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ABSTRACT 

 

 

UNDERSTANDING THE PROCESS OF MYCOBACTERIUM ABSCESSUS          

REINFECTION ON HOST IMMUNITY 

 

 

‘ 

Mycobacterium abscessus is a bacterial pathogen emerging in humans. The bacterium 

is difficult to treat, and it results in increased mortality. The patient case rates of 

diseases associated with this bacterium are increasing. Mycobacterium abscessus 

pathogenesis is poorly understood which limits our understanding of M. abscessus. The 

bacterium is part of the diverse family of nontuberculous mycobacterial species (NTM), 

and it is classified as a member of rapidly growing mycobacteria (RGM).  These are 

environmental pathogens and they are found in tap water, showerheads, natural water 

sources, and soil. 

     M. abscessus can infect individuals by breathing in aerosolized water particles, 

contact with surface fomites and transmission from infected patients. Individuals with 

human immunodeficiency syndrome (HIV) and are immunocompromised are more 

susceptible to infection with M. abscessus.  Also, individuals with cystic fibrosis, chronic 

obstructive pulmonary disease or using tumor necrosis factor α (TNF- α) inhibitors are 

also susceptible to becoming infected with M. abscessus. Surprisingly, 

immunocompetent, tall slender Caucasian, non-smoking women also show an 

increasing rate of being infected with M. abscessus. 



iii 

 

 

      To gain a better understanding M.  abscessus pathogenesis and immune 

modulation, we developed βENaC over-expressing mouse models (βENaC-Tg).  The 

main goal for this study was to discover the re-infection with the bacterium to study 

immune responses induced by M. abscessus. This is particularly important since the M. 

abscessus is an environmental pathogen and from birth to death we are all suspected to 

it. The reinfection process can have serious consequences in immune-compromised 

patients causing immune exhaustion, or in other words where the immune system is 

unable to fight against the bacteria after several times of infection. Our M. abscessus 

immunological results have shown after βENaC-Tg mice that are exposed to 4 

subsequent aerosols of M. abscessus intracheal infections their CD4+ T cells show 

increased expression of the immune exhaustion marker PD1+ and CD11b+ 

macrophages show increased expression of another immune exhaustion marker 

CTLA4+. Together, these results support the idea that repeated environmental 

exposure to M. abscessus through environmental sources can potentially result in 

immune exhaustion leading to lack of effective function of T cells and macrophages to 

kill M. abscessus. 

 

 

 

 

 

 



iv 

 

ACKNOWLEDGEMENTS 

 

I would like to express my sincere gratitude to Dr. Diane Ordway for guidance, 

mentorship, and continuous support. 

 

I am grateful to the Fulbright Foreign Student Program with Hovnanian Foundation, as 

well as to wonderful staff in the US embassy in Armenia for the funding and for making 

this happen.   

 

Thanks to the members of the Ordway lab including Dr. Deepshika Verma, Kridakorn 

Vongtongsalee, Sindy Furney, Edward Kendell, Jake Gadwa, Qihua Ye, and Andres 

Trelles for assistance and mentorship. 

 

Thanks to my committee members, including Dr. Alan Schenkel, Dr. Delphi Chatterjee, 

Dr. Jessica Elf, and my advisor Dr. Diane Ordway for your contribution to my education 

and for giving constructive feedback. 

 

I am very grateful to my family and friends, for being encouraging and supportive.   

 

 

 

 

 

 

 

 



v 

 

DEDICATION 

 

This work is dedicated to all patients infected with Mycobacterium abscessus, and/ or 

with every type of Nontuberculous Mycobacteria, which are difficult to treat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

TABLE OF CONTENTS 

 

 

ABSTRACT...................................................................................................................... ii                       

ACKNOWLEDGMENTS...................................................................................................iv 

DEDICATION...................................................................................................................vi 

LIST OF TABLES........................................................................................................... vii 
 
LIST OF FIGURES...........................................................................................................ix 
 
Chapter-1 Introduction......................................................................................................1                       

1.1 Historical and Current Relevance of M. abscessus and classification of NTB     
  Mycobacterium strains............................................................................................1 
1.2 Cystic Fibrosis and Human Immunity..................................................................9                       
1.3 Drug Resistance................................................................................................12                       
1.4 Aims..................................................................................................................14                         

Chapter -2 Material and Methods.................................................................................16   

     2.1 Animal Infection.................................................................................................16                         

     2.2 Culturing of Nontuberculous Mycobacterial Strains...........................................16                       

     2.3 Animal Model.....................................................................................................17                       

     2.4 Bacterial Burden................................................................................................17                        

     2.5 Flow Cytometry..................................................................................................17                        

     2.6 Statistical Analysis.............................................................................................18                       

Chapter-3 Animal Model Development.........................................................................19                        

      3.1 Development of Beta Enec Mouse Model........................................................19                        

      3.2 Immune Response to reinfection with M. abscessus........................................20                        

      3.3 Reinfection results in immune exhaustion........................................................21                       

Chapter-4 Discussion...................................................................................................25                         

REFERENCES.............................................................................................................35                         

LIST OF ABBREVIATIONS..........................................................................................41 



vii 

 

LIST OF TABLES 
 

 

Table 1. Cystic Fibrosis βENaC-Tg mouse model characteristics [1-3]…………………30 

Table 2. Two major NTM complexes and the recommended treatment regimen for 

each……………………………………………………………………………………………..30 

Table 3 describes the Cystic Fibrosis βENaC-Tg mouse model characteristics which 

possess similarities to human clinical diseases [1-3]………………………………………31 

Table 4. Kinetic influx of CD4+PD1+ T cells in naïve and M. abscessus reinfected cystic 

fibrosis mice…………………………………………………………………………………….31  

Table 5 percentage of postive CD11b+CTLA4+ naïve mice, after four pulmonary M. 

abscessus intratracheal (IT) reinfections……………………………………………………35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

LIST OF FIGURES 

 

 

Figure 1.Normal CFTR channel compared no mutated CFTR channel [4]…………...…33 

Figure 2.  Discovery of the drugs and mechanism of action in different stages, showing 

the need of developing new immunomodulatory drugs[4]………………………………...34 

Figure 3. Non-invasive pulmonary intratracheal instillation infection in mice……………34 

Figure 4. β-ENaC-Tg mouse showing progression of the disease in the lungs of βENaC-

Tg following infection four times with a 1x106 CFU/ml M. abscessus …………………...35 

Figure 5. A. Demonstrates four pulmonary M. abscessus intratracheal (IT) reinfections 

increased numbers of CD4+PD1+ exhaustion markers over time compared to naïve 

mice……………………………………………………………………………………………..36 

Figure 6. CF mouse flow cytometry dot plots gated on lung macrophages and then B 

shows gated on CD11b and CD11c  (not shown) then on alveolar macrophges CD11b+ 

/CD11c high,  R5 CD11b+CTLA4+ were only were gated after each IT M. abscessus 

exposure………………………………………………………………………………………………...36



 

 

1 

 

Chapter 1, Introduction 

 

1.1 Historical and Current Relevance of Mycobacterium abscessus and classification of 

NTB     

 Mycobacterium strains 

 

     The family of Mycobacteria is divided into two main groups: Mycobacterium 

tuberculosis complex and Non-tuberculous mycobacteria (NTM), which includes all the 

other mycobacteria species. [5]. M. abscessus is a complex of, rapidly growing acid-fast 

bacillus (AFB) NTM which is an environmental pathogen and is found in tap water, 

showerheads, and in soil, [6, 7]. Mycobacterium abscessus was isolated from a knee 

abscess in 1951 [5]. In the 1950s Ernest Runyoun found a way to classified 

nontuberculous mycobacteria, called the Runyon classification system, which is based 

on the rates of growth and pigmentation [4, 8]. Until 1992 M. abscessus subspecies 

abscesses was in the same species with bolettii. However, due to differences in drug 

susceptibility patterns between, M. abscessus subspecies and M. abscessus 

subspecies bolettii, was re-classified as a new subspecies.[5]. Currently, three 

subspecies of M. abscessus are known: M. abscessus sbsp massilliense, sbsp. 

abscessus, and sbsp. bolletii shown in Table 1 [9]  

 

  

     Mycobacterium abscessus (MABS) group strain pulmonary infections, particularly in 

patients with chronic obstructive pulmonary disease (COPD), bronchiectasis, and cystic 
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fibrosis (CF), are increasing in prevalence throughout the world (1). The quantities of 

inhaled MABS and the number of exposures required for infection and ultimately 

progression of disease remain unknown. Studying whether reinfection plays a potential 

role in the pathogenesis of nontuberculosis mycobacterial (NTM) lung disease is highly 

relevant since reinfection most likely occurs given the ubiquitous nature of NTM in the 

environment. The missing knowledge gaps in understanding the stages of MABS 

infection, colonization, dissemination, and disease progression are due to the 

intractability of transient infection in human patients and the lack of a reinfection animal 

model. A greater understanding of NTM immunopathogenesis is vital for the 

development of rational and effective treatment approaches for patients with chronic 

obstructive pulmonary disease, bronchiectasis, and cystic fibrosis.  

 

     Mycobacterium abscessus is an emerging human pathogen, and the case rate 

associated with the bacterial infection has increased during past decades [10, 11].   

As mentioned above, there are three subspecies of M. abscessus including M. 

abscessus subspecies abscessus, M. abscessus subspecies bolletii, and M. abscessus 

subspecies massilliense [9]. New species of NTM were discovered after the 

development of 16S rRNA gene sequencing [4, 8]. It is known that the 16S rRNA gene 

of mycobacteria is very conserved [8]. That is why, when there is a difference in 

sequencing 1% or more it shows a new species [8]. Nevertheless, to distinguish M. 

abscessus from M. chelonae this sequencing is not a reliable option, since these two 

species differ by only 4 pair 9bp0 within the 16S rRNA genes [8].  
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It is important to have species-level identification of NTM clinical examples since 

antimicrobial sensitivity defines treatment options,  [8].  

 

     Two criteria are considered while doing phenotypic testing of NTM species; growth 

rate and pigmentation [4, 8]. When identifying NTM species by the growth rate, the 

bacteria is being classified as either slowly growing mycobacteria, or rapidly growing 

mycobacteria (RGM) [8]. RGM are  described as NTM clinical example which is forming 

colonies in seven days in subculture [8]. Mycobacterium abscessus, M. chelonae, and 

M. fortuitum are examples of RGM. In contrast, for slowly growing mycobacteria more 

than seven days are required to create a colony upon subculture [8]. Mycobacterium 

intracellular and M. avium belong to slowly growing mycobacteria.  To identify 

mycobacterium species pigmentation is not used as frequently. However, it is well-

known that M. tuberculosis strains are lacking pigmentation and have rough colony 

morphology [8]. That is why when there is pigmentation, it is an indication of a strain of 

NTM [8]. For slowly growing Mycobacteria identification high-performance liquid 

chromatography (HPLC) is an established method, but this does not work for RGM [8].  

 

     It has been suggested by the Infectious Diseases Society of America (IDSA) and 

American Thoracic Society (ATS) that since Mycobacterium avium complex and 

Mycobacterium intracellulare are currently clinical identical they do not need to be 

differentiated from one another, also because treatment will not be modified based on 

species-level identification [8]. Furthermore, IDSA and ATS recommended in order to 

differentiate between M. abscessus, M. chelonae, and M. fortuitum PCR restriction 
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endonuclease assay (PRA) should be used [8]. Additionally, it has been suggested by 

ATS and IDSA that in order to obtain species-level identification for M. abscessus, M. 

chelonae, and M. fortuitum one can use the susceptibility of RGM to cefoxitin, amikacin, 

clarithromycin, ciprofloxacin, doxycycline, linezolid, sulfamethoxazole, and tobramycin 

[8]. Aside from those two leading research companies, recent literature suggested that 

identification of M. abscessus can be done even to the subspecies level with rpoB and 

erm gene sequencing [5]  That means that the rpoB and erm gene sequencing will 

determine if the clinical isolate is drug resistant to macrolides, such as M. abscessus 

subspecies abscessus, and M. abscessus subspecies bolletii which have the inducible 

erm gene while M. abscessus subspecies massilliense lacks an erm gene and doesn’t 

result in macrolide drug resistance [12]. Thus, it is important to know the subspecies 

specificity of each M. abscessus strain to differentiate which strains have an increased 

ability to express then erm gene and result in a drug resistant macrolide disease. 

 

Epidemiology of Mycobacterium abscessus 

     M. abscessus’s pulmonary or disseminated forms are caused by inhalation of 

aerosolized bacteria, it even can be transmitted by person to person [13, 14]. In 

contrast, the cutaneous form of M. abscessus can be a result of non-sterile tattooing 

practices, unclean needles used for cosmetic surgery [15-17]. For a long time, it has 

been believed that M. abscessus can affect only immunocompromised individuals. 

However, recent studies have shown that it can affect immunocompetent individuals as 

well [13, 18]. Although it can affect immunocompetent individuals, those people who are 

immunocompromised such as those who have HIV or AIDS, patients with a lung 
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transplant, patients who take steroids have increased susceptibility to M. abscessus [13, 

18]. Those individuals who suffer from Cystic Fibrosis are at high risk for infection with 

M. abscessus [19, 20]. Patient with bronchiectasis and other lung abnormalities results 

an increased susceptibility to M. abscessus disease [14, 21].  

 

     It has been thought for a while that not only immunocompromised individuals are 

susceptible to the bacteria. Recent studies show that non-smoking, immunocompetent, 

post-menopausal caucasian, tall, slender females have increased risk of disease with 

M. abscessus  [22]. The possible explanation is that in tall, slender females, elongation 

of the chest cavity (pectus cavatus) may result in their increased susceptibility [22]. 

Additionally, slender individuals have more adiponectin and less leptin, which may also 

increase the risk of infection with M. abscessus. Recent, studies showed that leptin 

deficient mice are more susceptible to M. abscessus disease and supports this 

hypothesis. Moreover, this study also revealed that low levels of leptin decrease 

expression of T helper 1 (Th1) cell IFN-gamma production, which is responsible for 

activating macrophages harboring the bacterial leading to killing of M. abscessus. In 

contrast, the high level of adiponectin upregulates IL-10 and IL-1R expression, and 

lower expression of TNF-α [19]. Also, another possible explanation for this hypothesis is 

that most likely women cough less effectively compared to men due to social reasons, 

sometimes described as “Lady Windermere syndrome”  [4, 19]. This phenomenon itself 

can make the bacteria clearing from the lungs more challenging. Finally, low levels of 

estrogen in post-menopausal females may increase risk because estrogen binding to 

the estrogen receptors on macrophage enables more efficient phagocytosis [19]. All 
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these potential risk factors for M. abscessus infection points to the urgent need for 

improved treatments and additional studies to understand pathogenesis.  

 

     According to the Centers of Disease Control and Prevention (CDC) in 2019 in the 

United States, the annual prevalence of NTM infection increased to 39.6 cases/100,000 

population in 2016 and annual incidence to 19.0 cases/100,000 population. Overall 

prevalence for the study period was higher in the elderly. Interestingly, the highest 

prevalence in the United States was observed in Hawaii. It has 396 cases per 100000 

people annually. Pulmonary infection is 1.4 times higher in women over 65 than in men 

over 65.  CDC is stating that People age 60 years or older, annual prevalence of NTM 

infection increased from 19.6 cases per 100,000 people between 1994 and 1996 to 26.7 

cases per 100,000 people between 2004 and 2006 [7]. 

Drug Treatment against NTMs 

     Mycobacterium abscessus can cause a chronic pulmonary infection, that needs to 

be treated for up to 2 years [12]. Drug treatment against NTMs contains a macrolide, 

such as an azithromycin or clarithromycin, and an aminoglycoside such as amikacin or 

azithromycin, and cefoxitin as cephalosporin or a fluoroquinolone such as levofloxacin 

[23, 24] (Table 2). 

     Fluoroquinolones interrupt the synthesis of nucleic acid [25]. Cephalosporins are β-

lactams and interrupt the synthesis of the cell wall [25, 26].   To inhibit protein synthesis 

by M. abscessus, macrolides bind to 50S ribosomes and aminoglycosides bind to 30S 

ribosomal subunits [25]. To interfere protein synthesis macrolides also bind to the 23S 

ribosomal RNA (rRNA) [27]. Mycobacterium abscessus acquires the aminoglycoside 
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resistance by a p55 efflux pump [4]. Erythromycin ribosome methyltransferase (41) 

genes (erm (41) genes) were found in the isolated M. abscessus subspecies abscessus 

and M. abscessus subspecies massiliense species [28]. These erm(41) genes 

methylate the 23S rRNA causing macrolide resistance in these pathogens [28, 29].  

These multiple resistance factors expressed by clinical isolates of M. abscessus results 

in the potential for high levels of drug resistance and cause a challenge to treat patients 

infected with these pathogens [30].  

 

     The majority of individuals infected with M. abscessus take these antibiotics for a 

long duration and sadly the treatment doesnt result in  a cured disease [31]. 

Mycobacterium abscessus is an intracellular pathogen and it is capable to survive within 

macrophages [32, 33]. This characteristic gives the bacteria the ability to “hide” from 

other immune cells that can potentially kill the pathogen resulting in pathogen survival. 

Biofilm production also protects the bacteria from exposure to bactericidal compounds. 

Biofilm production also contributes to the chronic nature of the infection [33]. The long 

exposure to antibiotics leads to multi-organ toxicity in many patients [23].  The chronic 

M. abscessus infection leads to an individual’s undergoing lung resection to save their 

life [34-36]. Experiencing recurrence of disease is common even after successful drug 

therapy [34].  For example, some patients after a lung transplant when diagnosed with 

M. abscessus infection may result in subsequent successful disease cure. 

Nevertheless, a month after disease cure reinfection with M. abscessus occurred and 

the patient was diagnosed with deep gluteal abscesses caused by recurrence of the 

bacteria, and ultimately developed bronchiolitis obliterans [34]. That is why it is urgent to 
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find new more effective drug treatments in order to prevent recurrence-and re-infection. 

In Section 1.3 we will extend further on the drug resistance and re-infection.  

 

      There are significant differences between immune response in humans and the 

mouse [37]. For instance, the pro-inflammatory interleukin-32 (IL-32) cytokine, which 

plays an important role in human immune response, is not produced in mice [38, 39]. In 

humans, the immune response against M. abscessus infection not was well 

characterized or understood [22]. However, the understanding of M. abscessus 

pathogenesis in humans is growing. As an example, recently it has been shown that M. 

abscessus is less likely to survive inside of macrophages unlike slow-growing 

mycobacteria, also, it is more likely to consume macrophages which leads to the injure 

release of reactive oxygen species [18]. Mycobacterium abscessus human infection 

leads to changes in the morphology of rough and smooth morphology of the strains 

overtime during treatment which remains poorly understood [40]. MyD88 (myeloid 

differentiation primary response gene 88) is an adaptor protein which has found on toll-

like receptors (TLRs), during the infection with M. abscessus of alveolar cells, which 

activates NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) 

pathway, which induces cytokines’ production which inflammation [10].   

 

 

 

1.2  Cystic Fibrosis and Human Immunity 
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Cystic fibrosis is a result of the mutation of the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR), which is affecting multi-systemic organs, including the 

respiratory system, digestive system, reproductive system, and immune system [10, 

11]. CFTR was discovered in CF patients from the 1950s [9]. The ions homeostasis in 

the cell is changed after the CFTR gene mutation. In a normal state, the CFTR gene 

expresses at the CFTR protein channel, and this protein is responsible for the 

transportation of Chloride (Cl-) ion over the body. CFTR’s function also refers to other 

ions production, such as Sodium (Na+) ion. Nevertheless, CFTR proteins defected was 

observed when there is a mutation of the CFTR gene in the CF patients. The mutation 

results in ion dysregulation, thus Cl- ion cannot get out of the cell as it happens during 

the normal phase. Also, hyper-absorption of Na+ ions is caused by the high level of Cl- 

ion inside of the cell, which leads to thickened mucus since there is no water inside [4, 

41, 42] (Figure 1). 

Autosome recessive genetic disorder caused the mutation of CFTR. There were founds 

of almost 1600 mutations of this gene [40]. Depending on the type of gene mutations 

the defects vary. Based on the effect on the channel function these mutations are 

systematized into 6 classes. These classification criteria are based on several things 

such as absence of CFTR protein, less expression of CFTR protein the expression of 

the dysfunctional CFTR protein [40, 41].  

 

     The symptoms of CF are individual for every patient. In some rare cases, the 

disease might be diagnosed during the first month of life. However, the disease might 

stop progressing and will appear later during adulthood. The pulmonary disease has 
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more obvious characteristics and is more serious for patients. In healthy patients, the 

function of the mucociliary process results in clearing all mucus, bacteria, and debris, to 

prevent the airways from the infection. In contrast, in CF patients there are issues with 

their lungs, due to non-functional mucociliary clearance and thick secretions causing 

airway plugging and promotes bacterial colonization.  

 

     After the defective effect of CF in the respiratory tract there still can be a bacterial 

infection and inflammation. In fact, for approximately 80% of CF patients, it is common 

to get a secondary infection by other organisms. There are several most common 

problematic pathogens, such as Pseudomonas aeruginosa, Staphylococcus aureus, 

Hemophilus influenza, and non-tuberculosis mycobacteria to cause infection in CF 

patients [43]. Those are evading the host immune defense by making biofilm. 

Depending on the CF patient’s region and the population there have been 3.7-24% 

nontuberculosis mycobacteria isolated from those patients [44]. Bronchial wall damaged 

is caused as a result of chronic bacterial infection and inflammatory, also, it is leading to 

respiratory failure from repeated CF, which itself is causing death.  

 

     As mentioned above, the mutation of CFTR gene mutation causes CFTR 

dysfunction, which is affecting the immunity, both in cellular and humoral immunity [11, 

42].  Cystic Fibrosis is one of the most difficult pulmonary diseases to manage, and it 

highly affects the patient’s life [11]. As the first sign of CF can be the dense mucus, 

which also can increase the colonization of bacteria and infection in airways. Pathogen-

associated molecular patterns (PAMPs) have an immunostimulatory effect and it causes 
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excessive inflammation in the airway. PUMPs enhances the pro-inflammatory 

mechanisms by increased production of chemokines (IL-8 and TNF) and cytokines as 

well as a high level of polymorphonuclear neutrophils (PMN) [14].  Several studies 

showed that the bronchoalveolar lavage fluid which was contained from the infant with 

CF, showed a high level of IL-8 and TNF-alpha, which means that there is an increased 

secretion [15]. Enhanced bacterial level in the airways and the attachment to the 

epithelial membrane induces biofilm production to protect bacteria, which leads to the 

expression of PAMPs. Thereafter, the local immune response is increasing, and more 

leukocytes are recruiting to the infection sites [16-18, 20, 21].   

 

A study showed an increase in NF-κB signaling and pro-inflammatory cascade, which 

includes Ca2+ dependent signaling, mitogen-activated protein kinase (MAPK) – 

dependent activation of activator protein, and activated T-cell transportation’s nuclear 

factor in CFTR deficiency cases which was compared to wild-type CFTR [28]. It is well-

known that NF-κB signaling plays a great role in the regulation of immune response to 

infection, and how CFTR mutation affects this pathway has been shown in several 

studies [23-25, 29]. In a healthy condition, TLR4 is expressed on the surface of the 

epithelial cells in airways in response to MyD88, it activated Trif-dependent signaling.  

Trif pathway is induced Interferon’s (IFNs) production, such as IFN-α and IFN-β, that 

play an important role in clearing the airway. In contrast, these mechanisms seem 

distracted in CF patients. The dysfunctional CFTR genes cause increased activation of 

the NF-κB pathway as a result of TLR-MyD88 signaling activation, as well as decreased 

Trif-dependent signaling [22]. Expression of TLR4 is decreased in CF patients and it 
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has lower sensitivity to LPS stimulation and MyD88 and Trif signaling [22].  A primary 

function of Tregs is to mitigate the potentially harmful effects of inflammation [45-47].  

While Tregs may play a host-defense role in various mycobacteria, viral, parasitic, and 

fungal infections [48]  as well as help limit inflammation and pathologic damage in 

disease, a reduced influx or exhaustion of Tregs to the lungs, particularly before MABS 

infection is under control, is known to result in increased inflammation and worsen 

mycobacterial disease in experimental animals and primary human cells ]. Tregs induce 

macrophages toward an alternative “deactivated” phenotype (also known as M2 

macrophages) M1 macrophages are essential for killing mycobacteria [46, 49, 50]. 

1.3   Drug Resistance  

As mentioned above, drug resistance is remaining as a major issue in M. abscessus 

treatment. It has been shown that all anti-tuberculosis drug treatments are not helpful 

for all clinical isolates of M. abscessus [8]. This bacterium is a multi-drug resistant [5]. 

Resistance to clarithromycin can be caused by the mutations in the 23S rRNA gene of 

M. abscessus [8]. Furthermore, resistance to amikacin can be gain due to mutation in 

the 16S rRNA dene of M. abscessus [8]. The study showed that in vitro the bacteria is 

resistant to clarithromycin, amikacin, cefoxitin, clofazimine, and imipenem [8]. 

Nevertheless, when treating pulmonary M. abscessus there are no reliable drug 

regimens that can alter the salvia from culture-positive to culture-negative over a certain 

period [8]. Surgical resection of the damaged lung tissue and at least a year antibiotic 

combination treatment such as clarithromycin, amikacin, and cefoxitin are the most 

effective treatment for pulmonary M. abscessus [8].  Pulmonary infection in most cases 

have chronic nature and is incurable [8].  
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     NTM cause many challenges for effective antibiotic treatments [4, 28, 29]. The 

hydrophobic cell envelop of Mycobacteria is serving as a great protection to the  entry of 

lipophilic antimycobacterial [41, 51, 52][41, 51, 52][38, 48, 49][38, 48, 49][38, 48, 49][38, 

48, 49][41, 51, 52][41, 51, 52][41, 51, 52][41, 51, 52][41, 51, 52][41, 51, 52][41, 51, 

52][41, 51, 52][38, 48, 49][38, 48, 49][38, 48, 49][38, 48, 49][38, 48, 49][38, 48, 49]  

agents. Additionally, β-lactamases conferring resistance to β-lactams with other 

antibiotic inactivation mechanisms plays a significant role for NTM drug resistance [25, 

26, 53]. Mycobacteria produce aminoglycoside phosphotransferases and 

aminoglycoside acetyltransferases; those are responsible for the resistance to amikacin 

and to other aminoglycosides [54]. Mycobacteria has a unique natural resistance to 

rifamycin, pyrazinamide ethambutol, and isoniazid [55-57]. Ethambutol is a component 

to which most rapidly growing mycobacteria are resistant in general [58]. The, 

resistance to aminoglycosides and to tetracyclines is responsible the pp55 efflux pump 

[4]. As already have been mentioned, the expression of erythromycin ribosome 

methyltransferase gene was observed in all isolates of M. abscessus sbsp. abscessus 

[4, 28].  Due to methylation of the 23S rRNA, these genes erm [41] arrogate causative 

macrolide resistance in these pathogens [4, 28, 29]. However, in M. chelonae these 

genes are not found [4]. To detect the stimulation of these genes and macrolide 

resistance, we cannot use the traditional testing since it takes prolonged incubation 

observation [59] Clarithromycin contributes more to causative macrolide resistance than 

Azithromycin [60] (Figure 2).  
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     Another challenge in developing effective treatment is the fact that the in vitro 

susceptibility assays works differently, then it does in vivo [61, 62]. Additionally, we have 

limited understanding of antibacterial treatments pharmacokinetics at the infection site 

[62, 63]. The pharmacokinetics and pharmacodynamics have an issue to develop and 

test the effect for each compound at the infection sites, since there is a great level of 

variability in the drugs loading into the macrophages liposomes [64]. A very few 

antibiotics were showed to have as good in vivo effect as they do in vitro for NTM, after 

all these resistance mechanisms paired with MIC and minimum bacterial concentration 

(MBC) [55-60, 62]. 

1.4  Aims 

We hypothesize that after four times of reinfection there will be expression of markers of 

immune exhaustion on CD4+T cell expression of PD1+ cells and CD11b+ macrophages 

expression of CTLA4 in reinfected CF βENaC-Tg mouse model.   The objective of this 

project is to understand how the re-infection of M. abscessus impacts the immune 

response in cystic fibrosis (βENaC-Tg) mouse model.  

 

Thus, our aims are as follows: 

Aim1: Does M. abscessus re-infection (4 times) result in the expression of markers of 

immune exhaustion PD-1 on T cells in cystic fibrosis mice? Experiments will be 

conducted exposing an aerosol infection 4 times to the (βENaC-Tg) mice and evaluating 

the lungs for using flow cytometry to evaluate the immune responses of T cell 

expression of PD-1 day 5, 15, 30 after reinfection. 
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Aim 2: Does M. abscessus re-infection (4 times) result in expression of markers of 

immune exhaustion CTLA4 on CD11b+ macrophages in cystic fibrosis mice? 

Experiments will be conducted exposing an aerosol infection 4 times to the (βENaC-Tg) 

mice and evaluating the lungs for using flow cytometry to evaluate the immune 

responses of macrophage expression of CTLA4 on day 5, 15, 30 after reinfection. 

Chapter 2, Material and Methods 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 Material and Methods  

 

2.1 Animal Infection 

Mice were infected using a micro-spray aerosol with M. abscessus OM194, 40 μL 

containing 1 x 106 colony forming units (CFU), with a rough morphology and positive for 

biofilm formation. The M. abscessus subspecies abscessus OM194 strain is a rough 
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clinical isolate from Dr. Andres Floto, University of Cambridge, UK. The M. abscessus 

inoculum was prepared by thawing the bacterial vial. After that, we obtained the 

mycobacterial suspension from the vial with a 1-ml tuberculin syringe fitted with a 26.5-

gauge needle and expelled back into the vial. We repeated this procedure back and 

forth into the vial 20 times without removing the needle to mix the suspension and break 

up small clumps of bacilli. All animals used were β-ENaC transgenic mice (Table 3).  

 

        2.2 Culturing of Nontuberculous Mycobacterial Strains 

All strains of M. abscessus were grown in 7H9 broth with Glycerol, Dubos Oleic Albumin 

Complex (OADC), and Tween 80 to an optical density (OD) of 1.0, or a concentration of 

approximately 2.5 x 10^8 CFU / mL. Afterward, the culture was centrifuged for 10 minutes 

at 23°C at 3,500 revolutions per minute (rpm). We resuspended the bacterial cell pellet in 

fresh 7H9 broth with glycerol, OADC, and Tween 80. After resuspending, the solution was 

centrifuged again for five minutes at 350 rpm at 23°C. The supernatant was saved, and 

the remaining pellet discarded. Lastly, 1.5 mL of bacterial culture was pipetted into glass 

vials, which were plugged and sealed. For each final culture, a titer was obtained, and 

labeled vials were stored in cryovial boxes at -80°C. 

 

2.3   Animal Model βENaC-Tg 

    The cystic fibrosis mouse strain used in this study was the β-ENaC transgenic mice. 

These mice have an overexpression of the epithelial Na+ channel (ENaC) which is 

responsible for regulation of airway surface liquid hydration. It is composed of three 

subunits: α, β, and γ, and those three subunits are over-expressed expressedin this 
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model. The over expression of the β subunit results in Na+ hyperabsorption, which leads 

to dehydration of airway surface liquid, leading to thickened mucus accompanied by 

delayed bacterial clearance, and lung inflammation resulting in increased inflammation 

[65] 

 

2.4 Bacterial Burden 

     On day 5, day 15, and day 30 post-infection with the M. abscessus OM194, four 

mice from each group were humanly euthanized by using 20 % dioxide (CO2) 

euthanasia and their lungs, livers, and spleens were harvested to determine the 

bacterial burden baseline in each time point. Afterward, we homogenized organs in 5 

mL of phosphate-buffered saline (PBS), and serial dilutions were plated on nutrient 

7H11 agar and incubated for 1 week at 30°C when CFU was enumerated.  

 

2.5 Flow Cytometry 

Primary infected and re-infected βENaC-Tg mice lungs were evaluated by flow 

cytometric analyses. This analysis will allow us to get 24 parameters on each cell. We 

performed a lung cell digestion to provide single cell suspension of lung leukocytes for 

flow cytometry, in order to evaluate the pathogenesis by tracking the immune response 

after infection. We quantified the of CD4+ T cell expression of PD1+ expression by flow 

cytometry and the CD11b+ macrophages expression of CTLA4+ positive cells. This 

analysis will help to understand if the reinfection modulates the immune system to 

express markers of immune exhaustion (PD1+ and CTLA4+) causing cells to not 

function effectively to kill M. abscessus. 
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2.6 Statistical Analysis 

 

Bacterial burdens in the M. abscessus infected animal organs are compared to naïve 

mice, animal infected once, twice, three times and four times were analyzed with 

GraphPad Prism version 4 (GraphPad Software, San Diego, CA), using analysis of 

variance (ANOVA) and Dunnett and Tukey multiple comparison tests. Data are 

presented using the mean values (n=4) plus or minus the standard error of the mean 

(SEM). Significance was considered below P-value of p<0.050.   

 

 

 

 

 

 

 

 

Chapter 3, Animal Model Development 

 

3.1    Development of βENaC-Tg Mouse Model 

There have been several mouse strains tested for M. abscessus infection [10]. It has 

been shown that bacterial infection is quickly being cleared by other immunocompetent 

mouse strains, which does not led to an acute infection. However, some 
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immunodeficient mouse models were discovered that demonstrate susceptibility to 

infection and maintained a high level of M. abscessus, including the CF mouse models 

with structural defects, βENaC-Tg transgenic mice [10]. 

       

Micro sprayer intratracheal instillation technique was used to deliver the bacteria to 

achieve pulmonary infection. By using this technique, we have been dosing the mice 

with moderate numbers 1x106 CFU of M. abscessus, afterwards evaluating the disease 

progression at 10, 20, and 30 days after infection.  

 

     As it is shown in Figure 3 the mice have been exposed to isoflurane anesthesia and 

positioned on the intubation platform. In Figure 3C mice were microsprayed with 40 ul 

Cy5.5 dextran in a pulmonary aerosol demonstrating that the pulmonary aerosol goes to 

the pulmonary cavity and not the stomach. Figure 3D shows the M. abscessus bacterial 

burden infection, which has been delivered by using the pulmonary microsprayer 

technique. This procedure was used for our reinfection and after four reinfections we 

evaluated bacterial organ burden in the lungs and flow cytometic changes on days 10, 

20, and 30 after the pulmonary re-infection procedure. Our results suggest that the 

βENaC mouse model after four re-infections demonstrates a productive disease, 

denoted by increased bacterial lung burden, airway inflammation, and can be used as a 

model to better understand what has been seen in human subjects with isolated CF M. 

abscessus lung disease.  

     Once we had established the primary infection βENaC mouse model we developed a 

reinfection βENaC mouse model [Figure 4 A-D]. We employed our experience and 
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knowledge gained with the βENaC-Tg microsprayer intratracheal instillation technique 

which was developed by exposing mice with low to high numbers (1x104- 1.0x1010CFU) 

of MABS and evaluated disease progression at 10, 15 and 30 days after infection. We 

optimized the reinfection process using suboptimal primary infection doses of MABS 

between 1x104-1x108. Ultimately, the optimal amount of MABS to allow for βENaC mouse 

primary infection and initial immune clearance, reinfection and subsequent persistence 

and disease progression that did not result in mouse mortality was a dose of 1x106 CFUs. 

[Figure 4] shows the reinfection process with MABS outbreak strain MABS OM194. 

 

3.2 Immune Response to reinfection with M. abscessus 

 

Dr. Ordway’s laboratories previous research with reinfection models of Mycobacterium 

tuberculosis (MTB) [10] has shown that reinfection causes a substantial memory T cell 

response, which quickly collapses. This study gives us an initial idea of the reinfection 

process of M. abscessus. Verver et al. [66] showed that patients with active tuberculosis 

successfully treated with chemotherapy have a four times higher chance to present a 

new infection. In Dr. Ordway’s laboratory, they modeled this in mice infecting them with 

the optimal dose of virulent M. tuberculosis W-Beijing strain HN878 and afterward 

treating these animals with chemotherapy to sterilize them. The protection and the 

memory response were lost with a concomitant increase in expression of the exhaustion 

marker PD-1 on these cells like pointing to the underlying cause.   
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     A primary function of Tregs is to mitigate the potentially harmful effects of 

inflammation [45-47].  While Tregs may play a host-defense role in various 

mycobacteria, viral, parasitic, and fungal infections [48] as well as help limit 

inflammation and pathologic damage in disease, a reduced influx or exhaustion of Tregs 

to the lungs, particularly before MABS infection is under control, is known to result in 

increased inflammation and worsen mycobacterial disease in experimental animals and 

primary human cells  [42, 67-70]. 

 

 

3.3 Reinfection Results in Immune Exhaustion   

       

The understanding of the process of M. abscessus transmission, virulence and 

pathogenesis are limited. Of the few studies evaluating the microbial constituents of the 

home environment of individuals with CF and their association with lower airways 

infections, all showed CF patients acquire M. abscessus infections from contaminated 

nebulizers, and environmental sources [71, 72]. The limited studies from different 

groups [73, 74] and from our laboratory [75, 76] support the hypothesis that outbreak 

strains have a heightened capacity infection patterns, are more drug-resistant and have 

a worse clinical outcome. 

 

     We demonstrate in Figure 5 that after 4 suboptimal exposure of M. abscessus 

OM194 that using our flow cytometry gating strategy shown in Figure 5 that the CD4+ T 

cells show increased expression of PD-1 markers of immune exhausting after the fourth 

bacterial exposure. We predict that reinfection of cystic fibrosis mice will result in 
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increased bacterial burden, organ pathology, and immune exhaustion markers PD1+ on 

CD4+T-cells.  

  

     Increased percentages of CD4+PD1+T cells were present after a low dose 

reinfection of M. abscessus OM194 in cystic fibrosis mice analyzed by flow cytometry 

compared to naïve controls. T cells were gated with a primary gate on viable FSC vs. 

SSC lymphocytes compared to the naïve isotype controls and then on CD4+ T cells, and 

analyzed for changes in the total mean percentages of CD4+ PD1+ cells over the 

course of infection Significantly increased percentages of migrating CD4+ PD1+ T cells 

between day 5 and 30 to the lungs of mice occurred after reinfection (Student T test*, 

p=0.001), compared to naïve mice. Results represent the mean percentage of cells of 

five mice for each condition from one experiment (±SEM). 

 

We demonstrate in Table 4 the differences in the percentages of naïve and infected 

mice after 4 suboptimal exposure of M. abscessus OM194 using our flow cytometry 

gating strategy shown in Figure 5 that the CD4+ cells shows a significant increase in the 

percentage of PD1+ markers of immune exhausting after the four bacterial 

Intratracheal (IT) exposures and after day 5, 15 and 30 days.  

 

  We then went onto evaluate if then macrophage population of cells in the lungs of mice 

reinfected would also after four IT infections and on days 5, 15 and 30 demonstrate an 

gradual increase of then exhaustion maker CTLA4+ on CD11b+ macrophages. We 

demonstrate in Figure 6 that after 4 suboptimal exposure of M. abscessus OM194 that 
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using our flow cytometry gating strategy shown in Table 5 that the CD11b+  

macrophages  show significant increased expression of CTLA4+ markers of immune 

exhausting after the fourth bacterial exposures and 5, 15 and 30 days after infection.  

 

Table C shows then percentage of postive CD11b+CTLA4+ naïve mice, after four 

pulmonary M. abscessus intratracheal (IT) reinfections, and after infection progressed 

on days 5, 15 and 30 in the Beta enacmice  inducing significantly increased numbers of 

CD11b+CTLA4+ exhaustion markers compared to naïve mice. The changes of naïve 

and M. abscessus reinfected cells, were analyzed for changes in the total mean 

percentages of CD11b+CTLA4+ cells over the course of infection. Significantly 

increased percentages of CD11b+CTLA4+ between day 5, and 30 in the lungs of mice 

occurred after reinfection (Student T test*, p=0.001, compared to naïve mice). Results 

represent the mean percentage of cells of five mice for each condition from one 

experiment (±SEM). 

The changes of naïve and M. abscessus reinfected cells, were analyzed for changes in 

the total mean percentages of CD11b+CTLA4+ cells over the course of infection. 

Significantly increased percentages of CD11b+CTLA4+ between day 5, and 30 in the 

lungs of mice occurred after reinfection (Student T test*, p=0.001, compared to naïve 

mice). Results represent the mean percentage of cells of five mice for each condition 

from one experiment (±SEM). 
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Chapter 4, Discussion 

       

      To achieve progressive infection of M. abscessus after several reinfections in the 

cystic fibrosis mouse model, we developed this work to screen a cystic fibrosis mouse 

model to model M. abscessus reinfection with clinical endpoints with CF individuals.  

 

Previously at Dr. Ordway’s laboratory, we observed three cystic fibrosis mouse models 

infected with suboptimal M. abscessus sbsp. massiliense OM194 that results in 
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progressive pulmonary infection. This finding supports our original hypothesis that 

reinfection with M. abscessus from the environment is more likely to cause progressive 

infection in the CF mouse model. 

     

      In this work, we showed that after four times infection in β-ENaC transgenic mice 

there was a high level of infection and developed progressive disease. In β-ENaC 

transgenic mice, the high bacterial burden remained after four times of infection and 

maintained in the organs by until day 30. This data shows that this mouse model is 

unable to control an adaptive or innate immune response for clearing the mycobacterial 

infection. Thus, we concluded that this mouse model is the best mouse models for 

studying M. abscessus re-infection if we want to achieve some clinical endpoints with 

CF individuals. The disease progression and increase in bacterial burden in this mouse 

model show the potential to be used as a candidate mouse models for testing the novel 

anti-mycobacterial drug for CF patients. 

 

     Moreover, we found that β-ENaC transgenic mice developed lung pathology in the 

disease progressed on day 15 and day 30 post-reinfections. β-ENaC transgenic mice is 

a good model for histopathology since it mimics the same as in humans, as humans 

develop pulmonary infection both necrotizing and in-necrotizing granulomatous 

inflammations (data not included).  

 

     Our study also showed that in a β-ENaC transgenic mice mouse model after four 

times reinfection gradually resulted in increased markers of immune exhaustion. We 
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demonstrated that by analyzing the exhaustion markers PD-1 markers on CD4+ T cells 

were expressed in higher amounts after four M. abscessus exposure. Also, the β-ENaC 

transgenic mice mouse model after four times of M. abscessus exposure showed a 

gradual increase of CD11b+ macrophages expressed higher amounts of another 

immune exhaustion marker CTLA4. The expression of immune exhaustion markers 

results in the cell’s being physically present in the mouse, but these cells have reduced 

antimicrobial functions to be able to kill M. abscessus. This means that after several 

times of infection the immune response is no longer able to fight against the pathogen, 

and that is what happens frequently in CF patients.  

 

     The need to understand the impact of the reinfection with M. abscessus in CF 

patients is an urgent matter in the NTM field. Our recent study on reinfection of our CF 

mouse models showed that the process of reinfection was able to inhibit immunity and 

allow M. abscessus to persist and cause pulmonary infection and progressive disease. 

The reinfection helps the development of increased bacterial burden and dissemination 

in the tissue and lung pathology. 

 

     We have two hypothesis that are plausible where reinfection could result in a 

progressive infection in a CF patient. The first hypothesis is that upon initial M. abscessus 

attachment to the upper airways and/or lungs M. abscessus could persist in these sites 

with the potential of the cough reflux to result in multiple pulmonary exposures. This initial 

endogenous reinfection process of M. abscessus persistence would allow M. abscessus 

to replicate to higher numbers over time and combined with the cough reflux instill M. 
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abscessus into mid to lower regions of the lung. Our second hypothesis proposes that an 

exogenous source of M. abscessus exposes the individual to M. abscessus and 

reinfection occurs directly in the upper airways persisting and/or directly infecting the 

lungs over time, increasing M. abscessus numbers causing progressive infection. Once 

we had established the primary infection βENaC mouse model we developed a reinfection 

βENaC mouse model. We employed our experience and knowledge gained with the 

βENaC-Tg microsprayer intratracheal instillation technique which was developed by 

exposing mice with low to high numbers (1x104- 1.0x1010CFU) of M. abscessus and 

evaluated disease progression at 10, 15 and 30 days after infection. We optimized the 

reinfection process using suboptimal primary infection doses of M. abscessus between 

1x104-1x108. Ultimately, the optimal amount of M. abscessus to allow for βENaC mouse 

primary infection and initial immune clearance, reinfection and subsequent persistence 

and disease progression that didn’t result in mouse mortality was a dose of 1x106 CFUs. 

shows the reinfection process with M. abscessus outbreak strain MABS OM194. 

 

In conclusion, little is known about the early stages of M. abscessus infection or 

reinfection in the upper respiratory track of CF patients. However, additional studies are 

needed using M. abscessus strains expressing fluorescent markers using whole body 

mouse xenogen imaging (which allows for tracking the specific site of infection) after 

pulmonary infection shows to further understand the persistence of immune cells in the 

nasopharyngeal passageways prior to dissemination into the lower airways. In addition, 

understanding the true impact of immune exhaustion on other cellular phenotypes, such 

as granulocytes, dendritic cells and CD8+ cell’s is warranted.  

https://www.google.com/search?q=nasopharyngeal+site+picture&tbm=isch&tbo=u&source=univ&sa=X&ved=2ahUKEwjVgdDfy__eAhUujoMKHUdxAIgQsAR6BAgAEAE
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TABLES AND FIGURES 
 
 
 
Table 1 describes the Cystic Fibrosis βENaC-Tg mouse model characteristics which has been 
shown to possess similar properties to human clinical disease, such as immunity supporting 
bacterial persistence, airway inflammation, and mucus plugging resulting in pulmonary 
pathology [1-3]. 

 



 

 

29 

 

 

Table 2. Two major NTM complexes and the recommended treatment regimen for each. 

 

 

 

Table 3, above describes the Cystic Fibrosis βENaC-Tg mouse model characteristics which 
have been shown to possess similar properties to human clinical diseases, such as immunity 
supporting bacterial persistence, airway inflammation, and mucus plugging resulting in 
pulmonary pathology [1-3]. 

 

 

 
Table 4.  
Kinetic influx of CD4+PD1+ T cells in naïve and M. abscessus reinfected cystic fibrosis mice. 
Data from 1 experiment in which mice were infected daily for 4 days in a row with suboptimal 
doses of M. abscessus and then mice were assayed (that received the 4 suboptimal doses) on 
Day 5, Day 15, and Day 30. Kinetic influx of CD4+PD1+ T cell in M. abscessus naïve and 
reinfected cystic fibrosis mice. Increased percentages of CD4+PD1+T cells were present after a 
low dose reinfection of M. abscessus OM194 in cystic fibrosis mice analyzed by flow cytometry 
compared to naïve controls. T cells were gated with a primary gate on viable FSC vs. SSC 
lymphocytes compared to the naïve isotype controls and then on CD4+ T cells and analyzed for 
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changes in the total mean percentages of CD4+ PD1+ cells over the course of infection. 
Increased percentages of migrating CD4+ PD1+ to the lungs of mice peaking after 30 days of 
reinfection. Results represent the mean percentage of cells of five mice for each condition from 
one experiment (±SEM). 

 

 

 

 

 

 

 

 

 

 

 

Table 5.  shows then percentage of postive CD11b+CTLA4+ naïve mice, after four pulmonary 
M. abscessus intratracheal (IT) reinfections, and after infection progressed on days 5, 15 and 30 
in the Beta enacmice  inducing significantly increased numbers of CD11b+CTLA4+ exhaustion 
markers compared to naïve mice. The changes of naïve and M. abscessus reinfected cells, 
were analyzed for changes in the total mean percentages of CD11b+CTLA4+ cells over the 
course of infection. Significantly increased percentages of CD11b+CTLA4+ between day 5, and 
30 in the lungs of mice occurred after reinfection (Student T test*, p=0.001, compared to naïve 
mice). Results represent the mean percentage of cells of five mice for each condition from one 
experiment (±SEM). 
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Figure 1. Comparison between healthy person’s airway wall and Cystic Fibrosis patient airway 
wall. Normal CFTR channel compared no mutated CFTR channel [4]. 
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Figure 2.  Discovery of the drugs and mechanism of action in different stages, showing the need 
of developing new immunomodulatory drugs[4]. 
 
 
 

 
Figure 3. Non-invasive pulmonary intratracheal instillation infection in mice. The intratracheal 
instillation technique is used to deliver nontuberculosis mycobacteria 

 

 
 
Figure 4. shows, the βENaC-Tg mouse model is showing progression of the disease in the 
lungs of βENaC-Tg following infection four times with a 1x106 CFU/ml M. abscessus strains 
which were isolated from CF patient with NTM lung disease. 

Figure 1. A-D. Multiple MABS Reinfections Result in a Progressive 
Pulmonary Disease in the βENaC Mouse Model

A B C D

Figure 3 A-D. Pulmonary infection of βENaC overexpressing (βENaC-Tg) using an intratracheal instillation technique is used to

deliver MABs 604 daily to mice. A. shows a primary infection. B. demonstrates two infections. C. demonstrates three infections
and D. demonstrates four infections. The primary and subsequent reinfections were evaluated for bacterial burden in whole lung,
spleen and livers on days 5, 15 and 30.
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Figure 5. A. Demonstrates four pulmonary M. abscessus intratracheal (IT) reinfections given 
once per week with Beta enac inducing slowly increased numbers of CD4+PD1+ exhaustion 
markers over time compared to naïve mice 

 

Figure 6. A. Shows CF mouse flow cytometry dot plots gated on lung macrophages and then B 
shows gated on CD11b and CD11c  (not shown) then on alveolar macrophges CD11b+ /CD11c 
high,  R5 CD11b+CTLA4+ were only were gated after each IT M. abscessus exposure. 

 

 

  



35 

 

References 

1. Johannesson, B., et al., CFTR Regulates Early Pathogenesis of Chronic 
Obstructive Lung Disease in βENaC-Overexpressing Mice. PLOS ONE, 2012. 
7(8): p. e44059. 

2. Goldman, M.J., et al., Human β-Defensin-1 Is a Salt-Sensitive Antibiotic in Lung 
That Is Inactivated in Cystic Fibrosis. Cell, 1997. 88(4): p. 553-560. 

3. Bals, R., et al., Human beta-defensin 2 is a salt-sensitive peptide antibiotic 
expressed in human lung. The Journal of Clinical Investigation, 1998. 102(5): p. 
874-880. 

4. Orme, I.M. and D.J. Ordway, Host Response to Nontuberculous Mycobacterial 
Infections of Current Clinical Importance. Infection and Immunity, 2014. 82(9): p. 
3516-3522. 

5. Lee, M.-R., et al., Mycobacterium abscessus Complex Infections in Humans. 
Emerging infectious diseases, 2015. 21(9): p. 1638-1646. 

6. Kwon, Y.H., et al., A Case of Skin and Soft Tissue Infection Caused by 
Mycobacterium abscessus. Ann Dermatol, 2009. 21(1): p. 84-87. 

7. Thomson, R.M., et al., Factors associated with the isolation of Nontuberculous 
mycobacteria (NTM) from a large municipal water system in Brisbane, Australia. 
BMC Microbiology, 2013. 13(1): p. 89. 

8. 4. Griffith DE, A.T., Brown-Elliott BA, Catanzaro A, Daley C, Gordin F, 
Holland SM, Horsburgh R, Huitt G, Iademarco MF, Iseman M, Olivier K, Ruoss S, 
Fordham von Reyn C, Wallace, Jr. RJ, Winthrop K. 200, An Official ATS/IDSA 
Statement: Diagnosis, Treatment, and Prevention of Nontuberculous 
Mycobacterial Diseases. American Journal of Respiratory and Critical Care 
Medicine, 2007. 175:367-416. 

9. Kapnadak, S.G., et al., Infection control strategies that successfully controlled an 
outbreak of Mycobacterium abscessus at a cystic fibrosis center. American 
Journal of Infection Control, 2016. 44(2): p. 154-159. 

10. Obregón-Henao, A., et al., Susceptibility of <span class="named-content genus-
species" id="named-content-1">Mycobacterium abscessus</span> to 
Antimycobacterial Drugs in Preclinical Models. Antimicrobial Agents and 
Chemotherapy, 2015. 59(11): p. 6904-6912. 

11. Choo, S.W., et al., Genomic reconnaissance of clinical isolates of emerging 
human pathogen Mycobacterium abscessus reveals high evolutionary potential. 
Scientific Reports, 2014. 4: p. 4061. 

12. Kham-ngam, I., et al., Differentiation between persistent infection/colonization 
and re-infection/re-colonization of Mycobacterium abscessus isolated from 
patients in Northeast Thailand. Infection, Genetics and Evolution, 2019. 68: p. 
35-42. 

13. McShane, P.J. and J. Glassroth, Pulmonary Disease Due to Nontuberculous 
Mycobacteria: Current State and New Insights. Chest, 2015. 148(6): p. 1517-
1527. 

14. Bryant, J.M., et al., Whole-genome sequencing to identify transmission of 
Mycobacterium abscessus between patients with cystic fibrosis: a retrospective 
cohort study. The Lancet, 2013. 381(9877): p. 1551-1560. 



36 

 

15. Falsey, R.R., et al., Cutaneous Inoculation of Nontuberculous Mycobacteria 
During Professional Tattooing: A Case Series and Epidemiologic Study. Clinical 
Infectious Diseases, 2013. 57(6): p. e143-e147. 

16. Gonzalez-Santiago, T.M. and L.A. Drage, Nontuberculous Mycobacteria: Skin 
and Soft Tissue Infections. Dermatologic Clinics, 2015. 33(3): p. 563-577. 

17. Leão, S.C., et al., Epidemic of surgical-site infections by a single clone of rapidly 
growing mycobacteria in Brazil. Future Microbiology, 2010. 5(6): p. 971-980. 

18. Helguera-Repetto, A.C., et al., Differential Macrophage Response to Slow- and 
Fast-Growing Pathogenic Mycobacteria. BioMed Research International, 2014. 
2014: p. 10. 

19. Chan, E.D., et al., Host Immune Response to Rapidly Growing Mycobacteria, an 
Emerging Cause of Chronic Lung Disease. American Journal of Respiratory Cell 
and Molecular Biology, 2010. 43(4): p. 387-393. 

20. Honda, J.R., V. Knight, and E.D. Chan, Pathogenesis and Risk Factors for 
Nontuberculous Mycobacterial Lung Disease. Clinics in Chest Medicine, 2015. 
36(1): p. 1-11. 

21. Henkle, E. and K.L. Winthrop, Nontuberculous Mycobacteria Infections in 
Immunosuppressed Hosts. Clinics in Chest Medicine, 2015. 36(1): p. 91-99. 

22. Griffith, D.E., et al., Mycobacterium abscessus. “Pleased to Meet You, Hope You 
Guess My Name...”. Annals of the American Thoracic Society, 2015. 12(3): p. 
436-439. 

23. Jeon, K., et al., Antibiotic Treatment of Mycobacterium abscessus Lung Disease. 
American Journal of Respiratory and Critical Care Medicine, 2009. 180(9): p. 
896-902. 

24. Huang, Y.-C., et al., Clinical Outcome of Mycobacterium abscessus Infection and 
Antimicrobial Susceptibility Testing. Journal of Microbiology, Immunology and 
Infection, 2010. 43(5): p. 401-406. 

25. Tenover, F.C., Mechanisms of Antimicrobial Resistance in Bacteria. The 
American Journal of Medicine, 2006. 119(6, Supplement 1): p. S3-S10. 

26. Wivagg, C.N., R.P. Bhattacharyya, and D.T. Hung, Mechanisms of β-lactam 
killing and resistance in the context of Mycobacterium tuberculosis. The Journal 
Of Antibiotics, 2014. 67: p. 645. 

27. Stout, J.E. and R.A. Floto, Treatment of Mycobacterium abscessus. American 
Journal of Respiratory and Critical Care Medicine, 2012. 186(9): p. 822-823. 

28. Chua, K.Y.L., et al., Antibiotic susceptibility of diverse Mycobacterium abscessus 
complex strains in New South Wales, Australia. Pathology, 2015. 47(7): p. 678-
682. 

29. Park, I.K. and K.N. Olivier, Nontuberculous Mycobacteria in Cystic Fibrosis and 
Non–Cystic Fibrosis Bronchiectasis. Semin Respir Crit Care Med, 2015. 36(02): 
p. 217-224. 

30. Maurer, F.P., et al., Aminoglycoside-modifying enzymes determine the innate 
susceptibility to aminoglycoside antibiotics in rapidly growing mycobacteria. 
Journal of Antimicrobial Chemotherapy, 2015. 70(5): p. 1412-1419. 

31. Lyu, J., et al., A shorter treatment duration may be sufficient for patients with 
Mycobacterium massiliense lung disease than with Mycobacterium abscessus 
lung disease. Respiratory Medicine, 2014. 108(11): p. 1706-1712. 



37 

 

32. Baranyai, Z., et al., Combating highly resistant emerging pathogen 
Mycobacterium abscessus and Mycobacterium tuberculosis with novel 
salicylanilide esters and carbamates. European Journal of Medicinal Chemistry, 
2015. 101: p. 692-704. 

33. Abdalla, M.Y., et al., Induction of heme oxygenase-1 contributes to survival of 
Mycobacterium abscessus in human macrophages-like THP-1 cells. Redox 
Biology, 2015. 4: p. 328-339. 

34. Chernenko, S.M., et al., Mycobacterium abscessus Infections in Lung Transplant 
Recipients: The International Experience. The Journal of Heart and Lung 
Transplantation, 2006. 25(12): p. 1447-1455. 

35. Jarand, J., et al., Clinical and Microbiologic Outcomes in Patients Receiving 
Treatment for Mycobacterium abscessus Pulmonary Disease. Clinical Infectious 
Diseases, 2011. 52(5): p. 565-571. 

36. Griffith, D.E., W.M. Girard, and R.J. Wallace, Clinical Features of Pulmonary 
Disease Caused by Rapidly Growing Mycobacteria: An Analysis of 154 Patients. 
American Review of Respiratory Disease, 1993. 147(5): p. 1271-1278. 

37. Mestas, J. and C.C.W. Hughes, Of Mice and Not Men: Differences between 
Mouse and Human Immunology. The Journal of Immunology, 2004. 172(5): p. 
2731-2738. 

38. Kobayashi, H., et al., Interleukin-32β Propagates Vascular Inflammation and 
Exacerbates Sepsis in a Mouse Model. PLOS ONE, 2010. 5(3): p. e9458. 

39. Bai, X., et al., Caspase-3-independent apoptotic pathways contribute to 
interleukin-32γ-mediated control of Mycobacterium tuberculosis infection in THP-
1 cells. BMC Microbiology, 2015. 15(1): p. 39. 

40. Aulicino, A., et al., High-throughput transcriptomics reveals common and strain-
specific responses of human macrophages to infection with Mycobacterium 
abscessus Smooth and Rough variants. BMC Genomics, 2015. 16(1): p. 1046. 

41. Chatterjee, D., The mycobacterial cell wall: structure, biosynthesis and sites of 
drug action. Current Opinion in Chemical Biology, 1997. 1(4): p. 579-588. 

42. Rocco, J.M. and V.R. Irani, Mycobacterium avium and modulation of the host 
macrophage immune mechanisms [Review article]. The International Journal of 
Tuberculosis and Lung Disease, 2011. 15(4): p. 447-452. 

43. Byrd, T.F. and C.R. Lyons, Preliminary Characterization of a<em>Mycobacterium 
abscessus</em> Mutant in Human and Murine Models of Infection. Infection and 
Immunity, 1999. 67(9): p. 4700-4707. 

44. Bernut, A., et al., <em>Mycobacterium abscessus</em> cording prevents 
phagocytosis and promotes abscess formation. Proceedings of the National 
Academy of Sciences, 2014. 111(10): p. E943-E952. 

45. Cavassani, K.A., et al., The post sepsis-induced expansion and enhanced 
function of regulatory T cells create an environment to potentiate tumor growth. 
Blood, 2010. 115: p. 4403-4411. 

46. Shevach, E.M., Mechanisms of Foxp3+ T regulatory cell-mediated suppression. 
Immunity, 2009. 30: p. 636-645. 

47. Vignali, D.A., L.W. Collison, and C.J. Workman, How regulatory T cells work. Nat 
Rev Immunol, 2008. 8: p. 523-532. 



38 

 

48. Rowe, J.H., J.M. Ertelt, and S.S. Way, Foxp3(+) regulatory T cells, immune 
stimulation and host defence against infection. Immunology, 2012. 136: p. 1-10. 

49. Martinez, F.O., L. Helming, and S. Gordon, Alternative activation of 
macrophages: an immunologic functional perspective. Annu Rev Immunol, 2009. 
27: p. 451-483. 

50. Tiemessen, M.M., et al., CD4+CD25+Foxp3+ regulatory T cells induce 
alternative activation of human monocytes/macrophages. Proc Natl Acad Sci U S 
A, 2007. 104: p. 19446-19451. 

51. Mugunthan, G., et al., Synthetic analogues of mycobacterial arabinogalactan 
linkage-disaccharide part II: synthesis and preliminary screening of lipophilic O-
alkyl glycosides. Carbohydrate Research, 2011. 346(15): p. 2401-2405. 

52. Loots, D.T., et al., A metabolomics investigation of the function of the ESX-1 
gene cluster in mycobacteria. Microbial Pathogenesis, 2016. 100: p. 268-275. 

53. Dubée, V., et al., β-Lactamase inhibition by avibactam in Mycobacterium 
abscessus. Journal of Antimicrobial Chemotherapy, 2014. 70(4): p. 1051-1058. 

54. Ho, I.I.Y., C.Y. Chan, and A.F.B. Cheng, Aminoglycoside Resistance in 
<em>Mycobacterium kansasii</em>,<em>Mycobacterium avium-M. 
intracellulare</em>, and<em>Mycobacterium fortuitum</em>: Are 
Aminoglycoside-Modifying Enzymes Responsible? Antimicrobial Agents and 
Chemotherapy, 2000. 44(1): p. 39-42. 

55. Wallace, R.J., Jr., et al., Rifampin-Resistant Mycobacterium kansasii. Clinical 
Infectious Diseases, 1994. 18(5): p. 736-743. 

56. Viswanathan, G., S. Yadav, and T.R. Raghunand, Identification of novel loci 
associated with mycobacterial isoniazid resistance. Tuberculosis, 2016. 96: p. 
21-26. 

57. Pires, D., et al., Esters of Pyrazinoic Acid Are Active against Pyrazinamide-
Resistant Strains of <span class="named-content genus-species" id="named-
content-1">Mycobacterium tuberculosis</span> and Other Naturally Resistant 
Mycobacteria <em>In Vitro</em> and <em>Ex Vivo</em> within Macrophages. 
Antimicrobial Agents and Chemotherapy, 2015. 59(12): p. 7693-7699. 

58. Egelund, E.F., K.P. Fennelly, and C.A. Peloquin, Medications and Monitoring in 
Nontuberculous Mycobacteria Infections. Clinics in Chest Medicine, 2015. 36(1): 
p. 55-66. 

59. Nash, K.A., B.A. Brown-Elliott, and R.J. Wallace, A Novel Gene, 
<em>erm</em>(41), Confers Inducible Macrolide Resistance to Clinical Isolates 
of <em>Mycobacterium abscessus</em> but Is Absent from 
<em>Mycobacterium chelonae</em>. Antimicrobial Agents and Chemotherapy, 
2009. 53(4): p. 1367-1376. 

60. Choi, G.-E., et al., Macrolide Treatment for Mycobacterium abscessus and 
Mycobacterium massiliense Infection and Inducible Resistance. American 
Journal of Respiratory and Critical Care Medicine, 2012. 186(9): p. 917-925. 

61. van Ingen, J., et al., Resistance mechanisms and drug susceptibility testing of 
nontuberculous mycobacteria. Drug Resistance Updates, 2012. 15(3): p. 149-
161. 



39 

 

62. Ferro, B.E., et al., Time–kill kinetics of slowly growing mycobacteria common in 
pulmonary disease. Journal of Antimicrobial Chemotherapy, 2015. 70(10): p. 
2838-2843. 

63. Peloquin, C.A., Mycobacterium avium Complex Infection. Clinical 
Pharmacokinetics, 1997. 32(2): p. 132-144. 

64. Franklin, R.K., et al., A Novel Loading Method for Doxycycline Liposomes for 
Intracellular Drug Delivery: Characterization of In Vitro and In Vivo Release 
Kinetics and Efficacy in a J774A.1 Cell Line Model of <em>Mycobacterium 
smegmatis</em> Infection. Drug Metabolism and Disposition, 2015. 43(8): p. 
1236-1245. 

65. Livraghi-Butrico, A., et al., Lung disease phenotypes caused by overexpression 
of combinations of α-, β-, and γ-subunits of the epithelial sodium channel in 
mouse airways. American Journal of Physiology-Lung Cellular and Molecular 
Physiology, 2018. 314(2): p. L318-L331. 

66. Verver, S., et al., Rate of Reinfection Tuberculosis after Successful Treatment Is 
Higher than Rate of New Tuberculosis. American Journal of Respiratory and 
Critical Care Medicine, 2005. 171(12): p. 1430-1435. 

67. Ordway, D., et al., The Hypervirulent <em>Mycobacterium tuberculosis</em> 
Strain HN878 Induces a Potent TH1 Response followed by Rapid Down-
Regulation. The Journal of Immunology, 2007. 179(1): p. 522-531. 

68. Shafiani, S., et al., Pathogen-specific regulatory T cells delay the arrival of 
effector T cells in the lung during early tuberculosis. The Journal of Experimental 
Medicine, 2010. 207(7): p. 1409-1420. 

69. Shang, S., et al., Increased Foxp3 expression in guinea pigs infected with W-
Beijing strains of M. tuberculosis. Tuberculosis, 2011. 91(5): p. 378-385. 

70. Henao-Tamayo, M.I., et al., Effect of bacillus Calmette-Guérin vaccination on 
CD4+Foxp3+ T cells during acquired immune response to Mycobacterium 
tuberculosis infection. Journal of Leukocyte Biology, 2016. 99(4): p. 605-617. 

71. Heirali, A., et al., Assessment of the Microbial Constituents of the Home 
Environment of Individuals with Cystic Fibrosis (CF) and Their Association with 
Lower Airways Infections. PLoS One, 2016. 11(2): p. e0148534. 

72. Blau, H., et al., Microbial contamination of nebulizers in the home treatment of 
cystic fibrosis. Child Care Health Dev, 2007. 33(4): p. 491-5. 

73. Bryant, J.M., et al., Emergence and spread of a human-transmissible multidrug-
resistant nontuberculous mycobacterium. Science, 2016. 354(6313): p. 751-757. 

74. Shang, S., et al., Activities of TMC207, Rifampin, and Pyrazinamide against 
<em>Mycobacterium tuberculosis</em> Infection in Guinea Pigs. Antimicrobial 
Agents and Chemotherapy, 2011. 55(1): p. 124-131. 

75. Prevots, D.R., et al., Nontuberculous Mycobacterial Lung Disease Prevalence at 
Four Integrated Health Care Delivery Systems. American Journal of Respiratory 
and Critical Care Medicine, 2010. 182(7): p. 970-976. 

76. Moore, J.E., et al., Increasing reports of non-tuberculous mycobacteria in 
England, Wales and Northern Ireland, 1995-2006. BMC Public Health, 2010. 
10(1): p. 612. 

 



40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of Abbreviations 

 

A700           Alexa fluor 700 

AFB           Acid Fast Bacillus 

ANOVA        Analysis of variance 



41 

 

APC           Allophycocyanin 

APC           Antigen Presenting Cells 

ATS           American Thoracic Society 

bp           base pairs 

BSL-2           biosafety level 2 

BSL-3           biosafety level 3 

C57bl/6        C57 black 6 

CD11b          Cluster of differentiation 11b 

CD11c          Cluster of differentiation 11c  

CD4           Cluster of differentiation 4 

CD8           Cluster of differentiation 8 

C3HeB/FeJ  Kramnik  

CFU           Colony forming units 

CO2           Carbon dioxide 

Csf2           Colony stimulating factor 2 

Cybb           Cytochrome b β 

DMEM          Dulbecco’s Modified Eagle’s Medium 

ef450           efluor 450 

erm(41)        Erythromycin Ribosome Methyltransferase (41) 
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