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ABSTRACT 

Mycobacterium abscessus (Mab) is a rapidly growing nontuberculous mycobacterium 

(NTM) that has been increasing in prevalence in patients with chronic or acquired lung disease 

for decades. Treatment strategies targeting Mab pulmonary infections largely rely on repurposed 

antibiotics commonly used for tuberculosis treatment. Unfortunately, Mab is intrinsically 

resistant to many of these antibiotic therapies, forcing health care professionals to use multiple 

antibiotics for longer periods of time to effectively treat infection. As such, cost of treatment, 

acquired antibiotic resistance and patient compliance rates are greatly affected. Notably, Mab 

pulmonary infections are rarely seen in patients with healthy lung environments, underscoring 

the requirement of a healthy pulmonary space and intact initial immune responses as key 

mediators in Mab control. 

Central to maintaining healthy lung environments are macrophages, key innate immune 

cells tasked with preserving healthy tissues, sensing the environment, and mounting initial 

immune responses upon pathogen exposure. Macrophages are the first immune cell Mab 

encounters following infection and, as such, represent an important intracellular niche where 

Mab must persist to survive. Although many elegant studies have begun to define Mab specific 

pathogenesis factors leveraged at this interface, few studies have investigated global macrophage 

responses upon Mab exposure. In this dissertation, I sought to address this gap in knowledge by 

using a combination of iterative genetic approaches and unique macrophage subset models to 

expand our understanding of macrophage biological responses during Mab infection. We first 

employ CRISPR-Cas9 genetics on a genome-wide scale to identify novel factors that contribute 

to Mab uptake by macrophages and pave the way for future genetic approaches to uncover 

previously undefined uptake mediators leveraged by macrophages following pathogen exposure. 
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We then explore global transcriptional and cytokine profiles in unique macrophage subsets 

present in patients most at risk for Mab chronic infection and uncover a tendency for our Mab 

infected alveolar macrophage model (FLAMs) to remain hypoinflammatory. This study 

highlights the utility of our macrophage models to uncover key differences in macrophage 

immune responses that are most likely to impact upregulated immune mechanism during Mab 

infection. 

Combined, these studies explore macrophage immune responses at distinct points during 

early Mab infection. They underscore the importance of leveraging functional genetic 

approaches to broaden our current understanding of Mab-host interactions and contribute to the 

shared goal of improving therapeutic options for at-risk patients in the future. 
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THE RISE OF MAB AS A PUBLIC HEALTH CONCERN 

Mycobacteria are an extremely diverse genus that can be categorized as tuberculosis-

causing mycobacteria or non-tuberculosis mycobacteria (NTM) [1-3]. Historically, 

Mycobacterium tuberculosis (Mtb) is the most well-known pathogenic mycobacteria responsible 

for pulmonary and extrapulmonary tuberculosis. On the other hand, NTMs are opportunistic 

pathogens that cause a broad range of infections in humans [4, 5]. Recently the number of 

pulmonary infections caused by rapidly growing NTMs are on the rise, increasing more than 

400% in prevalence from 1987 to 2015 [6, 7]. Of these, Mycobacterium abscessus (Mab) 

represents 65-80% of NTM lung infections seen in patients with genetic or acquired lung disease 

[8-10]. Mab remains intrinsically resistant to the common therapies used to treat lung infections 

[11], making patient compliance, and acquired antibiotic resistance a complicated threat for all 

at-risk patients. 

Highlighting NTM disease complexity, healthy lungs clear Mab efficiently. Yet in 

patients with cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), or 

bronchiectasis, Mab infections can be life threatening [9, 12-14]. The mechanisms for Mab 

susceptibility in CF patients are exacerbated by hyper inflammation, the presence of a thickened 

mucus membrane and ciliary dysfunction that primarily result from complications following a 

mutation in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene [15, 16]. 

Loss of CFTR gene function dysregulates alveolar macrophage phagocytosis and efferocytosis 

function, resulting in the inability of CF patients to successfully clear bacteria, including Mab, 

and other debris from their pulmonary space [17]. Patients with COPD and bronchiectasis have 

chronic airway inflammation and buildup of excess mucus lining the pulmonary cavity [12, 18]. 

The subsequent thickening of their bronchi walls causes insufficient mucociliary clearance and 
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dysfunctional macrophage immune responses [17, 19]. In addition, research has linked Mab 

susceptibility to alveolar macrophage dysfunction resulting from silica exposure [20]. A closer 

look at the lung environments seen in at risk patients implicates macrophage function as a key 

contributing factor in maintaining healthy lung environments and Mab clearance. In this 

dissertation, I aim to fill a gap in knowledge concerning macrophage-Mab interactions following 

pulmonary infection, with particular focus on the underlying lung immune mechanisms that 

allow healthy airways to clear Mab with relative ease. 

HOST-MAB MECHANISTIC INTERACTIONS FOLLOWING INFECTION 

Further understanding these critical lung immune responses first requires a deeper 

understanding of Mab pathogenesis and host-pathogen interactions following infection. The 

exact transmission routes for Mab pulmonary infections are largely undefined. At-risk patients 

likely encounter contaminated environmental sources or equipment. Fomites, such as dust, and 

biofilms found on shower heads or medical equipment in hospitals have been largely implicated 

in Mab transmission [14, 21-23]. Following exposure, Mab pulmonary infections are recognized 

by resident alveolar macrophages that engulf the bacteria by phagocytosis or receptor mediated 

uptake. Initial recognition of pathogens requires effective interactions between the pathogen and 

macrophages [24-26]. This process is initiated by ligand binding to macrophage surface pattern 

recognition receptors (PRRs), including Toll-like receptors, Dectin receptors and scavenger 

receptors [27-30]. For Mab, Dectin-1and TLR2 have been shown to initiate uptake by 

macrophages during infection [31, 32]. Yet, follow-up studies with Dectin-1 deficient mice saw 

no defects in Mab control compared to wild-type controls, highlighting parallel mechanisms of 

Mab uptake in macrophages [33]. TLR2 seems to favor interactions with rough Mab variants to 

initiate uptake, leading to the upregulation of TNFα responses in macrophages [31]. The 
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specificity of this mechanism points to Mab’s cell wall lipid composition as being a key mediator 

in both uptake and upregulated antimicrobial responses during infection. 

Following adherence, phagocytosis or receptor mediated endocytosis of pathogens 

enables internalization. Despite the multiplicity of known uptake receptors and unique 

components within each compartment, the downstream phagosome maturation process remains 

well conserved. In general, phagosome formation is initiated by ligand binding to macrophage 

surface receptors [24-26]. This binding is followed by a conserved downstream signaling 

cascade that leads to the remodeling of actin cytoskeleton, and progressive engagement of 

additional receptors around the particle [34-36]. After engulfment, membrane fusion leads to the 

formation of the nascent phagosome [36-38]. Then, the phagosome interacts with various 

endosomal compartments that result in a highly toxic anti-microbial environment [36, 39]. This 

maturation process is characterized by compartment acidification by vacuolar-ATPases, 

production of phagocyte oxidase-mediated reaction oxygen (ROS) and nitrogen species (RNS) 

and delivery of recruited cathepsins and hydrolases to the maturing phagosome [40-43]. Finally, 

the matured phagosome fuses with the lysosome, a compartment containing numerous anti-

microbial acid-activated hydrolytic enzymes, creating the phagolysosome [44, 45]. 

Independent of phagosome maturation, nucleotide-binding Oligomerization Domain-

containing 2 (NOD2) has been implicated in Mab control by macrophages. Mechanistically, this 

intracellular pattern receptor is recruited to the pathogen containing phagosome where it directly 

senses peptidoglycans released from the bacterial cell wall [46-48]. Activation induces a 

downstream signaling cascade that confers upregulation of antigen presentation pathways and 

inducible transcription factors, such as NF-κB [49, 50]. Upon induction of NF-κB, many 

inflammatory cytokines, and antimicrobial defense mechanisms are upregulated, including nitric 
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oxide synthesis (iNOS) [49, 50]. During Mab infection, IFNγ stimulated BMDMs require NOD2 

to produce iNOS [51]. Corroborating this, NOD2 deficient mice saw a lag in Mab clearance, 

with subsequent studies linking loss of NOD2 to defective NO production and bacterial control 

in the lung [51, 52]. Combined, these results implicate NOD2 as an important immune modulator 

that is required when mounting effective antimicrobial defense mechanisms against Mab 

infection. 

Following initial alveolar macrophage responses, chemokines and inflammatory 

cytokines, including TNFα and IFNγ, are induced by persistent Mab [53, 54]. This leads to the 

recruitment of neighboring immune cells, such as circulating macrophages, neutrophils, and 

dendritic cells to the site of infection where they aid in infection control. Presumably, dendritic 

cells will then travel to nearby lymph nodes to initiate T-cell activation and the recruitment of the 

adaptive immune response. Recruitment of additional immune cells to the cite of infection 

eventually leads to granuloma formation [54, 55]. As the granuloma matures, B and T 

lymphocytes are also recruited, where they aid in infection containment. SCID mice are often 

used to show the importance of the adaptive immune response in disseminated Mab infection. A 

study conducted by Byrd and Lyons showed Mab persistence in the lungs of both BALB/c and 

SCID mice up to 28 days post infection, with SCID mice showing higher disseminated infection 

in the spleen compared to controls [56]. Similarly, Rottman, et al. showed higher bacterial 

burden in both the liver and spleen of Rag2 and CD3ε knockout mice, highlighting a particular 

importance of T-cells in Mab control [53]. Specifically, pulmonary Mab infection shows a 

preference for Th1 cells in the lungs of infected mice [53, 54]. Both IFNγ and TNFα production 

are hallmarks of the Th1 response. Notably, an important risk factor of Mab infection includes 

mutations in the IFN-γ pathway and prolonged use of TNF inhibitors, which are used commonly 
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during inflammatory disease treatment. [57-59]. Rottman, et al. corroborated the importance of 

IFNγ and TNFα for Mab control by showing higher disseminated bacterial burden in the liver 

and spleen of IFNγ receptor 1 knockout and TFNα knockout mice [53]. With that said, IFN-γ 

and TNFα play a complicated role during Mtb infection. Excessive inflammatory cytokine 

release results in host cell tissue damage, while mediocre release leads to poor immune 

activation and unrestricted bacterial growth during Mtb infection [60-62]. During Mab infection, 

the definitive impact of inflammation as a mediator for infection control remains lacking. Thus, 

further understanding the complicated role of IFN-γ and TNFα during Mab infection is required 

to prevent chronic Mab disease, while simultaneously avoiding prolonged pulmonary 

exasperation. 

MAB VIRULENCE FACTORS AND RESISTANCE TO THE HOST 

For many people, the previously mentioned immune response is sufficient to control Mab 

infection. In patients with chronic lung disease, Mab persists past initial host defenses by 

modulating surface lipid composition, upregulating transmembrane proteins, and expressing 

specified secretion systems. The role of surface lipids such as phthiocerol dimycocerosates 

(PDIM) and phenolic glycolipids (PGL) are well known Mtb virulence factors [63-65]. Yet, 

PDIM and PGL are noticeably absent in Mab. Glycopeptidolipids (GPLs) are the most abundant 

lipids on smooth Mab and are thought to conceal underlying surface components to facilitate and 

establish infection [66, 67]. During its pathogenesis, Mab spontaneously transitions from a 

smooth to rough morphotype. This morphotype shift is characterized by the loss of GPLs on the 

surface of the Mab membrane. Both smooth and rough Mab variants survive inside 

macrophages. Rough variants initiate higher rates of phagosomal rupture and type I IFN 

signaling cascades, resulting in cell death mediated cell-to-cell transmission [9, 55, 68]. To 
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actively subvert phagosome maturation, Mab can upregulate mycobacterial membrane protein 

large (MmpL) transporters, such as MmpL8, to induce phagosomal escape [69]. If escape is 

unsuccessful, Mab leverages a transmembrane P-type ATPase, mtgC, to effectively take up Mg2+ 

inside macrophages [70, 71]. However, mtgC mutant growth rates remain unaltered during 

infection, highlighting undefined Mab virulence factors used for essential nutrient uptake [55]. In 

terms of specified secretion systems, Mab relies on type VII secretions systems to persist. These 

secretion systems are specific to mycobacteria and limited gram-positive bacteria. The role of 

five ESX secretions systems (ESX-I – ESX-V), a type of type VII secretion factor, are well 

studied in Mtb and are widely implemented in bacterial survival, fitness, and virulence during 

infection [72, 73]. For example, Mtb’s ESX-I contains effector proteins EsxA (ESAT-6) and 

EsxB (CFP-10) [74-76]. Both are required for intracellular invasion and phagosome 

permeabilization during Mtb infection [72, 76]. In addition, ESX-V promotes Mtb intracellular 

survival through the secretion of several PPE and PE-PGRS proteins and has been widely 

considered an essential secretion system when navigating host-pathogen interactions [76-78]. 

Mab only has two of these secretion systems: ESX-III and ESX-IV. Of these, ESX-IV has been 

shown to aid in Mab virulence by helping to both acquire essential nutrients being quenched by 

the phagosome and by trying to subvert phagolysosome toxic defense mechanisms [79]. 

Transposon mutagenesis studies have shown Mab uses an ATPase gene, eccB4, in the ESX-IV 

secretion system to disrupt phagosome acidification [79]. It has been suggested that Mab’s ESX-

IV secretion system functions in a similar manner as Mtb’s ESX-I secretion system since each is 

required to subvert phagosome maturation events following infection. Yet, continued research is 

required to confirm whether this hypothesis holds true or if Mab relies on alternative 

mechanisms to promote intracellular invasion, nutrient acquisition, and phagosome disruption. 
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Furthermore, Mab can strategically survive in highly hypoxic conditions. Chronic 

inflammation and mucus build-up seen in the lungs of at-risk patients, phagosome maturation 

and granuloma formation all represent oxygen starved host environments where Mab persists. 

The two-component signaling regulon DosRS is a well-studied virulence factor for Mtb 

pathogenesis and survival in hypoxic conditions [80-83]. Mab has its own, unique DosRS 

regulon that is upregulated in hypoxic, carbon monoxide and nitric oxide environments as well 

[84]. A recent transcriptomics study saw the deletion of DosRSMab lead to the downregulation of 

more than 200 genes, attenuated bacterial growth in oxygen starved conditions and a desired 

shift towards the rough morphotype [84]. Corroborating this, a study using an alveolar organoid 

model found smooth variants favor traditional biofilm formation to permit Mab survival, while 

host oxidative stress drove rough Mab variants into a serpentine cording motif [85]. Both states 

are now considered important Mab virulence factors that allow the bacilli to persist 

extracellularly while resisting hypoxic lung environments. 

Complicating matters further, isolated sputa from Mab infected patients often shows co-

infection with more than one microorganism, including Pseudomonas aeruginosa, 

Staphylococcus aureus and other NTMs [86-88]. This microbial community exists in an altered 

lung environment that is characterized by frequent and often unrelenting antibiotic therapy. As a 

result, recent studies have started looking into the role of co-infections in Mab pathogenesis and 

virulence. One study has shown Pseudomonas aeruginosa inhibits Mab biofilm formation [89, 

90]. However, when researchers introduced a common antibiotic, Clarithromycin, used to treat 

both pathogens, they found treatment selectively decreased Pseudomonas aeruginosa biofilm 

development, thereby increased Mab survival [89, 90]. Furthermore, it has been suggested that 

Mab degrades a Pseudomonas aeruginosa quorum-sensing molecule, Pseudomonas quinolone 
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signal (PQS), to gain a competitive advantage during co-infection [91, 92]. Follow-up 

experiments examining this antagonistic relationship within liquid cultured biofilms were 

unsuccessful in determining the specific interbacterial mechanisms at play [91]. 

THEREAPEUTIC OPTIONS FOLLOWING MAB INFECTION 

An FDA approved drug regimen for Mab pulmonary infection does not exist. The lack of 

a standardized antibiotic treatment for Mab is due, in part, to the variable host environments seen 

in patients with genetic or acquired lung diseases, including CF and COPD. Oftentimes, these 

patients face relentless infectious cycles with one or more antibiotic resistant bacterial strain, 

increasing the possibility of acquired antibiotic resistance. As a result, effective antibiotic 

therapies are guided by patient isolate antibiotic susceptibility testing. The most common 

antibiotics used to treat pulmonary Mab infection include two or more intravenous drugs 

(amikacin, tigecycline, imipenem and/or cefoxitin) with one or two oral antimicrobials 

(clofazimine, linezolid and/or azithromycin) for 3 months [10, 93]. These treatment timelines are 

often extended due to Mab’s natural recalcitrance to common antibiotic therapies, with under 

50% of treatments regimens achieving successful clearance within the first round of therapy [10]. 

A recent report has shown Mab treatment costs can amount to $50,000 USD, making the 

financial burden of treatment an important factor to consider as well [94]. Clinical trials to 

develop more effective therapies are underway, with inhaled liposomal amikacin being a 

promising candidate [95]. Alternative treatment options, including phage therapy, have also been 

explored. Phage therapy was recently used in combination with antibiotics to treat a teenager 

with cystic fibrosis following a bilateral lung transplant [96]. All things considered, as with any 

prolonged treatment timeline, patient compliance, and antibiotic-related toxic side effects 

continue to complicate treatment options for many at-risk patients. 
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MAB RESISTANCE TO ANTIBIOTIC TREATMENT 

Mab infections remain incredibly hard to treat due to Mab’s intrinsic resistant to most 

antibiotic classes currently available, including macrolides, aminoglycosides, rifamycins, 

tetracyclines and β-lactams [11, 97, 98]. One of the intrinsic resistance mechanisms leveraged by 

Mab is low cell envelope permeability. The high lipid content and thickened mycobacterial cell 

wall provide effective barriers against hydrophilic and lipophilic antimicrobials and are 

considered the main factor contributing to low permeability [97, 99]. With that said, porins 

within the myco-membrane permit diffusion of hydrophilic antibiotics through the cell envelope 

[100, 101]. In turn, these porins act in synergy with Mab specific antibiotic inducible resistance 

mechanisms, leading to the upregulation and expression of efflux pumps, antibiotic inactivating 

enzymes and target-modifying enzymes [100, 101]. Efflux pumps protect bacterium against toxic 

molecules by exporting toxins and metabolites to the extracellular environment [102, 103]. For 

example, Mab encodes components of is the ATP-binding cassette (ABC) transporter family 

efflux pump. These ABC-type multidrug transporters use ATP energy to pump molecules across 

the myco-membrane to help maintain bacterial homeostasis [104]. The dynamic role of Mab 

specific ABC efflux mechanisms still needs to be explored to determine the specific role they 

play following antibiotic treatment during infection. Additionally, Mab encodes mycobacterial 

membrane protein small and large (MmpS and MmpL) transporter families [69, 105-107]. These 

efflux pumps are involved in lipid transport of multiple drugs across the myco-membrane, with 

MmpL protein family playing a well-known role in Mtb intrinsic drug resistance [105, 108-111]. 

Research has shown mutations in the Mab transcriptional repressor TetR, MAB_2299c, 

modulate Mab specific MmpS and MmpL efflux pump expression, leading to altered drug efflux 

levels and increased Mab resistance to clofazimine and bedaquiline [106]. Furthermore, Mab 
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produces enzymes that directly modify or degrade antimicrobials. For example, Mab hydrolyzes 

imipenem and cefoxitin, two of the most common antibiotics used to treat Mab pulmonary 

infections, at a slow rate by expressing a β-lactamase, BlaMab [112-114]. Mab also upregulates 

WhiB7, a multidrug-inducible transcriptional activator that modulates a large set of Mab genes 

during infection, including eis2 and erm41 [115-117]. Indel mutations in either of these genes or 

in the WhiB7 promoter region increase Mab susceptibility to clarithromycin and amikacin, while 

also decreasing Mab intracellular survival during infection [115, 118]. Antibiotic resistance 

studies have confirmed a single nucleotide exchange in erm41 is responsible for abrogating 

macrolide-resistance [119, 120]. This polymorphism is present in 15-20% of clinical isolates, 

permitting macrolide susceptibility and highlighting the continued requirement for antibiotic 

susceptibility testing for all clinical isolates prior to treatment [121, 122]. 

EXPLORING THE IMPORTANCE OF THE HOST-MAB-ANTIBIOTIC INTERFACE 

 Antibiotics interfere with the immune system either indirectly by disrupting the body’s 

natural microbiota, or directly by modulating host immune cell function [123, 124]. These 

interactions impact treatment efficacy and general host susceptibility to infection. Adverse side 

effects of antibiotic treatment following Mab infections are well known, with almost 78.8% of 

patients reporting ototoxicity, gastrointestinal distress, and myelosuppression [94]. As a result, 

nearly half (48.3%) of patients require treatment plan modifications prior to treatment 

completion [10, 94]. The majority of reported adverse side effects are associated with 

tigecycline, linezolid and amikacin treatment [94]. Coincidentally, these three antibiotics are 

correlated with the highest treatment success rates compared to other, better tolerated antibiotics. 

Therefore, research focused on understanding the host impact of antibiotic treatment is of critical 

importance to develop more tolerable treatment strategies. Host impact of traditional antibiotics 
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used during Mtb infection are well studied [125-128]. For example, Isoniazid treatment in Mtb 

infected mice have been found to induce apoptosis in activated CD4+ T cells; and Pyrazinamide 

treatment reduced pro-inflammatory cytokine and chemokine release in Mtb-infected human 

monocytes and mice [129, 130]. Such research has since expanded to focus on leveraging host-

directed therapies to improve appropriate host immune responses following pathogen exposure. 

For example, metformin, an approved drug that reduces high blood glucose levels in diabetic 

patients, has been shown to promote phagosome-lysosome fusion events and boost mitochondrial 

ROS (mtROS) production to control Mtb infection in mice [131-133]. Combined, these research 

areas highlight the importance of understanding the complex interactions at play at all points of 

infection and antibiotic treatment. For Mab infection, research focused on how drug treatment 

impact host immune regulation remains unexplored. Thus, future research should focus on 

understanding this host-Mab-antibiotic interface, with particular focus on identifying immune-

boosting mechanisms that can be exploited to improve therapeutic treatment options. 

MODELS EMPLOYED FOR STUDYING MAB INFECTION 

 Interactions between the host and a pathogen significantly impact disease outcome. Mab 

preferentially infects host immune cells, such as macrophages, which contribute to its 

pathogenesis. Research focused on host-Mab interactions is critical in defining immune 

responses involved in Mab restriction while giving insight into mechanisms permitting 

persistence. In general, a variety of immunocompetent murine models, such as C57BL/6 and 

leptin-deficient (Ob/Ob) mice, have been used to try and understand chronic Mab infection, yet 

these murine models’ cleared infection quickly [134-136]. As a result, researchers turned to 

immunodeficient mice to glean key insights into immune responses. Beige (dominant TH2 

immunity), iNOS-/-, Cybb-/- (devoid of super-oxide generating enzyme), TNFαR-/- and MyD88-/- 
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mice all cleared Mab infection quickly [53, 135]. Yet, SCID, IFNγ-/- and GM-CSF-/- mice 

infected intravenously saw progressive Mab burden [53, 135]. These studies revealed the 

importance of functional T and B lymphocytes and GM-CSF reliant cell phenotypes in 

establishing protective immunity against Mab. In addition, researchers have leveraged Zebrafish 

(Danio rerio) models to understand more intricate immune responses following acute infection 

[17, 137, 138]. It is through these studies that rough Mab variants were shown to favor 

extracellular cording motifs to subvert phagocytosis by macrophages and neutrophils, accelerate 

abscess formation and promote disseminated infection [54, 55]. Zebrafish embryo studies were 

also used to highlight the importance of host TNF signaling and IL8-mediated neutrophil 

recruitment in immune cell recruitment prior to granuloma formation [54]. Lastly, free-living 

amoebae, an intracellular niche for environmental NTMs, have been used alongside ex vivo 

macrophage models to delineated Mab virulence factors within intracellular environments [71, 

139, 140].  

In macrophage studies, bone-marrow derived macrophages (BMDMs) are often 

leveraged. BMDMs are well characterized due to ease of access to high quantities of primary 

cells from bone-marrow, and the existence of many immortalized BMDM (iBMDM) models 

[141-144]. Such iBMDM models recapitulate BMDM biology, while allowing replication of 

large-scale in vitro experiments [142, 145, 146]. These strategies significantly improve the 

ability of researchers to define BMDM immune responses following infection. Recently, our lab 

has employed large scale CRISPR-Cas9-mediated genetic knockout studies to further understand 

iBMDM immune regulation [147]. With that said, the first immune cell Mab encounters 

following pulmonary infection is the alveolar macrophage. Therefore, it has become increasingly 

necessary to define mechanistic interactions occurring at this interface. Historically, alveolar 
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macrophages are much harder to study, with the most pressing concerns being low cell count 

yield (5x104 – 2x105 cells/mouse) and unreliable alveolar macrophage-like properties seen when 

cultured ex vivo [148-150]. In response to this gap in research, our group developed an alveolar 

macrophage-like model called fetal-liver derived alveolar-like macrophages (FLAMs) [151]. 

FLAMs are products of fetal-liver derived macrophages that are maintained in traditional cell 

culture media, GM-CSF and TGFβ [151]. Initial studies confirmed FLAMs maintained alveolar 

macrophage-like characteristics ex vivo for prolonged periods of time [151]. We have since 

leveraged the FLAM model to conduct large scale CRISPR-Cas9-mediated genetic knockout 

studies to further define alveolar macrophage immune regulation [151]. Thus, positioning our 

group in an optimal position to dissect mechanistic interactions occurring between distinct 

macrophage populations and Mab during infection. 

DISSERTATION DIRECTION AND OVERVIEW 

Since Mab was recognized as an independent species in 1992, researchers have made 

huge strides in understanding its pathogenesis [152, 153]. Yet, we still do not fully understand 

why healthy lung environments clear Mab pulmonary infection with ease. In this dissertation, I 

seek to fill a gap in knowledge regarding the intricate host-macrophage responses at play during 

the early stages of infection, so that we may glean insight into, and eventually prevent, host 

environments that allow Mab infections to thrive. 

To begin this work, I leverage our previously optimized CRISPR-Cas9 loss-of-function 

(LOF) macrophage library and conduct a forward genetic screen to identify novel genetic 

pathways required for macrophage uptake of Mab during early infection. In addition to known 

uptake regulators, such as ITGB2 and ITGAM, I discover a unique requirement for sulfated 

glycosaminoglycan (sGAG) synthesis in Mab uptake by macrophages. Downstream mechanistic 
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analysis studies suggest that these sGAGs are required to maintain the expression of known 

phagocytic receptors on the macrophage membrane and highlight a previously undescribed 

requirement for sGAGs in initializing Mab uptake. 

I then sought to understand how unique macrophage subsets respond to Mab. In the 

lungs, both resident alveolar macrophages and recruited macrophages play important roles in 

upregulating antimicrobial responses, disease progression and lung homeostasis following 

infection. We use resting and IFNγ activated BMDMs and FLAMs to differences seen in these 

two macrophage subsets following Mab infection. Although results show few differences in Mab 

intracellular levels or macrophage cell death over the first few days of infection, global analysis 

of upregulated transcriptional and cytokine profiles highlight significant differences in both 

FLAMs and BMDMs responses during Mab infection in both resting and IFNγ-activated states. 

Notably, we find both Nrf2 and NF-κB, two global transcriptional regulators that widely impact 

inflammatory responses during infection, are not robustly activated in Mab infected FLAMs. We 

also observed low levels of inducible nitric oxide synthase (Nos2) in IFNγ-activated FLAMs 

relative to BMDMs, with this phenotype reversed following activation of HIF1α. Together, these 

data uncover key differences in unique macrophage subset responses following Mab infection 

and emphasizes the continued need to better define the unique immune mechanisms regulating 

macrophage responses to improve pulmonary infection control. 

To finish, I delve into the complex relationships occurring at the macrophage-Mab-

antibiotic interface. Here we choose to dissect these interactions during Linezolid treatment, an 

antibiotic with known off-target effects on the host that is commonly used to treat Mab 

pulmonary infection. In this chapter, we complete a genome-wide loss-of-function macrophage 

screen in the presence of Linezolid treatment to identify host genes required for macrophage 
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control of Mab in the presence of Linezolid. Pathway analysis of screen results identify known 

modulators required for pathogen control, including genes modulating phagosome maturation 

and upregulation of NF-κB. Interestingly, pathway analysis also identified the requirement of 

oxidative phosphorylation regulating genes in macrophage mediated control of Mab. However, 

validation studies show top screen hits are required for baseline Mab restriction, independent of 

antibiotic treatment. Combined, this study identifies novel restriction mechanisms leveraged 

following Mab uptake, while highlighting the continued need for research on cell-autonomous 

mechanisms of Mab control in the future.  
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ABSTRACT 

The interactions between a host cell and a pathogen can dictate disease outcomes and are 

important targets for host-directed therapies. Mycobacterium abscessus (Mab) is a highly 

antibiotic resistant, rapidly growing non-tuberculous mycobacterium that infects patients with 

chronic lung diseases. Mab can infect host immune cells, such as macrophages, which contribute 

to its pathogenesis. However, our understanding of initial host-Mab interactions remains unclear. 

Here, we developed a functional genetic approach to define these host-Mab interactions by 

coupling a Mab fluorescent reporter with a genome-wide knockout library in murine 

macrophages. We used this approach to conduct a forward genetic screen to define host genes 

that contribute to the uptake of Mab by macrophages. We identified known regulators of 

phagocytosis, such as the integrin ITGB2, and uncovered a key requirement for 

glycosaminoglycan (sGAG) synthesis for macrophages to efficiently take up Mab. CRISPR-

Cas9 targeting of three key sGAG biosynthesis regulators, Ugdh, B3gat3 and B4galt7 resulted in 

reduced uptake of both smooth and rough Mab variants by macrophages. Mechanistic studies 

suggest that sGAGs function upstream of pathogen engulfment and are required for the uptake of 

Mab, but not Escherichia coli or latex beads. Further investigation found that the loss of sGAGs 

reduced the surface expression, but not the mRNA expression, of key integrins suggesting an 

important role for sGAGs in modulating surface receptor availability. Together, these studies 

globally define and characterize important regulators of macrophage-Mab interactions and are a 

first step to understanding host genes that contribute to Mab pathogenesis and disease. 
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IMPORTANCE 

Pathogen interactions with immune cells like macrophages contribute to pathogenesis, 

yet the mechanisms underlying these interactions remain largely undefined. For emerging 

respiratory pathogens, like Mycobacterium abscessus, understanding these host-pathogen 

interactions is important to fully understand disease progression. Given that M. abscessus is 

broadly recalcitrant to antibiotic treatments, new therapeutic approaches are needed. Here, we 

leveraged a genome-wide knockout library in murine macrophages to globally define host genes 

required for M. abscessus uptake. We identified new macrophage uptake regulators during M. 

abscessus infection, including a subset of integrins and the glycosaminoglycan synthesis (sGAG) 

pathway. While ionic characteristics of sGAGs are known to drive pathogen cell interactions, we 

discovered a previously unrecognized requirement for sGAGs to maintain robust surface 

expression of key uptake receptors. Thus, we developed a flexible forward genetic pipeline to 

define important interactions during M. abscessus infection and more broadly identified a new 

mechanism by which sGAGs control pathogen uptake. 
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INTRODUCTION 

Mycobacterium abscessus (Mab) is a rapidly growing non-tuberculous mycobacterium 

(NTM) that causes opportunistic infections in patients with chronic lung diseases, like cystic 

fibrosis and chronic obstructive pulmonary disease (COPD) [1, 2]. Mab is the second most 

common NTM respiratory pathogen recovered in the United States, accounting for a significant 

number of rapidly growing mycobacterial respiratory disease isolates [3]. Due to its recalcitrance 

to many antibiotics, current treatment success rates remain below 50% [4-6]. Treatment is further 

complicated by the ability of Mab to transition from a smooth to rough morphology that drives 

biofilm formation and decreases antibiotic sensitivity [7]. Thus, Mab is an emerging pathogen of 

clinical importance and there is a critical need to develop new treatment options. 

Developing more effective therapies requires a deeper understanding of Mab 

pathogenesis and host-pathogen interactions that drive infection. Recent work suggests that Mab 

interactions with macrophages are critical for disease progression [3, 8, 9]. Both smooth and 

rough Mab variants can survive in macrophages with rough variants initiating more rapid cell 

death cascades [3, 8, 9]. Transposon mutagenesis studies and other genetic approaches in Mab 

have identified many genes that are required for effective antibiotic killing and intracellular 

survival, including the ESX-IV system [10-12]. This virulence determinant contributes to the 

inhibition of lysosomal fusion enabling intracellular survival of Mab in macrophages [12]. In 

contrast to what is known about Mab, little is known about macrophage genes required for Mab 

uptake and survival. While studies have shown that Mab interacts with TLR2 and Dectin-1 to 

initiate uptake, a systematic characterization of Mab uptake by macrophages remains lacking 

[13, 14]. 
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Uptake of pathogens requires effective interactions between the pathogen and 

macrophages. Macrophages use surface pattern recognition receptors (PRRs), including toll-like 

receptors, mannose receptors and scavenger receptors, for the initial recognition of many 

pathogens [15-19]. Other modifications to surface proteins, including sulfated 

glycosaminoglycan (sGAG) modifications such as heparin sulfate and chondroitin sulfate, affect 

the efficiency of pathogen attachment to the cell surface [20, 21]. On epithelial cells, sGAGs 

play an important role for the attachment of several pathogens including Coronavirus and 

Chlamydia trachomatis [22-24]. It is predicted that these surface modifications alter the charge 

interactions between pathogens and the host cell surface to modulated initial attachment [25, 26]. 

Following adherence, phagocytosis or receptor mediated engulfment of pathogens 

enables internalization. While each phagocytic cargo has unique components, the general 

pathway for phagocytosis is conserved. Phagocytosis begins with the generation of a phagosome 

following a ligand binding to macrophage surface receptors [27]. This binding event activates 

downstream signaling cascades that remodel the actin cytoskeleton to drive the progressive 

engagement of additional receptors around the particle [28, 29]. After engulfment, controlled 

membrane fusion events result in the formation of the nascent phagosome. The phagosome then 

interacts with various endosome components that acidify the compartment and ultimately lead to 

compartment fusion with the lysosome [30-35]. Several elegant studies have dissected unique 

pathways that contribute to phagocytosis of distinct cargos, defining receptors and signaling 

cascades that are essential [36-38]. However, no studies have globally examined host genes that 

control Mab interactions with macrophages. 

Here, we defined the host genes that control the uptake of Mab into macrophages by 

coupling a brightly fluorescent Mab reporter with a genome-wide CRISPR-Cas9-mediated 
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macrophage knockout library in murine immortalized bone marrow-derived macrophages 

(iBMDMs). We performed a forward genetic screen to enrich for macrophages that could or 

could not take up Mab identifying several previously defined phagocytosis components. Follow 

up studies uncovered a strong requirement for sGAG production in macrophages for efficient 

Mab uptake. While loss of sGAGs did not affect general phagocytosis pathways or opsonized 

uptake of Mab, sGAGs were essential for initial interactions of both smooth and rough Mab 

variants with macrophages. Mechanistic studies uncovered a role for sGAGs in maintaining high 

surface expression of the key integrins ITGB2 and ITGAL, suggesting a new role for sGAGs in 

maintaining receptor availability on the cell surface. These results uncover important host 

pathways that modulate the interactions between Mab and macrophages during infection. 

RESULTS 

Fluorescent Mab reporter enables dissection of Macrophage-Mab interactions. 

While Mab infects macrophages, our understanding of these interactions remains limited. 

To help address this gap in knowledge we developed a brightly fluorescent Mab reporter strain. A 

constitutive mEmerald GFP vector was transformed into the smooth variant of Mab strain ATCC-

19977. Comparisons to non-fluorescent Mab showed that bacterial growth and antibiotic 

mediated killing with rifampicin in liquid media were unaffected by fluorescent protein 

expression (Figure 1.1A). We next examined the utility of the fluorescent Mab strain to dissect 

host-pathogen interactions with macrophages. We first examined the robustness of the 

fluorescent reporter by infecting immortalized bone marrow derived macrophages (iBMDMs) 

from C57BL/6J mice. One previous study using a GFP fluorescent Mab was unable to detect 

increased fluorescence in macrophages until 24 hours of infection, when attachment, uptake and 

bacterial growth all contribute to differential fluorescence [39]. We hypothesized that earlier 
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timepoints could be examined using the brighter mEmerald GFP, allowing us to distinguish 

uptake from intracellular growth. To test this hypothesis, we quantified the number of mEmerald 

positive macrophages by flow cytometry six hours after infecting iBMDMs with fluorescent Mab 

at increasing multiplicities of infection (MOIs). We noted that increasing the MOI resulted in an 

increase in the percent of mEmerald+ cells and the mean fluorescence intensity of these infected 

cells (Figure 1.1B-1.1D). We next quantified the mEmerald+ cells over the first six hours of 

infection of iBMDMs at an MOI of 5. We observed the number of infected cells 2-hours post-

infection showed a minimal increase compared to uninfected controls, while there was a 

significant increase in infected cells at four- and six-hours post-infection (Figure 1.1E and 1.1F). 

Thus, the mEmerald GFP reporter does not affect Mab growth while enabling the dissection of 

early interactions between Mab and macrophages. 

CRISPR-Cas9 loss-of-function (LOF) screen identifies host genes required for Mab uptake 

by macrophages. 

Host pathways required for macrophage uptake of Mab remain almost entirely unknown. 

To test if the flow cytometry-based uptake assay could identify host pathways required for Mab 

uptake, we used a known phagocytosis inhibitor, Cytochalasin D, to inhibit actin polymerization 

[40]. iBMDMs were pretreated with Cytochalasin D then infected with mEmerald Mab. The 

percent of cells that were infected were then quantified four hours later by flow cytometry. We 

observed a nearly 50% decrease in mEmerald+ macrophages treated with Cytochalasin D 

compared to vehicle controls (Figure 1.2A and 1.2B). These data highlight the sensitivity of the 

uptake assay to dissect early interactions between Mab and macrophages. Next, we leveraged the 

uptake assay to globally identify host regulators required for Mab uptake by macrophages 

(Figure 1.2C). We previously generated a robust and reproducible pooled genome-wide loss-of-



 38 

function library in Cas9+ iBMDMs [41]. Knockouts in this pool were generated with sgRNAs 

from the Brie library which targets four independent single guide RNA molecules (sgRNAs) per 

coding gene and over 1,000 non-targeting controls (NTC) [42]. To identify regulators of Mab 

uptake, we infected the loss-of-function library of macrophages with mEmerald Mab for four 

hours. Fluorescence activated cells sorting (FACS) was then used to isolate over 200x sgRNA 

coverage of the library from mEmerald+ cells and mEmerald- cells. Following genomic DNA 

extraction, sgRNA abundances for each sorted bin were quantified by deep sequencing. To test 

for statistical enrichment of sgRNAs and genes, we used the modified robust rank algorithm (α-

RRA) employed by Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout 

(MAGeCK). This algorithm ranks sgRNAs by effect before filtering low ranking sgRNAs to 

improve significance testing. To identify macrophage genes required for Mab uptake during early 

infection, we compared the enrichment of sgRNAs in the mEmerald - (Mab uninfected) directly 

to the mEmerald+ (Mab infected) population. The α-RRA analysis identified 100 genes with a p 

value <0.01 and a fold change of 2 with at least 2 independent sgRNAs. Among the top 100 

candidates, we identified known regulators of macrophage phagocytosis including Manea, 

M6PR, Itgb2 (CD18), Itgam (CD11b), CD46 and Rac1 with each gene showing enrichment in 

the mEmerald- population (Figure 1.2D) [43]. Guide-level analysis showed agreement with all 

four sgRNAs targeting these genes suggesting they are bona fide hits and that our screen was 

robust. 

To confirm the screen results, we validated the role of Manea, M6PR, Itgb2 and Itgam in 

controlling Mab uptake by macrophages. We generated two independent iBMDM lines targeting 

two distinct sgRNAs per gene, in addition to a non-targeting control. These cells were then 

infected with mEmerald Mab and uptake was quantified four hours later. In agreement with our 
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screen results, we found that targeting each candidate gene resulted in a significant decrease in 

mEmerald+ iBMDMs compared to NTC cells (Figure 1.2E). Taken together these results show 

that the genome-wide screen identified host genes that contribute to early interactions between 

Mab and macrophages. 

Sulfated glycosaminoglycans (sGAGs) are required for macrophage uptake of Mab. 

To discover new pathways that are required for Mab uptake by macrophages, we next 

used DAVID analysis and gene set enrichment analysis (GSEA) to identify functional 

enrichments from our uptake screen dataset. These analyses identified the sulfated 

glycosaminoglycan (sGAG) synthesis pathway as required for efficient uptake of Mab (Figure 

1.3A). While a variety of pathogens use sGAGs to facilitate attachment and invasion of epithelial 

cells, little is known about their role in macrophages. Within the top candidates in the screen 

were multiple genes within the sGAG biosynthesis pathway (Figure 1.3B – Blue Dots). Three of 

these genes, UGDH, B3GAT3, and B4GALT7 encode UDP-glucose 6-dehydrogenase, 

galactosyltransferase I and glucuronosyltransferase I, respectively and were among the top 30 

candidates while showing strong agreement among the four independent sgRNAs. These data 

suggest that sGAGs contribute to Mab uptake by macrophages. 

To validate the importance of macrophage sGAGs for Mab uptake, we targeted Ugdh, 

B3gat3 and B4galt7 directly in iBMDMs. Using an approach targeting two independent sgRNAs 

simultaneously we generated a panel of iBMDMs with editing efficiency ranging from 60-95% 

in each gene, and one cell line per gene was selected for follow up studies [42]. We first 

examined functional differences following gene editing by quantifying the total sGAGs in 

sGAG- targeted and NTC iBMDMs. We found that iBMDMs targeted for Ugdh, B3gat3 and 

B4galt7 each resulted in a significant reduction in sGAGs compared to NTC macrophages 
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(Figure 1.3C). We next used these sGAG-targeted cells to examine differences in Mab uptake. 

NTC and sGAG-targeted iBMDMs were infected with mEmerald Mab for four hours with 

increasing MOIs and bacterial uptake was quantified. At each MOI we observed a significant 

decrease in Mab uptake in sGAG targeted iBMDMs compared to the NTC cells (Figure 1.3D and 

1.3E). These results confirm that sGAGs contribute to the effective uptake of Mab by 

macrophages, validating our genome-wide screen and bioinformatic analysis. 

sGAGs are required for macrophage uptake of rough Mab variants. 

While our data suggest sGAGs are needed for uptake of smooth Mab variants by 

macrophages, it remained unclear if this host pathway was also required for rough variant 

uptake. To directly test this question, a rough Mab variant derived from ATCC 19977 was 

transformed with the mEmerald reporter. Similar to the smooth variant, we noted no defects in 

growth or antibiotic killing in broth culture (Figure 1.4A) and robust uptake by iBMDMs in an 

MOI dependent manner (Figure 1.4B-1.4D). To test if sGAGs are also required for uptake of 

rough Mab we next infected NTC and sGAG-targeted iBMDMs with the rough mEmerald Mab 

reporter for four hours at increasing MOI and quantified the percentage of infected cells. We 

observed over a 50% decrease of rough Mab uptake in sGAG-targeted macrophages compared to 

control macrophages at all MOIs (Figure 1.4E and 1.4F). Thus, sGAGs are required for 

macrophage uptake of both smooth and rough Mab variants. 

sGAGs function upstream of Mab internalization.  

We next examined the mechanisms underlying sGAG-mediated control of Mab uptake. 

To understand if sGAGs control specific or general uptake pathways, we tested whether sGAGs 

were necessary for uptake of other phagocytic cargo by macrophages. First, we quantified the 

uptake of latex beads by incubating yellow-green-labeled beads at increasing concentrations with 
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control or sGAG-targeted iBMDMs. In contrast to our results with Mab, we found no differences 

in the uptake of latex beads between control or sGAG-targeted iBMDMs (Figure 1.5A and 1.5B). 

We next examined whether sGAGs contribute to the uptake of Escherichia coli, a gram negative 

bacterium. mEmerald expressing E. coli was incubated with NTC or sGAG-targeted iBMDMs 

for four hours then uptake was quantified. Similar to latex beads, we observed no significant 

differences in E. coli uptake between control or sGAG-targeted macrophages (Figure 1.5C and 

1.5D). Taken together, these results suggest that sGAG-mediated uptake in macrophages occurs 

independently of general phagocytosis mechanisms and has pathogen specificity. 

Given that the uptake of pathogens can be influenced by opsonization, we next examined 

whether the sGAG pathway overlaps with complement-mediated uptake mechanisms. Both 

smooth and rough mEmerald Mab reporters were incubated in active or heat killed serum for 

thirty minutes. Following serum incubation, control or sGAG-targeted iBMDMs were infected 

and the percent uptake of Mab was quantified four hours later. Opsonization of the smooth Mab 

variant with active serum resulted in no significant change in uptake compared to heat-

inactivated serum (Figure 1.5E). For the rough Mab variant, while uptake was significantly 

increased following incubation with active serum in all cells, the uptake differences between 

NTC and sGAG-targeted iBMDMs remained significant (Figure 1.5F). These data show that 

while smooth and rough Mab variants are differentially susceptible to complement-mediated 

phagocytosis, this uptake pathway is independent of sGAGs. 

To distinguish if sGAGs are required for internalization or attachment of Mab we next 

treated control or sGAG-targeted macrophages with Cytochalasin D. We hypothesized that if 

sGAGs control initial attachment that blocking actin polymerization with Cytochalasin D would 

further inhibit Mab uptake in sGAG-targeted macrophages. To test this hypothesis, we pre-
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treated NTC and sGAG-targeted macrophages with DMSO or Cytochalasin D for two hours. 

Cells were then infected with smooth or rough variants of mEmerald Mab and uptake was 

quantified four hours later. We found that Cytochalasin D treatment significantly reduced uptake 

of both smooth and rough Mab variants compared to vehicle controls in all cell lines tested 

(Figure 1.5G and 1.5H). These data suggest that sGAGs are needed upstream of bacterial 

internalization as they function additively with actin polymerization inhibitors. 

Loss of sGAGs reduces the surface integrin expression on macrophages. 

While sGAGs directly modulate ionic interactions at the cellular surface, it remained 

possible that sGAG-modifications also regulate the surface levels of the receptors that are 

required for pathogen uptake (26). Given the importance of integrins for Mab uptake from our 

screen, we examined the expression of a subset of integrins including ITGB2, ITGAM, and 

ITGAL. When we quantified the mRNA levels of these integrins we found no changes in the 

mRNA expression of integrins between NTC and sGAG-targeted macrophages (Figure 6A). In 

contrast, while we observed no difference in the surface expression of ITGAM, we observed a 

significant decrease in ITGB2 and ITGAL expression on the surface of sGAG-targeted iBMDMs 

(Figure 1.6B and 1.6C). We next directly examined surface levels of the ITGB2/ITGAL 

heterodimer (LFA-1) and found significantly reduced expression on the surface of sGAG-

targeted iBMDMs (Figure 1.6D and 1.6E). Taken together these data suggest that sGAGs 

modulate the surface expression of key integrins that contribute to Mab uptake by macrophages. 
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FIGURES 

Figure 1.1. Early interactions with fluorescent Mycobacterium abscessus and macrophages 
can be detected by flow cytometry. (A) The optical density of control or mEmerald transformed 
M. abscessus ATCC-19977 was monitored over 48 hours in 7H9 broth in the presence or absence 
of Rifampicin (128 μg/ml). (B-D) iBMDMs from C57BL6J mice were infected with increasing 
MOI (5-20) of mEmerald M. abscessus for six hours. Flow cytometry was used to measure (B) 
the percent of cells that were infected (mEmerald+) and (C) the mean fluorescence intensity of 
infected cells. (D) Representative flow cytometry plots gated on live and single cells are shown 
for each MOI. Data are from one of three independent experiments. (E-F) iBMDMs from 
C57BL6/J mice were infected with mEmerald M. abscessus at an MOI of 5 for two, four or six 
hours. (E) Flow cytometry was used to measure the percent of cells that were infected 
(mEmerald+). (F) Shown are representative flow cytometry plots gated on live and single cells 
for each time point. All results shown are representative results from one of three independent 
experiments. ****p<.0001 ***p<.001 by one-way ANOVA with Dunnett’s multiple comparison 
test. 
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Figure 1.1 (cont’d) 
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Figure 1.1 (cont’d) 
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Figure 1.2. Genome-wide loss-of-function screen in iBMDMs identifies host genes required 
for uptake of M. abscessus. (A). iBMDMs were treated with DMSO or Cytochalasin D 
(10μg/ml or 20μg/ml) for two hours then infected with mEmerald M. abscessus at an MOI of 5 
for four hours. The percent uptake was quantified by flow cytometry. Results are normalized to 
the mean percent uptake of the NTC + DMSO condition (B) Shown are representative flow 
cytometry plots gated on live single cells for each treatment. (C) A schematic of the genome-
wide screen to identify host genes that are required for M. abscessus uptake by macrophages. A 
genome wide CRISPR-Cas9 library generated in Cas9+ iBMDMs with sgRNAs from the Brie 
library (4 sgRNAs per gene) was infected with mEmerald M. abscessus for four hours and 
mEmerald+ and mEmerald- populations were isolated by FACS. The representation of sgRNAs 
in each population were determined by sequencing. Figure made in Biorender. (D) Shown is the 
score determined by the alpha-robust rank algorithm (α-RRA) in MAGeCK for each gene in the 
CRISPR-Cas9 library that passed filtering metrics from three independent screen replicates. 
Highlighted genes represent known host factors that contribute to uptake of pathogens. (E) 
Cas9+ iBMDMs targeted with the indicated sgRNAs for candidates (2 per candidate gene) were 
infected with mEmerald M. abscessus for 4 hours at an MOI of 5. The uptake of M. abscessus 
was quantified by flow cytometry. These data are normalized to the mean percent of uptake of M. 
abscessus by non-targeting control cells. The results are representative of at least three 
independent experiments. ***p<.001 ** p<.01 by one-way ANOVA with Dunnett’s multiple 
comparison test. For the data in panel 1.2E each candidate sgRNA is p<.001 compared to the 
NTC. 
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Figure 1.2 (cont’d) 
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Figure 1.3. Sulfated glycosaminoglycans are required for effective uptake of M. abscessus 
by macrophages. (A) Gene set enrichment analysis was used to identify enriched pathways from 
the ranked forward genetic screen. Shown is a leading-edge analysis plot representing a top 
enriched KEGG pathway related to glycosaminoglycan biosynthesis. (B) The α-RRA ranking of 
sGAG biosynthesis related genes identified in the genome-wide screen highlighted as blue dots. 
(C) Total sGAGs were quantified in sgNTC, sgUGDH, sgB3GAT3 and sgB4GALT7 iBMDMs 
and normalized to total protein content. Shown is a representative result from four independent 
experiments. (D) sgNTC, sgUGDH, sgB3GAT3 and sgB4GALT7 iBMDMs were infected with 
mEmerald M. abscessus at increasing MOI for four hours then the percent infected cells were 
quantified by flow cytometry. Shown is the percent of infected cells normalized to the mean of 
the uptake of NTC at each MOI. These results are representative of four independent 
experiments. (E) Shown is a representative flow cytometry plot gated on live and single cells for 
the indicated genotypes at an MOI of 5. ***p<.001 **p<.01 by one-way ANOVA with Dunnett’s 
multiple comparison test. 
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Figure 1.3 (cont’d) 
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Figure 1.4. Rough variants of M. abscessus require sGAGs for efficient uptake by 
macrophages. (A) The optical density of control or mEmerald transformed rough variant of M. 
abscessus ATCC-19977 was monitored over 48 hours in 7H9 broth in the presence or absence of 
Rifampicin (128 μg/ml). (B) iBMDMs from C57BL6/J mice were infected with increasing MOI 
(5- 20) of mEmerald rough variant of M. abscessus for four hours and flow cytometry was used 
to measure the percent of cells that were infected (mEmerald+). Shown are representative flow 
cytometry plots gated on live and single cell for an MOI of five. (C) The percent of macrophages 
infected with rough Mab and (D) the mean fluorescence intensity of infected cells at the 
indicated MOIs. (E) sgNTC, sgUGDH, sgB3GAT3 and sgB4GALT7 iBMDMs were infected 
with mEmerald rough variant of M. abscessus at increasing MOIs for four hours then the percent 
uptake of cells was quantified by flow cytometry. Shown is a representative flow cytometry plot 
gated on live and single cells for the indicated genotypes infected at an MOI of 5. (F) Shown is 
the percent of infected cells normalized to the mean of the percent uptake for the NTC at each 
MOI. Results in (A-F) are all representative of at least three independent experiments. 
***p<.001 **p<.01 by one-way ANOVA with Dunnett’s multiple comparison test. 
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Figure 1.4 (cont’d) 
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Figure 1.5. sGAGs do not alter general macrophage phagocytosis mechanisms and require 
viable bacteria to contribute to uptake. (A) Yellow-green-labeled latex beads were added at 
increasing concentrations (Bead:Cell ratio 3-50) to sgNTC, sgUGDH, sgB3GAT3 and 
sgB4GALT7 iBMDMs for four hours then the percent of cells with beads was quantified by flow 
cytometry. Shown is the percent of cells with beads normalized to the mean of the percent uptake 
of NTC at each concentration. (B) Shown are representative flow cytometry plots gated on live 
and single cells for the indicated genotypes treated with a bead:cell ratio of 5. (C) The indicated 
genotypes of iBMDMs were infected with mEmerald E. coli for four hours at an MOI of five. 
The percent infected cells were quantified by flow cytometry and were normalized to the mean 
of the percent uptake of NTC. (D) Shown are representative flow cytometry plots gated on live 
and single cells for the indicated genotyped infected with E. coli at an MOI of 5 (E) Smooth or 
(F) rough variants of mEmerald M. abscessus were incubated with heat-killed or active fetal 
bovine serum for thirty minutes then used to infect iBMDMs of the indicated genotypes for four 
hours at an MOI of five. The percent infected cells were quantified by flow cytometry and were 
normalized to the mean of sgNTC uptake in heat-killed serum for either smooth or rough 
variants. (G) iBMDMs of the indicated genotypes were treated with DMSO or Cytochalasin D 
(10μg/ml or 20μg/ml) for two hours then infected with mEmerald M. abscessus smooth or (H) 
rough variants at an MOI of 5 for four hours. The percent uptake was quantified by flow 
cytometry and all samples were normalized to the mean of sgNTC uptake in DMSO for either 
smooth or rough variants. All results are representative of at least 3 independent experiments 
with similar results. ***p<.001 **p<.01 by two-way ANOVA with Dunnett’s multiple 
comparison test. 
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Figure 1.5 (cont’d) 
 

 
  

3 5 10 25 50
0

50

100

150

%
of
m
ac
ro
ph
ag
es

w
ith

B
ea
ds

(n
or
m
al
iz
ed

to
N
TC

at
ea
ch

M
O
I)

Heat-Killed
Serum

Active SerumActive Serum Heat-Killed
Serum

0

50

100

150

0

50

100

150

0

50

100

150

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

DMSO
0

50

100

150

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

w
ith
E
.c
ol
i

sgNTC

sgNTCsgNTC

Yellow/Green Latex Beads

Fo
rw
ar
d
Sc

at
te
r

Fo
rw
ar
d
Sc

at
te
r

sgUGDH

sgUGDH

sgB3GAT3

sgB3GAT3

sgB4GALT7

sgB4GALT7

mEmerald-GFP E. coli

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

sgNTC sgB3GAT3
sgUGDH sgB4GALT7

0

50

100

150 MOI 5Uninfected

Smooth Mab Rough Mab

Smooth Mab Rough Mab

Cytochalasin D

10 μg/ml 20 μg/ml DMSO

Cytochalasin D

10 μg/ml 20 μg/ml

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

A.

Figure 5

C.

E.

G.

F.

H.

D.

B.

2.06% 63.7% 59.6%

34.4% 35.4%

39.5%32.0%

65.6% 66.2%

**NS

*** ***

3 5 10 25 50
0

50

100

150

%
of
m
ac
ro
ph
ag
es

w
ith

B
ea
ds

(n
or
m
al
iz
ed

to
N
TC

at
ea
ch

M
O
I)

Heat-Killed
Serum

Active SerumActive Serum Heat-Killed
Serum

0

50

100

150

0

50

100

150

0

50

100

150

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

DMSO
0

50

100

150

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

w
ith
E
.c
ol
i

sgNTC

sgNTCsgNTC

Yellow/Green Latex Beads

Fo
rw
ar
d
Sc

at
te
r

Fo
rw
ar
d
Sc

at
te
r
sgUGDH

sgUGDH

sgB3GAT3

sgB3GAT3

sgB4GALT7

sgB4GALT7

mEmerald-GFP E. coli

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

sgNTC sgB3GAT3
sgUGDH sgB4GALT7

0

50

100

150 MOI 5Uninfected

Smooth Mab Rough Mab

Smooth Mab Rough Mab

Cytochalasin D

10 μg/ml 20 μg/ml DMSO

Cytochalasin D

10 μg/ml 20 μg/ml

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

A.

Figure 5

C.

E.

G.

F.

H.

D.

B.

2.06% 63.7% 59.6%

34.4% 35.4%

39.5%32.0%

65.6% 66.2%

**NS

*** ***

3 5 10 25 50
0

50

100

150

%
of
m
ac
ro
ph
ag
es

w
ith

B
ea
ds

(n
or
m
al
iz
ed

to
N
TC

at
ea
ch

M
O
I)

Heat-Killed
Serum

Active SerumActive Serum Heat-Killed
Serum

0

50

100

150

0

50

100

150

0

50

100

150

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

DMSO
0

50

100

150

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

in
fe
ct
ed

%
of
m
ac
ro
ph
ag
es

w
ith
E
.c
ol
i

sgNTC

sgNTCsgNTC

Yellow/Green Latex Beads

Fo
rw
ar
d
Sc

at
te
r

Fo
rw
ar
d
Sc

at
te
r

sgUGDH

sgUGDH

sgB3GAT3

sgB3GAT3

sgB4GALT7

sgB4GALT7

mEmerald-GFP E. coli

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

sgNTC sgB3GAT3
sgUGDH sgB4GALT7

0

50

100

150 MOI 5Uninfected

Smooth Mab Rough Mab

Smooth Mab Rough Mab

Cytochalasin D

10 μg/ml 20 μg/ml DMSO

Cytochalasin D

10 μg/ml 20 μg/ml

sgNTC

sgB3GAT3
sgUGDH

sgB4GALT7

A.

Figure 5

C.

E.

G.

F.

H.

D.

B.

2.06% 63.7% 59.6%

34.4% 35.4%

39.5%32.0%

65.6% 66.2%

**NS

*** ***



 54 

Figure 1.5 (cont’d) 
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Figure 1.6. Reduced sGAGs results in lower surface expression of integrins on 
macrophages. (A) RNA was isolated from sgNTC, sgUGDH, sgB3GAT3 and sgB4GALT7 
iBMDMs and the expression of Itgb2, Itgal and Itgam relative to Gapdh was quantified by qRT-
PCR. (B) The surface expression of ITGB2, ITGAL and ITGAM was quantified in NTC and 
sGAG-targeted iBMDMs by flow cytometry. Shown is the mean fluorescence intensity of each 
integrin and (C) a representative histogram for each sGAG-targeted gene for each integrin 
overlaid with NTC is shown. (D) The surface expression of ITGB2-ITGAL heterodimers (LFA-
1) were quantified on NTC and sGAG-targeted iBMDMs. Shown is the quantification of the 
mean fluorescence intensity and (F) a representative histogram for each iBMDM genotype 
overlaid with NTC. All results are representative of at least 2-3 independent experiments with 
similar results. ***p<.001 **p<.01 by one-way ANOVA with Dunnett’s multiple comparison 
test. 
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Figure 1.6 (cont’d) 
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Figure 1.6 (cont’d) 
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DISCUSSION 
 

Infections with M. abscessus are on the rise globally and their recalcitrance to antibiotic 

therapy is driving treatment failure [44-46]. Designing effective treatments against Mab, 

including host-directed therapies, will require a fundamental understanding of critical host-Mab 

interactions that occur during infection. Here, we developed a Mab fluorescent reporter-based 

approach to investigate interactions of Mab with macrophages and conducted a forward genetic 

screen to globally identify host genes that are required for Mab uptake. Our screen identified 

many candidates including previously described players in pathogen uptake such as Itgb2, Itgam, 

Manea and M6pr [47, 48] which together with our validation highlight the robustness of this 

dataset and the strengths of the functional genetic approach. 

As part of our bioinformatic analysis to uncover new pathways required for efficient Mab 

uptake, we identified a strong signature for the sGAG biosynthesis pathway. sGAGs are 

modified glycosaminoglycans, which consist of repeating polysaccharides attached to the cell 

surface and surface proteins [26]. We targeted three independent genes in the sGAG synthesis 

pathway that all resulted in decreased uptake of both smooth and rough Mab variants by 

macrophages. While sGAGs have previously been shown to modulate host-pathogen interactions 

in epithelial cells, very little is known about their role in macrophages [22-24]. We found that 

sGAGs did not affect latex bead or E. coli uptake, showing that general macrophage uptake 

mechanisms are intact in sGAG-targeted cells. In addition, Cytochalasin D treatment of sGAG-

targeted macrophages further reduced Mab uptake, suggesting sGAGs contribute upstream of the 

actin polymerization required for Mab internalization. Together these data point towards a role 

for sGAGs in the adherence of Mab to macrophages. While many models suggest sGAGs 

modulate ionic interactions between pathogens and the cellular surface, our results suggest a 
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parallel mechanism by which sGAGs contribute to pathogen uptake [26]. In all sGAG-targeted 

iBMDMs we discovered a significant decrease in the surface expression of the integrins ITGB2 

and ITGAL but no change in the mRNA expression. We propose that one previously overlooked 

function of sGAGs in pathogen uptake is maintaining the surface expression of critical receptors, 

including key integrins. How broadly sGAGs control the surface proteome of cells and if this 

function of sGAGs contributes to other host-pathogen interactions will be of great interest. 

Multiple lines of evidence from our study point towards a central role for ITGB2 in the 

uptake of Mab. Not only was Itgb2 the number one hit in the genome-wide screen, but we found 

the top enriched pathway, sGAG-biosynthesis, directly modulates ITGB2 surface expression. 

ITGB2 is known to complex with different integrin alpha receptors to serve as a key trafficking 

molecule and complement receptor [49]. ITGB2, in complex with ITGAM, was previously 

shown to modulate LC3-associated phagocytosis (LAP) during Listeria monocytogenes 

infections and control the uptake of Pseudomonas aeruginosa, suggesting multiple uptake 

pathways intersect with ITGB2 [47, 50]. The identification of both Itgam and Itgb2 among the 

top candidates in the screen suggests a key role for this heterodimer in Mab uptake. ITGB2 also 

complexes with other integrins like ITGAL, yet the contribution of each of these distinct 

receptors in Mab uptake remains unknown and will be examined in the future [49]. While human 

and murine ITGB2 proteins are highly similar, it will be important to directly test the role of this 

integrin in Mab uptake in human macrophages [51]. In addition, investigating how Mab uptake 

by distinct receptors alters intracellular trafficking and/or bacterial control will better define key 

host-pathogen interactions during Mab infections. 

How Mab mediates interactions with distinct macrophage uptake pathways remains 

unknown. Surface glycopeptidolipids (GPLs) are thought to contribute to macrophage infections 
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[52, 53]. However, given that both smooth and rough variants of Mab required sGAG dependent 

pathways for effective uptake, there must be GPL-independent mechanisms that contribute 

during infection. One interesting observation from our study was that rough variants are more 

susceptible to complement-mediated uptake than smooth variants. This suggests a model where 

GPL evade complement-mediated uptake which may modulate Mab survival. Several other Mab 

factors have been associated with macrophage infection, including the ATPase EccB4 and 

glycosyl-diacylated-nondecyl-diols (GDND), but the direct role of these genes in macrophage 

uptake remain unknown [12, 54-56]. More broadly dissecting Mab determinants of macrophage 

infection will require unbiased bacterial genetic approaches, such as transposon-based 

approaches that were recently developed in Mab [10, 12]. This approach will link macrophage 

uptake pathways directly with specific Mab-encoded factors. 

In addition to understanding how Mab adheres to macrophages, the role of sGAGs during 

lung infection is important to consider. While Mab is mostly associated with monocytes and 

macrophages in vivo, current mouse models to test Mab pathogenesis remain challenging [55, 

57]. Sustained Mab infection in mice requires multiple immune deficiencies that disrupt normal 

host-pathogen interactions [57]. In addition, since sGAGs are essential to development, 

understanding how sGAGs contribute to in vivo disease will require the generation of conditional 

knockout animals in immune knockout backgrounds [58]. While improved Mab in vivo models 

are being developed, the approach described here highlights a framework for leveraging 

unbiased genetic approaches to glean important mechanistic understanding of host Mab 

interactions. 

Altogether, we optimized a host genetic platform to define important macrophage 

pathways during Mab infection. By coupling a brightly fluorescent Mab reporter with a genome-
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wide knockout macrophage library, we are positioned to rapidly screen for diverse phenotypes 

related to macrophage-Mab interactions. Here, we leveraged this approach to dissect Mab uptake 

during early infection. Yet, this same approach can be used to understand host pathways that 

control Mab growth or contribute to macrophage cell death. Thus, our host focused functional 

genetic approach will broadly identify potential host-directed therapeutic targets, with the goal of 

improving treatment success during Mab infection. 
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MATERIALS AND METHODS 

Mab culture conditions, generation of fluorescent reporter, and growth assays. 

Isogenic pairs of smooth and rough Mab (ATCC 19977) were used throughout this study. 

The Mab or E. coli mEmerald strains were built by transforming pmV261 hsp60::mEmerald into 

either the smooth or rough Mab variant by electroporation or DH5α E. coli by heat shock 

followed by selection on zeocin. All Mab cultures were grown aerobically in Middlebrook 7H9 

medium supplemented with 10% Middlebrook OADC (oleic acid, dextrose, catalase, and bovine 

albumin) at 37°C. mEmerald GFP-expressing strains were propagated in medium containing 

5μg/ml zeocin (Invivogen).  

To quantify bacterial growth, non-fluorescent and mEmerald GFP-Mab single cell 

suspensions were inoculated in 7H9 at starting concentration of 5x105 bacteria/ml. To examine 

antibiotic killing, rifampicin was included at a final concentration of 128 μg/ml. Optical density 

was quantified by measuring the absorbance at 600nm on a Tecan Spark 20M plate reader at the 

indicated timepoints. 

Cell culture. 

J2-virus immortalized murine bone marrow derived macrophages (iBMDMs) and Cas9+ 

iBMDMs were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone) 

supplemented with 10% heat inactivated fetal bovine serum (FBS; Seradigm) as previously 

described (42). All macrophage cell lines were incubated in 5% CO2 at 37°C. 

Macrophage infections and uptake assays. 

Single cell Mab or E. coli suspensions were prepared by resuspending logarithmic phase 

bacteria in DMEM with 10% heat inactivated FBS (Seradigm) followed by a soft spin (800g) to 

pellet large bacterial clumps. The supernatant was then used to infect macrophages, seeded at 
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5x105 /well in a 12-well plate, at the indicated MOIs for the indicated time points (2-6 hours). 

Following infection, macrophages were washed with PBS, lifted from plates by scrapping, then 

fixed in 4% paraformaldehyde. Macrophage uptake was quantified using the BD LSRII flow 

cytometer (BD Biosciences) at the Michigan State University Flow Cytometry Core. Live and 

single macrophages were identified using forward and side scatter and the number of infected 

cells was determined by the fluorescence in the GFP channel. All experiments include an 

uninfected control to set gates for uptake quantification during analysis that was performed using 

FlowJo v10. For complement-mediated uptake experiments mEmerald Mab was first incubated 

in heat-inactivated or active FBS for thirty minutes prior to macrophage infections. For actin 

polymerization inhibitor experiments, cells were treated with DMSO or Cytochalasin D (Cayman 

Chemicals) for 2 hours prior to infection. 

For the bead uptake assay, 1µm carboxylate-modified polystyrene latex beads expressing 

yellow-green fluorescence (Sigma-Aldrich) were diluted in PBS to 5x108 beads per ml. Beads 

were incubated with iBMDMs at the indicated number of latex beads per macrophage for four 

hours. Following bead exposure, macrophages were washed with PBS and fixed in 4% 

paraformaldehyde solution. The percent uptake of yellow-green fluorescence latex beads was 

quantified by flow cytometry as described above. 

CRISPR screen and analysis. 

Mouse Brie CRISPR knockout pooled library was a gift from David Root and John 

Doench (Addgene #73633) (42) and infected with our smooth mEmerald-GFP Mab reporter 

strain at an MOI of five for four hours. Following the infection, macrophages were washed with 

PBS then fixed with 4% paraformaldehyde. Infected library was then sorted using a BioRad S3e 

cell sorter to isolate mEmerald+ and mEmerald- macrophages. 1.5-2.5x107 cells were sorted into 
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each bin from triplicate experiments. Genomic DNA was isolated from each sorted population 

using Qiagen DNeasy kits after reversing DNA crosslinks following a 55°C incubation 

overnight. Amplification of sgRNAs by PCR was performed as previously described using 

Illumina compatible primers from IDT (42) and amplicons were sequenced on an Illumina 

NextSeq 500 at the Genomics Core at Michigan State University. 

Sequenced reads were first trimmed to remove any adapter sequence and to adjust for the 

p5 primer stagger. We used model-based analysis of genome-wide CRISPR-Cas9 knockout 

(MAGeCK) to map reads to the sgRNA library index without allowing for any mismatch. 

Subsequent sgRNA counts were median normalized to control sgRNAs in MAGeCK to account 

for variable sequencing depth. To test for sgRNA and gene enrichment, we used the “test” 

command in MAGeCK to compare the distribution of sgRNAs in the GFP+ and GFP- bins. The 

MAGeCK output Gene Summary provided a ranked list of genes significantly underrepresented 

in the mEmerald+ bin based on 4 independent sgRNAs that was used to curate the candidate 

gene list. 

CRISPR-targeted knockouts. 

Individual sgRNAs were cloned as previously described using sgOPTI that was a gift 

from Eric Lander (Addgene plasmid no. 85681) (42). In short, annealed oligos containing the 

sgRNA targeting sequence were phosphorylated, then cloned into a dephosphorylated and 

BsmBI (New England Biolabs) digested sgOPTI. To facilitate rapid and efficient generation of 

sgRNA plasmids with different selectable markers, we used sgOPTI-Blasticidin-Zeocin (BZ) and 

sgOPTI Puromycin-Ampicillin (PA) as previously described (42). The simultaneous use of 

sgOPTI-BZ and sgOPTI-PA plasmids allowed for pooled cloning in which a given sgRNA was 

ligated into a mixture of BsmBI-digested plasmids. Successful transformants for each plasmid 
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were by plating on ampicillin or zeocin in parallel. Next, two sgRNA-plasmid constructs per 

gene were packaged into lentivirus as previously described (42), then used to transduce Cas9+ 

iBMDMs. Transductants were selected with blasticidin and/or puromycin then genomic DNA 

was isolated and PCR was used to amplify edited regions and sent for Sanger Sequencing 

(Genewiz). The resultant ABI files were used for Tracking of Idels by Decomposition (TIDE) 

analysis to assess the frequency and size of indels in each population compared to control 

macrophages (59). Three sgRNAs were targeted per gene and one targeted line was selected for 

follow-up studies with editing efficiency 60%-95% for each gene. sgRNA sequences and primers 

for Tide analysis are included in Table 1.3. 

Quantification of sulfated glycosaminoglycans. 

Sulfated Glycosaminoglycans (sGAGs) were isolated following the Blyscan Sulfated 

Glycosaminoglycan Assay (BioVision). In short, macrophages were washed with PBS, then 1ml 

of Papain Extraction Reagent containing 1mg/ml of Papain (Sigma-Aldrich) was added. Plates 

were incubated in 5% CO2 at 37°C for 1 minute. Cell Suspensions were transferred to 1.5ml 

microcentrifuge tubes and immediately placed in an ice-water bath. To extract sGAGs, 200μl of 

cell suspension was transferred to a 1.5ml microcentrifuge tube and incubated at 65°C for three 

hours. 

sGAG were then quantified using the Blyscan Sulfated Glycosaminoglycan Assay 

Protocol (BioVision). Briefly, 25μl of test sample was transferred into a 1.5ml microcentrifuge 

tube. Reagent blanks, sGAG standards and test samples were prepared according to the Blyscan 

Sulfated Glycosaminoglycan Assay General Protocol and adjusted to a 100μl final volume. To 

stain sGAGs, 1ml of Blyscan Dye Reagent (BioVision) was added to each tube, then tubes were 

placed in a gentle mechanical shaker for 30 minutes at room temperature. To pellet stained 
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sGAGs, tubes were centrifuged at 13,000xg for 10 minutes, then supernatant was discarded. To 

release the recovered sGAGs, 500μl of Dissociation Reagent (BioVision) was added to each tube 

and vortexed until pellets were dissolved. 200μl of reagent blanks, sGAG standards and test 

samples were transferred to a 96-well plate and absorbance readings at 656nm were obtained 

from an Agilent BioTek Synergy H1 Hybrid multi-Mode Plate Reader. 

RNA isolation and quantitative real-time PCR. 

Macrophages were resuspended in 500μL of TRIzol reagent (Life Technologies) and 

incubated for 5 minutes at room temperature. 100μL of chloroform was added to the 

homogenate, vortexed and centrifuged at 10,000xg for 18 minutes at 4°C to separate nucleic 

acids. The clear, RNA containing layer was removed and combined with equal parts ethanol. 

This mixture was placed into a collection tube and protocols provided by the Zymo Research 

Direct-zol RNA extraction kit were followed. Quantity and purity of the RNA were checked 

using a NanoDrop and diluted to 5ng/μL in nuclease-free water. 

PCR amplification of the RNA was completed using the One-step Syber Green RT-PCR 

kit (Qiagen). 25ng of total RNA was added to a master mix reaction of the provided RT mix, 

Syber green, gene specific primers (5uM of forward and reverse primer), and nuclease-free 

water. For each biological replicate (triplicate), reactions were conducted in technical triplicates 

in 96-well plates. PCR product was monitored using the QuantStudio3 (ThermoFisher). The 

number of cycles needed to reach the threshold of detection (Ct) was determined for all 

reactions. The mean CT of each experimental sample in triplicate was determined. The average 

mean of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was subtracted from the 

experimental sample mean CT for each gene of interest (dCT). 
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Bioinformatics analysis. 

Gene set enrichment analysis (GSEA) was used to identify enriched pathways in the 

MAGeCK analyzed dataset based on the full ranked list as done previously. For GSEA analysis, 

the “GSEA Preranked” function was used to complete functional enrichment using default 

settings for Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology terms. 

DAVID analysis was used to identify enriched pathways within the positive regulators of Mab 

uptake. Using the robust rank aggregation (RRA) the top enriched positive regulators (2-fold 

change with at least 3 sgRNAs) were used as a “candidate list”. Functional analysis and 

functional annotation analysis were completed, and top enriched pathways and protein families 

were identified. 

Data availability. 

Raw sequencing data in FASTQ and processed formats are available for download from 

NCBI Gene Expression Omnibus (GEO) accession number GSE221413. 

Statistical analysis. 

Statistical analysis and data visualization were performed using Prism version 9 

(GraphPad Software) or Biorender, as indicated in figure legends. Data are presented, unless 

otherwise indicated, as the mean ± SD and individual data points are shown for each experiment. 

For parametric data, one-way or two-way ANOVA followed by Tukey’s or Dunnett’s multiple 

comparisons test were used to identify significant differences between multiple groups. 
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ABSTRACT 

Pulmonary infections caused by Mycobacterium abscessus (Mab), a rapidly growing 

nontuberculous mycobacterium (NTM), are on the rise in patients with chronic or acquired lung 

disease. In contrast to immunocompetent individuals, these patient cohorts exhibit abnormal 

pulmonary function that result from chronic inflammation and mucus build-up. Treatment 

regimens rely on multi-drug cocktails yet Mab’s natural recalcitrance to common antibiotics 

extends treatment timelines and increases the frequency of treatment failures. Thus, it is 

important to understand the mechanisms by which immunocompetent individuals clear Mab with 

relative ease while susceptible individuals do not, to identify new treatment options that may 

protect at-risk patients. In the lungs, macrophages are the first immune cell Mab encounters 

following infection, with both resident alveolar macrophages and recruited myeloid derived 

macrophages playing important roles during infection control. However, the specific role of these 

distinct macrophage populations in regulating control and inflammatory responses during Mab 

remains limited due to a lack of ex vivo models that recapitulate the functions of different 

macrophage subsets. Here, we leverage a fetal-liver derived alveolar macrophage (FLAM) model 

to define the mechanistic interactions occurring at the Mab-macrophage interface compared to 

bone-marrow derived macrophages (BMDMs). Even though both FLAMs and BMDMs similarly 

control intracellular Mab, the inflammatory response between these macrophage populations is 

significantly different. While BMDMs robustly activated NF-κB transcriptional targets that 

include important chemokines and inflammatory cytokines like TNF, FLAMs transiently induced 

these genes following Mab infection. While activation of FLAMs or BMDMs with IFNγ prior to 

Mab infection did not alter Mab intracellular dynamics, it did drive FLAMs to be more 

inflammatory. However, while we found IFNγ activated FLAMs more robustly activate NF-κB 
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during Mab infection, there remain important differences compared to BMDMs. This includes 

lower expression of the inducible nitric oxide synthase, which we found was reversed with 

chemical activation of HIF1α. We conclude that FLAMs and BMDMs differentially respond to 

Mab infection due to differences in signaling networks activated following innate immune 

sensing, with FLAMs being more hypo-inflammatory than BMDMs. More broadly our results 

highlight a key need to better understand the initial interactions with Mab and distinct 

macrophage populations to define pathways that contribute to pulmonary protection or disease 

during respiratory infections. 

  

  



 79 

INTRODUCTION 

Pulmonary infections caused by rapidly growing nontuberculous mycobacterium (NTM) 

are on the rise, with a 400% increase in prevalence from 1987 to 2015 [1-3]. Of these infections, 

those caused by Mycobacterium abscessus (Mab) are the second most common [4]. While the 

majority of immunocompetent hosts control Mab infections, patients with pre-existing 

pulmonary conditions including cystic fibrosis (CF), chronic obstructive pulmonary disease 

(COPD), or bronchiectasis are at a particularly high-risk for chronic Mab pulmonary infection 

[5-8].  Complicating matters, Mab remains intrinsically resistant to many antibiotics, requiring 

multi-drug treatment regimens and high rates of treatment failure [9-11]. The lungs of susceptible 

patient cohorts are characterized by structural damage, inflammation, and/or changes in mucus 

regulation, changing the pulmonary environment in dramatic ways [7, 12, 13]. How these 

structural and inflammatory changes directly alter Mab-host interactions remains unclear. With 

no protective vaccine and limited drug options, understanding how immunocompetent hosts 

control Mab is of critical importance to develop more clinically relevant host-directed therapies.   

Central to host-pathogen interactions in the lungs are macrophages, key innate immune 

cells tasked with sensing the environment, initiating inflammation, and controlling infections 

[14, 15]. In the lungs, several macrophage sub-populations including fetal-derived resident 

macrophages and myeloid-derived interstitial/recruited macrophages play important roles in 

maintaining pulmonary homeostasis and protecting the lungs against respiratory pathogens [15-

17]. The difference in ontogeny and the local environment drives important phenotypic 

differences in these distinct macrophage subtypes [14, 16]. Resident lung macrophages, such as 

alveolar macrophages (AMs), are maintained in the airspace to recycle surfactants produced by 

lung epithelial cells [15-17]. AMs are the first immune cells to detect inhaled pathogens and 
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control initial immune responses during pulmonary infection. Work examining other respiratory 

infections, including Mycobacterium tuberculosis, suggest AMs are hypo-inflammatory and 

restrain their interactions with T cells to prevent robust adaptive immune activation [18, 19]. In 

contrast, myeloid-derived macrophages are highly inflammatory cells that drive increased 

pathogen control and T cell activation [18, 20, 21]. Combined, these inflammatory responses 

result in tissue inflammation that modulates macrophage function.  

During lung infections, inflammatory signals can further modify the local environment to 

drive protection or pathology [22-24]. One key inflammatory cue is the production of the 

cytokine interferon-gamma (IFNγ) [25]. This protective cytokine is primarily produced by NK 

and Th1-activated T cells and is required for humans to control mycobacterial infections, as the 

loss of IFNγ signaling results in mendelian susceptibility to mycobacterial disease (MSMD) [26, 

27]. IFNγ contributes to immune control by upregulating antimicrobial and T cell mediated 

restriction pathways [19, 28]. These pathways include the production of reactive oxygen species 

(ROS) and nitric oxide (NO) that directly control pathogens and inflammatory signaling [27, 28]. 

Recent work suggests IFNγ responses are distinct in different macrophage subtypes, with these 

differences driving alternative immune functions [18, 29]. Given that Mab susceptible patient 

cohorts are characterized by chronic inflammatory lung environments, it is important to 

understand how distinct macrophage subsets respond to Mab in both resting and inflammatory 

states.  

To date, the majority of studies examining Mab-Macrophage interactions have used 

murine bone marrow-derived macrophages (BMDMs) and/or immortalized macrophage cell 

lines including RAW, J774, and Thp1 cells [30-33]. These studies identified important host genes 

required for the uptake of Mab as well as roles for TLR2 and Nod2 in activating pathways that 
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drive TNF, type I IFN, and NO production to control Mab [30, 34, 35]. Mab infected Zebrafish 

embryo studies have found TNF signaling and IL8-mediated neutrophil recruitment are required 

for granuloma formation [36, 37]. However, we continue to lack an understanding of the early 

interactions between Mab and AMs. One reason for this gap in knowledge is the limited 

approaches available to understand AMs. AMs are particularly challenging to isolate and to 

maintain in the AM-like states observed in the lungs. Recent advances in ex vivo culturing now 

enable a mechanistic understanding of interactions with AM-like cells [38-40]. One model we 

recently developed are fetal liver-derived alveolar-like macrophages (FLAMs) [38]. These cells 

are isolated from the fetal liver, which is the source of AMs in vivo, and cultured with two key 

lung cytokines GM-CSF and TGFβ [38, 41, 42]. FLAMs are transcriptionally similar to AMs yet 

distinct from myeloid-derived BMDMs in both resting and IFNγ-activated states [18], thus, 

serving as a useful model to understand mechanistic AM responses during infection.  

Here, we defined macrophage subset specific responses to Mab infection. We first 

compared the uptake and bacterial growth kinetics in BMDMs and FLAMs to model distinct 

populations in the lungs in both resting and IFNγ-activated cells. In parallel, we used 

transcriptional profiling and cytokine analysis to define macrophage-subset specific responses 

during Mab infection. Our results suggest few differences in Mab intracellular bacterial control 

or cell death between FLAMs and BMDMs. However, we observed significant differences in the 

innate response in resting and IFNγ-activated FLAMs and BMDMs that was dependent on Mab 

infection. Mechanistic studies found that Nrf2, a transcription factor previously associated with 

AM innate responses to Mtb, does not play a role in the hypo-inflammatory response in FLAMs 

directly to Mab infection [43, 44]. We also found that NF-κΒ is a key driver of cytokine 

production in BMDMs but is not as robustly activated in FLAMs. Finally, we observed that 
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while IFNγ-activated FLAMs are more inflammatory, they do not induce high levels of the 

inducible nitric oxide synthase (Nos2) compared BMDMs. This deficiency was overcome by 

chemical activation of HIF1α. These data uncover key differences in the transcriptional response 

of distinct macrophage subtypes, identifying cell-type specific inflammation that may play an 

important role regulating disease control or progression during respiratory infections.  

RESULTS 

Mab persists in BMDMs and FLAMs over 48 hours of infection. 

As a first step to understand differences in host-Mab interactions between macrophage 

subsets we compared whether BMDMs or FLAMs phagocytose Mab with different efficiency. To 

test this, we infected resting BMDMs or FLAMs with the smooth ATCC Mab strain 19977 

expressing constitutively active mEmerald GFP at increasing multiplicities of infection (MOIs) 

[31]. Four hours later, flow cytometry was used to quantify the percent of cells that were GFP 

positive. While we noted an increase in the percent of infected cells as the MOI increased, we did 

not observe any significant differences in uptake between BMDMs and FLAMs (Figure 2.1A). 

In addition to percent of infected cells, we wondered whether the mean fluorescence intensity 

(MFI) of infected cells could be used a surrogate for intracellular bacterial level. To test this 

prediction, we first infected immortalized BMDMs with mEmerald-Mab and used cell sorting to 

isolate infected cells with high or low GFP MFI and plated for CFU (Figure 2.1B). We found that 

cells sorted from the high GFP MFI contained more Mab on a per cell basis than the same 

number of cells from the low GFP group (Figure 2.1C). These data show that MFI is a useful 

correlate of intracellular bacterial levels. When we examined the MFI of cells infected with 

increasing MOI of Mab at 4 hours, we observed no significant differences between BMDMs and 
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FLAMs (Figure 2.1D). These data show that the uptake of Mab by BMDMs and FLAMs is 

similar.  

We next characterized the intracellular dynamics of Mab in distinct macrophage subsets 

over time. BMDMs or FLAMs were infected with mEmerald-Mab at an MOI of 5 and 12, 24 and 

48 hours later cells were lysed for quantification of colony forming units (CFU) (Figure 2.1E). 

We found no significant increase or decrease of viable Mab in either cell type over time and very 

small differences in total CFU between cell types. In parallel, flow cytometry was used to 

monitor intracellular Mab. In agreement with our CFU quantification, we observed no significant 

increases in the percent of infected cells or the MFI of infected cells over time (Figure 2.1F). 

These data suggest that Mab persists in resting BMDMs and FLAMs over several days.  

Mab infection of FLAMs results in distinct cytokine production independent of cell death.  

Given the similar intracellular Mab dynamics between BMDMs and FLAMs, we next 

tested whether there are differences in cell death and inflammation during infection. FLAMs and 

BMDMs were infected with Mab at an MOI of 5 and 12, 24 and 48 hours later cell death was 

quantified by flow cytometry using a viability dye (Figure 2.2A) or by quantifying ATP via a 

CellTiter Glo assay (Figure 2.2B). Our results found limited induction of cell death following 

infection in either cell type. While BMDMs trended towards more cell death, the overall 

percentage remained very low. These data suggests that over the first two days of infection, when 

the intracellular levels of Mab are similar between BMDMs and FLAMs, there is very little 

change in macrophage viability. 

 We next examined whether the inflammatory response was different between Mab 

infected BMDMs and FLAMs. Cells were infected with Mab at an MOI of 5 and 12, 24 and 48 

hours later pro-inflammatory cytokines was quantified in the cell culture supernatants by a 
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multiplex Luminex assay. We observed significant differences between BMDMs and FLAMs, 

with BMDMs producing high levels of the cytokines CCL3, CCL4, CXCL2, CXCL5, CXCL10, 

TNF and G-CSF while FLAMs induced very limited amounts of these cytokines (Figure 2.2C). 

We noted no major induction of the cytokines IL1a or IL1b in either macrophage subset. Taken 

together, these results show that Mab infected BMDMs have significantly higher and broader 

inflammatory responses that are independent of changes in bacterial viability or cell death. 

Transcriptional analysis finds Mab infection of BMDMs is more inflammatory than 

FLAMs.  

We next characterized changes to the global transcriptome of both FLAMs and BMDMs 

over time during Mab infection. Cells were infected with Mab at an MOI of 5, then 6 and 24 

hours later RNA was isolated and global mRNA sequencing analysis was performed. PCA 

analysis showed a strong separation between BMDMs and FLAMs in all conditions along PC1, 

in line with our previous studies (Figure 2.3A) [18]. While there was a major shift in BMDMs at 

24 hours following infection along PC2, this was not observed in FLAMs. This suggests that 

Mab infection induces a less dramatic effect on the transcriptome of FLAMs compared to 

BMDMs. We next compared genes that were differentially expressed in either FLAMs or 

BMDMs over time (Figure 2.3B). We noted 3x more genes were significantly induced and 4.8x 

more genes were significantly repressed uniquely in BMDMs at 6 hours and 24 hours post-

infection compared to FLAMs. There was a significant number of genes that were uniquely 

induced or repressed in either BMDMs or FLAMs. Pathway analysis of these gene lists found 

that BMDMs repress oxidative phosphorylation and nucleotide metabolism, while FLAMs 

induce cell cycle and proliferative genes. To identify other key differences in transcriptional 

activation during Mab infection of BMDMs and FLAMs, we used clustering analysis to group 
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genes whose expression changes similarly across all conditions. We identified seven unique 

clusters and conducted pathway and transcription factor analysis to identify transcriptional 

networks that were associated with each cluster (Figure 2.3C). Of note, we found that Cluster 3 

contained genes that were uniquely induced during Mab infection in FLAMs. KEGG pathway 

analysis found significant enrichment of genes associated with metabolism, including glycine, 

serine, and threonine metabolism as well as peroxisomes, a key hub of lipid metabolism. Cluster 

5 contained genes that were induced in both FLAMs and BMDMs and was enriched for 

pathways related to lysosome and phagosomes, as well as antigen presentation. In contrast, 

Cluster 6 contained genes that were uniquely induced in BMDMs and was enriched for 

inflammatory pathways including NF-κΒ and TNF. Transcription factor analysis of Cluster 6 

agreed with the KEGG pathway analysis and identified a strong NF-κΒ signature. When we 

more closely examined a subset of NF-κΒ related genes, we found that in BMDMs many of 

these genes were more highly induced and the expression level of these pro-inflammatory 

transcripts was higher (Figure 2.3D). When we examined a subset of chemokines that were 

elevated in our multiplex analysis above, we noted high, persistent expression of each in 

BMDMs relative to FLAMs (Figure 2.3E).  The exception to this pattern was IL1α and IL1β. 

These cytokines were robustly induced at high levels in FLAMs compared to BMDMs, 

suggesting unique regulation of IL1 in FLAMs. Taken together our transcriptional analysis found 

that while both FLAMs and BMDMs sense and respond to Mab infection, BMDMs drive a more 

inflammatory response than FLAMs.  
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Differential Nrf2 and NF-κΒ activation partially contributes to differences in inflammation 

of FLAMs and BMDMs during Mab infection.  

We next examined possible mechanisms contributing to the hypo-inflammation we 

observed in FLAMs following Mab infection. Previous work with Mycobacterium tuberculosis 

infection found that activation of the transcription factor Nrf2 inhibited inflammatory pathways 

in AMs [43]. To directly test if Nrf2 was responsible for FLAMs hypo-inflammatory response we 

infected wild type and Nrf2 deficient FLAMs with Mab and examined pro-inflammatory 

cytokine production over time (Figure 2.4A). We found that in uninfected resting Nrf2-/- FLAMs 

there was an increase in the baseline production of the cytokines TNF and CXCL10 compared to 

wild type cells. Interestingly, we observed no change in these cytokines following Mab infection 

over time. These data suggest that while Nrf2 modulates the baseline expression of inflammatory 

cytokines, it does not suppress inflammatory signaling in response to Mab infection.  

 Our transcriptional analysis suggested that BMDMs induce NF-κΒ pathways more 

robustly than FLAMs. To examine the role of NF-κΒ in the hyper-inflammatory response of 

BMDMs, we inhibited NF-κΒ using the chemical inhibitor BAY 11-7082 in both FLAMs and 

BMDMs and quantified TNF, an NF-κΒ dependent transcript, by ELISA 6 and 24 hours 

following Mab infection (Figure 2.4B) [45]. We observed that blocking NF-κΒ in Mab-infected 

BMDMs resulted in minimal TNF production similar to infected FLAMs and uninfected 

BMDMs. These data suggest that NF-κΒ activation in BMDMs drives higher levels of 

inflammatory cytokines than FLAMs during Mab infection.  

Activating BMDMs or FLAMs with IFNγ does not alter Mab control.  

Patients who develop chronic Mab respiratory infections are characterized by previous 

lung damage and ongoing respiratory disfunctions [9, 46]. In these patients, the baseline 
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inflammatory state of macrophages is different from resting macrophages. IFNγ is produced 

during inflammatory responses and is a key cytokine that activates macrophages and can drive 

restriction of intracellular pathogens [27, 28]. To test if IFNγ differentially alters Mab-host 

interaction in FLAMs and BMDMs, cells were activated overnight with IFNγ, then infected with 

mEmerald-Mab before multiple parameters were examined. First, we examined whether IFNγ 

altered Mab uptake by BMDMs and FLAMs. We found that four hours following infection, IFNγ 

did not alter uptake efficiency between BMDMs and FLAMs at increasing MOIs (Figure 2.5A 

and B). We next examined intracellular dynamics overtime. Using flow cytometry, we noted a 

slight increase in the percent infected cells in both BMDMs and FLAMs, but this remained stable 

through 48 hours of infection (Figure 2.5C). We also noted a similar MFI of infected cells 

between resting and IFNγ-activated BMDMs and FLAMs (Figure 2.5D). In line with our flow 

cytometry approaches, when we quantified viable CFU, we found no significant differences in 

Mab viability in resting or IFNγ-activated FLAMs or BMDMs (Figure 2.5E). These data suggest 

that IFNγ-activation does not significantly alter the intracellular dynamics of Mab, which 

continues to persist in both activated BMDMs and FLAMs.  

IFNγ drives more cell death and inflammatory cytokines following Mab infection in both 

BMDMs and FLAMs.  

We next examined how IFNγ alters the host response to Mab infection. IFNγ activated 

BMDMs and FLAMs were infected with mEmerald Mab and changes in cell viability were 

quantified over time using two orthologous approaches. First, cell viability was quantified using 

flow cytometry (Figure 2.6A). In addition, total ATP was quantified using a CellTiter Glo assay 

(Figure 2.6B). Our results found that while IFNγ induced significant levels of cell death, this 

remained unchanged following Mab infection. These data suggest that while IFNγ activation 
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increases cell death pathways in both BMDMs and FLAMs compared to resting cells, it does so 

independently of Mab infection.   

 We next dissected if the inflammatory response of BMDMs and FLAMs was altered by 

IFNγ activation. IFNγ-stimulated FLAMs or BMDMs were infected with Mab at an MOI of 5 

and 48 hours later pro-inflammatory cytokines in the supernatants were quantified by a multiplex 

Luminex assay (Figure 2.6C). We observed that IFNγ activation alone drove high levels of 

CCL3, CCL4 and CXCL10 in BMDMs but only CCL3 further increased following Mab 

infection. IFNγ-activated FLAMs did not robustly induce these cytokines in any condition. 

Similar to resting cells, IFNγ-activated BMDMs induced high levels of CXCL2 and CXCL5 

following Mab infection, but this was not observed in FLAMs. Notably, G-CSF was similarly 

induced in both IFNγ-activated BMDMs and FLAMs.  We observed that TNF was more robustly 

induced in IFNγ-activated FLAMs than resting FLAMs, yet the overall TNF levels remained 

significantly lower than BMDMs. Finally, we found that while both IL1α and IL1β were 

significantly induced in FLAMs but not BMDMs, the levels of induction were generally low. 

Together these results show that while IFNγ alters the inflammatory response of both BMDMs 

and FLAMs, these cell types continue to drive distinct cytokine profiles following Mab infection.  

IFNγ-activation drives distinct transcriptional changes in Mab infected FLAMs and 

BMDMs.  

We next compared the global transcriptomic changes of IFNγ-activated FLAMs and 

BMDMs during Mab infection. BMDMs and FLAMs were activated with IFNγ overnight then 

infected with Mab at an MOI of 5.  6 and 24 hours later RNA was isolated from cells and RNA 

sequencing analysis was performed. To identify general differences in the transcriptomes, we 

visualized the data using principal component analysis (Figure 2.7A). When we examined only 
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IFNγ-activated conditions with BMDMs and FLAMs, we noted separation between cell types 

along the PC1 axis. We noted separation on PC2 axis for BMDMs infected with Mab for 24 

hours. In contrast, we did not observe any significant movement along PC2 with FLAMs. This 

analysis was remarkably similar to our PCA from resting BMDMs and FLAMs (see Figure 

2.3A). To directly compare resting and IFNg-activated cells, we generated a new PCA from all 

conditions (Figure 2.7A).  While FLAMs clustered together for all conditions, both resting and 

IFNγ-activated BMDMs infected with Mab for 24 hours showed a strong shift from the other 

BMDMs. These data suggest that Mab infection drives a more robust transcriptional change in 

BMDMs compared to FLAMs.    

We next compared genes that were differentially expressed in either IFNγ-activated 

FLAMs or BMDMs over time following Mab infection (Figure 2.7B). Similar to resting cells we 

noted more genes were significantly induced or repressed in BMDMs at 6 hours and 24 hours 

post-infection compared to FLAMs. When we compared the lists of differentially expressed 

genes from IFNγ-activated and resting cells from the same condition, we found that IFNγ drives 

more changes to gene expression than Mab infection alone in both FLAMs and BMDMs. To 

identify key patterns of transcriptional changes during Mab infection of BMDMs and FLAMs, 

we used clustering analysis to identify groups of genes whose expression changes similarly 

across each IFNγ-activated condition. We found four clusters of genes and using pathway and 

transcription factor analysis we identified transcriptional networks that were associated with each 

cluster (Figure 2.7C). Interestingly, cluster 1 contains genes that are induced in IFNγ-activated 

Mab infected FLAMs but are repressed in BMDMs. Among the top enriched KEGG pathways in 

this cluster was oxidative phosphorylation, suggesting key differences in the metabolic response 

of IFNγ-activated BMDMs and FLAMs to Mab infection. We also observed that Cluster 3 
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contained genes that were induced in IFNγ-activated Mab infected BMDMs but not FLAMs. In 

contrast to resting cells, we did not observe a significant enrichment of the NF-κΒ pathway from 

this cluster. This suggests that IFNγ-activation of FLAMs drives a more robust NF-κB response 

following Mab infection. To examine this directly we compared the normalized reads from 

FLAMs for NF-κB dependent genes examined in Figure 2.3 above. We found that IFNγ-

activation of FLAMs drove significantly higher expression of NF-κB dependent genes following 

Mab infection (Figure 2.7D). Thus, NF-κΒ can be more robustly activated in Mab infected 

FLAMs following IFNγ-stimulation. When we examined a subset of genes examined by our 

multiplex analysis, we saw strong agreement for the majority of cytokines including CXCL1, 

CXCL2, TNF and G-CSF (Figure 2.7E). Interestingly, while we also observed that only FLAMs 

induce IL1α and IL1β in response to Mab, the magnitude of these changes at the transcriptional 

level was significantly higher compared to the released cytokines.  

The lack of Nos2 expression following Mab Infection of IFNγ-activated FLAMs is overcome 

by the induction of HIF1a. 

An important role of IFNγ-activation is to induce antimicrobial compounds, such as 

Nitric Oxide (NO). NO is known to play an important role during Mycobacterial infections, yet 

if it is differentially regulated during Mab infection remains unclear [21, 47-49]. When we 

compared gene sets between FLAMs and BMDMs during IFNγ activation, we noted significant 

differences in the expression of Nos2 and Ptgs2 (Figure 2.8A). Previous studies found these 

genes are induced in both a HIF1α-dependent manner that is also associated with a metabolic 

shift to aerobic glycolysis [50-52]. Given that we observed a specific increase in oxidative 

phosphorylation pathways in IFNγ-activated FLAMs, we hypothesized that HIF1α may not be as 

robustly induced in FLAMs compared to BMDMs.  When we examined the expression of HIF1α 
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in our RNAseq dataset, we observed that while HIF1α expression was significantly induced 

during Mab infection of IFNγ-activated BMDMs, the expression remained unchanged in FLAMs 

(Figure 2.8B). We next wanted to test whether the activation of HIF1α was sufficient to increase 

Nos2 expression in FLAMs. FLAMs were left resting or were activated with IFNγ in the 

presence or absence of the HIF1α activator, DMOG. Cells were infected with Mab and 24 hours 

later RNA was isolated and the expression of Nos2 was quantified by RT-PCR. We found very 

low expression of Nos2 in all conditions except IFNγ-activated Mab infected FLAMs treated 

with DMOG (Figure 2.8C). When we repeated this experiment and examined nitrite production 

using a Griess assay, we observed a similar result (Figure 2.8D). FLAMs only produced high 

levels of nitrite in the presence of DMOG following IFNγ-activation and Mab infection.  These 

data suggest that unlike BMDMs, HIF1α is not robustly induced in IFNγ-activated FLAMs 

during Mab infection, and this results in changes to the inflammatory response including low 

induction of Nos2 and nitric oxide production. Thus, IFNγ-activated FLAMs activate distinct 

pathways following Mab infection compared to BMDMs. 
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FIGURES 

Figure 2.1. FLAMs and BMDMs similarly take up and control intracellular Mab. (A) 
BMDMs or FLAMs were infected for 4 hours with the indicated MOI of mEmerald-Mab and flow 
cytometry was used to quantify the percent of cells infected. (B) iBMDMs were infected with 
mEmerald-Mab for three days and 50,000 infected cells with either high mEmerald mean 
fluorescence intensity (MFI) or low MFI were sorted, plated and total CFU from each population 
was quantified. (C) BMDMs or FLAMs were infected for 4 hours with the indicated MOI of 
mEmerald-Mab and flow cytometry was used to quantify the MFI of infected cells. (D) BMDMs 
or FLAMs were infected for 4 hours with mEmerald-Mab (MOI 5) and flow cytometry was 
conducted at the indicated times post-infection to quantify the percent of cells infected and (E) the 
MFI of infected cells from each condition. (F) In parallel cells were lysed and intracellular Mab 
was quantified by CFU plating. Each experiment is representative of at least 3 independent 
experiments with at least three biological replicates per experiment. * p<.05 **p<.01 by two-way 
ANOVA with a Tukey correction for multiple comparisons (A and F) and unpaired t-test for B. All 
significant comparisons are indicated and remaining comparisons are not significant. 
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Figure 2.1 (cont’d) 
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Figure 2.2. BMDMs are more inflammatory than FLAMs in response to Mab infection 
without driving more cell death. (A) Shown is the percent of viable cells (Live/Dead stain 
negative) quantified by flow cytometry for BMDMs or FLAMs infected with mEmerald-Mab 
(MOI 5) for 48 hours. (B) The percent of viable cells 24 and 48 hours following mEmerald-Mab 
infection of BMDMs or FLAMs (MOI 5) using CellTiter Glo. The percent cells that were alive 
was determined by normalizing each sample to the mean of the uninfected cell type control. (C)  
Shown is the concentration of cytokines from the supernatants of BMDMs or FLAMs infected 
with mEmerald-Mab (MOI 5) at the indicated timepoints. A & B are representative of three 
independent experiments with three biological replicates per group. Panel C is from a single 
multiplex experiment with three biological replicates per group. * p<.05 **p<.01 ***p<.001 
****p<.0001 by two-way ANOVA with a Tukey correction for multiple comparisons. 
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Figure 2.2 (cont’d) 
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Figure 2.3. BMDMs induce a stronger NF-κB transcriptional signature during Mab 
infection compared to FLAMs. (A) A principal component analysis (PCA) plot comparing the 
similarity of the transcriptional responses of BMDMs and FLAMs during Mab infection. (B) 
Venn Diagrams showing shared and unique genes that were significantly induced or repressed in 
BMDMs and FLAMs during Mab infection using DeSeq2. (C) Representative clusters of genes 
that respond similarly to Mab infection in BMDMs and FLAMs over time. (D) Normalized 
counts of NF-κB genes from the KEGG pathway set were compared across samples of BMDMs 
and FLAMs infected with Mab over time and is expressed as a heat map. The color scale 
represents the z-score calculated from normalized read counts across samples for each gene. (E) 
Normalized counts of a subset of NF-κΒ genes that were differentially regulated in BMDMs 
(gray) and FLAMs (blue) during Mab infection. ***p<.001 based on adjusted p-values using 
DeSeq2 comparisons. 
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Figure 2.3 (cont’d) 
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Figure 2.3 (cont’d) 
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Figure 2.3 (cont’d) 
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Figure 2.4. Inhibition of NF-κΒ equalizes the inflammatory response of BMDMs and FLAMs 
to Mab infection. (A) Shown is the concentration of TNF and CXCL10 from the supernatants of 
wild type or Nrf2-/- FLAMs infected with mEmerald-Mab (MOI 5) for 48 hours by ELISA. (B) 
Shown is the concentration of TNF and CXCL10 from the supernatants of BMDMs or FLAMs 
infected with mEmerald-Mab (MOI 5) for 48 hours in the presence and absence of the NF-κB 
inhibitor (5μM). Data are representative of two independent experiments with at least 3 biological 
replicates. * p<.05 ***p<.001 by two-way ANOVA with a Tukey correction for multiple 
comparisons. All significant comparisons are indicated and remaining comparisons are not 
significant.  
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Figure 2.5. IFNγ activation of BMDMs or FLAMs does not alter Mab uptake or 
intracellular control. (A) The percent of infected cells and the (B) MFI of infected cells were 
quantified by flow cytometry from IFNγ-activated (25ng/ml) BMDMs or FLAMs that were 
infected with mEmerald-Mab at the indicated MOIs for 4 hours. (C) The percent of infected cells 
and the (D) MFI of infected cells were quantified by flow cytometry from untreated or IFNγ-
activated (25ng/ml) BMDMs or FLAMs that were infected with mEmerald-Mab (MOI 5) for the 
indicated times post-infection. (E) Viable intracellular Mab was quantified by CFU assay from 
untreated or IFNγ-activated (25ng/ml) BMDMs or FLAMs that were infected with mEmerald-
Mab (MOI 5) for the indicated times post-infection. Shown data are representative of three 
independent experiments with three replicates per group. Untreated data are from the same 
experiment shown in Figure 2.1D-2.1E and appropriate multiple hypothesis testing corrections 
have been made. No significance was observed in panels A and B. For C and D no significance 
was observed between IFNg-activated BMDM and FLAMs or between resting and activated 
BMDMs or FLAMs. For E **p<.01 by two-way ANOVA with Tukey correction between IFNg-
activated FLAMs and IFNg-activated BMDMs. 
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Figure 2.5 (cont’d) 
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Figure 2.6. The inflammatory response of IFNγ-activated BMDMs and FLAMs remain 
distinct. (A) Shown is the percent of viable cells (Live/Dead stain negative) quantified by flow 
cytometry for IFNγ-activated (25ng/ml) BMDMs or FLAMs infected with mEmerald-Mab (MOI 
5) for the indicated time. (B) The percent of viable cells 48 hours following mEmerald-Mab 
infection of untreated or IFNγ-activated (25ng/ml) BMDMs or FLAMs (MOI 5) using CellΤiter 
Glo. The percent cells that were alive was determined by normalizing each sample to the mean of 
the uninfected cell type control. (C) Shown is the concentration of cytokines from the 
supernatants of IFNγ-activated (25ng/ml) BMDMs or FLAMs infected with mEmerald-Mab 
(MOI 5) and at the indicated timepoints. A & B are representative of three independent 
experiments with three biological replicates per group. Panel C is from a single multiplex 
experiment with three biological replicates per group. **p<.01 ***p<.001 by two-way ANOVA 
with a Tukey correction for multiple comparisons. 
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Figure 2.6 (cont’d) 
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Figure 2.7. IFNγ drives more robust NF-κΒ activation in Mab infected FLAMs. (A) A 
principal component analysis (PCA) plot comparing the similarity of the transcriptional 
responses of (Top) IFNγ-activated BMDMs and FLAMs during Mab infection and (Bottom) all 
conditions examined in BMDMs and FLAMs during Mab infection. (B) Venn Diagrams showing 
shared and unique genes that were significantly induced or repressed in IFNγ-activated BMDMs 
and FLAMs during Mab infection using DeSeq2. (C) Representative clusters of genes that 
respond similarly to Mab infection in IFNγ-activated BMDMs and FLAMs over time. (D) 
Normalized counts of NF-κΒ genes from the KEGG pathway set were compared across the 
indicated conditions in FLAMs and is expressed as a heat map. The color scale represents the z-
score calculated from normalized read counts across samples for each gene. (E) Normalized 
counts of a subset of NF-κΒ genes that were differentially regulated in BMDMs (gray) and 
FLAMs (blue) during Mab infection. Statistical significance was determined based on 
adjusted p-values using DeSeq2. 
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Figure 2.7 (cont’d) 
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Figure 2.7 (cont’d) 
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Figure 2.7 (cont’d) 
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Figure 2.8. Chemical activation of HIF1α increases Nos2 expression in IFNγ-activated 
FLAMs following Mab infection. (A) Normalized counts of Nos2 and Ptgs2 in IFNγ-activated 
BMDMs (gray) and FLAMs (blue) during Mab infection. (B) Normalized counts of HIF1α in 
resting or IFNγ-activated BMDMs (gray) and FLAMs (blue) during Mab infection from the 
RNAseq dataset. (C)  FLAMs were left untreated or were treated with 25ng/ml of IFNγ and/or 
250μM DMOG and 12 hours later cells were infected with Mab for 4 hours. 24 hours later, RNA 
was isolated and qRT-PCR was used to determine the relative expression of Nos2 compared to B-
actin controls. (D) FLAMs were left untreated or were treated with 25ng/ml of IFNγ and/or 
250μM DMOG and 12 hours later cells were infected with Mab for 4 hours. 24 hours later, 50μL 
of cell supernatants were used to measure the concentration of NO2- at each condition. Statistical 
significance for normalized reads was determined based on adjusted p-values using DeSeq2. 
**p<.01 ***p<.001 by two-way ANOVA with a Tukey correction for multiple comparisons. 
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Figure 2.8 (cont’d) 
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DISCUSSION 

Respiratory infections with Mab are an increasing clinical concern. Given the high failures rates 

of antibiotic therapy and no protective host-directed therapies or vaccines available, 

understanding how Mab is effectively controlled in some hosts and not in others is critically 

important. Here, we leveraged new ex vivo models of lung-specific alveolar macrophages to 

better understand key differences in the innate response during Mab infection between distinct 

macrophage subtypes. Our data suggest that while both BMDMs and FLAMs control Mab 

infection independently of IFNγ-activation, they sense and respond to Mab infection in distinct 

ways. Myeloid-derived BMDMs were more inflammatory driving higher levels of cytokines, 

chemokines, and activated markers, in contrast FLAMs were less inflammatory with lower 

expression of inflammatory genes. Our findings highlight the importance of defining host-

pathogen interactions in a range of tissue relevant immune cells to better identify mechanisms 

that contribute to control of Mab and other respiratory infections.  

 Mab infects macrophages which serve as a key intracellular niche throughout infection 

[53, 54]. The intracellular dynamics of Mab however, remain relatively uncharacterized. In 

contrast to other studies, our findings using an array of readouts including bulk CFU counts as 

well as single cell flow cytometry approaches suggest that Mab does not replicate to high levels 

in either BMDMs or FLAMs. Instead, intracellular Mab is maintained at a steady state over the 

first 2 days of infection while not inducing high levels of cell death. Whether this steady state is 

indicative of static growth, or equivalent rates of growth and death remains to be determined but 

will be important to better understand the mechanisms controlling early Mab interactions with 

macrophages. Given the importance of IFNγ in controlling mycobacterial infections and the 

inflammatory environment seen in patients susceptible to Mab infection, it was surprising that 
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we found very little effect of IFNγ-activation on intracellular dynamics of Mab infection. This is 

in contrast to Mycobacterium tuberculosis, which is readily restricted in IFNγ-activated 

BMDMs. It is possible that Mab is more resistant than Mtb to intracellular antimicrobial poisons. 

Alternatively, Mab may be maintained in a distinct intracellular compartment that is resistant to 

IFNγ-inducible effectors. Future work will be needed to better understand the intracellular 

dynamics of Mab infections, with particular focus on important macrophage pathways that 

control the replication of this opportunistic pathogen. 

 A key finding throughout our study was the distinct inflammatory responses that Mab 

activated in FLAMs and BMDMs. In general, BMDMs were more hyper-inflammatory, 

producing higher levels of chemokines like CXLC1 and CXCL2 and cytokines like TNF and G-

CSF in both the presence and absence of IFNγ activation. One possible mechanism driving 

inflammatory differences is the activity of transcriptions factors, such as Nrf2 and NF-κΒ. Our 

data suggests that while loss of Nrf2 results in increased basal inflammation, it does not alter 

Mab dependent inflammatory responses in FLAMs. In contrast, we found that NF-κΒ was 

driving high expression of a subset of cytokines including TNF and CXCL10 in BMDMs and 

that NF-kΒ was not robustly induced in FLAMs. While IFNγ activation drove more NF-kB 

activation in FLAMs, many key genes remained lower than BMDMs. This included Nos2, which 

we found could be increased in FLAMs treated with IFNγ and the HIF1α activator DMOG. 

HIF1α is known to be interlinked with the shift of IFNγ-activated cells towards aerobic 

glycolysis [51, 52]. Thus, taken together we speculate that one key driver of the distinct 

activation of NF-kB and HIF1a in FLAMs and BMDMs during Mab infection is metabolic 

differences. Understanding how metabolism drives differences between FLAMs and BMDMs 

and manipulating these pathways genetically or chemically in resting, activated and infected 
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conditions will be an important next step to define the underlying mechanisms of inflammatory 

regulation in distinct macrophage subsets.  

Mab respiratory infections are cleared by the majority of immunocompetent patients, yet 

the mechanisms mediating this control remain unclear. AMs are the first line of immune defense 

and our results using FLAMs as a model for AMs suggests these cells control Mab infection 

without driving a severe inflammatory response. Patients who are susceptible to Mab have pre-

existing lung conditions that disrupt the normal state of alveolar macrophages through activation, 

including IFNγ-stimulation, and the recruitment of myeloid-derived macrophages. The 

inflammatory environment in the lungs and the ontogeny of airway macrophages during Mab 

infection may further contribute to inflammation, driving more tissue damage and increasing the 

severity of respiratory disease. Continuing to dissect how ongoing inflammation in susceptible 

patients dampens pathogen control without driving lung disease will aid in the identification of 

new therapeutic opportunities that could be used synergistically with antibiotic therapy. 

One important shortcoming of our study is the Mab strain used is a smooth colony 

variant. It is well known that Mab isolates can present as smooth variants through the expression 

of GPLs, with the loss of these GPLs resulting in rough colony variants [54-56]. In clinical 

studies, both smooth and rough variants are isolated from patients, with data suggesting the host 

environment drives increased transition from the smooth to rough variant during infection [54, 

57]. Rough Mab drives more inflammatory cytokines, such as TNF, compared to smooth Mab 

when infecting BMDMs [53, 58]. Rough isolates are also suggested to result in bacterial cording 

phenotypes that further drive inflammatory responses [37, 55]. Whether other bacterial factors in 

addition to GPL expression drive inflammation in macrophages remains to be fully understood. 

Furthermore, how AMs or FLAMs differentially sense and induce inflammation against rough 
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and smooth Mab isolates and other bacterial factors that modulate host inflammation remains to 

be tested.  

Taken together our study identified many key differences in the inflammatory response of 

distinct macrophage subsets following infection with Mab. These differences in the innate 

immune response occurred independently of differences in bacterial control or cell death. Thus, 

the innate immune wiring of distinct macrophage subsets is unique. These results can now be 

used to identify the importance of distinct innate sensing pathways during infection with Mab 

and other respiratory pathogens to develop new host-directed therapies that prevent infection 

while limiting inflammatory damage to the lungs.      
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MATERIALS AND METHODS 

Mab culture conditions. 

mEmerald GFP-expressing Mab (ATCC 19977) strains were generated as previously 

described [31]. All mEmerald GFP-expressing Mab cultures were grown aerobically at 37°C in 

Middlebrook 7H9 medium supplemented with 1% glycerol, 0.05% tween80 and 10% 

Middlebrook OADC (oleic acid, dextrose, catalase, and bovine albumin). To select for mEmerald 

GFP-expressing Mab, zeocin (Invivogen) was included at a final concentration of 5μg/mL. 

Animal experiments. 

All cell isolation involving live mice was performed in accordance with the 

recommendations from the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health and the Office of Laboratory Animal Welfare. Mouse studies were performed 

using protocols approved by the Institutional Animal Care and Use Committee (IACUC). All 

mice were housed and bred under specific pathogen-free conditions and in accordance with 

Michigan State University (PROTO202200127) IACUC guidelines.  All mice were monitored 

and weighed regularly. C57BL6/J mice (# 000664) were purchased from The Jackson 

Laboratory.  

BMDM and FLAM cell isolation, maintenance, and culture conditions. 

HoxB8-conditionally immortalized macrophages from C57BL6/J mice were maintained 

in media containing 30ng/mL recombinant mGM-CSF (Peprotech), 10% fetal bovine serum 

(FBS) and 0.5μM β-Estradiol as previously described [59-61]. To generate BMDMs, cells were 

washed in PBS to remove estradiol, then plated in DMEM containing 25ng/ml M-CSF 

(Peprotech) and 10% FBS. Five to seven days later, cells were plated for experiments as 

described in figure legends. For FLAMs, C57BL/6J pregnant dam mice were euthanized by CO2 
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prior to cervical dislocation and fetal liver derived cells were obtained as previously described 

[38]. Cells were cultured in complete Roswell Park Memorial Institute medium (RPMI; Thermo 

Fisher) containing 10% FBS, 30ng/ml recombinant mGM-CSF (Peprotech), and 20ng/mL 

recombinant hTGF-β1 (Peprotech). All macrophages were incubated in 5% CO2 at 37°C. FLAMs 

were monitored regularly by flow cytometry for the continued expression of alveolar 

macrophage markers. 

Macrophage infections. 

Single cell Mab suspensions were prepared by resuspending logarithmic phase bacteria in 

the appropriate macrophage cell culture media followed by a soft spin at 58 xg to pellet large 

bacterial clumps. Macrophages were seeded at 5x105/well in a 12-well and single cell Mab 

supernatants were used for macrophage spinfections (spun at 58xg for 5 minutes) at the indicated 

MOIs. Four hours later, infection media was removed and media containing 64μg/mL Amikacin 

was added for the remainder of the experiment. At each indicated timepoint (4 to 48 hours), 

macrophages were washed with PBS, lifted from plates by scrapping or AccutaseTM (BioLegend) 

treatment, then fixed in 4% paraformaldehyde. Infected macrophages were quantified using the 

BD LSR II (BD Biosciences) or Attune CytPix Flow Cytometer (Thermo Fisher Scientific) at the 

Michigan State University Flow Cytometry Core. Live and single macrophages were identified 

using forward and side scatter and the mean fluorescent intensity of infected cells was 

determined by the fluorescence in the GFP channel. All experiments included uninfected and 

unstained controls to set gates for infected macrophage quantification. Analysis was performed 

using FlowJo V10. 

For IFNγ activated macrophage experiments, cells were treated with 25ng/mL IFNγ 

(Peprotech) for 16-20 hours. Following macrophage activation, IFNγ containing media was 
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removed and infection media was added as described above. Four hours later, infection media 

was removed and media containing 64μg/mL Amikacin and 25ng/mL IFNγ was added for the 

remainder of the experiment. Cells were lifted and analyzed by Flow Cytometry as described 

above. 

For intracellular growth experiments, macrophages were lysed at the indicated time points 

(12, 24 and 48 hours) with sterile cold distilled water. Following 10-fold serial dilutions on 

Middlebrook 7H10 agar supplemented with Middlebrook OADC and 5 μg/mL zeocin, samples 

were plated to perform colony forming unit (CFU) counts. Colonies were enumerated after 4-5 

days of incubation at 37°C. 

For flow cytometry cell death experiments, macrophages were lifted at the indicated time 

points (4 to 48 hours), then stained with Zombie Red Live/Dead stain (Biolegend). Once stained, 

cells were washed with PBS and fixed in 4% paraformaldehyde before being analyzed by Flow 

cytometry. For CellTiter Glo Cells were seeded in 96-well opaque plates the day prior to the 

experiment and stimulated with 25ng/mL of IFNγ (Prepotech) overnight. The following day, 

macrophages were infected as described above. At the indicated time points, viability 

measurements were performed following CellTiter Glo manufacture instructions. Briefly, 100μL 

of CellTiter Glo® Reagent was added directly to each well and plates were incubated for two 

minutes with shaking to induce cell lysis. Plates were then incubated for 10 more minutes at 

room temperature to stabilize luminescent signal and luminescence was measured on a Sparkâ 

multimode microplate reader (Tecan). Luminescence signal was normalized to uninfected cells. 

Griess Assay. 

The quantity of nitric oxide production by macrophages was determined by measuring its 

stable end product nitrite (Griess Assay, Promega). Briefly, 50uL of supernatant was transferred 
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to a 96-well plate, followed by 50μL of sulphanilamide and 50μL of N-1-napthylethylenediamine 

dihydrochloride (NED) under acidic conditions. Following incubation, absorbance was measured 

at 540nm on a Tecan Spark 20M plate reader and nitrite concentrations were calculated using a 

standard nitrite curve per manufacture instructions. 

RNA isolation and qRT-PCR. 

At the indicated time points (6 and 24 hours) macrophages from 6-well plates were 

resuspended in 1000 μL of TRIzol reagent (Life Technologies) and incubated for 5 minutes at 

room temperature. 200μL of chloroform was added to the homogenate, vortexed and centrifuged 

at 10,000 x g for 18 min at 4°C to separate nucleic acids. The upper aqueous phase was removed 

and combined with equal parts ethanol. This mixture was placed into a collection tube and 

protocols provided by the Zymo Research Direct-zol RNA extraction kit were followed. Quantity 

and purity of the RNA were checked using a NanoDrop and diluted to 5 ng/mL in nuclease-free 

water. The one-step Syber Green RT-PCR kit (Qiagen) reagents were used to amplify RNA 

according to manufacture instructions. Amplifications were monitored using the QuantStudio3 

(ThermoFisher). Relative mRNA expression levels were calculated after normalization to β-

actin.  

Cytokine analysis. 

Where indicated, supernatants were filter sterilized before cytokines were quantified by a 

Luminex multiplex assay (Eve Technology). In addition, filter sterilized supernatants from Mab-

challenged and control macrophages were harvested and the indicated cytokine proteins levels 

were determined using CXCL10, TNF or IL1α DuoSet ELISA kits (R&D Systems) following 

manufacture instructions. Absorbance (450nm) was detected on a Sparkâ multimode microplate 

reader (Tecan). 
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RNA Sequencing and Analysis. 

This work was supported in part by Michigan State University through computational 

resources provided by the Institute for Cyber-Enabled Research. RNASeq read quality 

assessment, mapping, and counting were performed using a custom pipeline built in Snakemake 

version 7.32.4 (https://github.com/kaylaconner/olivelab-rnaseq/tree/main) [62]. Read quality was 

assessed using FastQC version 0.12.1 [63] . Read mapping was performed against the GRCm39 

mouse reference genome using Bowtie2 version 2.5.1 [64]. Aligned reads counts were assessed 

using the featurecounts function from the Subread package version 2.0.6 [65]. Differential gene 

expression analysis was conducted using the DESeq2 package version 1.42.0 in R version 4.3.2 

[66]. Pre-filtering was performed to keep only genes that had >10 counts in 3 or more samples.  

Principal component analyses (PCA) were performed using the prcomp function with 

scaling on normalized count matrices of all genes in R version 4.3.2, and PCA visualization was 

done using the autoplot function in ggplot2 version 3.4.4 [67]. Magnitude/Amplitude (MA) plots 

were produced by plotting Log2(Fold Change) and Log2(Base Mean) values from DESeq2 in 

ggplot2 version 3.4.4 [67]. Heatmaps were produced in GraphPad Prism version 9.4.1 using 

normalized counts data from DESeq2. Venn diagrams were produced using the VennDiagram 

package version 1.7.3 in R version 4.3.2 [68]. Gene clustering analysis was performed using 

Clust 1.18.0 [69]. All gene ontology analysis was performed using the g:OSt functional profiling 

tool from the g:Profiler web server  version e111_eg58_p18_30541362 (database last updated on 

25/01/2024) [70].  

Statistical analysis and data visualization. 

Statistical analysis was performed using Prism Version 10 (GraphPad) as indicated in the 

Figure Legends. Data are presented, unless otherwise indicated, as mean ± standard deviation. 

https://github.com/kaylaconner/olivelab-rnaseq/tree/main
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One-way or two-way ANOVA followed by Tukey’s post hoc test was used to identify significant 

differences between multiple groups, and Student’s t-tests were used to compare 2 groups.  
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The increasing prevalence of Mycobacterium abscessus (Mab) infections seen in patients 

with acquired or chronic lung disease is concerning [1-3]. These infections are complicated by 

Mab’s natural recalcitrance to antibiotics, directly increasing treatment timelines and worsening 

patient compliance [1, 4, 5]. In response, the research community began dissecting Mab 

virulence factors, Mab antibiotic resistance mechanisms, additional drug options, and host-Mab 

interactions in the hopes of improving available treatment options [6-10]. Yet, a key question 

regarding Mab lung infections remains unanswered: Why is Mab cleared by healthy lungs with 

relative ease? In this dissertation, I started answering this complex question by leveraging 

distinct macrophage models to begin understanding how these important intracellular niches 

interact with and respond to Mab during infection. 

I began by looking at early macrophage interactions with Mab. Macrophages are the first 

immune cells Mab encounters during infection and represent an important intracellular niche for 

this opportunistic pathogen. By defining unique interactions occurring at this early macrophage-

Mab interface, we can better understand how Mab may be leveraging its interactions with 

macrophages to gain an advantage. To do this I used our loss-of-function (LOF) macrophage 

library to screen for macrophage genes required to initiate Mab uptake. In addition to known 

uptake receptors, I identified a unique requirement for sulfated glycosaminoglycan (sGAG) 

synthesis in Mab uptake by macrophages. Downstream mechanistic experiments showed a novel 

mechanism where sGAGs are required to maintain known uptake receptors on the surface of the 

macrophage. 

Then, in Chapter 3 we began to explore how unique macrophage subsets respond to Mab 

infection. Alveolar macrophages are the native macrophage subset populating the lung 

environment from birth. However, in patients with acquired or chronic lung disease, where 
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chronic inflammation and tissue damage are present, there is a rapid decline in alveolar 

macrophage populations seen in the lungs [11, 12]. As a result, resident alveolar macrophages are 

replaced by recruited myeloid derived macrophages that help aide in infection control [11, 12]. 

As such, it is important to consider the possibility of each subset being present during Mab 

infection. In chapter 3, we leverage our fetal liver derived alveolar macrophage (FLAM) and 

bone-marrow derived macrophage (BMDM) models to determine global differences in 

macrophage responses to Mab infection. Although we find minimal changes in Mab intracellular 

levels and macrophage cell death over the first few days of infection, global transcriptional and 

cytokine profile analysis reveal Mab infected FLAMs and BMDMs have significant differences 

in upregulated innate responses in both resting and IFNγ-activated states. Notably, NF-kB, a 

global transcription factor known to regulate inflammatory responses in macrophages, was not 

upregulated following Mab infection in FLAMs. Although activation of FLAMs with IFNγ prior 

to Mab infection led to increased NF-κB expression, there remains important global differences 

between FLAMs and BMDMs. For example, IFNγ-activated FLAMs did not induce high levels 

of the inducible nitric oxide synthase (iNOS). Mechanistic studies saw this phenotype reversed 

upon activation of HIF1α. Together, this chapter highlights the hypoinflammatory nature of 

FLAMs during Mab infection and defines global differences in innate immune responses 

between FLAMs and BMDMs following Mab exposure. Broadly, this study emphasizes the 

continued need for research defining how these global differences impact immune control.  

Alveolar macrophages are essential to maintaining lung homeostasis, independent of lung 

infections [13, 14]. In patients with acquired lung disease, a decline in alveolar macrophage 

populations is often the result of off-target tissue damage and changes in cell activation states 

that result from chronic airway inflammation [12, 15]. Consequently, recruited myeloid derived 
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macrophages are leveraged to help maintain lung homeostasis [13, 15, 16]. As such, it is 

important to consider the biology of each macrophage subset, independent of infection, to gain 

insight into how alveolar macrophage biology differs from recruited myeloid derived 

macrophages. For example, alveolar macrophages primarily use fatty acid metabolism and 

oxidative phosphorylation to generate energy [17-19]. Whereas recruited myeloid derived 

macrophages primarily use glycolysis [20-22]. It is tempting to consider the significant impact 

this metabolic distinction can have on macrophage biology. The FLAM model has allowed our 

group to start exploring these mechanistic differences [23, 24]. Specifically, our initial studies 

characterizing FLAMs highlighted oxidative phosphorylation as a necessary pathway in 

maintaining known alveolar macrophage surface markers, like SiglecF [23]. Downstream 

comparative studies confirmed both alveolar macrophages and FLAMs rely on fatty acid 

metabolism and mitochondrial respiration to maintain AM-like qualities [24]. Expanding these 

studies to compare FLAM and BMDM immune activation, we found global differences in 

upregulated immune pathways and cytokine responses following IFNγ stimulus in BMDMs 

compared to FLAMs [24]. Further studies exploring alveolar macrophage metabolism and how 

this may impact immune activation are necessary. Beyond this, the FLAM cell model is currently 

being used to study differences in macrophage responses during bacterial and fungal lung 

infections, including Mab infection as previously described in this manuscript. With the scale 

and efficiency of these two models, we can further define alveolar macrophage immune 

regulation compared to other macrophage subsets as it pertains to macrophage biology and lung 

homeostasis prior to pathogen exposure. 

Given the global differences in Mab control by FLAMs compared to BMDMs, future 

endeavors should focus on defining key pathways required for Mab uptake in FLAMs. In chapter 
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2, we identify sGAG synthesis as a key modulator for maintaining integrins on the surface of 

BMDMs to facilitate successful engulfment of Mab. It would be interesting to expand this study 

to define the requirement of sGAG synthesis in FLAM-Mab interactions during early infection 

as well. If sGAG synthesis is not important for FLAM uptake, these studies should consider 

global differences between BMDM and FLAM surface pattern recognition receptors. For 

example, CD14 is highly expressed on BMDMs, while MARCO is largely associated with 

alveolar macrophages [25]. Relative expression of these known pattern recognition receptors can 

influence upregulated antimicrobial responses, including inflammatory cytokine release and 

intracellular restriction mechanisms [26, 27]. It would be interesting to conduct a CRISPR-Cas9 

LOF macrophage screen within CD14 knockout BMDMs or MARCO knockout FLAMs to 

identify host pathways with decreased Mab intracellular levels. In doing so, we would get critical 

insight into the role specific pattern recognition receptor expression has in mediating Mab 

control following infection. 

Once Mab establishes infection, it is currently unclear how healthy lung environments 

efficiently contain infection. The current dogma suggests resident alveolar macrophages take-up 

Mab following exposure. These macrophages will then upregulate several intracellular 

antimicrobial responses, including increased phagosome-lysosome fusion events, induced ROS 

and NO expression and inflammatory cytokine release [28-33]. However, our data suggest 

alveolar macrophage control is not this simple. RNAseq and multiplex data from Chapter 3 show 

largely unaltered and hypoinflammatory responses in Mab infected FLAMs compared to 

BMDMs. This suggests a mechanism in which host alveolar macrophages are either innately 

primed against antimicrobial immune responses or that Mab is directly restricting these immune 

mechanisms. Xin et al. has recently shown that cross talk between alveolar macrophages and 
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alveolar epithelium cells during Legionella infection is critical to promote host defense 

mechanisms [34]. In this study, alveolar epithelium cells serve as a middleman between alveolar 

macrophages and circulating monocytes [34]. Mechanistic studies found this to be an IL-1 and 

GM-CSF dependent communication loop that led to the metabolic reprograming of circulating 

monocytes, allowing them to aid alveolar macrophages by mounting antimicrobial defenses 

against Legionella infection [34]. Notably, multiplex data from Chapter 3 shows significantly 

higher IL-1 cytokine production profiles in Mab infected FLAMs compared to BMDMs. 

Combined, it is tempting to hypothesize a similar forward feedback loop between alveolar 

macrophages, alveolar epithelial cells and circulating monocytes is also important during Mab 

pulmonary infection. Furthermore, mouse studies conducted by Rottman et al. have shown 

significant Mab survival rates in mice lacking TNF, suggesting it plays a crucial role in Mab 

containment [35]. We find TNF expression levels are low in FLAMs compared to BMDMs 

following infection. It is possible FLAMs are innately wired against TNF expression and instead 

favor crosstalk interactions with neighboring cells to induce the expression of TNF. This line of 

thinking makes sense when considering the lung environments in patients who are at-risk for 

Mab infection. In these lungs, chronic inflammation and mucus buildup may interfere with 

appropriate immune cell function as well as subsequent cell-to-cell interactions. Mechanistically, 

this would prevent appropriate immune responses from being initiated and permit Mab 

persistence. To determine if a three-way cell crosstalk mechanism is required for Mab control by 

alveolar macrophages, future studies should leverage genetically engineered mouse models, such 

as Cre/lox mice lacking alveolar epithelial cells, to identify unique cell subsets required for 

upregulating appropriate antimicrobial defense mechanisms against Mab infection [34]. Once 

identified, defining the cytokines driving these interactions should be explored, with particular 
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focus on IL-1, GM-CSF, and TNF as potential contributors that prime macrophage responses 

against Mab. Taken together, these studies would give insight into the immune mechanisms 

required for Mab control by alveolar macrophages. 

In vivo studies using Rag2 and CD3ε deficient mice have implicated the importance of T-

cells in Mab control [35, 36]. T-cells require three distinct signals to be activated by 

macrophages. The first signal is between antigen specific T-cell receptors (TCRs) and pathogen 

specific peptides loaded onto major histocompatibility complex class II (MHCII) on the 

macrophage membrane. The second signal is the binding of costimulatory molecules, including 

CD40, CD80 and CD86, on the macrophage membrane to their corresponding ligand on the T-

cell. The third signal is driven by cytokines, including IFNγ and TNFα. Deficient Th1 responses, 

including IFNγ and TNFα cytokine production, are considered risk factors for Mab infection and 

impaired disease control [35, 36]. Notably, mechanistic interactions between macrophages and T-

cell activation have yet to be explored following Mab infection. However, differential expression 

of macrophage costimulatory molecules is known to directly impact T-cell mediated control 

following Mtb infection [37]. It is tempting to hypothesize that the chronically inflamed lung 

environments seen in patients most at risk for Mab infection result in macrophage populations 

primed against T-cell activation in a bid to prevent excess inflammation and off target tissue 

damage. In a comparative study between BMDMs and FLAMs, we have shown both resting and 

IFNγ-activated FLAMs favor high expression of T-cell co-inhibitory molecules, PDL1 and PDL2 

relative to costimulatory molecules, CD40, CD80 and CD86 [24]. It would be interesting to 

define the expression of these costimulatory molecules over the course of Mab infection with the 

goal of determining signatures for improved T-cell mediated Mab control. By expanding these 
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studies to include interactions between T-cells and macrophages, we gain a more well-rounded 

picture for immune responses required for control following Mab pulmonary infection. 

Independent of macrophage biology and the global differences between macrophage 

subsets, Mab-macrophage interactions can be leveraged to further understand Mab pathogenesis. 

Mab has two morphotypes [38-42]. The smooth morphotype is considered the variant that 

establishes infection in the host and is characterized by the presence of a glycopeptidolipid 

(GPL) layer on Mab’s membrane [33, 38]. The rough variant is associated with more progressive 

disease states and is noticeably missing the GPL layer seen on its smooth variant counterpart [30, 

33]. A research concentration for many has focused on defining distinct morphotype 

characteristics during infection. For example, smooth Mab variants are found tightly encased in 

phagosomes once engulfed and are thought to favor extracellular biofilm formation if they are 

not taken up by macrophages [33, 43]. Rough variants, on the other hand, are known to form 

looser phagosomes due to their clumping nature and often favor a cording motif if successful 

phagosome escape occurs [31, 33, 43]. Rough variants are also associated with higher 

inflammation, increasing the likelihood of more aggressive infection profiles and chronic 

infection [28, 29, 43]. The mechanism behind the smooth to rough morphotype switch result 

from indel or frameshift mutation(s) within Mab’s gpl locus [41, 44, 45]. This locus includes 

genes responsible for GPL construction and transportation to the Mab membrane, making each 

smooth to rough morphotype transition potentially distinct [41, 44]. Neely, et al. has shown 

specific growth medium conditions differentially modulate smooth or rough Mab variant 

formation in broth culture media [46]. Interestingly, the presence of nitric oxide (NO) in broth 

cultures lowered GPL expression profiles, implicating the importance of environmental cues in 

driving the switch from a smooth to rough morphotype [46]. In chapter 3, we show NO 
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production in Mab infected FLAMs is significantly reduced compared to BMDMs. In addition, 

global multiplex and transcriptional analysis show FLAMs remain largely hypoinflammatory 

during the early stages of infection. Combined, it is tempting to hypothesize that the lack of NO 

production and inflammatory cytokine release retains Mab in the smooth variant, inhibiting the 

rough variant from taking hold and driving aggressive Mab infection phenotypes. Notably, 

cohorts at high-risk for Mab pulmonary infection have chronically inflamed, hypoxic and 

nutrient starved lung environments. It is easy to hypothesize that these altered lung environments 

increase the frequency of smooth to rough Mab morphotype transitions, inadvertently increasing 

Mab virulence. However, both smooth and rough Mab variants are consistently isolated from 

Mab infected patients at all stages of infection, suggesting more complex mechanistic 

interactions occurring at this host-pathogen interface [4, 47-49]. Future work should define the 

host environmental factors that modulate aggressive disease states with particular focus on the 

dynamics driving Mab phase variation. 

Complicating matters, lung health, antibiotic treatment history and the persistence of 

additional co-infections all represent the diverse lung environments where Mab must gain an 

advantage to survive. To begin dissecting these complicated interfaces, researchers have started 

looking into co-infections between Mab and Pseudomonas aeruginosa, a gram-negative 

bacterium that often infects patients with persistent lung disease [50-53]. In these studies, the 

goal was to define a distinct mechanism that allows Mab to gain a pathogenic advantage. To 

date, these studies remain inconclusive and point to more complicated interactions between the 

two pathogens during infection [53]. Competition assays leveraging both pathogens in vivo may 

give clearer insight into Mab virulence mechanisms leveraged to gain a competitive advantage. 

Notably, a transposon mutant Mab library has already been leveraged to determine Mab 
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antibiotic resistance mechanisms [54]. An interesting future endeavor is one where researchers 

use the same Mab transposon mutant library in a head-to-head experiment with a second 

pathogen, such as Pseudomonas aeruginosa, to determine unique Mab virulence factors required 

during co-infection. Furthermore, the diversity of clinical isolates recovered from Mab infected 

patients can give additional insight into Mab pathogenesis. Our lab has made a fluorescent 

library of clinical isolates to examine how distinct isolates alter the host inflammatory response 

following infection. Preliminary experiments have confirmed rough clinical isolates drive robust 

inflammatory cytokine profiles compared to their smooth variant counterparts. Interestingly, one 

rough clinical isolate, MAB016, was found to drive even higher inflammatory cytokine release 

compared to other rough variants, suggesting Mab virulence mechanisms are further primed by 

the host environment. Future studies are focused on examining these cytokine signatures with 

particular focus on the clinical isolates that improve Mab virulence by driving dysregulated or 

heightened inflammatory cytokine release profiles. Layering these studies with a LOF CRISPR-

Cas9 macrophage screen would allow the identification of host pathways required for Mab-

macrophage interactions. It would also be interesting to conduct a LOF CRISPR-Cas9 

macrophage screen with each Mab clinical isolate to identify both overlapping and unique 

macrophage restriction mechanisms required for each isolate during Mab infection. Moreover, 

comparing downstream mechanistic findings between macrophage subsets, such as BMDMs 

compared to FLAMs, would give insight into how macrophage biology influences immune 

responses following Mab infection. Combined, these studies would allow for the delineation of 

clearer Mab pathogenesis profiles, while gaining insight into key host immune responses that can 

be used to improve treatment options for patients in the future. 
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A variety of murine models are currently being leveraged to gain insight into Mab 

pathogenesis during chronic infection. Since Mab is easily cleared in almost all 

immunocompetent mouse models, these studies often rely on immunodeficient mice. Byrd and 

Lyons were some of the first to leverage SCID mice to study chronic Mab infection, clearly 

implementing the importance of the adaptive immune system in Mab control [55, 56]. Rottman 

et al. expanded on these findings, using Rag2, CD3ε, IFNγ receptor 1 and TFNα knockout mice 

to further show the importance of T-cells, IFNγ and TFNα during infection as well [35]. While 

these studies give valuable insight into adaptive immune responses during disseminated and 

chronic Mab infection, one drawback is they often rely on intravenous injection to initiate 

infection. Unfortunately, Mab aerosolized infections are cleared with ease, even in 

immunocompromised mice. Researchers are currently developing murine models that better 

replicate pulmonary Mab infection, which will allow for an increase in murine aerosolized 

infection studies in the future. 

Another significant drawback to studies conducted in murine models is the lack of 

genetic diversity. The human population has a significant number of genetic variability and 

epigenetic polymorphisms that contribute to immune responses, while nearly all murine models 

are cloned and inbred. This has allowed researchers to gather consistent, reproducible, and 

statistically powerful results for their studies. However, it also prevents many findings from 

being readily applicable to human health and disease. To address this and create human-like 

randomized genetic diversity in a mouse population, the Collaborative Cross (CC) mouse model 

was created [57]. This model involves the randomized breeding between 8, genetically distinct 

founder strains, followed by multiple generations of interbreeding [57]. This strategy has resulted 

in hundreds of recombinant inbred mouse lines that each possess a unique allelic profile that can 
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be traced back to each founder strain [58-60]. The defined distribution of alleles between strains 

has allowed initial studies to align analyzed phenotypes with distinct allelic combinations present 

in specific CC mouse strains [58-60]. Leveraging this model to further understand Mab 

pathogenesis would give insight into unknown genetic polymorphisms influencing host control 

during Mab infection. While this model is a powerful tool that allows researchers to model 

human genetic diversity, a major limitation is the high cost of resources and time required to 

obtain and maintain each CC mouse strain. One way researchers have begun to offset this cost 

burden is by developing hox cell lines from each original founder mouse strain. These hox cells 

are immortalized macrophage progenitors that require estradiol to be maintained. By removing 

estradiol and adding M-CSF, each hox cell will terminally differentiate into macrophages [61]. In 

chapter 3, we leverage HoxB8 differentiated macrophages to conduct a comparative study 

between BMDMs and FLAMs during Mab infection. Our lab plans to expand these studies to 

include differentiated macrophages from immortalized macrophage progenitors initially isolated 

from the original founder mouse strains of the CC model. By including host variation in these 

studies, we are uniquely positioned to define novel host mechanisms required for Mab control. 

Furthermore, attempting to employ the CC model with alveolar macrophages to study lung 

infections would require a massive quantity of time and resources. The FLAM model can 

alleviate this concern. We can use a single viable breeder pair for each line to generate a large 

collection of FLAMs from each CC mouse strain. Combining the CC model with our newly 

developed FLAM cell model would allow us to identify distinct host alleles that directly 

contribute to Mab pathogenesis and disease. Using a genetics squared approach by layering these 

studies with Mab genetic diversity, such as clinical isolates or Mab Tnseq libraries, would lead to 
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more relevant, informative, and impactful findings that can be leveraged to improve Mab 

treatment options in a clinically relevant manner [62]. 

Mab is broadly recalcitrant to many antibiotic treatments, which directly increase 

treatment timelines and the requirement for multi-drug therapies. As a result, treatment costs, 

patient compliance and antibiotic related toxic side effects are also directly impacted, 

highlighting the need for new therapeutic options. In the studies described above, I illustrate an 

array of future directions that will further our understanding of Mab pathogenesis and the role 

macrophages have in disease progression. By setting out to better understand the host 

macrophage-Mab interface, I was able to combine our BMDM and FLAM models with iterative 

genetic approaches to uncover novel macrophage mechanisms required during early Mab 

infection. By leveraging these approaches, we aid the field in the collective goal of decreasing 

the prevalence of Mab pulmonary infection. In combination with others, such studies allow the 

collective advancement towards improved therapeutics, including potential bacterial targets for 

vaccine development and host responses required to protect the lung tissue from damage and 

chronic infection. We continue to leverage these strategies to further our understanding of this 

opportunistic pathogen during lung infection and contribute these findings to improve 

therapeutic options for at-risk patients in the future. 
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ABSTRACT 

A macrophage’s ability to sense and appropriately respond to invading pathogens is 

critical to preventing disease progression. Mycobacterium abscessus (Mab), is a highly drug 

resistant, rapidly growing non-tuberculous mycobacterium (NTM) that causes opportunistic 

infections in patients with acquired or chronic lung diseases. Macrophages are one of the first 

immune cells Mab encounters during infection, making their interactions a critical determinant in 

Mab pathogenesis. However, our understanding on how the macrophage environment interacts 

with antibiotic treatment to mediate intracellular control of Mab remains unknown. Here, we 

conduct a forward genetic screen in immortalized bone marrow derived macrophages (iBMDMs) 

to identify host genes that are required for macrophage control of Mab in the presence of 

Linezolid. Our screen identified pathways such as oxidative phosphorylation contribute to 

macrophage control of Mab in antibiotic treated macrophages. Validation of a subset of 

candidates including Citrate synthase, however found that many identified genes control Mab 

growth independently of Linezolid treatment. These data suggest that baseline replication and 

survival of Mab is a key variable in intracellular antibiotic control and highlight a key need to 

better define cell autonomous mechanisms of host-Mab interactions to develop new effective 

host-directed therapies.   
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INTRODUCTION 

Mycobacterium abscessus (Mab) is a rapidly growing nontuberculous mycobacterium 

(NTM) that has been increasing in prevalence since it was recognized as an independent 

pathogen in 1992 [1, 2]. This opportunistic pathogen primarily infects patients with acquired or 

chronic lung disease, including patients with cystic fibrosis, bronchiectasis, or chronic 

obstructive pulmonary disease (COPD) [3-5]. A closer look at these lung environments shows 

key overlapping risk factors, including excess mucus build-up and prolonged airway 

inflammation. As a result, regulation of appropriate immune responses following pathogen 

exposure are impaired. Complicating matters, Mab is intrinsically resistant to many of the 

common antibiotics prescribed to patients [6-8]. Long treatment time frames, adverse side effects 

to antibiotics and patient compliance result in treatment failure or regimen alterations in nearly 

half (48.3%) of patients prior to treatment completion [8, 9]. Thus, Mab is an emerging pathogen 

of clinical importance with a critical need to develop more effective treatment options that 

prevent the rising prevalence of Mab in at-risk cohorts. 

One interaction that inadvertently alters appropriate immune responses is antibiotic 

treatment. Antibiotics can interfere with the immune system either indirectly by disrupting the 

body’s microbiota, or directly by modulating appropriate immune cell function [10, 11]. Such 

interactions can impact treatment efficacy and increase host susceptibility to reoccurring 

infection. Although an FDA approved drug regimen for Mab pulmonary infection does not exist, 

patients are often treated with two or more intravenous drugs (amikacin, tigecycline, imipenem 

and/or cefoxitin) and one or two oral antimicrobials (clofazimine, linezolid and/or azithromycin) 

for 3 months following diagnosis [8, 9]. However, these treatment timelines are frequently 

adjusted prior to treatment completion, with almost 80% of patients reporting adverse side 
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effects that result from their treatment regimens [9]. Therefore, research focused on 

understanding altered host responses during Mab infection throughout antibiotic treatment are 

required to develop more effective treatment strategies. How traditional antibiotic treatment 

during Mycobacterium tuberculosis (Mtb) infection alters host responses, has recently started to 

be examined. For example, one study found host cells aid in the localization of antibiotics to 

pathogen containing vacuoles, directly modulating antibiotic mediated control of infection [12]. 

Additionally, long-term Linezolid treatment has been shown to directly alter macrophage 

physiological responses by decreasing mitochondrial mass over time [13]. Combined, these 

studies highlight the importance of understanding host pathways modulating antibiotic efficacy 

during infection that may contribute to pathogen clearance in the lungs.  

Macrophages are the first immune cells Mab encounters during infection, making Mab-

macrophage interactions critical to understanding disease progression. Upon exposure, Mab is 

recognized by macrophage pattern recognition receptors (PRRs), including toll-like receptors, 

Dectin receptors and scavenger receptors [14, 15]. These initial interactions are complicated by 

the ability of Mab to transition from a smooth to rough variant. For example, toll-like receptor 2 

(TLR2) seems to favor interactions with rough Mab variants prior to uptake [14]. Following 

adherence, phagocytosis or receptor mediated endocytosis facilitate pathogen internalization [16-

18]. While pathogen uptake can be initiated by multiple receptors, the downstream phagosome 

maturation process remains well conserved. In general, reorganization of the actin cytoskeleton 

and progressive engagement of additional receptors around the pathogen initiates nascent 

phagosome formation [18, 19]. During Mab infection, rough Mab variants favor the formation of 

a loose phagosome compared to their tightly encased smooth counterparts [20]. From here, 

downstream phagosome maturation is characterized by compartment acidification by vacuolar-
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ATPases, production of reaction oxygen (ROS) and nitrogen species (RNS) and delivery of 

recruited cathepsins and hydrolases to the maturing phagosome [19, 21, 22]. The matured 

phagosome then fuses with the lysosome, a compartment containing numerous anti-microbial 

acid-activated hydrolytic enzymes, creating the phagolysosome [23]. Recent research shows Mab 

leverages a variety of virulence factors to subvert phagosome maturation and macrophage 

antimicrobial defense mechanisms. For example, Mab upregulates ESX-IV, a type VII secretion 

system, to access essential nutrients being quenched by the maturing phagosome and to subvert 

phagolysosome formation [24]. Transposon mutagenesis studies have shown an ATPase gene, 

eccB4, in the ESX-IV secretion system is specifically required to disrupt phagosome 

acidification [24]. However, if these attempts are unsuccessful, Mab relies on microbial 

membrane protein large 8 (MmpL8) to facilitate phagosomal escape [25]. Although many studies 

have focused on Mab virulence factors used to subvert macrophage restriction, the requirement 

of each intracellular restriction pathway throughout the course of Mab infection remains largely 

unexplored. 

 Here, we set out to define host genes required for improved control of Mab during 

antibiotic treatment. The antibiotic Linezolid was chosen for this study as it is an antibiotic 

commonly used to treat Mab pulmonary infection with known off target effects on the host [8, 

13]. To define host pathways differentially modulating Linezolid efficacy during Mab infection, 

we coupled a fluorescent Mab reporter strain with a genome-wide CRISPR-Cas9-mediated 

macrophage knockout library in iBMDMs to perform a forward genetic screen to identify host 

genes that alter intracellular Mab levels during Linezolid treatment. Pathway analysis of screen 

results show Linezolid efficacy in Mab infected macrophages requires oxidative 

phosphorylation. However, follow-up experiments with macrophage top screen hits show 
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targeted knockouts are required for controlling intracellular Mab levels independent of antibiotic 

treatment. Taken together, these data reveal novel macrophage intracellular restriction 

mechanisms leveraged during Mab infection, while highlighting the need for continued research 

on cell-autonomous control of Mab during infection. 

RESULTS 

Optimized screening platform allows the identification of host pathways modulating Mab 

intracellular burden. 

 Mab pathogenesis relies on its ability to subvert macrophage intracellular restriction 

mechanisms during prolonged antibiotic treatment. Yet our understanding of how these 

antibiotics may be modulating intracellular macrophage control of Mab remains limited. To help 

fill this gap in knowledge, we leveraged an mEmerald GFP-expressing Mab (ATCC 19977) 

strain. In a previous study, this fluorescent reporter strain enabled the dissection of macrophage-

Mab interactions 4 hours post-infection [26]. We hypothesized that this same reporter strain used 

at later timepoints, would distinguish novel intracellular restriction mechanisms by macrophages 

during Linezolid treatment. We chose the antibiotic Linezolid for this study as it has known off 

target effects on the host yet continues to be to be commonly used to treat pulmonary Mab 

infection [8, 13]. As a first step, we measured mEmerald fluorescence and optical density of in 

vitro liquid cultures at increasing concentrations of Linezolid over time (Figure 3.1A – 3.1B). We 

observed that bacterial growth and antibiotic mediated killing with Linezolid was reliably 

measured by mEmerald fluorescence. We next examined the ability of the fluorescent Mab strain 

as a tool to dissect macrophage-Mab interactions during Linezolid treatment. We infected 

immortalized bone marrow-derived macrophages (iBMDMs) with fluorescent Mab at a 

multiplicity of infection (MOI) of five. After four hours, infection media was removed and 
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replaced with cell culture media containing increasing concentrations of Linezolid for three days. 

The mean fluorescent intensity (MFI) of mEmerald+ cells was then quantified by flow 

cytometry. Notably, we saw a distinct decrease in MFI in infected cells as antibiotic 

concentrations increased (Figure 3.1C- 3.1D), allowing the identification of antibiotic 

concentrations that modulate intracellular restriction of Mab by macrophages. We have 

previously confirmed that intracellular mEmerald fluorescence correlates with bacterial survival 

(See Chapter 3 Figure 2.1). We next wanted to confirm that the decrease in mEmerald 

fluorescence observed at higher antibiotic concentrations correlated with lower bacterial 

survival. To test this, iBMDMs were infected with fluorescent Mab. After 4 hours, infected 

media was removed and replaced with low (4 μg/mL) or high (32 μg/mL) concentrations of 

Linezolid for three days. Fluorescence activated cell sorting (FACS) was used to sort 100,000 

infected macrophages that were mEmerald positive in each condition. Cells were then lysed and 

plated for colony forming units (CFU) (Figure 3.1E). We observed a decrease in total CFU 

counts per 100,000 cells in both low and high Linezolid treatment that correlated with a drop in 

intracellular mEmerald fluorescence. Importantly, we observed that high concentrations of 

linezolid more strongly restricted Mab than low levels of antibiotics. Taken together, these data 

highlight the sensitivity of the mEmerald GFP reporter strain and flow cytometry as an approach 

to measure intracellular Mab levels at a single cell level during antibiotic treatment. 

 

Genome-wide screen identify macrophage genes required to restrict Mab during antibiotic 

treatment. 

 Given that host pathways must synergize with antibiotics to drive intracellular control, 

we wondered if we could identify new pathways that contribute to host-pathogen-antibiotic 
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interactions in Mab infected macrophages. Thus, we conducted a genome-wide loss-of-function 

screen to identify host genes that when disrupted result in less effective antibiotic control (Figure 

3.2A). We previously optimized a pooled genome-wide loss-of-function library in Cas9+ 

iBMDMs to globally identify host pathways required for Mab uptake [27]. We next used this 

library to identify intracellular restriction mechanisms modulated by antibiotic treatment during 

Mab infection. The loss-of-function macrophage library was infected with mEmerald Mab at an 

MOI of five. Four hours later, we removed infection media and replaced with 4μg/mL Linezolid 

containing media for three days. We then used FACS to isolate over 100x sgRNA coverage of the 

library from mEmeraldhi cells and mEmeraldlow cells. Following genomic DNA extraction, the 

abundance of sgRNAs from each of the sorted bins were quantified by Illumina sequencing. 

Then, we used the Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK) 

robust rank algorithm (α-RRA) to test for statistical enrichment of sgRNAs and genes. To 

identify macrophage genes required for Mab restriction during antibiotic treatment, we compared 

the enrichment of sgRNAs in the mEmeraldlow directly to the mEmeraldhi population three days 

post-infection. We predicted genes significantly enriched in mEmeraldhi would be host genes that 

cannot effectively control Mab during Linezolid treatment. The α-RRA analysis identified over 

250 genes with a p-value <0.01 and a fold change of 2 with at least 3 independent sgRNAs. 

Among the top 100 candidates, we identified known modulators of pathogen restriction by 

macrophages including GPS1, Ndufaf1, Ndufa2, Ndufa3, Ndufa8 and Irf8 with each gene 

showing enrichment in the mEmeraldhi population (Figure 3.2B). Analysis of individual guides 

showed agreement with three sgRNAs targeting these genes, signifying a robust screen and 

candidate list (Figure 3.2C – 3.2G). 
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Top screen hits, CS, Furin and Wdr81, are required for Mab control by iBMDMs 

independent of Linezolid treatment. 

Stringent analysis of screen results revealed an enrichment of genes with no previously 

described role in Mab restriction by macrophages, including CS, Furin and Wdr81 (Figure 3.3A-

3.3C). To identify pathways that were associated with these genes, we filtered the ranked list to 

include genes that had a gold change of >2 with at least 2 sgRNAs and used DAVID analysis to 

identify pathways and functions that were enriched in our dataset. Among the top enriched 

KEGG pathways was oxidative phosphorylation, with many core components of its regulation 

identified as key components in Mab control by macrophages during Linezolid treatment. KEGG 

analysis also found a significant enrichment of pathways required following pathogen exposure, 

including several genes associated with phagocytosis and NF-κB upregulation. Both of which are 

known modulators for macrophage control following pathogen exposure. Thus, bioinformatic 

analysis of top screen candidates identified pathways needed for improved intracellular control 

of Mab following infection. 

To discover novel pathways required for Mab restriction by macrophages, we validated 

the role of a subset of candidate genes in our screen hit list to identify their requirement in 

restricting Mab during antibiotic treatment. These genes included CS, Furin and Wdr81 that we 

predicted may directly alter host-Mab-antibiotic interactions. Knockout iBMDM cell lines were 

first made using ribonucleoprotein (RNP) nucleofections to target unique sgRNAs for each gene. 

After knockout line construction and validation by sequencing, we then infected each knockout 

macrophage cell line with fluorescent Mab and monitored mEmerald fluorescence in 

macrophages three days post-infection. Interestingly, in the absence of antibiotic treatment, loss 

of CS, Furin or Wdr81 resulted in a significant increase in mEmeraldhi iBMDMs compared to 



 154 

wild-type controls (Figure 3.3D-3.3E). However, this change in intracellular Mab levels was no 

longer present in cells treated with Linezolid. These data suggest that many of the top candidates 

from the screen do not alter antibiotic efficacy but rather alter baseline Mab survival and 

replication in BMDMs.  
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FIGURES 
 

Figure 3.1 Optimization of screening platform to identify host genes controlling 
Mycobacterium abscessus intracellular levels. (A-B) The optical density and mEmerald 
fluorescent intensity of fluorescent Mycobacterium abscessus (Mab) was monitored over 48 
hours in 7h9 broth at increasing concentrations of Linezolid antibiotic treatment. (C) A 
schematic of the infection assay used to optimize the forward genetic screening pipeline. Figure 
made in Biorender. (C-D) iBMDMs from C57BL6J mice were infected at a MOI of 5 for four 
hours. Infection media was then removed and replaced with the indicated Linezolid antibiotic 
concentrations for three days. (D) Flow cytometry was used to measure the percent of infected 
cells that were infected (mEmerald+). Shown are representative flow cytometry plots gated on 
live and single cells for each condition. (E) iBMDMs from C57BL6J mice were infected with 
Mab at a MOI of 5 for four hours, before infection media was removed and replaced with cell 
culture media containing Low (4 μg/mL) or High (32 μg/mL) Linezolid concentrations. Three 
days post-infection, FACS was used to sort mEmerald+ cells, then macrophages were lysed and 
plated for CFU. A representative bar graph of CFU counts from each sorted population are 
shown. Results are representative of three experimental replicates. ***p<.001 by one-way 
ANOVA with Tukey’s multiple comparison test. 
 
      
 

     
 
 

     
 

128 64 32 16 8 4 2 1 0.5 0.25
0.0

0.5

1.0

1.5

2.0

Linezolid_OD600_Rep1

Drug Concentration (ug/mL)

O
D

60
0

12hr

24hr

36hr

48hr

128 64 32 16 8 4 2 1 0.5 0.25
-20000

0

20000

40000

60000

Linezolid_GFP_Rep1

Drug Concentration (ug/mL)

Fl
uo

re
sc

en
t I

nt
en

si
ty

12hr

24hr

36hr

48hr

A 

B 



 156 

Figure 3.1 (cont’d) 
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Figure 3.2 Genome-wide screens identify host genes that result in increased Mycobacterium 
abscessus intracellular burden during antibiotic treatment. (A) A schematic of the genome-
wide screen used to identify host pathway required for intracellular control of Mycobacterium 
abscessus (Mab) during Linezolid treatment. A loss-of-function genome wide library created in 
Cas9+ iBMDMs with 4 sgRNAs per genes from the Brie library was infected with mEmerald 
Mab at a MOI of 5 for four hours. Infection media was removed and then replaced with 4 μg/mL 
Linezolid for three days. Cells were fixed and mEmeraldhi and mEmeraldlow cells were isolated 
by FACS. Deep sequencing was used to determine sgRNA abundance in sorted populations. 
Figure made in Biorender. (B) Shown is alpha-robust ranking algorithm (α-RRA) score 
determined in MAGeCK for each gene in the iBMDM loss-of-function CRISPR-Cas9 library 
that passed filtering metrics from two independent screen replicates. Highlighted genes represent 
known host factors that contribute to pathogen restriction by macrophages. (C-G) Normalized 
sgGPS1, sgNdufaf1, sgNdufa3, sgNdufa8 and sgIrf8 counts for each sgRNA found in both the 
mEmeraldhi and mEmeraldlow sorted populations as shown. 
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Figure 3.2 (cont’d) 
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Figure 3.3 Macrophages deficient in CS, Furin or Wdr81 show increased Mycobacterium 
abscessus intracellular burden independent of antibiotic treatment. (A-C) Normalized sgCS, 
sgFurin and sgWdr81 counts for 3 sgRNAs found in both the mEmeraldlow and mEmeraldhigh 
sorted populations as shown. (D-E) Wild-type, CS, Furin and Wdr81 deficient iBMDMs were 
infected with fluorescent Mab for four hours before infection media was removed and replaced 
with cell culture media containing 4μg/mL Linezolid. After three days, the percent uptake (D) 
and mean fluorescent intensity (E) was quantified by flow cytometry. Results are representative 
of three experimental replicates. ****p<.0001 ***p<.001 **p<.001 *p<.01 by two-way ANOVA 
with Tukey’s multiple comparison test. 
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Figure 3.3 (cont’d) 
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DISCUSSION 

 Pulmonary infections with Mycobacterium abscessus (Mab) are increasing in prevalence, 

with their intrinsic resistance to antibiotic therapy driving higher chronic infection percentages in 

at risk cohorts. Combating this opportunistic pathogen requires a deeper understanding of disease 

progression at the host-pathogen interface during antibiotic treatment. Here, we leveraged our 

fluorescent Mab reporter strain to conduct a forward genetic screen in the presence of Linezolid 

to globally identify host genes required to control intracellular Mab levels. While our initial 

screen analysis identified pathways such as oxidative phosphorylation as important for 

Linezolid-mediated control, our validation suggests many candidates directly alter macrophage-

Mab interactions instead. Our study highlights our continued lack of understanding of how Mab 

is controlled by macrophages and emphasizes the need for continued research on cell-

autonomous mechanisms of control in order to improve host-directed therapies against Mab 

pulmonary infection. 

In general, intracellular macrophage restriction mechanisms are well known. This process 

is initiated by phagocytosis or receptor mediated endocytosis of pathogens. Although each 

phagocytic cargo has its own unique components, the downstream phagosome maturation 

process remains well conserved. Briefly, phagosome maturation is characterized by highly 

regulated interactions with various endosomal compartments [21, 28, 29]. These interactions lead 

to the progressive acidification of the pathogen containing vacuole, upregulation of reactive 

oxygen (ROS) and nitrogen (RNS) species and eventual fusion with the lysosome, creating the 

phagolysosome [23]. Although studies have started to define Mab virulence factors required to 

subvert macrophage restriction mechanisms, the requirement of key intracellular host restriction 

mechanisms for Mab control remain largely unexplored. Our study identified a novel 
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requirement for oxidative phosphorylation in Mab control by macrophages. This is interesting 

because Mab has been suggested to directly alter oxidative phosphorylation in cells to survive 

[30]. Both validated candidates CS and WDR81 play important roles at the mitochondria and 

suggest that Mab may be exquisitely tuned to modulate host respiratory capacity. Our other top 

hit FURIN was also found to be required for Mab control by macrophages. Interestingly, Furin is 

required for processing key secretory pathway precursors, including TGFβ. Its mechanistic 

involvement in macrophage restriction of pathogens remains unexplored, making its 

identification in our screen and involvement in Mab control intriguing. Given our validated 

candidates modulated Mab intracellular control independently of antibiotic treatment it is 

surprising that our study failed to define previously described trafficking genes involved in 

regulating autophagy and lysosomal control of Mab. This suggests that either our screen was not 

sensitive enough to define these pathways due to redundancy or perhaps that Mab manipulates 

host macrophages to avoid destruction.  Future studies will be required to determine what steps 

of intracellular Mab trafficking are required for control or persistence in macrophages. This 

could be done by knocking out essential components of distinct trafficking pathways and 

determining the growth kinetics and intracellular survival of Mab over time. Combined, these 

assays would allow researchers to gain a better understanding of cell-autonomous mediated 

restriction of Mab following infection. 

One drawback of this study is that it failed to identify macrophage genes that directly 

improve Linezolid efficacy during Mab infection. The minimum inhibitory concentration 90 

(MIC90) of Linezolid targeting Mab in broth cultures is 32μg/mL, yet our screen was performed 

following a three-day 4μg/mL treatment with Linezolid [31, 32]. Although this subinhibitory 

antibiotic concentration was deliberately chosen following a series of optimization experiments, 



 163 

it is possible that this concentration is too low to properly define host pathways required for 

modulating antibiotic efficacy during infection. Furthermore, it is possible that the chosen 

antibiotic concentration was not consistently present within the macrophage over time, therefore 

permitting differential intracellular Mab survival percentages. Together, these variables may have 

impacted the sensitivity of our assay to identify host genes modulating antibiotic efficacy during 

Mab infection at a population level. Future studies should conduct mass spectrometry to examine 

the variability of antibiotic concentrations overtime to more thoroughly define these complex 

interactions. Given Linezolid is known to have off-target effects on host mitochondrial function, 

a clearer understanding of how Linezolid directly alters macrophages should be a priority. These 

studies will define new candidate pathways that may play an important role in regulating the 

host-pathogen-antibiotic landscape during Mab infection.  

A variety of in vivo Mab studies have been conducted to gain insight into global immune 

control during chronic Mab infection. Notably, studies conducted with immunocompetent murine 

models, including C57BL/6 and leptin-deficient (Ob/Ob) mice, found Mab infection was cleared 

with relative ease [33-35]. These studies mirror clinical data, where the prevalence of chronic 

Mab infection is largely seen in patients with abnormal lung environments. In these cohorts, 

excess mucus and chronic inflammation are known to interfere with appropriate lung function, 

including immune responses following pathogen exposure [3, 36, 37]. As such, it is tempting to 

consider that Mab restriction mechanisms rely on cell-to-cell cross talk mechanisms to 

upregulate appropriate immune responses, making a large part of infection control independent 

of cell autonomous mediated restriction. Other researchers have considered the importance of 

immune feedback loops as essential mechanisms for pathogen control. For example, research 

conducted by Xin et al. leveraged Legionella infection to dissect an interesting crosstalk 
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mechanism used by alveolar macrophages and surrounding alveolar epithelium cells to prime 

circulating monocytes prior to entering the pulmonary space [38]. In short, Legionella was found 

to block appropriate alveolar macrophage restriction mechanisms. In response, IL-1 released by 

infected alveolar macrophages induced the production of GM-CSF from surrounding alveolar 

epithelium cells [38]. The presence of increased GM-CSF levels aided in upregulating 

appropriate inflammatory responses in recruited circulating monocytes to improve host-control 

of infection [38]. Future studies should focus on improving in vivo murine models that better 

replicate lung environments most at risk for Mab pulmonary infection. Combined, these research 

tools would permit studies that better define key host-pathogen interactions required for Mab 

control during pulmonary infection.  

 Altogether, we optimized a host genetic screening platform to identify macrophage 

restriction pathways required during Mab infection. Here, we attempted to leverage this approach 

to identify host requirements for intracellular antibiotic control, yet instead we found a new 

subset of host genes that directly modulate Mab control independently of antibiotic therapy. Our 

data suggest a key requirement for host mitochondrial function in controlling intracellular Mab 

independently of Linezolid. Thus, continuing to leverage genome-wide genetic approaches is key 

to defining new intracellular macrophage restriction mechanisms used throughout the course of 

Mab infection. These findings will help with the overall goal of improving host-directed 

therapies for at-risk patients.  
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MATERIALS AND METHODS 

Mab culture conditions and antibiotic growth assays 

The mEmerald GFP-expressing Mab (ATCC 19977) strain was generated as previously 

described [26]. To select for mEmerald GFP-expressing, all mEmerald GFP-expressing cultures 

were selected in zeocin (Invivogen) at a final concentration of 5μg/mL and grown aerobically at 

37°C in Middlebrook 7H9 medium supplemented with 1% glycerol, 0.05% tween80 and 10% 

Middlebrook OADC (oleic acid, dextrose, catalase, and bovine albumin). 

To quantify bacterial growth at different Linezolid antibiotic concentrations, mEmerald 

GFP-Mab single cell suspensions were inoculated in the presence of antibiotic at the indicated 

concentrations at 5x105 bacteria/mL in 7H9 broth media. Optical density was quantified by 

measuring the absorbance at 600nm on a Tecan Spark 20M plate reader at the indicated 

timepoints. 

Cell culture. 

J2-virus immortalized murine bone marrow derived macrophages (iBMDMs) were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone) supplemented with 10% 

heat inactivated fetal bovine serum (FBS; Seradigm) as previously described [26]. All 

macrophages were incubated in 5% CO2 at 37°C. 

Macrophage infections. 

Single cell Mab suspensions were prepared by resuspending logarithmic phase bacteria in 

the appropriate cell culture media followed by a soft spin (58xg) to pellet large bacterial clumps. 

The supernatant was then used to infect macrophages, seeded at 5x105 /well in a 12-well plate, at 

the indicated MOIs for the indicated time points (4-48 hours). Following the initial 4-hour 

infection, infection media was removed and replaced with the indicated antibiotic concentration 
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for the remainder of the experiment. At the indicated timepoints, macrophages were then washed 

with PBS, lifted from plates by scrapping, then fixed in 4% paraformaldehyde. Infected 

macrophages were quantified using the Attune CytPix Flow Cytometer (Thermo Fisher 

Scientific) at the Michigan State University Flow Cytometry Core. Live and single macrophages 

were identified using forward and side scatter. Then, the mean fluorescent intensity of infected 

cells or percentage of infected cells was determined by the fluorescence in the GFP channel. All 

experiments include an uninfected control to gate for uptake quantification during analysis that 

was performed using FlowJo v10. 

For colony forming unit (CFU) assays, cells were lysed at the indicated time points with 

sterile cold distilled water and 10-fold serial dilutions were plated on Midllebrook 7H10 agar 

supplemented with Middlebrook OADC (oleic acid, dextrose, catalase, and bovine albumin) and 

5μg/mL zeocin (Invivogen). Plates were incubated for 5 days at 37°C, then colonies were 

enumerated. 

CRISPR screen and analysis. 

Mouse Brie CRISPR knockout pooled library was a gift from David Root and John 

Doench (Addgene #73633) [39] and infected with our smooth mEmerald-GFP Mab reporter 

strain at an MOI of five. After 4 hours, infection media was removed and replaced with 4μg/mL 

Linezolid for three days. Then macrophages were washed with PBS and fixed with 4% 

paraformaldehyde. Infected library was then sorted using a BioRad S3e cell sorter to isolate 

macrophage populations expressing mEmeraldhi and mEmeraldlow fluorescence. 2.5-3.5x107 cells 

were sorted into each bin from triplicate experiments. Genomic DNA was isolated from each 

sorted population using Qiagen DNeasy kits after reversing DNA crosslinks following a 55°C 

incubation overnight. Amplification of sgRNAs by PCR was performed as previously described 
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[39] using Illumina compatible primers from IDT and amplicons were sequenced on an Illumina 

NextSeq 500 at the Genomics Core at Michigan State University. 

Sequenced reads were first trimmed to remove any adapter sequence and to adjust for the 

p5 primer stagger. We used model-based analysis of genome-wide CRISPR-Cas9 knockout 

(MAGeCK) to map reads to the sgRNA library index without allowing for any mismatch [40]. 

Subsequent sgRNA counts were median normalized to control sgRNAs in MAGeCK to account 

for variable sequencing depth. To test for sgRNA and gene enrichment, we used the “test” 

command in MAGeCK to compare the distribution of sgRNAs in the mEmeraldhi and 

mEmeraldlow bins. The Gene Summary output from the MAGeCK software provided a ranked 

list of genes significantly underrepresented in the mEmeraldhi bin based on 4 independent 

sgRNAs that was used to curate the candidate gene list. 

CRISPR-targeted knockouts. 

Individual knockouts were made using specified ribonucleoproteins (RNPs) from 

Synthego. In short, assembled RNP complexes were combined with the appropriate quantity of 

suspended cells as instructed in the Synthego Protocol: CRISPR Editing of Immortalized Cell 

Lines with RNPs using Nucleofection (Synthego). Transfections were conducted using the Lonza 

4D Nucleofector (Lonza Bioscience) as per manufacturer instructions. Following transfections, 

prewarmed cell culture media was added to the transfected cell suspension, then the mixture was 

transferred into 6-well tissue culture plates to allow for cell recovery and clonal expansion. 

Genomic DNA was isolated from clones and edited regions were amplified by PCR before being 

sent for Sanger Sequencing (Genewiz). The resultant ABI files were used for Synthego 

Interference of CRISPR Editing (ICE) analysis to assess the frequency and size of indels in each 
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population compared to control macrophages. All targeted cell lines selected for follow-up 

analysis had an editing efficiency >90%. 

Bioinformatics analysis. 

Using the robust rank aggregation (RRA), the top enriched positive regulators (2-fold 

change with at least 3 sgRNAs) were used as a “candidate list”. Functional analysis and 

functional annotation analysis were completed using DAVID analysis, and top enriched 

pathways and protein families were identified. 

Statistical analysis. 

Statistical analysis and data visualization were performed using Prism version 10 

(GraphPad Software) or Biorender, as indicated in figure legends. Data are presented, unless 

otherwise indicated, as the mean ± SD and individual data points are shown for each experiment. 

For parametric data, one-way or two-way ANOVA followed by Tukey’s or Dunnett’s multiple 

comparisons test were used to identify significant differences between multiple groups. 
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