular immunity being well-established as the more predominant mediator of mycobacterial 

immunity (Le Moigne, Gaillard, et al., 2016). While both BCG and WCI vaccines induced 

strong Th1 cell infiltrates in the lungs, WCI vaccination (specifically -Mabs) were able to 

induce more polyfunctional CD4+ T cells. Previous studies have detailed the inability of 

peripheral BCG vaccination to induce strong pulmonary T cell responses, and this 

observation has been postulated to at least partially explain the mixed data regarding BCG 

vaccination and only partial protection against TB (Horvath et al., 2012). The role of 

polyfunctional Th1 cells has emerged as a more accurate correlate of protection in 

mycobacterial infection. In M. tuberculosis infection, polyfunctional CD4+ T cells display 

increased proliferative capacity which is associated with better disease control (Day et al., 

2011). More recently, polyfunctional CD4+ T cells isolated from CF patients with NTM 

disease also correlated with improved control of disease (Shu, Pan, et al., 2019). In 

summary, these findings provide a platform for future evaluation of M. abscessus vaccine 

candidate, and may be applicable to assessment of candidates for other mycobacterial 

pathogens.  

6.3. Repurposing old vaccines and identifying new candidates 
for control of M. abscessus infection 

While BCG vaccination did not succeed in conferring protection against M. abscessus 

challenge, the findings in this thesis provide a platform for future development. BCG 

vaccination induced significant circulating M. abscessus-specific multifunctional CD4+ T 
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cells, and significantly prevented dissemination of M. abscessus infection to the spleen. It is 

possible that some of the cross-reactivity and protection immunity observed here may be 

non-specific and is trained immunity. Trained immunity is the concept of an innate immune 

system-mediated response to secondary infection with either the same or different 

pathogen, that results in an enhanced immune response, independent of T and B-

lymphocytes (Netea et al., 2011). In healthy volunteers, BCG vaccination resulted in high 

levels of IL-1 and IL-6 production in NK cells when stimulated with M. tuberculosis, S. 

aureus and C. albicans (Kleinnijenhuis et al., 2014). BCG vaccination also triggers metabolic 

reprogramming which has an effect on the function of innate immune cells (Arts et al., 2016; 

Covián et al., 2019). Not only is the production of these memory-like innate immune cells 

important for early control of infection, inducing trained immunity within the bone marrow 

would lead to the generation of immune cell populations with a greater capacity to respond 

to pathogens, and subsequently elicit stronger engagements with the adaptive immune 

system, leading to the generation of stronger and longer lasting memory T and B cell 

populations (Covián et al., 2019). Delineating whether the partial protection afforded by BCG 

in this model is due to shared antigenicity or some aspect of trained immunity is an 

interesting avenue for future research.  

BCG also serves as an excellent vector for a recombinant vaccine. It is safe, and relatively 

easy and inexpensive for mass production (Kilpeläinen et al., 2018). Indeed, recombinant 

BCG (rBCG) has been explored as a TB vaccine candidate. VPM1002 is a rBCG vaccine 

candidate expressing listeriolysin (LLO), a toxin isolated from Listeria monocytogenes, 

currently in Phase III clinical trials. VPM1002 has shown promise in clinical evaluation 

through its broad and strong T cell response to TB, by enhancing inflammasome activation 

(Grode et al., 2013; Loxton et al., 2017). rBCG vaccines have also been designed for other 

pathogens. Recently, rBCG expressing the nucleoprotein of respiratory syncytial virus 

(RSV) has been evaluated in Phase I clinical trial, which showed strong neutralising antibody 

production and significantly increased IFN- and IL-2 production by T cells (Abarca et al., 

2020). Thus, protective effect of BCG could be improved by either using modified rBCG 

strains such as VPM1002 with enhanced immunomodulatory activity, or the development of 

BG strains expressing immunogenic components of M. abscessus that are absent from the 

vaccine. 

Given that M. abscessus primarily infects individuals with a partially compromised immune 

system, WCI methods are an attractive vaccine design strategy compared to live-attenuated 
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vaccines such as BCG. While eliminating the potential for reversion to virulence, WCI 

vaccines preserve the full antigenic spectrum of the cell, which is thought to invoke a more 

robust immune response and immunological memory (Van Rhijn & Moody, 2015). Further, 

WCI vaccines tend to be more stable than live vaccines, rendering them a more practical 

vaccine (Vetter et al., 2018). However, the inactivation processes such as heat or chemical 

inactivation are harsh on the cells, and have been shown to denature membrane proteins 

which affects the immunogenicity of antigens. Gamma-irradiation was highlighted in this 

thesis as a promising tool in the future of vaccine design. Gamma-irradiation disrupts the 

nucleic acids within cells while leaving proteins unaffected, thereby preserving antigenic 

epitopes and their immunologic potential (Babb et al., 2016). In this thesis, -Mabs showed 

superior vaccine potential when compared to other inactivation types (Chapter 5). These 

findings support current -irradiation vaccines targeting other pathogens. Of note, an 

intranasal irradiated pneumococcal vaccine has been developed which confers significantly 

more protection, greater pneumococcal-specific antibody responses within the respiratory 

tract, significantly more DC maturation and recruitment of follicular T helper cell populations 

when compared to its heat- or chemically-inactivated counterparts (Ko et al., 2021). In 

January 2023, this vaccine has progressed to Phase I clinical trial (Clinical Trials Identifier 

NCT05667740). This provides an important framework for the clinical testing of other 

irradiated vaccines that progress through preclinical development, such as -Mabs.  

6.4. Relevance of findings to control of lung disease 

While this thesis provides strong evidence for the protective role of the immune cell types 

and vaccine candidates, care must be taken in applying these findings to the human 

situation, in particular individuals with CF. Most studies of IMs have been performed in 

animal models, however some studies have compared and contrasted the macrophage 

landscape of murine and human tissues. In these studies, similarities have been identified, 

with respect to phenotypic markers and phagocytic capacity (Bharat et al., 2016). Further, 

given the complex and dynamic environment of human lungs, with constant exposure to the 

external environment, more heterogeneity may exist within human IM cells, rendering it 

difficult to study these populations (Schyns et al., 2018). Further research into the role of 

IMs in humans during infection may be required to fully understand their function in the 

context of protective immune responses. 
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Due to both intrinsic and extrinsic factors described in the literature, such as the type of 

CFTR mutation and colonisation of other microbes, the lungs of CF patients are highly 

inflammatory (Bruscia & Bonfield, 2016). The term “CF macrophage” has been coined to 

describe this phenomenon; that is, overactivated inflammatory macrophages are present in 

large numbers in the lungs which perpetuate neutrophilic inflammation, subsequently 

accelerating pulmonary demise (Öz et al., 2022). While this may in part explain why people 

with CF are susceptible to M. abscessus infections, care must be taken in developing 

vaccines that may potentiate the pro-inflammatory state of macrophages in the lung. 

Delineation of the duplicity of the IM population, that is, pro- and anti-inflammatory effects, 

will be important in harnessing the true therapeutic potential of this cell subset. Analysis of 

histopathology of the lung parenchyma following vaccination, as well as lung function tests 

would be also be useful in assessing any immunopathology of IM involvement in clearance 

of M. abscessus infection (Quan et al., 2022). Further, determining if these findings are 

replicated in a cftr-deficient murine model (Bacci et al., 2021; Grubb & Livraghi-Butrico, 

2022) may help evaluate the safety of these vaccine candidates for this population.  

In conclusion, the results presented in this thesis significantly advance the field of M. 

abscessus vaccine research and provides important information on the role of specific 

immune mediators in control of bacterial infection. The murine pulmonary model of M. 

abscessus infection used, as well as the identification of keys mediators of protective 

immunity, delivers key insights into host immunity and will aid future vaccine 

development/testing. The vaccine -Mabs was identified as a highly promising candidate for 

future development. Overall, this work provides a myriad of possibilities for future vaccine 

and drug development, in the hope to combat the debilitating effects of rising incidence of 

M. abscessus infection.  
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