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CHAPTER I 

INTRODUCTION 

 

Portions of this Chapter have been adapted from: 

(a): Wijers CDM, Pham L, Skaar EP, Palmer LD, and Noto MJ. Gram-negative bacteria act as a 
reservoir for aminoglycoside antibiotics that synergize with host factors to enhance bacterial killing in a 
mouse model of pneumonia. At the time of writing, this manuscript is undergoing peer review and being 
considered for publication. 
 
(b): Hood-Pishchany MI, Pham L, Wijers CD, Burns WJ, Boyd KL, Palmer LD, Skaar EP, and Noto MJ. 
2020. Broad-spectrum suppression of bacterial pneumonia by aminoglycoside-propagated 
Acinetobacter baumannii. PLoS Pathog 16(3): e1008374. 
 
(c): Wijers CDM, Pham L, Menon S, Boyd KL, Noel HR, Skaar EP, Gaddy JA, Palmer LD, and Noto 
MJ. 2021. Identification of Two Variants of Acinetobacter baumannii Strain ATCC 17978 with Distinct 
Genotypes and Phenotypes. Infect Immun 89(12): e0045421. 

 

1.1 Pneumonia as a leading cause of morbidity and mortality 

 Pneumonia is an infection that inflames the air sacs in the lungs, causing them to fill with fluid, 

pus, or blood. When severe, this can lead to respiratory failure, systemic inflammation, and death. In 

the United States alone, pneumonia was responsible for 1.5 million emergency room visits in 2018 and 

47,601 deaths in 2020 (1). Globally, pneumonia remains the single largest infectious cause of death 

for children under the age of five, and is among the top ten causes of death in both the developed as 

well as the developing world (2, 3). Despite a significant decrease in both incidence and associated 

mortality since the turn of the millennium (4), pneumonia killed 740,180 children less than five years 

old in 2019 alone, which accounted for 14% of deaths in this age group (2). The burden of (childhood) 

pneumonia is particularly large in the developing world, with India, Nigeria, Indonesia, Pakistan, and 

China accounting for more than 54% of clinical pneumonia and severe pneumonia cases in 2015 (4). 

Given the prevalence, morbidity, and mortality caused by pneumonia on a global scale, an increased 

understanding of the molecular factors contributing to pneumonia pathogenesis as well as the 

development of novel therapeutic strategies have the potential to dramatically improve human health 

around the globe. 
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Classification, microbiology, and epidemiology 

 Conventionally, pneumonia is subdivided into separate categories: hospital-acquired pneumonia 

(HAP), ventilator-associated pneumonia (VAP), and community-acquired pneumonia (CAP) (5). HAP 

requires that the infection was acquired after at least 48 hours of hospitalization, whereas VAP is a 

subcategory of HAP associated with mechanically ventilated patients (5). CAP is pneumonia that is 

acquired outside of the hospital or healthcare setting (5). The term healthcare-associated pneumonia 

(HCAP), which was defined as an infection that is acquired in lower acuity healthcare settings such as 

nursing homes (5), was determined to be of minimal value in clinical practice and as such was removed 

from the Infectious Disease Society of America (IDSA) guidelines in 2016 (6, 7). Instead, patients who 

previously would have qualified as having “HCAP” are currently considered as having “CAP” for 

treatment purposes (7). CAP, HAP, and VAP may be caused by bacteria, viruses or fungi. While the 

proportion of CAP cases caused by bacteria has steadily declined over the last century or so, the 

relative incidence of viral CAP has increased (8). This is particularly true for the United States, as 

bacteria are still the most commonly identified etiologic agent of CAP in Europe, China, and India (9). 

Examples of viral causes of CAP include influenza, rhinovirus, and – especially as of late – coronavirus. 

In terms of bacterial CAP, Streptococcus pneumoniae remains the most common bacterial etiology of 

CAP (8-10). Other bacterial causes of CAP include Haemophilus influenzae and Staphylococcus 

aureus (8). 

 In contrast to CAP, HAP and VAP are most commonly caused by bacterial pathogens. Frequent 

etiologic agents include Gram-negative bacteria such as Pseudomonas aeruginosa, Klebsiella 

pneumoniae, enteric Gram-negative bacilli, Acinetobacter baumannii (see Chapter I section 1.4 - 

Acinetobacter baumannii as a human pathogen), as well as the Gram-positive pathogen S. aureus 

(11, 12). Pneumonia caused by either P. aeruginosa or A. baumannii is particularly common in 

mechanically ventilated patients (i.e. those with VAP) (11, 13). As such, both of these organisms are of 

grave concern to intensive care units. Although less common than in CAP, HAP may also be caused 

by (respiratory) viruses such as influenza, parainfluenza, and respiratory syncytial virus. For instance, 
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one study conducted prior to the onset of the COVID19 pandemic found that 22.5% and 8.0% of HAP 

cases were caused by a viral infection or a viral-bacterial co-infection, respectively (14). 

 Risk factors for bacterial HAP and VAP include mechanical ventilation for longer than 48 hours, 

prolonged hospital or ICU stay, and prior use of antibiotics (11). Prior use of antibiotics, especially 

broad-spectrum antimicrobials, increases the risk of HAP or VAP caused by P. aeruginosa or 

Acinetobacter spp. in particular (15). Both of these organisms exhibit intrinsic resistance to 

antimicrobials and also rapidly accumulate antibiotic resistance (16, 17). Prior exposure to antibiotics, 

therefore, selects for these inherently more antimicrobial-resistant organisms. Because of this selective 

pressure, prior exposure to antibiotics is a significant risk factor for pneumonia caused by other 

antimicrobial-resistant organisms as well. For example, up to 100% of patients with HAP or VAP caused 

by methicillin-resistant S. aureus (MRSA) had prior exposure to antibiotics, whereas only a minority of 

patients with HAP or VAP caused by methicillin-susceptible S. aureus (MSSA) did (18, 19). Naturally, 

infections caused by antimicrobial-resistant organisms necessitate the use of more aggressive and/or 

prolonged antibiotic therapy. Paradoxically, this also increases the risk of acquiring infection with a 

resistant pathogen in the first place. Because of this, antibiotic stewardship, minimizing the length of 

treatment, and curtailing unnecessary exposure to antibiotics are important paradigms of the most 

recent HAP treatment guidelines (6). 

 In the setting of HAP and VAP, rates of antibiotic resistance among infecting organisms are high 

(20), complicating treatment regimens. Because of this, mortality among patients with HAP or VAP is 

substantial. Globally, HAP-associated mortality is estimated at 20-30% (9), although exact mortality 

rates vary by region. To illustrate, HAP (non-VAP) mortality in the United States was recently reported 

at 13.1% (21), well below the estimated global average. Similarly, per the IDSA, VAP-associated 

mortality in the United States was approximately 13% (6), whereas VAP-associated mortality rates are 

as high as 30% in Europe and 74% in South-East Asia (22, 23). It should be noted, however, that 

considerable intra-region variability in terms of HAP- and VAP-associated mortality exists as well. In 

patients with CAP, disease severity determines the treatment setting. Therefore, mortality differs 
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significantly based on the treatment setting. CAP-associated mortality is <1%, up to 18%, and up to 

50% for patients treated as an outpatient, patients in non-ICU hospital wards, and patients treated in 

ICUs, respectively (9). In addition to treatment setting, patient age influences CAP-associated mortality, 

which is highest in older adults (>70 years of age) (9, 24, 25). 

 

Current treatment standards  

Evidence-based treatment guidelines of bacterial pneumonia are updated on a regular basis as 

new evidence becomes available. Current recommendations and guidelines regarding the treatment of 

CAP or HAP and VAP were published by the IDSA in 2019 and 2016, respectively (6, 26). Briefly, 

empiric treatment of CAP in adults without comorbidities or risk factors for P. aeruginosa or MRSA 

consists of a single antimicrobial agent such as amoxicillin (26). For HAP and VAP, empiric treatment 

includes an anti-staphylococcal agent (e.g. cefepime for MSSA or vancomycin for MRSA) and an anti-

pseudomonal agent (e.g. a cephalosporin) (6). Aminoglycosides (AGs) are a class of polycationic 

antimicrobials that inhibit bacterial peptide synthesis by binding to the 30S ribosomal subunit, resulting 

in cell death (27). AGs have good activity against Gram-negative pathogens such as P. aeruginosa (28, 

29). However, for patients with HAP or VAP due to P. aeruginosa, systemic treatment with an AG alone 

is not recommended (6). Systemically administered AGs have poor lung penetration, requiring high 

peak serum concentrations in order to achieve biologically active concentrations inside the lungs (30, 

31). This, in turn, increases the risk of ototoxicity and nephrotoxicity, two serious side effects associated 

with AG use (32, 33). Nonetheless, inhaled (nebulized) AGs are suggested in the treatment of HAP 

and VAP caused by MDR, Gram-negative pathogens that are susceptible to AGs (6, 34). Inhaled AGs 

are also used to treat bacterial lung infections in patients with cystic fibrosis (CF) (35). P. aeruginosa is 

a common cause of CF pulmonary infections, and nebulized tobramycin results in increased pulmonary 

function, decreased bacterial density, and decreased risk of hospitalization (36-38). Moreover, 

treatment with inhaled tobramycin leads to improvements in pulmonary function even when infecting P. 

aeruginosa isolates have increased minimum inhibitory concentration (MIC) values for tobramycin (≥ 8 
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mg/L), and may therefore be resistant to treatment (37). Collectively, these data raise the hypothesis 

that AG antibiotics may be more effective inside the lung, particularly when they are administered 

directly to the lung. A more thorough mechanistic understanding of this phenomenon, therefore, may 

expand the clinical utility of AG antibiotics. 

 

 Pneumonia is a pathology that poses a significant burden to ICUs, hospital wards, and 

communities throughout the world. Antibiotic resistance among infecting organisms is already 

substantial, particularly in the setting of HAP and VAP (20), necessitating complex treatment algorithms 

that take into account multiple risk factors for acquiring an MDR infection (6, 26). Considering the 

increasing prevalence of MDR organisms (39), this is unlikely to change. Thus, the discovery of novel 

therapeutic targets and the development of new treatment modalities may help curb the threat of MDR 

organisms and thereby ameliorate the global impact of pneumonia. Further, to optimize the chances of 

accomplishing this goal, it is imperative that the clinical utility of currently available treatment options is 

maximized. 

 

1.2 Molecular drivers of pneumonia pathogenesis 

 The pathophysiology of bacterial pneumonia is characterized by colonization of the lower 

respiratory tract by pathogenic bacteria, where they evade, degrade, or otherwise overwhelm 

endogenous host defenses. The resulting inflammatory response, in combination with cytotoxic factors 

elaborated by some pathogenic bacteria, compromise the integrity of the respiratory epithelium. This 

leads to extravasation of fluid, pus, and/or blood into the alveolar air spaces, impeding effective gas 

exchange (40). As such, both pathogen-derived factors as well as the host response to infection 

contribute to lung injury, morbidity, and mortality in pneumonia. A more thorough mechanistic 

understanding of the molecular interactions at the host-microbe interface may uncover novel targets 

for antimicrobials or immune modulation. These, in turn, may help minimize lung injury and improve 

clinical outcome for patients with pneumonia. 
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Colonization of the respiratory epithelium and establishment of infection 

 One of the first steps of establishing pneumonic infection is the colonization of the host 

respiratory epithelium by pathogenic bacteria. To do this, bacterial pathogens produce virulence factors 

that promote attachment to host cells. Common strategies employed by pathogenic bacteria include 

the expression of proteins that bind to host cell surface molecules or the elaboration of pili: hair-like 

surface appendages that facilitate bacterial attachment to surfaces such as epithelial cells. For 

instance, S. aureus, a Gram-positive cause of pneumonia, produces fibronectin binding proteins that 

mediate bacterial attachment to host cells (41). Specifically, S. aureus fibronectin binding proteins bind 

to fibronectin, which in turn binds to fibronectin receptor integrin (⍺5)β1 molecules on host cells (42). 

This mechanism promotes bacterial invasion of host cells, further contributing to the establishment of 

infection (42, 43). The Gram-negative, opportunistic pathogen P. aeruginosa, expresses numerous pili 

on its cell surface promoting attachment to respiratory epithelial cells (44). Adhesion of P. aeruginosa 

pili to hydrophobic surfaces, such as cell membranes, is strong enough to withstand physiological shear 

forces, indicating that pili constitute an important virulence factor for colonization of the host respiratory 

system (45). Once bacterial attachment to the respiratory epithelium is accomplished, airway clearance 

of the pathogen through cough and the mucociliary apparatus must be impeded in order to achieve 

stable colonization.  S. pneumoniae, another Gram-positive pathogen and the leading bacterial cause 

of pneumonia, is notorious for its polysaccharide capsule. This polysaccharide capsule promotes 

airway colonization through the inhibition of mucus-mediated bacterial clearance from the airways (46, 

47). 

 After an infection is established, bacteria must sequester nutrients from the host in order to 

survive and propagate. Several pathogenic bacteria secrete proteins that are toxic to host cells, 

culminating in host cell lysis and the liberation of nutrients for bacteria.  Through their direct cytotoxic 

effects, these proteins incite or exacerbate damage to the respiratory system and thereby contribute to 

pneumonia pathogenesis. S. pneumoniae, for example, produces pneumolysin. This toxin causes lysis 

of host cells through membrane pore formation (46, 48). Inside host cells, pneumolysin also induces 
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DNA double strand breaks, which result in cell cycle arrest and host cell apoptosis (49). As a 

consequence of its cytotoxic properties, S. pneumoniae pneumolysin increases capillary permeability 

in the lungs, thereby promoting lung edema and contributing to acute lung injury in experimental 

pneumonia (50, 51). Analogous to S. pneumoniae pneumolysin, S. aureus produces pore-forming ⍺-

toxin, which is capable of lysing a wide range of host cells and also inducing T-lymphocyte apoptosis 

(52). Like pneumolysin, S. aureus ⍺-toxin promotes lung injury and pulmonary edema in experimental 

pneumonia (53), and increased expression of S. aureus ⍺-toxin is associated with enhanced mortality 

in a mouse model of pneumonia (54). P. aeruginosa also secretes several proteins with cytotoxic 

properties. Two examples that have been implicated in pneumonia pathogenesis are exotoxin A, which 

is elaborated by the pathogen’s type 2 secretion system (T2SS), and ExoU, which is elaborated by its 

type 3 secretion system (T3SS). Exotoxin A exerts its effects inside host cells, where it inactivates 

eukaryotic elongation factor-2 on host ribosomes through ADP-ribosylation. This impedes host cell 

protein synthesis, which is followed by the induction of apoptosis (55). In a mouse model of P. 

aeruginosa pneumonia, presence of the T2SS – the bacterial machinery implicated in Exotoxin A 

secretion – contributes to mortality (56). ExoU, on the other hand, lyses host cells through its 

phospholipase A2 activity, and contributes to lung epithelial injury in a model of pneumonia (57-59). 

Moreover, ExoU secretion is associated with severe disease in adults with VAP caused by P. 

aeruginosa (60). Collectively, these findings suggest that some of the major causative agents of 

bacterial pneumonia elaborate virulence factors that damage host tissues and cells directly, thereby 

liberating nutrients. Some of these toxins are associated with poorer clinical outcomes in human 

patients. 

 During pneumonic infection, pathogenic bacteria must sequester micronutrients such as metals. 

To accomplish this, pathogenic organisms capable of causing pneumonia produce metal scavenging 

molecules and/or receptors to acquire essential nutrient metals from metal-host protein complexes. For 

instance, S. aureus preferentially acquires iron from heme (61), which is accomplished through the Isd 
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system (62). Siderophore molecules such as staphyloferrin A and B, which scavenge iron complexed 

to host proteins, constitute an additional iron acquisition mechanism for this pathogen (62). Similarly, 

K. pneumoniae, secretes siderophores such as enterobactin and yersiniabactin to obtain iron from its 

host environment (63). In a mouse model of pneumonia, K. pneumoniae siderophores were 

demonstrated to contribute to mortality and extrapulmonary dissemination (63, 64), and increased 

siderophore expression is associated with an outbreak strain of this pathogen (65). Other metals 

required by pathogenic bacteria over the course of pneumonic infection include zinc, manganese, and 

copper. Although such nutrient metals are required for bacterial physiology, they are toxic to bacteria 

in high concentrations. Therefore, pathogenic bacteria must maintain a homeostatic balance between 

metal starvation and metal toxicity (66).  

 

Bacterial evasion and degradation of host defenses 

 The processes described above – colonization of the respiratory epithelium and pathogen-

induced damage to host cells – alert the host of an invading pathogen. To combat the invading 

pathogen, the host mounts an immune response. This response is comprised of host defenses that are 

constitutively present in the lungs, such as pulmonary surfactant, as well as host defenses that must 

be recruited to the site of infection, such as neutrophils. Bacterial pathogens have evolved multiple 

virulence factors to counteract these host defenses through evasion or active degradation. In doing so, 

bacterial pathogens impede their immune-mediated clearance, prolong infection, and further contribute 

to pneumonia pathogenesis.  

One strategy that bacterial pathogens employ to evade components of the immune system is to 

produce a physical barrier that acts as a shield, such as a thick polysaccharide capsule. For instance, 

S. pneumoniae produces a capsule that protects bacterial cells from complement activity and 

phagocytosis (67). K. pneumoniae produces a polysaccharide capsule with similar functions. Similar to 

the S. pneumoniae capsule, the capsule elaborated by K. pneumoniae inhibits phagocytosis of bacteria 

by polymorphonuclear leukocytes and impedes deposition of complement proteins on the bacterial cell 
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surface (68, 69). Finally, the Gram-negative, nosocomial pathogen A. baumannii also produces such a 

polysaccharide capsule (70). This pathogen is discussed in detail in Chapter I, section 1.4 - 

Acinetobacter baumannii as a human pathogen. 

Another strategy that pathogenic bacteria utilize to evade the immune system is to secrete 

effectors that actively degrade or interfere with components of the immune system. Two of the first lines 

of host defense in the setting of a bacterial respiratory infection are the mucosal epithelial barrier and 

pulmonary surfactant that lines this epithelium in the distal airways. Pulmonary surfactant is 

predominately comprised of lipids, which act as a molecular detergent (71), and contains surfactant 

proteins with antibacterial properties (72, 73). Further, pulmonary surfactant increases bacterial 

susceptibility to AG antibiotics (74). As discussed above, nebulized AG antibiotics may be administered 

directly to the lungs through inhalation in the treatment suggested for HAP and VAP (6, 34). These 

findings, therefore, raise the possibility that pulmonary surfactant – in addition to its innate antibacterial 

properties – may promote bacterial clearance from the lungs through synergy with AG antibiotics 

(addressed in detail in Chapter II). The nosocomial and CF-associated pathogen P. aeruginosa has 

evolved mechanisms to actively interfere with the mucosal barrier function as well as the antibacterial 

properties of pulmonary surfactant. Specifically, P. aeruginosa secretes a serine protease – protease 

IV – that cleaves surfactant proteins and IL-22. IL-22 is crucial for maintaining lung mucosal barrier 

integrity (75, 76). Similarly, S. aureus produces a hydrolyzing enzyme – staphopain A – that degrades 

surfactant protein A, which has antibacterial properties (72). In doing so, S. aureus impairs innate 

immune-mediated bacterial clearance from the airways and increases bacterial attachment to the 

respiratory epithelium (77). Bacterial access to and subsequent degradation of the respiratory mucosal 

barrier lead to lung injury and therefore comprise critical steps in the pathogenesis of bacterial 

pneumonia. 

 In terms of the cellular components that contribute to effective immune-mediated clearance of 

bacterial pathogens from the respiratory system, neutrophils are indispensable. Functional recruitment 

of neutrophils to the lungs is strongly implicated in protecting the host from pneumonia caused by S. 
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pneumoniae, K. pneumoniae, and S. aureus in animal models (78-80). As such, pathogenic bacteria 

have evolved mechanisms to evade or actively interfere with neutrophil function. As discussed above, 

a polysaccharide capsule may protect from phagocytosis by neutrophils, such as is the case for K. 

pneumoniae (68). Similarly, P. aeruginosa produces the extracellular polysaccharide Psl. Psl is 

implicated in P. aeruginosa biofilm formation (81), and also inhibits bacterial detection by neutrophils in 

the lung vasculature (82). Additionally, the P. aeruginosa T3SS, previously discussed as the machinery 

responsible for ExoU secretion, prevents acidification of the neutrophilic phagolysosome upon 

phagocytosis, thereby inhibiting intracellular killing of bacteria by neutrophils (82). Intriguingly, a 

bispecific antibody that simultaneously targets Psl and the T3SS enhanced neutrophilic detection and 

processing of P. aeruginosa, and significantly improved survival in an animal model (82). This finding 

further underscores the importance of neutrophils in effectively protecting the host against this 

pathogen. Finally, S. aureus possesses an impressive arsenal of factors that enable this pathogen to 

evade or interfere with almost every aspect of neutrophil biology, including detection, intracellular killing, 

and neutrophil extracellular traps (83). 

While neutrophils must be recruited to the lung upon pneumonic infection, alveolar macrophages 

are constitutively present and are, therefore, the resident phagocytes in the lung. In animal models of 

bacterial pneumonia, alveolar macrophages clear bacterial pathogens from the respiratory system prior 

to the onset of fulminant pneumonia. In order to effectively kill engulfed bacteria, alveolar macrophage 

apoptosis must be induced (84, 85). However, the capacity for alveolar macrophages to kill bacteria is 

finite, and even in immunocompetent animals, the bacterial inoculum can be increased to a point where 

these resident phagocytes become overwhelmed and neutrophils become critical to achieve bacterial 

clearance (84, 85). Alveolar macrophages play a role in recruiting neutrophils to the lungs during the 

early stages of pneumonic infection (86). The importance of alveolar macrophages in bacterial airway 

clearance is underscored by the fact that patients with chronic obstructive pulmonary disease have 

dysfunctional alveolar macrophages, leading to persistent bacterial airway colonization and disease 

exacerbations (87). Bacterial pathogens have evolved virulence factors to counteract this aspect of 
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host defense and impede bacterial clearance from the respiratory system. For example, the P. 

aeruginosa metalloprotease LasB, which is secreted by the T2SS, interferes with alveolar macrophage 

bactericidal activity by downregulating reactive oxygen species production (88). 

 As illustrated above, the host defenses in the lung are comprised of several components that 

aim to prevent bacterial colonization altogether or prevent the progression of bacterial colonization to 

fulminant pneumonic infection. Bacterial pathogens, in turn, have evolved several strategies to evade, 

degrade, or interfere with these host defenses. If, through these mechanisms, host defenses become 

overwhelmed, bacterial infection persists, airway inflammation progresses, and the pathogenesis of 

pneumonia proceeds. 

 

Dysregulation of the immune response to bacterial infection 

 An effective and well-regulated immune response is critical to clearing pneumonic infection 

caused by bacterial pathogens. Under homeostatic conditions, the immune system uses pathogen 

recognition receptors (PRRs) to detect pathogen associated molecular patterns (PAMPs) of invading 

pathogens. An example of a well-characterized interaction between a PAMP and a PRR is the 

recognition of the Gram-negative glycolipid lipopolysaccharide (LPS) by toll-like receptor (TLR) 4 on 

immune cells. Stimulation of TLR4 by LPS engages an intracellular signaling cascade culminating in 

the production of pro-inflammatory cytokines (89). The role of LPS and other bacterial lipids in 

pneumonia pathogenesis is discussed in detail in Chapter I, section 1.3 – The cell envelope of Gram-

negative bacteria. During pneumonic infection, however, the immune response to infection can 

become dysregulated or overactivated. Such a dysregulated or overactive immune response fails to 

clear the infection and actively contributes to pneumonia pathogenesis and lung injury. This process 

often starts with the invading pathogen itself, as bacterial pathogens have evolved mechanisms to incite 

immune dysregulation or overactivation. 

 The Nods-Like receptor family, CARD domain containing 4 (NLRC4) inflammasome plays an 

important role in host defense against intracellular pathogens such as Legionella pneumophila, an 
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uncommon cause of pneumonia (90). However, the NLRC4 inflammasome is also activated by P. 

aeruginosa, a predominately extracellular pathogen. Paradoxically, alveolar macrophage NLRC4 

inflammasome activation by P. aeruginosa decreased bacterial clearance and increased mortality in a 

mouse model of pneumonia (91). Mechanistically, this is thought to occur through expression of IL-18, 

which is induced by NLRC4 inflammasome activation. IL-18, in turn, decreased expression of 

antimicrobial peptides in the lung, thereby increasing P. aeruginosa burdens. Further, NLRC4-mediated 

expression of IL-18 led to excessive recruitment of neutrophils to the lung, which exacerbated lung 

injury (92). 

 Similarly, activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome is 

primed by the binding of bacterial LPS to TLR4 on host cells such as macrophages (93). Activation of 

NLRP3 leads to the production of pro-inflammatory cytokines IL-1β and IL-18, which are important in 

mediating the host immune response to invading microbes (94). For instance, IL-1β and IL-18 have 

been demonstrated to promote neutrophil recruitment to the lungs and neutrophil activation, 

respectively (95, 96). As discussed previously, neutrophils are critical in host defense against bacterial 

pneumonia. However, excessive neutrophil recruitment to the lungs in the setting of bacterial 

pneumonia may exacerbate lung injury, as opposed to ameliorate pathogen-induced lung injury. In fact, 

activation of the NLRP3 inflammasome or, as discussed above, the NLRC4 inflammasome, may cause 

excessive neutrophil recruitment to the lungs (92, 97). Inside the lungs, neutrophils can contribute to 

organ injury through the release of cytotoxic enzymes and the activation of oxidative stress pathways 

(98). In a mouse model of LPS-induced acute lung injury (ALI), NLRP3 inflammasome activation 

resulted in increased recruitment of leukocytes to the lungs and increased mortality (97). In critically ill 

human patients, elevated levels of IL-18 – a product of NLRP3 and NLRC4 inflammasome activation – 

were associated with increased disease severity (such as those with Acute Respiratory Distress 

Syndrome [ARDS]) and mortality (99). Thus, excessive inflammasome activation by bacterial products 

can result in neutrophil-mediated ALI, thereby exacerbating pneumonia pathogenesis. 
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Dysregulation of the immune response may also be caused by the reveal of host-derived 

molecules, so-called damage-associated molecular patterns (DAMPs), to components of the immune 

system. Under homeostatic conditions, DAMPs are confined to specific subcellular locations not 

accessible to the immune system. During bacterial pneumonia, however, damaged and dying host cells 

may release DAMPS from their subcellular locations and render them detectable by immune 

components. Apoptosis, a form of regulated cell death, may be induced in host cells such as respiratory 

epithelial cells and immune cells by P. aeruginosa, S. pneumoniae, and S. aureus (100). During 

apoptosis, the DAMP cardiolipin (CL), a tetra-acylated lipid normally confined to the inner mitochondrial 

membrane, translocates to the outer mitochondrial membrane (101). Once in the outer mitochondrial 

membrane, CL may become accessible to components of the NLRP3 inflammasome. Mitochondrial CL 

has been demonstrated to bind NLRP3 directly, causing inflammasome activation (102). 

(Over)activation of the NLRP3 inflammasome may result in neutrophil-mediated ALI, as discussed 

above. As the process of apoptosis progresses, mitochondrial CL inserts into the host cell membrane  

(103). From there, it may be released extracellularly into lung fluid (104). Lung fluid mitochondrial CL 

concentrations were elevated in both experimental bacterial pneumonia and human patients. Further, 

release of mitochondrial CL into lung fluid reduced epithelial barrier integrity and worsened lung 

mechanics in a mouse model of bacterial pneumonia (104). Mitochondrial CL, therefore, is an intriguing 

example of how host-derived DAMPs can induce and sustain inflammation and lung injury during 

pneumonia pathogenesis. CL is also a constituent of bacterial membranes (see Chapter I, section 1.3 

– The cell envelope of Gram-negative bacteria). However, to what extent bacterial CL contributes to 

inflammation and lung injury in the setting of bacterial pneumonia remains to be elucidated. Preliminary 

studies aimed at interrogating this question are discussed in Chapter IV. 

 

 The molecular interactions at the host-microbe interface in bacterial pneumonia are complex 

and multi-faceted. Fulminant bacterial pneumonia is uncommon in immunocompetent adults (9), 

suggesting that endogenous host defenses prevent pathogenic bacteria from gaining a foothold in the 
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lower respiratory tract in most instances. Even when bacterial colonization progresses to infection, 

uncontrolled or unrelenting inflammation is uncommon, as evidenced by the fact that the majority of 

bacterial pneumonia cases is comprised of CAP that can be treated exclusively in the outpatient setting 

(9). A more thorough, mechanistic understanding of what makes some hosts more susceptible to 

developing a maladaptive immune response to bacterial pneumonia, as well as of the bacterial 

attributes that elicit such a response, may lead to the development of therapeutic strategies that boost 

a well-regulated, robust immune response. In doing so, effective immune-mediated bacterial clearance 

will be encouraged, and excessive inflammation and lung damage will be ameliorated or even 

prevented altogether. 

 

1.3 The Gram-negative cell envelope 

 The cell envelope of Gram-negative bacteria consists of three distinct layers: a lipid inner 

membrane (IM), the periplasm, and a lipid outer membrane (OM). In Gram-negative bacteria, a cell wall 

comprised of a thin layer of peptidoglycan is contained within the periplasm (105). Embedded in each 

layer are bacterial factors such as proteins that play key roles in bacterial physiology and pathogenesis. 

Additionally, each layer of the Gram-negative cell envelope encompasses PAMPs that can be detected 

by host PRRs, thereby inciting an inflammatory response. As such, the Gram-negative cell envelope is 

a key determinant of pathogenesis in bacterial pneumonia. 

 

Outer membrane 

 The lipid OM is a unique feature of Gram-negative bacteria. It is a lipid bilayer comprised of an 

inner leaflet and an outer leaflet. Under homeostatic conditions, the OM outer leaflet of the model Gram-

negative organism Escherichia coli is comprised of a monolayer of LPS (106). The OM outer leaflet of 

some Gram-negative bacteria, such as the nosocomial pathogen A. baumannii, is comprised of lipo-

oligosaccharide (LOS) instead, which is similar to LPS except that it lacks the O antigen component 

(107). In E. coli, LPS was demonstrated to enhance OM rigidity, which in turn contributed to the strength 
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of bacterial cells in general (108). This suggests that LPS is critical to the structural integrity of Gram-

negative bacterial cells. Indeed, the presence of either LPS or LOS is essential to survival for most 

Gram-negative bacteria. Some species, however, including the human pathogen A. baumannii, can 

survive in the absence of LPS/LOS due to structural support from the underlying peptidoglycan layer 

(109). Therefore, under certain environmental conditions, expressing an OM without LPS/LOS may 

provide a fitness advantage to some Gram-negative pathogens (Also, see Chapter I, section 1.4 – 

Acinetobacter baumannii as a human pathogen). 

LPS also contributes to the pathogenesis of Gram-negative bacteria during infection, as it 

protects cells from complement deposition as well as the effects of antimicrobial peptides (110-112). 

As discussed previously, LPS is a PAMP that is recognized by TLR4 (a PRR) on host cells. This 

interaction provides the priming signal of NLRP3 inflammasome activation, which is completed after a 

second signal is received (93). NLRP3 inflammasome activation results in the secretion of mature IL-

1β and IL-18, and overactivation of this inflammasome is implicated in pneumonia pathogenesis (see 

Chapter I, section 1.2 - Molecular drivers of pneumonia pathogenesis). In addition, engagement 

of TLR4 by LPS initiates an intracellular signaling cascade that culminates in the activation of the NF-

κB transcription factor and the expression of pro-inflammatory cytokines such as TNF-⍺ and IL-6 (89, 

113). Bacteria can take advantage of this interaction by adjusting LPS composition and/or expression 

to modulate pathogenesis. For instance, Yersinia pestis hypo-acylates LPS in a temperature-

dependent manner. Hypo-acylated LPS is less stimulatory to human TLR4 and therefore helps this 

pathogen to avoid immune recognition (114). By contrast, over the course of chronic respiratory 

infection in patients with CF, P. aeruginosa synthesizes specific forms of LPS that increase bacterial 

resistance to host-derived antimicrobial peptides and induce an enhanced inflammatory response 

(115). Thus, Gram-negative LPS is considered a key immune regulatory molecule. 

The vast majority of the inner leaflet of the OM is comprised of phosphatidylethanolamine (PE), 

whereas a small minority (<9%) is composed of the anionic lipids phosphatidylglycerol (PG) and CL 

(106). Although a relatively minor component of the Gram-negative OM, CL plays important roles in 
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both bacterial physiology and pathogenesis. CL tends to localize at the cell poles and septal planes, 

and is implicated in respiration and cell division (116-119). Further, CL promotes bacterial resistance 

to cell envelope stressors such as osmotic and surfactant stress (120-122). This is relevant to 

pneumonia pathogenesis as pulmonary surfactant is abundant in the fluid lining the distal airways and 

alveolar spaces, and Gram-negative pathogens such as A. baumannii have been demonstrated to 

encounter surfactant upon pneumonic infection in a mouse model (123, 124). Additionally, CL plays a 

role in immune signaling. As discussed previously, mitochondrial CL is a direct agonist of the NLRP3 

inflammasome (102). It is plausible that bacterial CL activates the NLRP3 inflammasome in a similar 

manner, although this remains to be investigated. Further, CL differentially activates TLR4-mediated 

inflammatory signaling depending on acyl chain saturation. Unsaturated CL blocks LPS-mediated 

activation of TLR4, whereas saturated CL mimics LPS and can serve as a TLR4 agonist. As such, 

saturated CL increases the production of TLR4-mediated pro-inflammatory cytokines while unsaturated 

CL has the opposite effect (125). This suggests that, like LPS, bacterial CL may contribute to 

inflammation and lung injury in pneumonia. 

Proteins are embedded within the lipid bilayer of the Gram-negative OM. Gram-negative, integral 

OM proteins can be crudely divided into two classes: lipoproteins and β-barrel proteins (105). 

Lipoproteins are globular proteins that are anchored to the inner leaflet of the OM by a lipid moiety and 

are involved in a variety of functions, including cell envelope stress sensing and OM biogenesis (105, 

126). Additionally, lipoproteins contribute to the structural integrity of the Gram-negative cell envelope 

by anchoring the OM to the thin layer of peptidoglycan underneath (126). On the other hand, β-barrel 

proteins are integral OM proteins that take on a cylindrical shape and are frequently implicated as 

virulence factors (105). For instance, in P. aeruginosa, the OM protein OprF is involved in virulence 

through modulation of the quorum sensing network and T3SS-mediated toxin secretion (127). 

Expression of such proteins is not always advantageous to pathogenic bacteria, however, as illustrated 

by the reduced expression of the OM protein OprH in CF-associated clinical isolates of P. aeruginosa. 

OprH serves as a ligand for surfactant protein A, and this interaction promotes phagocytic killing of P. 
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aeruginosa in the CF lung (128). This finding indicates that, while the Gram-negative OM shields 

bacteria from environmental stressors such as complement and antimicrobial peptides, it may also 

serve as a target for novel therapeutics. 

 

Periplasm 

 Inside the OM is an aqueous cellular compartment called the periplasm, which is limited by the 

bacterial IM on its opposite border. Within the periplasm, there is a thin layer of peptidoglycan, which 

is anchored to the OM by lipoproteins (126). Peptidoglycan consists of monomers composed of N- 

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), strands of which are crosslinked by 

pentapeptide side chains (105). Peptidoglycan is essential to the structure and function of most 

bacterial species, and is therefore a common target for antibiotics. For instance, β-lactam antibiotics 

target the enzymes that catalyze peptidoglycan crosslinking (105). Additionally, peptidoglycan 

fragments are considered PAMPs, as they can be sensed by the PRRs nucleotide-binding 

oligomerization domain-containing protein (NOD)1 and NOD2, among other receptors. Similar to TLR4 

engagement by LPS, activation of NOD1 or NOD2 activates intracellular signaling cascades 

culminating in the activation of either the NF-κB or the AP-1 transcription factors. Activation of either of 

these transcription factors leads to the expression of pro-inflammatory cytokines such as TNF-⍺ and 

IL-6. Of note, NOD1 and NOD2 are located within the cytosol of host cells and, as such, must detect 

peptidoglycan from bacteria that have entered the host cell cytosol or have been degraded (129). 

 Smaller bacterial proteins can freely diffuse through the periplasmic peptidoglycan layer. By 

contrast, larger bacterial nanomachines that span the IM, periplasm, and OM must locally degrade the 

peptidoglycan layer in order to traverse it. The Gram-negative T3SS, previously discussed in the 

context of P. aeruginosa exotoxin secretion, is an example of such a nanomachine. Many Gram-

negative bacteria encode a T3SS-specific enzyme such as a lytic transglycosylase that creates local 

defects in the peptidoglycan layer for the periplasmic components of the T3SS to fit through (130). 

Efflux pumps that expel noxious agents, such as antibiotics, from the bacterial cytosol also span all 
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three layers of the Gram-negative cell envelope (131). A. baumannii is notorious for its antibiotic efflux 

pumps, which contribute to this pathogen’s propensity for antibiotic resistance. Antibiotic efflux pumps 

will be discussed in the context of this pathogen in Chapter I, section 1.4 – Acinetobacter baumannii 

as a human pathogen. Bacterial products that are not part of multi-membrane spanning protein 

complexes but must nonetheless cross the periplasm, such as integral OM proteins, require 

chaperones to do so. Characterized chaperone proteins include SurA, Skp, and DegP, all of which 

share some functional redundancy (105). In P. aeruginosa, SurA may serve as a potential therapeutic 

target, as a MDR clinical isolate in which SurA was depleted became sensitized to multiple antibiotics 

(132). Therefore, like the OM, the Gram-negative periplasm is home to several targets of potential 

therapeutic interest. 

 

Inner membrane 

 The internal border of the periplasm is limited by the IM, which is analogous to the eukaryotic 

plasma membrane. Like the OM, the IM is comprised of a bilayer of two lipid leaflets: a periplasmic 

leaflet and a cytoplasmic leaflet. The lipid composition of the Gram-negative IM is an active area of 

research, as the exact lipid composition of the IM is dynamic and changes depending on the state of 

the cell (133). Like the periplasmic leaflet of the OM, however, the majority of the IM is comprised of 

PE. Compared to the OM, a larger fraction of the IM is comprised of the anionic lipids CL and PG, which 

tend to cluster in the periplasmic leaflet (106, 133). Many membrane-associated functions of bacteria 

occur at the IM, including energy production and lipid synthesis. Lipid distribution around protein 

complexes involved in these processes is not random, but rather shows a predilection for specific types 

of lipid. For instance, several respiratory complexes involved in bacterial energy production associate 

with the anionic lipid CL (118, 134), which is also implicated in the transport of LPS to the OM (135). 

The importance of CL in Gram-negative physiology is further evidenced by the fact that E. coli encodes 

three enzymes that catalyze the synthesis of CL – CL synthase (Cls)A, ClsB, and ClsC – despite CL 

being one of the least prevalent lipids in this organism (136). In bacterial pathogenesis, the role of CL 
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can be considered dichotomous. As discussed earlier, CL contributes to bacterial cell envelope stress 

resistance and can attenuate TLR4-mediated immune signaling depending on the acyl chain saturation 

state (121, 122, 125). However, CL may also promote phagocytic uptake of bacteria by macrophages 

through the CD36 scavenger receptor (137). PG, another phospholipid present in the Gram-negative 

IM, may also be involved in immune signaling. Bacterial PG can be recognized by human T cell 

receptors. Intriguingly, such T cell receptors cannot distinguish between mammalian and bacterial PG. 

PG, therefore, is considered a dual self and foreign antigen (138). 

 Because of its involvement in many functions integral to bacterial physiology and pathogenesis, 

the IM is home to a wide variety of proteins and protein complexes, including those responsible for 

energy production, lipid biosynthesis, and protein secretion (105). Since all proteins are synthesized in 

the bacterial cytosol, proteins destined for the OM must cross the IM into the periplasm. This is 

accomplished by the SecY protein complex, which delivers proteins destined for the OM to the 

previously discussed chaperones inside the periplasm (139). Similarly, all phospholipids and LPS are 

synthesized in the IM, specifically at its inner leaflet. While the translocation of LPS from the inner leaflet 

of the IM all the way to the OM outer leaflet is well characterized and involves the MsbA transporter 

and Lpt pathway (105), the translocation of phospholipids to the OM is elusive and less well understood 

(140). As discussed above, there is substantial asymmetry in terms of lipid composition both between 

the IM and OM, as well as between the two leaflets of each membrane. Several protein complexes 

have been implicated in maintaining this asymmetry. Of these, the maintenance of lipid asymmetry 

(Mla) system is relatively well-studied and is involved in maintaining lipid asymmetry between the two 

leaflets of the OM (140). Specifically, this system has been demonstrated to remove misplaced 

phospholipids from the OM outer leaflet and transport them towards the IM (141). The mechanism for 

how lipid asymmetry within the IM is maintained is currently not known (133). 

 Like the OM, the Gram-negative IM is home to lipoproteins. Lipoproteins destined for the IM 

have specific amino acid residues, whereas those that lack these residues are recognized by the 

LolCDE system and are translocated to the OM (105, 142). In P. aeruginosa, MexA, which is part of a 
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multi-protein efflux pump contributing to this organism’s intrinsic antibiotic resistance (143), is one such 

lipoprotein targeted for the IM (142). Finally, other proteins embedded into the Gram-negative IM 

include those that are part of cell envelope-spanning protein complexes such as the previously 

discussed T3SS (105). 

 

 In summary, the Gram-negative cell envelope is a complex structure common to all Gram-

negative bacteria that has been – and will likely continue to be – a source of extensive interrogation. 

Although some features of the cell envelope, such as the specific protein complexes embedded within 

it, are species-specific, there are many aspects that are conserved across most or even all Gram-

negative bacteria. Because of this, as well as its indispensable contributions to bacterial structural 

integrity, physiology, and pathogenesis, the Gram-negative cell envelope is a potential therapeutic 

target of considerable interest. Further investigations into the interactions between novel or currently 

available therapeutics and the Gram-negative cell envelope, therefore, have the potential to expand 

treatment options for patients with Gram-negative bacterial pneumonia. Particularly if those interactions 

involve bacterial factors that are common to multiple Gram-negative pathogens. 

 

1.4 Acinetobacter baumannii as a human pathogen 

 A. baumannii is a Gram-negative, nosocomial pathogen, meaning that it is most commonly 

associated with hospital-acquired infections. It was first recognized as a human pathogen in the 1970s, 

with early clinical isolates susceptible to many commonly available antibiotics (144). Since then, this 

pathogen has gained notoriety for its propensity to accumulate antibiotic resistance, and MDR strains 

are isolated at an alarming frequency. As such, the Centers for Disease Control and prevention (CDC) 

have listed drug-resistant A. baumannii as an urgent threat – the highest threat level maintained by this 

institution (39). Here, the epidemiology, pathogenesis, mechanisms of drug resistance, and treatment 

considerations are discussed in the context of pneumonia caused by A. baumannii. 
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Epidemiology 

 Although this pathogen is capable of colonizing and infecting a variety of organ systems, 

including the urinary tract and bloodstream, pneumonia is the pathology most frequently associated 

with A. baumannii infection (145). The vast majority of A. baumannii infections occur in the hospital 

setting, and critically ill as well as ventilated patients are at the highest risk of acquiring A. baumannii 

pneumonia (146, 147). In one large study, The Extended Prevalence of Infection in Intensive Care 

(EPIC III) study, the Acinetobacter spp. infection rate among ICU patients in North-America was 1.0% 

(148). Of note, A. baumannii is the most common etiology of Acinetobacter spp. infections (145). A 

survey in France indicated that the prevalence of A. baumannii infection was 0.075% among 305,656 

patients (ICU and non-ICU patients) (146). Prevalence of hospital-associated A. baumannii infections 

varies by geographical region. For instance, the EPIC III study indicated that the Acinetobacter spp. 

infection rate among ICU patients was 3.5% in Western Europe, 15.8% in Africa, and 25.6% in 

Asia/Middle East, suggesting that infection rates are higher in the developing world (148). CAP 

comprises a small minority of A. baumannii pneumonia cases and predominately occurs in South-East 

Asia and Oceania, indicating that these types of infections are associated with tropical climates (145). 

Moreover, A. baumannii CAP tends to occur during the wet/rainy season, and the vast majority of 

patients have an underlying condition such as alcohol use disorder (149, 150). 

 While the overall prevalence of A. baumannii pneumonia is relatively low, clinical consequences 

can be severe. One study reported that the 30-day mortality rate of patients with VAP due to extensively 

drug-resistant (XDR) A. baumannii was 56.8% (151). However, because the majority of A. baumannii 

HAP/VAP cases tends to occur in patients with severe illness, it is difficult to establish to what extent 

these high mortality rates are a consequence of A. baumannii infection. In one study, in-hospital 

mortality was numerically higher in patients with A. baumannii infection compared to patients with 

infections caused by other microorganisms (16% vs. 13%), although this difference was not statistically 

significant (152). A study specifically conducted with patients with VAP found similar results: mortality 

among patients with A. baumannii VAP was 40%, whereas mortality among control patients (patients 
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with VAP or patients free of pneumonia) was 28.3%, and this difference was not statistically significant 

(153). However, it should be noted that the study populations included in these studies were relatively 

small, and they may not have been powered to detect a mortality difference. Aside from mortality, A. 

baumannii infection is independently associated with other negative clinical outcomes such as 

prolonged ICU stay and increased incidence of ARDS (152). Compared to other etiologies, A. 

baumannii CAP tends to cause severe infection with high rates of bacteremia. Mortality associated with 

A. baumannii CAP is reportedly as high as 64%. Because A. baumannii CAP tends to occur in patients 

with underlying medical conditions, it is unclear to what extent specific host factors contribute to these 

high mortality rates (145). 

 Although pneumonia caused by A. baumannii is relatively uncommon on a global scale, its 

impact on hospitals and particularly ICUs is significant. Furthermore, once A. baumannii is introduced 

into a hospital, it tends to cause prolonged colonization resulting in serial or overlapping outbreaks 

(154). Therefore, to better control and prevent A. baumannii infection outbreaks in hospital settings, 

and to improve clinical outcomes for patients with A. baumannii pneumonia, enhanced understanding 

of the molecular pathogenesis of this organism is imperative. 

 

Virulence factors and pathogenesis 

 In general, the pathogenicity of A. baumannii is considered to be low. However, when infection 

does occur, it is frequently severe, particularly in susceptible patients (145). Contributing to its ability to 

cause disease, A. baumannii possesses a myriad of virulence factors. Some of these are similar to 

virulence factors previously discussed for other Gram-negative pathogens, while others appear to be 

more specific to Acinetobacter spp. A better understanding of these virulence factors and of their 

interactions with the host environment may lead to the development of novel therapeutic strategies to 

combat this pathogen. 

 Like other Gram-negative pathogens, A. baumannii elaborates a polysaccharide capsule. Its 

synthesis is dependent on a so-called K locus, which harbors genes involved in sugar precursor 
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biosynthesis and polysaccharide modification, among others (155). The A. baumannii polysaccharide 

capsule is considered a major virulence factor, and protects this pathogen from complement-mediated 

killing, phagocytosis, and other host-derived stressors (70, 155, 156). Congruently, in a mouse model 

of systemic A. baumannii infection, augmented capsule production resulted in increased mortality (157). 

In a study of over 40 A. baumannii clinical isolates, almost all isolates produced a polysaccharide 

capsule, further underscoring the importance of capsule production in A. baumannii virulence (158). 

Finally, the A. baumannii capsule plays a role in bacterial resistance to desiccation, another remarkable 

attribute of this pathogen (discussed further below) (159). 

 The outer leaflet of the Gram-negative OM is comprised of either LPS, which contains an O 

antigen, or LOS, which lacks such an O antigen. A. baumannii is one of the Gram-negative pathogens 

that produces LOS instead of LPS (160). Like LPS, LOS contributes to bacterial virulence in several 

ways. Through hepta-acylation of the LOS lipid A anchor, A. baumannii can enhance OM barrier 

function and increase resistance to host-derived antimicrobial peptides (161). Similar to LPS, A. 

baumannii LOS activates the TLR4 receptor on host cells (162). Activation of TLR4 by A. baumannii 

LOS increases pro-inflammatory cytokine production, promotes a sepsis-like syndrome, and 

dramatically increases mortality in an animal model of lethal infection (163). Strains of A. baumannii 

with increased LOS shedding during growth are more virulent, whereas LOS-deficient A. baumannii 

exhibits reduced virulence in a mouse model of systemic infection (164, 165). These findings suggest 

that sustained activation of TLR4-mediated inflammatory signaling by A. baumannii LOS promotes a 

maladaptive host immune response and contributes to pneumonia pathogenesis. Although A. 

baumannii LOS contributes to its virulence in animal models of infection (164), this pathogen is one of 

very few species that is viable in the absence of LOS (or LPS). Through exposure to high concentrations 

of colistin, an antibiotic that binds LPS/LOS on the Gram-negative OM, A. baumannii can accumulate 

mutations in the biosynthetic pathway of lipid A, resulting in isolates devoid of lipid A and LOS (166, 

167). To compensate for the loss of LOS, A. baumannii overexpresses lipoproteins on the cell surface 

and relies on structural support from the peptidoglycan cell wall (109, 161). These findings suggest that 
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modifying and/or downregulating lipid A and LOS expression may provide a fitness advantage to A. 

baumannii under certain environmental conditions, including environments where colistin is present. 

 Outer membrane protein A (OmpA) is another A. baumannii virulence factor that has received 

considerable interest. OmpA is implicated in adhesion to host cells, biofilm formation, and resistance 

to complement (163). Moreover, overexpression of OmpA by A. baumannii is an independent risk factor 

of mortality in human patients infected by this pathogen (168). Further, once A. baumannii is introduced 

into a hospital, it tends to cause serial or overlapping outbreaks (154). This is mediated by this 

pathogen’s ability to tolerate dry conditions and persist on environmental surfaces. Because desiccation 

tolerance in A. baumannii makes eliminating transmission of this pathogen within hospitals challenging, 

it has been an area of active investigation. Regulation of A. baumannii desiccation tolerance is likely 

multifactorial, and a role for the BfmR two-component system has been implicated (169). Production of 

a polysaccharide capsule is also implicated in A. baumannii desiccation resistance (159).  

Studies of A. baumannii pathogenesis often rely on type strains. Type strains are descendants 

of the original isolates that exhibit all of the relevant phenotypic and genotypic properties cited in the 

original published taxonomic circumscriptions (170). Strains 17978, 19606, and AB5075 are examples 

of type strains used to study A. baumannii pathogenesis. A. baumannii 17978 was isolated in 1951 

from an infant with meningitis and is susceptible to most antibiotics (171), A. baumannii 19606 was 

isolated in 1948 from the urine of a patient with a urinary tract infection (172), and A. baumannii AB5075 

was isolated in 2008 from the tibia of a patient with osteomyelitis (173). Because A. baumannii has a 

propensity for modulating its genome through the acquisition or loss of genetic material, caution should 

be used when interpreting the clinical relevance of bacterial virulence determinants. To underscore this, 

the identification of two variants of the type strain A. baumannii ATCC 17978 with distinct genotypes 

and infection-associated phenotypes is described in Chapter III. 
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Mechanisms of drug resistance 

 When A. baumannii was first recognized as a human pathogen, clinical isolates were susceptible 

to many commonly available antibiotics. Since then, however, isolates resistant to AGs, carbapenems, 

and/or the last resort antibiotic colistin all have emerged (174-176). Panresistant strains of A. baumannii 

that are resistant to all clinically available antimicrobials are also encountered at an increased frequency 

(177, 178). The emergence of MDR and XDR isolates of A. baumannii can in part be explained by this 

pathogen’s ability to incorporate or shed genetic material to modify its genome, otherwise known as 

genomic plasticity (144). The majority of exogenous genetic material incorporated by A. baumannii 

constitutes antibiotic resistance genes (179-181), selected for in part by the use of antimicrobials in 

healthcare settings (182, 183). Furthermore, many strains of A. baumannii harbor intrinsic, 

chromosomal resistance genes and expression of these genes can be upregulated under certain 

circumstances. For instance, insertion of the ISAba1 element adjacent to a blaOXA-51-like 

carbapenemase gene conferred resistance to carbapenem antibiotics in multiple clinical isolates of A. 

baumannii (184).  

Drug efflux pumps are another mechanism of antimicrobial resistance that is frequently 

implicated in MDR strains of A. baumannii. A common type of drug efflux pump in A. baumannii is 

resistance nodulation-division (RND)-type efflux pumps. RND-type efflux pumps are multi-protein 

complexes that span all three layers of the Gram-negative cell envelope and are comprised of a 

substrate-binding IM component, a periplasmic membrane fusion protein, and an OMP (185). The 

RND-type efflux pump AdeABC confers resistance to aminoglycosides, β-lactams, chloramphenicol, 

erythromycin, and tetracyclines (186). Normally, expression of this efflux pump is under tight regulation 

of the AdeRS two-component system (187). However, mutations in AdeRS resulting in overexpression 

of the AdeABC efflux pump have been identified in several clinical, MDR isolates of A. baumannii, 

suggesting that this represents one mechanism of acquired drug resistance in this pathogen (188). 

Less common types of efflux pumps include major facilitator superfamily (MFS) transporters such as 

TetA. MFS transporters transport compounds from the cytosol across the IM to the periplasm (185). 



 
26 

From there, these compounds are exported out of the cell via RND-type efflux pumps. In A. baumannii, 

TetA confers resistance to tetracycline antibiotics (189). 

A. baumannii resistance to the last-resort antibiotic colistin is mediated by LOS modification. As 

described above, colistin-resistant strains can be generated in the lab through exposure to high 

concentrations of colistin, resulting in isolates that are completely devoid of LOS (or LPS) (167). In 

colistin-resistant, clinical isolates of A. baumannii, resistance is mediated by modification – instead of 

complete loss – of LOS. Specifically, mutations in the PmrAB two-component system lead to 

overexpression of the PmrC phosphoethanolamine (PetN) transferase (190). Overexpression of PmrC 

leads to modification of the LOS lipid A anchor with a PetN moiety, thereby decreasing the overall 

negative charge of LOS (155, 191). Colistin is a cationic antibiotic that normally binds to the negatively 

charged LPS/LOS. This binding interaction between cationic colistin and anionic LPS/LOS destabilizes 

the bacterial OM and results in bacterial cell lysis. Lipid A modifications that decrease the overall 

negative charge of LOS, therefore, inhibit colistin binding to the bacterial OM (155). Like colistin, AG 

antibiotics are cationic and interact with the bacterial OM in a similar manner. A more thorough 

understanding of the molecular interactions between bacterial membranes and (poly)cationic 

antibiotics, and how these interactions are affected by different host environments, may help preserve 

or even expand their clinical utility. 

 

Current treatment standards 

 Treatment of A. baumannii infections can be challenging, given this pathogen’s propensity for 

acquiring antimicrobial resistance and the scarcity of available clinical data. For susceptible isolates, β-

lactams are the preferred mono-therapy, particularly carbapenems (163). Addition of the β-lactamase 

inhibitor sulbactam to β-lactam therapy with ampicillin may provide further efficacy against MDR strains 

(145, 163). In addition to its ability to inhibit bacterial β-lactamase enzymes, an intriguing feature of 

sulbactam is that it has intrinsic antibacterial activity against A. baumannii. Specifically, sulbactam binds 

and inhibits A. baumannii penicillin binding proteins (192). However, as alluded to previously, 
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carbapenem resistance is becoming increasingly common among clinical isolates of A. baumannii, 

suggesting that monotherapy with a β-lactam antibiotic may become obsolete (39, 163). In the event 

that β-lactam antibiotics cannot be used, alternative therapeutic options include AG or fluoroquinolone 

antibiotics (145, 163). Although resistance to both AGs and fluoroquinolones is common among A. 

baumannii isolates, the AGs amikacin and tobramycin have been demonstrated to retain activity against 

isolates with in vitro resistance (145). This is also true for P. aeruginosa respiratory infections in patients 

with CF (37), suggesting that the use of AG antibiotics for the treatment of MDR, Gram-negative 

pneumonia may be an underexplored treatment option. For the treatment of A. baumannii infections, 

AGs are typically used in combination with other agents such as a carbapenem (145, 163). 

 Given the concerning antimicrobial resistance profiles of many recent clinical isolates of A. 

baumannii, colistin is employed as a last-resort antibiotic for the treatment of XDR A. baumannii 

infections. As discussed above, colistin works by binding to LOS on the A. baumannii OM, and while 

resistance to colistin does occur, it is relatively uncommon (163). One significant limitation of colistin 

therapy is its serious side effect profile, most notably neurotoxicity and nephrotoxicity (163). Another 

limitation is the relatively poor lung penetration of systemically administered colistin (193). Therefore, 

in the setting of A. baumannii pneumonia, colistin is sometimes nebulized and administered as an 

inhaled therapy. The data on the relative efficacy of inhaled colistin versus intravenous colistin are 

mixed, although inhaled colistin is associated with less systemic toxicity (163). Colistin may also be 

combined with other agents to improve clinical outcomes in patients with XDR A. baumannii infections. 

The combination with a carbapenem antibiotic appears to be most effective, and synergy between 

these two antibiotics has been demonstrated in vitro (194). Other colistin-based combination therapies 

include colistin with rifampin, and colistin with tigecycline (163). 

 

 Infections with A. baumannii are of growing concern in large part because of its worrisome 

antimicrobial resistance profile and its ability to persist on (abiotic) surfaces in hospital environments. 

Furthermore, because it is one of very few organisms that has been observed to be viable in the 
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absence of LPS or LOS, A. baumannii provides an interesting opportunity to study the interactions 

between Gram-negative pathogens and cell envelope stressors such as antibiotics or immune effector 

molecules. 

 

1.5 Unknowns and gaps in the field 

 With the exception of LOS-deficient, colistin-resistant A. baumannii, which notably is laboratory-

generated, Gram-negative causative agents of pneumonia elaborate a cell-envelope studded with 

LPS/LOS. Therefore, the Gram-negative cell envelope is an attractive therapeutic target, and 

compounds that target LPS/LOS are likely to have broad-spectrum activity. The development of novel 

LPS/LOS-targeting agents is one potential avenue worth exploring. However, the current antimicrobial 

armamentarium already contains at least two such classes of compounds: polymyxins (e.g. colistin) 

and AGs. As discussed, the AGs amikacin and tobramycin may retain activity against AG-resistant A. 

baumannii (145), and therapy with inhaled tobramycin is effective in the treatment of CF-related 

respiratory infections caused by P. aeruginosa isolates with in vitro resistance to tobramycin (37). While 

these findings suggest that AG and colistin antibiotics may be uniquely effective in the lung, the 

mechanisms responsible for this are incompletely understood. A better understanding of these 

mechanisms may preserve, revitalize, or even expand the clinical utility of these classes of antibiotics. 

Additionally, identification of the biochemical and biophysical properties of AGs and colistin that are 

responsible for their increased efficacy inside the lung may lead to the development of novel 

compounds with similar antimicrobial activity but without the associated neuro- and nephrotoxicity. 

These gaps in the field will be addressed in this thesis in Chapter II. 

 Studies of A. baumannii virulence and pathogenesis typically involve the use of type strains such 

as A. baumannii 17978, A. baumannii 19606, and A. baumannii AB5075. As with type strains of most 

other bacterial species, laboratories each maintain their own stocks with limited exchange of genetic 

information or biological material of wild-type, parental strains. Long-term, parallel laboratory 

maintenance of bacterial strains, however, may result in genetic divergence of these strains. Such 
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laboratory adaptation has previously been described for other bacterial species. Continuous 

maintenance and propagation of P. aeruginosa strain PAO1 in laboratories throughout the world has 

led to substantial genotypic differences among sublines of this strain (195), and two lineages of 

Clostridioides difficile R20291 differ based on a small number of single nucleotide genomic changes 

leading to distinct phenotypic differences (196). If and to what extent A. baumannii laboratory strains 

differ from each other genetically, as well as the phenotypic consequences of any such genetic 

differences, remains to be investigated. To what extent long-term laboratory maintenance of A. 

baumannii type strains has contributed to genetic divergence between them and (recent) clinical 

isolates of this pathogen also warrants further investigation. As discussed, type strains 17978 and 

19606 were isolated over a half a century ago (144, 172). To study clinically relevant infection biology, 

it is important to determine to what extent these and other type strains overlap with clinical isolates in 

terms of virulence factors and pathogenesis genes. If the infection-related phenotypes of type strains 

do not reproduce the phenotypes of clinical isolates, the relevance of these strains in pathogenesis 

studies should be reconsidered. In this thesis, these gaps in knowledge are addressed in Chapter III. 

 Finally, much of the research concerning the involvement of the Gram-negative cell envelope in 

bacterial pneumonia is focused on proteinaceous bacterial virulence factors such as OMPs. With the 

notable exception of LPS/LOS, much less is known about the interactions between other bacterial 

components, such as sugars and lipids, and the host response to infection. How these interactions 

contribute to pneumonia pathogenesis and drive clinical outcomes is also incompletely understood. As 

detailed in Chapter I, section 1.3 – The cell envelope of Gram-negative bacteria, the Gram-negative 

cell envelope harbors several lipids aside from LPS/LOS, including the anionic lipid CL. CL plays a role 

in both bacterial physiology and pathogenesis, as it may help protect bacteria from host-derived cell 

envelope stressors such as detergent stress (122). Furthermore, bacteria synthesize multiple species 

of CL and pathogenic bacteria vary based on genomic cls gene content (197-199). These findings 

suggest that there may be inter- and intraspecies variability in terms of cell envelope CL content. 

However, this remains to be empirically verified. Bacterial CL differentially activates TLR4-mediated 
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immune signaling based on acyl chain saturation, and mitochondrial CL has been demonstrated to 

activate the NLRP3 inflammasome (102, 125). Therefore, like LPS/LOS, bacterial CL may shape the 

host immune response to bacterial infection. To what extent this is the case, and how this affects 

pneumonia pathogenesis, remains to be fully investigated. In pneumonia, the release of mitochondrial 

CL into the extracellular environment promotes lung injury (104). Whether the presence of bacterial CL 

also contributes to lung injury during pneumonia, and to what extent this is governed by variability in 

bacterial cell envelope CL content, has yet to be fully elucidated. In summary, the potential role of 

variability in bacterial cell envelope CL content as a driver of inflammation and lung injury at the host-

microbe interface in pneumonia is underexplored and merits further investigation. These gaps in the 

field will be addressed in Chapter IV. 
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CHAPTER II 

GRAM-NEGATIVE BACTERIA ACT AS A RESERVOIR FOR AMINOGLYCOSIDE ANTIBIOTICS 

THAT SYNERGIZE WITH HOST FACTORS TO ENHANCE BACTERIAL KILLING IN A MOUSE 

MODEL OF PNEUMONIA 

 

Portions of this chapter have been adapted from: 

(a): Wijers CDM, Pham L, Skaar EP, Palmer LD, and Noto MJ. Gram-negative bacteria act as a 
reservoir for aminoglycoside antibiotics that synergize with host factors to enhance bacterial killing in a 
mouse model of pneumonia. At the time of writing, this manuscript is undergoing peer review and being 
considered for publication. 
 

2.1 Introduction 

Aminoglycosides (AGs) comprise a class of antibiotics that inhibit peptide synthesis by binding 

to the 30S ribosomal subunit resulting in bacterial cell death (27). Despite an overall decline in AG use 

– in part because of side effects such as nephrotoxicity and ototoxicity (27, 32, 33) – optimized dosing 

strategies and the emergence of MDR pathogens have ensured continued clinical utility of AGs in 

certain settings (200-202). AGs are frequently used to treat bacterial lung infections in patients with CF 

(35). P. aeruginosa is a common cause of CF pulmonary infections, and nebulized tobramycin results 

in increased pulmonary function, decreased bacterial density, and decreased risk of hospitalization (36-

38). Treatment with inhaled tobramycin leads to improvements in pulmonary function even when P. 

aeruginosa isolates have increased minimum inhibitory concentration (MIC) values for tobramycin (≥ 8 

mg/L), and may therefore be resistant to treatment (37). The use of inhaled AGs is also suggested for 

the treatment of ventilator-associated pneumonia (VAP) and hospital acquired pneumonia (HAP) (6, 

34). In adults with bacteremia, however, AGs are rarely used as monotherapy, and the addition of an 

AG to treatment with a beta-lactam increases the risk of adverse events without reducing the risk of 

mortality (203, 204). These findings raise the possibility that AGs may be more effective in the lung. 

 Previous work describes that exposure of the human pathogen Acinetobacter baumannii to an 

AG antibiotic in vitro causes alterations to the bacterium that interact with host factors to achieve broad-
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spectrum suppression of pneumonia caused by multiple bacterial pathogens (205). These findings led 

to the hypothesis that Gram-negative bacteria bind and retain AG antibiotics, which are released in the 

lung and interact with antibacterial host defenses to enhance bacterial killing. The current work was 

undertaken to address this hypothesis, as bacterial AG-binding may have implications for the treatment 

of bacterial lung infections with AG antibiotics. 

 

2.2 Materials and methods 

Ethics 

All animal experiments were approved by the Vanderbilt University Medical Center (VUMC) 

Institutional Care and Use Committee and conform to policies and guidelines established by VUMC, 

the Animal Welfare Act, the National Institutes of Health, and the American Veterinary Medical 

Association. 

 

Bacterial strains and culture conditions 

Bacterial strains and plasmids used in this Chapter are listed in table 1. Unless noted otherwise, 

bacteria were grown to exponential phase (3.5 hours) at 37°C in Lysogeny Broth (LB), and the 

concentrations of antibiotics used were 40 µg/mL for kanamycin and 50 µg/mL for gentamicin. 

Exponential-phase bacteria were pelleted by centrifugation at 4,200 × g for 6 minutes and washed twice 

with equal volumes of ice-cold phosphate-buffered saline (PBS) to remove unbound antibiotics. 

Bacteria were then resuspended and further diluted in PBS as required for each experiment. Where 

appropriate, bacterial cultures were chemically killed prior to washing with PBS by adding an equal 

volume of an ice-cold ethanol/acetone mixture (1:1) and incubating cultures on ice for 10 minutes. 

Bacteria were then pelleted by centrifugation as above, resuspended in the same volume of fresh 

ethanol/acetone, and incubated on ice for 10 minutes. Killed bacteria were then washed with and diluted 

in PBS as described above.
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Table 1. Bacterial strains and plasmids used in this Chapter 

Strain/plasmid Description Source 
Mechanism 

of AG 
resistance 

Kanamycin 
MIC (mg/L) 

Gentamicin 
MIC (mg/L) Reference 

A. baumannii 17978 VU 

A. baumannii ATCC 
17978 used as wild type 

(WT) in experiments; 
KmS, GmS 

Noto laboratory, 
Vanderbilt 
University  

(Nashville, TN) 

N/A 0.9 0.38 (205) 

(206) 

A. baumannii 
17978/pMU368 

WT Ab 17978 
transformed with pMU368 

plasmid conferring 
kanamycin resistance 

 

aphA-3 (AG 
3’-phospho-
transferase) 

104.0 0.38 (205) 

(205) 

P. aeruginosa/pME260 

P. aeruginosa PAO1 
transformed with pME260 

plasmid conferring 
kanamycin resistance 

 

aph(3’)-Ia (AG 
3’-phospho-
transferase) 

>256 0.54 
This 

Chapter 

K. pneumoniae/pCR2.1 

K. pneumoniae ATCC 
43816 transformed with 

pCR2.1 plasmid 
conferring kanamycin 

resistance 

 

aphA-3 (AG 
3’-phospho-
transferase) 

131.5 0.62 

This 
Chapter 

Tn5A7 

Ab 17978 UN with Tn5 
inserted into putative 
glycosyltransferase 

(lpsB); KmR 

 

aphA-3 (AG 
3’-phospho-
transferase) 

128 (205) 1.5 (205) 

(207) 

A. baumannii 17978 
Δhcp::gm 

Ab 17978 with 
hcp replaced by 

gentamicin resistance 
cassette; GmR 

Dr. M. Feldman 

 aacC1 (Gm 3-
N-acetyl-

transferase) 

3.0 (205) >256 (205) 

(208) 

E. coli DH5⍺ Standard laboratory 
strain; KmS, GmS 

Noto laboratory, 
Vanderbilt 
University 

(Nashville, TN) 

N/A 1.25 1.25 
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E. coli DH5⍺/pCR2.1 

Standard laboratory 
strain transformed with 

pCR2.1 plasmid 
conferring kanamycin 

resistance 

Noto laboratory, 
Vanderbilt 
University 

(Nashville, TN) 

aphA-3 (AG 
3’-phospho-
transferase) 

>256 0.83 

 

P. aeruginosa PAO1 Wound isolate; KmS, GmS 
Dr. Andrea 
Battistoni 

(Rome, Italy) 

N/A 10 (209) 0.46 

(210) 

K. pneumonia ATCC 
43816 

Serotype 2 strain; KmS, 
GmS 

Dr. R. Stokes 
Peebles 

(Nashville, TN) 

N/A N.D. 1.5 

(211) 

S. aureus USA300 LAC Community-associated 
outbreak strain 

Dr. Eric Skaar 
(Nashville, TN) 

N/A N.D. 1.5 

(212) 

pCR2.1 Cloning vector conferring 
kanamycin resistance  

aphA-3 (AG 
3’-phospho-
transferase) 

N/A N/A 

(213) 

pME260 
P. aeruginosa general 

cloning vector conferring 
kanamycin resistance 

ATCC 

aph(3’)-Ia (AG 
3’-phospho-
transferase) 

N/A N/A 

(214) 

pMU368 
A. baumannii cloning 

vector conferring 
kanamycin resistance 

 

aphA-3 (AG 
3’-phospho-
transferase) 

N/A N/A 

(215) 
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Murine infection models 

Wildtype, female, eight-week-old C57BL/6 mice were purchased from Jackson Laboratories. 

The murine model of A. baumannii pneumonia was performed as previously described (216). For co-

inoculation experiments involving killed, kanamycin-susceptible (KmS) bacteria incubated with 

kanamycin ± carbonyl cyanide m-chlorophenylhydrazone (CCCP) or MgSO4, cultures were grown until 

exponential phase after which kanamycin ± CCCP or MgSO4 were added. Cultures were then incubated 

for an additional 3.5 hours, followed by killing with ethanol/acetone and washing with PBS as described 

above. 

Mice were infected intranasally with 3×108 cfu of A. baumannii ATCC 17978VU suspended in 

30 µL of PBS. A. baumannii ATCC 17978UN derivative, Tn5A7 (∆lpsB::Tn5), reliably induces enhanced 

killing of co-infecting bacteria in the lung after AG exposure independent of disruption of lpsB (205). 

Therefore, Tn5A7 was used as the kanamycin-resistant (KmR) strain for these experiments. For co-

inoculation experiments, bacterial slurries (1×1010 cfu/mL) were mixed in a 1:1 ratio prior to intranasal 

challenge. As such, the total bacterial load in each challenge inoculum (3×108 cfu) remained consistent. 

In one experiment, mice received a second intranasal inoculum of gentamicin in PBS or PBS alone 

immediately following intranasal infection. At 36 hours post infection (h.p.i.), mice were euthanized and 

lungs were harvested and homogenized for bacterial enumeration. 

 

Measurement of AG concentrations in bacterial cultures and mouse lungs 

 To quantify AG concentrations, bacteria were exposed to media supplemented with kanamycin 

or gentamicin for 3.5 hours, killed, and washed as described above. Mouse lung homogenates were 

centrifuged and supernatants were collected. Gentamicin and kanamycin were quantified using a 

competitive enzyme-linked immunoassay (ELISA) (Cell Biolabs, San Diego, CA) using the 

manufacturer’s protocol. Additionally, kanamycin and gentamicin were quantified using liquid 

chromatography coupled with mass spectrometry (LC-MS) as follows. Samples were derivatized with 

benzoyl chloride and analyzed on a Thermo LTQ Orbitrap XL mass spectrometer by reverse phase on 
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an Agilent Poroshell 120 EC-C18 2.7 μM 3.0x50mm column.  The gradient started at 50% A (15 mM 

ammonium acetate + 0.2% acetic acid in 95% water and 5% methanol) and reached 100% B (15 mM 

ammonium acetate + 0.2% acetic acid in 45% methanol, 45% acetonitrile, and 10% water) in 8 minutes 

and held for 2.5 minutes before returning to the starting conditions and re-equilibrated for 4.5 minutes.  

 

In vitro co-incubation experiments 

 Exponential-phase cultures of A. baumannii exposed to media alone (LB) or media 

supplemented with kanamycin were prepared and killed as described above. For in vitro co-incubation 

with A. baumannii or P. aeruginosa, bacterial slurries (1×1010 cfu/mL) were mixed in a 1:1 ratio. Where 

appropriate, bacterial mixtures were resuspended in PBS supplemented with Triton X-100, deoxycholic 

acid, surfactant protein B (SP-B), SP-D, or SP-B and SP-D at the indicated concentrations. 

Alternatively, an equal volume of porcine surfactant (Curosurf, VUMC investigational pharmacy) was 

added to the bacterial suspensions for a final concentration of 50% pulmonary surfactant. Samples 

were incubated at 37°C with constant agitation and A. baumannii viability was monitored over time. 

 

Measurement of kanamycin and gentamicin MICs 

Minimum inhibitory concentrations of kanamycin and gentamicin were determined by spreading 

150 μL of a stationary-phase culture of the indicated strain on an LBA plate followed by the placement 

of an MIC test strip (Liofilchem s.r.l.) on the agar surface. Plates were then incubated at 37° C for 16 

hours. Following incubation, MICs were determined by the intersection of the zone of growth inhibition 

with the test strip. 

 

Quantification and statistical analysis 

Statistical analyses were performed using GraphPad Prism version 7. Mean comparisons were 

performed using unpaired Welch’s t-test or one-way ANOVA adjusted for multiple comparisons as 
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appropriate. P values less than 0.05 were considered statistically significant. Statistical details of 

experiments can be found in the figure legends. 

 

2.3 Results 

Gram-negative bacteria bind and retain AG antibiotics, which can collaborate with host factors in the 

lung to enhance bacterial killing. 

To test the hypothesis that Gram-negative bacteria bind kanamycin during in vitro exposure and 

retain it despite multiple washes, A. baumannii, K. pneumoniae, P. aeruginosa, and E. coli were 

exposed to medium with or without kanamycin for 3.5 hours and the concentration of kanamycin in cell 

pellets of chemically killed bacteria was determined using a competitive ELISA. For each species, a 

kanamycin-resistant and a kanamycin-susceptible strain was used. The concentration of kanamycin 

detected in cell pellets of killed, kanamycin-resistant bacteria ranged from approximately 27 (K. 

pneumoniae) to 60 μM (A. baumannii) (16 – 35 μg/mL) (Fig. 1A). In cell pellets of killed, kanamycin-

susceptible bacteria, detected kanamycin concentrations ranged from approximately 16 (K. 

pneumoniae) to 43 μM (P. aeruginosa) (9 – 25 μg/mL). No kanamycin was detected in cell pellets of 

the Gram-positive bacterium Staphylococcus aureus (Fig. 1B). Similar data were obtained using LC-

MS, although low concentrations of kanamycin were detected in cell pellets of S. aureus using this 

more sensitive method (Fig. 1C). These data indicate that Gram-negative bacteria bind AGs during in 

vitro exposure and retain them despite multiple washes. Further, as both kanamycin-resistant and 

kanamycin-susceptible bacteria are equally capable of binding and retaining AGs, these data indicate 

that the presence of an AG 3'-phosphotransferase kanamycin-resistance determinant is not required 

for this phenotype.  

To determine if AGs bound to Gram-negative bacteria affect the viability of AG-naïve bacteria, 

unexposed A. baumannii was mixed with kanamycin-exposed and killed A. baumannii or P. aeruginosa 

in vitro. Co-incubation with kanamycin-exposed A. baumannii or P. aeruginosa did not impact the 

survival of AG-naïve A. baumannii in the mixed suspension (Fig. 1D), which is consistent with previous 
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observations (205). To determine if AGs bound to Gram-negative bacteria affect the viability of AG-

naïve bacteria during the course of pneumonic infection, mice were inoculated with kanamycin-exposed 

and killed P. aeruginosa, K. pneumoniae, or E. coli at the time of infection with live, AG-naïve A. 

baumannii. Inoculation with kanamycin-exposed bacteria resulted in a 4-log10 decrease in A. baumannii 

burdens in the lungs of infected mice, whereas inoculation with kanamycin-unexposed bacteria did not 

(Fig. 1E). These findings demonstrate that the reservoir of AG bound to bacteria is insufficient to affect 

killing of AG-naïve bacteria in vitro, but that AG bound to bacteria is sufficient to affect killing of AG-

naïve bacteria in the murine lung. Therefore, these findings suggest that AGs bound to Gram-negative 

bacteria collaborate with host factors in the lung to kill AG-naïve bacteria. 
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Figure 1. Gram-negative bacteria bind and retain AG antibiotics, which can collaborate with host 
factors in the lung to enhance bacterial killing. (a): A. baumannii/pMU368, E. coli/pCR2.1, P. 
aeruginosa/pME260, and K. pneumoniae/pCR2.1 (all KmR) were grown in media alone (LB) or media 
supplemented with kanamycin until mid-exponential phase. (b): Mid-exponential-phase cultures of A. 
baumannii, E. coli, P. aeruginosa, K. pneumoniae, and S. aureus (all KmS) were exposed to media 
alone (LB) or media supplemented with kanamycin. (a and b): After exposure, bacterial cultures were 
chemically killed, washed, and kanamycin in bacterial pellets was quantified using a competitive ELISA. 
(c): A. baumannii/pMU368, A. baumannii, E. coli/pCR2.1, E. coli, and S. aureus were grown in or 
exposed to media alone (LB) or media supplemented with kanamycin as above. Kanamycin in cell 
pellets of chemically killed bacteria was quantified using LC-MS. (d): Mid-exponential-phase A. 
baumannii grown in media without antibiotics (LB) was co-incubated with chemically killed A. 
baumannii, A. baumannii/pMU368, or P. aeruginosa/pME260 exposed to media alone (LB) or media 
supplemented with kanamycin as indicated. A. baumannii viability was monitored over time. (e): Mice 
were infected with mid-exponential-phase A. baumannii grown in media without antibiotics (LB) and co-
inoculated with chemically killed A. baumannii/pMU368, P. aeruginosa/pME260, K. 
pneumoniae/pCR2.1, or E. coli/pCR2.1 exposed to media alone (LB) or media supplemented with 
kanamycin as indicated. At 36 h.p.i., mice were euthanized and bacterial burdens of the lungs were 
enumerated. (a-c): N=3 biological replicates per group, per experiment. Columns depict the mean and 
error bars show standard deviation (a and b) or standard error (c) of the mean. (d): N=3 biological 
replicates per group, per experiment. Symbols depict the mean and error bars show standard deviation 
of the mean. (e): Circles represent individual animals, columns depict the mean, and error bars show 
standard deviation of the mean. Means were compared using a one-way ANOVA adjusted for multiple 
comparisons. ****: p<0.0001; ns: not significant. Ab: Acinetobacter baumannii; Ec: Escherichia coli; Pa: 
Pseudomonas aeruginosa; Kp: Klebsiella pneumoniae; Sa: Staphylococcus aureus; Km: kanamycin. 
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Co-inoculation of mice with AG-bound bacteria is as effective as treatment of mice with inhaled AGs. 

 To test the hypothesis that Gram-negative bacteria bind and retain AGs other than kanamycin 

following in vitro exposure, Gram-negative bacteria were exposed to gentamicin, and gentamicin 

concentrations in bacterial cell pellets were quantified using two distinct but complementary methods. 

Detected gentamicin concentrations ranged from approximately 137 to 403 μM (70 – 208 μg/mL) using 

a competitive ELISA (Fig. 2A). Similar data were obtained using LC-MS (Fig. 2B). These data suggest 

that the binding and retention of AG antibiotics by Gram-negative bacteria is generalizable across 

multiple kinds of AGs, including kanamycin and gentamicin. However, it was previously demonstrated 

that this phenotype is specific to this class of antibiotics (205). 

To test the hypothesis that intranasal challenge with AG-bound bacteria mimics inhalation 

treatment with AG solution, mice were infected with live, AG-naïve A. baumannii and co-inoculated with 

killed, gentamicin-resistant (GmR) A. baumannii exposed to media with or without gentamicin. 

Immediately after infection, mice were dosed intranasally with gentamicin solution or vehicle (PBS). 

Mice co-inoculated with gentamicin-bound A. baumannii and mice treated with gentamicin solution both 

exhibited significant reductions in the burden of AG-naïve A. baumannii over time. At 0, 4, and 8 h.p.i., 

A. baumannii burdens of mice co-inoculated with gentamicin-bound A. baumannii were significantly 

lower than those of mice treated with gentamicin solution (Fig. 2C). To test the hypothesis that AGs 

can be released from AG-bound bacteria inside the mouse lung, the concentration of gentamicin in lung 

homogenates of infected mice was measured. Gentamicin was detected in lung homogenates of 

infected mice treated with gentamicin solution, and in lung homogenates of infected mice co-inoculated 

with gentamicin-bound A. baumannii (Fig. 2D). At 0, 4, 8, and 12 h.p.i., the gentamicin concentration 

was significantly greater in lung homogenates of infected mice treated with gentamicin solution, despite 

less bacterial killing in this group (Fig. 2C and D). These data indicate that co-inoculation with AG-

bound bacteria introduces AG antibiotics into the lung and achieves bacterial killing that is at least as 

potent as inhalation treatment with AG solution. 
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Figure 2. Co-inoculation of mice with AG-bound bacteria is as effective as treatment of mice 
with inhaled AGs. (a): A. baumannii ∆hcp::gm (GmR), was grown in media alone (LB) or media 
supplemented with gentamicin until mid-exponential phase. Mid-exponential-phase cultures of K. 
pneumoniae, P. aeruginosa, and E. coli (all GmS) were exposed to media alone (LB) or media 
supplemented with gentamicin. After exposure, bacterial cultures were chemically killed and gentamicin 
in bacterial pellets was quantified using a competitive ELISA. (b): A. baumannii ∆hcp::gm (GmR) was 
grown in and S. aureus (GmS) was exposed to media alone (LB) or media supplemented with 
gentamicin as above. Gentamicin in cell pellets of chemically killed bacteria was quantified using LC-
MS. (c): Mice were infected with mid-exponential-phase, WT A. baumannii exposed to media without 
antibiotics (LB) and co-inoculated with A. baumannii Δhcp::gm (GmR) exposed to LB ± gentamicin as 
indicated. Immediately after, mice received a second intranasal inoculum of either PBS with gentamicin 
(64 μg/mL) or PBS alone as indicated. At the indicated times post-infection, mice were euthanized, 
lungs were harvested, and bacterial burdens were enumerated. (d): concentration of gentamicin 
detected in lung homogenates of infected mice using a competitive ELISA. (a and b): N=3-4 biological 
replicates per group, per experiment. Columns depict the mean and error bars show standard deviation 
of the mean. (c): symbols represent individual animals, center bars depict the mean, and error bars 
show standard deviation of the mean. (d): Columns depict the mean and error bars show standard 
deviation of the mean. (c and d): For each time point, means were compared to all other means using 
a one-way ANOVA adjusted for multiple comparisons. *: p<0.05; **: p<0.01; ***: p<0.001; ****: 
p<0.0001; ns: not significant. Ab: Acinetobacter baumannii; Kp: Klebsiella pneumoniae; Pa: 
Pseudomonas aeruginosa; Ec: Escherichia coli; Sa: Staphylococcus aureus; Gm: gentamicin; h.p.i.: 
hours post-infection. 
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The Gram-negative outer membrane serves as a reservoir for AG antibiotics. 

Gram-negative bacteria bind and retain AG antibiotics during in vitro exposure, which can be 

released inside the murine lung to affect killing of co-infecting bacteria with similar efficacy to mice 

treated with AG inhalation (Fig. 2). The Gram-negative outer membrane (OM) has a net negative 

charge due to anionic residues on the polar heads of phospholipids, lipopolysaccharide (LPS), and 

lipooligosaccharide (LOS). These anionic residues are the initial binding sites of polycationic AGs (27, 

217-219), and binding can be reduced through the addition of Mg2+ (220, 221). AG internalization into 

the bacterial cytosol is facilitated by the proton motive force (PMF), which can be dissipated by the 

uncoupler CCCP, thereby reducing AG uptake into the cytosol (27, 74, 221-223). To determine the 

subcellular location of the Gram-negative AG reservoir, gentamicin-susceptible (GmS) E. coli or A. 

baumannii was incubated with gentamicin and CCCP or MgSO4. The inhibition of gentamicin 

internalization or binding to the OM would be expected to reduce bacterial killing by gentamicin. 

Congruently, addition of either CCCP or MgSO4 significantly reduced killing of E. coli and A. baumannii 

by gentamicin (Fig. 3A and 4A). Relative to incubation with gentamicin alone, the addition of CCCP did 

not significantly alter the concentration of gentamicin detected in E. coli cell pellets, whereas addition 

of MgSO4 decreased the detected concentration of gentamicin by approximately one third (Fig. 3B). 

This suggests that the OM, but not the cytosol, is the predominant bacterial AG reservoir during in vitro 

exposure.  

As MgSO4 decreases AG binding by Gram-negative bacteria, it was hypothesized that treatment 

with MgSO4 would reduce the amount of AG introduced into the lung through the inoculation of AG-

bound bacteria. To test this, KmS E. coli was incubated with kanamycin ± CCCP or MgSO4. Kanamycin-

mediated killing in vitro was assessed, and bacteria were chemically killed and inoculated into the lungs 

of mice at the time of infection with live, AG-naïve A. baumannii. Consistent with data described above, 

treatment with either CCCP or MgSO4 significantly reduced in vitro killing of E. coli by kanamycin (Fig. 

3C). Further, mice co-inoculated with E. coli incubated with kanamycin and MgSO4 had an approximate 

3-log10 increase in bacteria recovered from the lung in comparison to mice co-inoculated with E. coli 
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incubated with kanamycin alone. Mice co-inoculated with E. coli incubated with kanamycin and CCCP 

had bacterial lung burdens similar to those of mice co-inoculated with E. coli incubated with kanamycin 

alone (Fig. 3D). These data indicate that AG binding to the OM, but not internalization to the cytosol, 

is required to induce AG-mediated killing of AG-naïve, co-infecting bacteria in the mouse lung. 

The ability of MgSO4 treatment to inhibit bacterial killing in vivo raised the hypothesis that the 

quantity of AG bound by Gram-negative bacteria is an important determinant of AG-naïve bacterial 

killing inside the murine lung. To test this, KmR and KmS A. baumannii were exposed to 0, 10, or 40 

μg/mL of kanamycin, killed, and inoculated into the mouse lung at the time of challenge with live, AG-

naive A. baumannii. Co-inoculation with kanamycin-bound A. baumannii enhanced bacterial killing of 

co-infecting A. baumannii in the lung in a dose-dependent manner. Further, KmR and KmS A. baumannii 

were equally effective at increasing AG-mediated killing of AG-naïve A. baumannii (Fig. 3E). These 

findings suggest that the quantity of AG bound by the OM in vitro determines the degree of AG-naïve 

bacterial killing in the mouse lung. Additionally, these data indicate that kanamycin modification in the 

cytosol by the AG 3'-phosphotransferase kanamycin resistance determinant does not impair bacterial 

killing mediated by the OM AG reservoir. 
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Figure 3. The Gram-negative outer membrane serves as a reservoir for AG antibiotics. (a and b): 
E. coli (GmS) was grown until mid-exponential phase in media alone (LB) and subsequently exposed 
to PBS or gentamicin ± CCCP or MgSO4 for an additional 3.5 hours, after which all bacteria were 
chemically killed. Viable bacteria were enumerated immediately prior to and after exposure to 
gentamicin (a) and gentamicin in cell pellets of chemically killed bacteria was quantified using a 
competitive ELISA (b). (c and d): Mice were infected with mid-exponential phase A. baumannii grown 
in media alone (LB) and co-inoculated with chemically killed E. coli (KmS) exposed to kanamycin ± 
CCCP or MgSO4 as indicated. Viable E. coli were enumerated immediately prior to and after exposure 
to kanamycin (c). Mice were euthanized at 36 h.p.i. and A. baumannii burdens of the lungs were 
determined (d). (e): Mice were infected with mid-exponential phase, WT A. baumannii grown in media 
alone (LB) and co-inoculated with chemically killed A. baumannii Tn5A7 (KmR) or WT A. baumannii 
(KmS) exposed to kanamycin as indicated. Mice were euthanized at 36 h.p.i. and bacterial burdens of 
the lungs were determined. (a and c): N=4 (a) or N=5 replicates (c) per group, per experiment. Symbols 
depict the mean and error bars show standard deviation of the mean. Means were compared to the 
mean bacterial viability of the untreated group (PBS) (a) or to the group treated with kanamycin alone 
(Km) (c) using a one-way ANOVA adjusted for multiple comparisons. (b): N=3-4 biological replicates 
per group, per experiment. Columns depict the mean and error bars show standard deviation of the 
mean. Means were compared to all other means using a one-way ANOVA adjusted for multiple 
comparisons. (d and e): Circles represent individual animals, columns depict the mean, and error bars 
show standard deviation of the mean. Means were compared to all other means (d) or to the mean of 
the first column (e) using a one-way ANOVA adjusted for multiple comparisons. *: p<0.05; **: p<0.01; 
***: p<0.001; ****: p<0.0001; ns: not significant. Km: kanamycin; Gm: gentamicin. 
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Figure 4. In vitro co-incubation with kanamycin-bound bacteria and biologic detergents 
potentiates AG-mediated killing of AG-naïve A. baumannii. (a): Mid-exponential phase A. 
baumannii was incubated with PBS, CCCP, and/or kanamycin as indicated for 3.5 hours and bacterial 
viability was monitored over time (b): Mid-exponential phase A. baumannii exposed to media alone (LB) 
was co-incubated with killed, WT A. baumannii exposed to media alone (LB) or killed, kanamycin-bound 
A. baumannii Tn5A7 (KmR) as indicated and deoxycholic acid. Bacterial viability was measured over 
time. (c): Mid-exponential phase WT A. baumannii, grown in media alone (LB), was co-incubated with 
killed, kanamycin-bound A. baumannii Tn5A7 (KmR) or varying concentrations of kanamycin as 
indicated. Bacterial mixtures were resuspended in PBS supplemented with Triton X-100, and bacterial 
viability was monitored over time. (a-c): N=3 biological replicates per group, per experiment. Graphs 
depict representative data from two independent experiments. Symbols depict the mean and error bars 
show standard deviation of the mean. For each time point, means were compared using a Welch’s t-
test (b) or one-way ANOVA adjusted for multiple comparisons (a and c). **: p<0.01; ***: p<0.001; ****: 
p<0.0001. Km: kanamycin. 
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AG-bound bacteria interact with pulmonary surfactant to affect AG-mediated killing of co-infecting 

bacteria. 

 AG molecules are released from AG-bound bacteria to increase killing of co-infecting bacteria 

inside the mouse lung with similar efficacy to inhalation treatment with AG solution (Fig. 2). However, 

AG-bound bacteria do not alter the viability of AG-naïve bacteria in vitro or in a mouse model of systemic 

infection (Fig. 1D and ref. 205). These findings suggest that AG-bound bacteria collaborate with host 

factors inside the mouse lung to affect bacterial killing. Pulmonary surfactant is abundant in the fluid 

lining the distal airways and alveolar spaces, and is encountered by bacteria upon pneumonic infection 

in mice (123, 124). To test the hypothesis that pulmonary surfactant combined with AG-bound bacteria 

affects bacterial killing, live, AG-naïve A. baumannii was incubated with killed, kanamycin-bound A. 

baumannii and porcine surfactant, and bacterial survival was assessed. Relative to incubation with A. 

baumannii exposed to media alone (LB), incubation with kanamycin-bound A. baumannii significantly 

decreased survival of AG-naïve A. baumannii in the presence of porcine surfactant (Fig. 5A). This 

suggests that AG-bound bacteria interact with pulmonary surfactant to increase killing of co-infecting 

bacteria inside the mouse lung. 

To identify the component(s) of pulmonary surfactant that interact with AG-bound bacteria to 

affect bacterial killing, the antibacterial effects of individual components of pulmonary surfactant 

combined with AG-bound bacteria were determined. Pulmonary surfactant contains several proteins 

with antibacterial properties, such as SP-B and SP-D (72, 73). In the presence of 5 μg/mL SP-B and/or 

25 μg/mL SP-D (72), co-incubation with killed, kanamycin-bound A. baumannii resulted in a small 

decrease in viable, AG-naïve A. baumannii after 24 hours (Fig. 5B–D). Pulmonary surfactant is 

composed of 90% lipids and acts as a molecular detergent (71). To test the hypothesis that detergent 

components of pulmonary surfactant combine with AG-bound bacteria to potentiate bacterial killing, 

live, AG-naïve A. baumannii was incubated with killed, kanamycin-bound A. baumannii and the nonionic 

detergent Triton X-100. Relative to co-incubation with killed, unexposed A. baumannii, co-incubation 

with kanamycin-bound A. baumannii significantly decreased the survival of AG-naïve A. baumannii over 
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time (Fig. 5E). Similar results were obtained with deoxycholic acid, an antimicrobial, detergent-like bile 

acid (Fig. 4B) (224). When combined with Triton X-100, AG-naïve A. baumannii killing increased with 

increasing concentrations of kanamycin, and co-incubation with kanamycin-bound A. baumannii was 

more potent than the highest concentration of kanamycin tested (Fig. 5F and 4C). These findings 

demonstrate that the enhanced bacterial killing mediated by AG-bound bacteria is facilitated 

predominately by detergents – and to a lesser extent by proteins – of host-derived pulmonary 

surfactant.  Collectively, these data suggest that collaboration between AG-bound bacteria and 

pulmonary surfactant enhances bacterial killing in the murine lung. 
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Figure 5. AG-bound bacteria interact with pulmonary surfactant to affect AG-mediated killing of 
co-infecting bacteria in the mouse lung. (a): Mid-exponential-phase WT A. baumannii exposed to 
media alone (LB) was co-incubated with killed, WT A. baumannii grown in media alone (LB) or killed, 
kanamycin-bound A. baumannii Tn5A7 (KmR) as indicated. Bacterial mixtures were resuspended in 
PBS supplemented with 50% (v/v) porcine surfactant. Bacterial survival was measured 1.5 hours after 
incubation. (b-d): Mid-exponential-phase WT A. baumannii exposed to media alone (LB) was co-
incubated with killed, WT A. baumannii grown in media alone (LB) or killed, kanamycin-bound A. 
baumannii Tn5A7 (KmR) as indicated. Bacterial mixtures were resuspended in PBS supplemented with 
5 μg/mL SP-B (b), 25 μg/mL SP-D (c), 5 μg/mL SP-B and 25 μg/mL SP-D (d), or PBS (no SPs). Bacterial 
survival was measured over time. (e and f): Mid-exponential-phase WT A. baumannii, grown in media 
alone (LB), was incubated with or without killed A. baumannii or varying concentrations of kanamycin 
as indicated. Where indicated, WT A. baumannii was co-incubated with killed, WT A. baumannii grown 
in media alone (LB) or killed, kanamycin-bound A. baumannii Tn5A7 (KmR). Bacterial cultures were 
resuspended in PBS supplemented with 0.1% Triton X-100 and bacterial viability was monitored over 
time. (a-f): N=3-4 biological replicates per group, per experiment. Graphs depict average (a-d) or 
representative (e and f) data from at least two independent experiments. Columns (a) or symbols (b-f) 
depict the mean, and error bars show standard deviation of the mean. Means were compared using a 
Welch’s t-test (a) or a one-way ANOVA adjusted for multiple comparisons, for the 24h time point (b-d) 
or for each time point (e and f). *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001; ns: not significant. 
Km: kanamycin. 
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2.4 Discussion 

The findings presented herein support a model by which the Gram-negative OM binds and 

retains AG molecules, that AGs are released from AG-bound bacteria in the lung, and that these AGs 

increase killing of AG-naïve bacteria (Fig. 6). The finding that AGs are bound and retained by exposed 

bacteria at high levels despite multiple washes was not expected. However, a labeled derivative of the 

AG neomycin binds OMs in a saturable fashion, and these interactions are strong enough to withstand 

multiple washes (225). Therefore, these findings suggest that the electrostatic interactions between 

cationic AGs and negatively charged bacterial OMs are strong enough to withstand multiple washes 

and that the OM may act as a reservoir for cationic small molecules such as AGs. 

The studies described in this chapter expand on the observation that AGs continue to kill bacteria 

after the antibiotic itself is removed – the so-called post-antibiotic effect (226). AGs interact with bacteria 

by binding to anionic sites on Gram-negative cell envelopes such as the polar heads of phospholipids 

and LPS (or LOS) (27, 217-219). Here, several lines of evidence that implicate the OM as the 

predominant Gram-negative reservoir for AG molecules are presented. The divalent cation Mg2+ 

stabilizes Gram-negative OMs and prevents AG binding (219-221, 227). Addition of Mg2+ during AG 

exposure decreases the concentration of AG detected in bacterial cell pellets and inhibits the killing of 

co-infecting bacteria upon subsequent pneumonic infection of mice. However, addition of the uncoupler 

agent CCCP, which dissipates the PMF and prevents AG entry into the bacterial cytosol (221-223), 

does not. Further, both AG-resistant and AG-susceptible bacteria bind and retain AGs following 

exposure (Fig. 1A and B; Fig. 2A), and are equally capable of enhancing bacterial killing inside the 

mouse lung after AG-exposure (Fig. 3D and E). In the AG-resistant strains used in the present Chapter, 

resistance is imparted by AG modifying enzymes (Table 1). AGs modified by bacterial enzymes have 

decreased binding affinity for bacterial ribosomes (228), making the cytosol an unlikely AG reservoir. 

Although these findings are most consistent with the OM being the major reservoir for AG antibiotics, 

bacterial uptake of AGs can occur in the absence of the PMF (229). Therefore, some contribution of 

the bacterial cytosol to AG binding and retention cannot be completely excluded. Finally, in contrast to 
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Gram-negative bacteria, AG binding and retention by the Gram-positive pathogen S. aureus differed 

based on the specific AG antibiotic tested, as S. aureus bound gentamicin to a greater extent than 

kanamycin following in vitro exposure. The subcellular location of the Gram-positive AG reservoir 

remains to be identified. 

 This Chapter provides evidence that killing of co-infecting bacteria inside the mouse lung 

mediated by AG-bound bacteria may be facilitated by pulmonary surfactant. It is plausible that 

pulmonary surfactant permeabilizes the cell envelopes of AG-naïve bacteria, promoting entry of AGs 

introduced into the mouse lung by AG-bound bacteria. This notion is consistent with previous reports 

demonstrating that molecular detergents, SP-A, and SP-D increase bacterial membrane permeability, 

and that detergents increase bacterial susceptibility to AG antibiotics (72, 74). A more thorough 

understanding of the molecular interactions between these two factors may help explain why AG-

mediated killing of co-infecting bacteria inside the mouse lung appears to be more effective when mice 

are co-inoculated with AG-bound bacteria as opposed to AGs in solution, even though pulmonary AG 

concentrations are higher in the latter group (Fig. 2). As this finding suggests that the greatest efficiency 

of bacterial killing inside the murine lung is achieved when AGs are bound to bacteria, a possible 

contribution of unidentified bacterial factors cannot be excluded. Similarly, a potential role for additional 

host-derived factors cannot be excluded. 

This work may help explain why AGs are more often used to treat bacterial lung infections 

relative to bacterial infections of other organ systems. Inhaled AGs (with or without the addition of 

systemic antibiotics) are suggested for the treatment of VAP or HAP (6, 34). By contrast, in patients 

with urinary tract infections, AGs are equally as effective as beta-lactams or quinolones in achieving 

clinical improvement, but are associated with higher rates of bacteriological failure at the end of 

treatment (230). In patients with bacteremia, use of an AG instead of or in addition to a beta-lactam 

does not improve cure rates or reduce the risk of mortality, but does increase the risk of adverse events 

such as nephrotoxicity (204, 230-232). These data are consistent with previous work demonstrating 

that co-inoculation with AG-bound bacteria does not increase killing of co-infecting bacteria in a mouse 
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model of systemic infection (205). In patients with CF, treatment with inhaled AGs for bacterial lung 

infections has clinical benefits even if infecting isolates exhibit elevated MICs suggestive of in vitro 

resistance (≥ 8 mg/L) (37). Patients with CF are often colonized by a multitude of bacterial species with 

varying antibiotic resistance profiles, resulting in polymicrobial infections of the respiratory system (233-

237). This Chapter raises the hypothesis that AG-resistant strains within the CF lung may bind and 

retain bioactive AG molecules during treatment with inhaled AGs, which could then kill susceptible, co-

infecting organisms. This is consistent with the prior observation that co-inoculation with kanamycin-

bound bacteria may increase bacterial killing even if the co-infecting strain has an elevated kanamycin 

MIC (> 40 mg/L) (205). 

Limitations of the studies described in this Chapter include a lack of definitive evidence 

confirming the role for pulmonary surfactant interactions with AGs in facilitating bacterial killing in the 

lungs of mice. However, as mice deficient in pulmonary surfactant phospholipid synthesis exhibit 

respiratory distress and perinatal mortality, the impact of the loss of pulmonary surfactant during 

bacterial pneumonia cannot be ascertained using this model system (238). Similarly, AG binding and 

retention by bacterial OMs was not visualized directly. However, a recent study demonstrated that a 

fluorescent derivative of neomycin interacts with bacterial OMs (225). 

Overall, this Chapter provides mechanistic insights into the antibacterial activity of AGs in the 

lung by demonstrating that: (i) Gram-negative pathogens act as a reservoir for AG antibiotics; (ii) AG-

bound bacteria synergize with pulmonary surfactants in the lung to achieve AG-mediated enhanced 

bacterial killing; and (iii) AGs released from the Gram-negative bacterial reservoir may be more potent 

than AGs administered directly to the lung. These mechanisms may explain, in part, clinical 

observations of AG efficacy in the lung despite the organism’s in vitro resistance to AG antibiotics. 
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Figure 6. Working model of increased killing of co-infecting bacteria inside the murine lung mediated by AG-bound bacteria. 
Prior to intranasal challenge of mice, bacteria are grown in media alone (LB) or media supplemented with kanamycin (Km), washed, and 
diluted in PBS to 1×1010 cfu/mL. For co-infections and co-inoculations, bacterial suspensions (at 1×1010 cfu/mL) are mixed in a 1:1 ratio. 
During AG exposure, Gram-negative bacteria bind bioactive AG molecules to their OM which are retained despite multiple washes. Inside 
the mouse lung, AG-bound bacteria collaborate with pulmonary surfactant to enhance killing of susceptible, co-infecting bacteria. 
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CHAPTER III 

IDENTIFICATION OF TWO VARIANTS OF ACINETOBACTER BAUMANNII STRAIN ATCC 17978 

WITH DISTINCT GENOTYPES THAT DIFFERENTIALLY INTERACT WITH THE HOST IN 

EXPERIMENTAL PNEUMONIA 

 

Portions of this Chapter have been adapted from: 

(a): Wijers CDM, Pham L, Menon S, Boyd KL, Noel HR, Skaar EP, Gaddy JA, Palmer LD, and Noto 
MJ. 2021. Identification of Two Variants of Acinetobacter baumannii Strain ATCC 17978 with Distinct 
Genotypes and Phenotypes. Infect Immun 89(12): e0045421. 
 

3.1 Introduction 

Acinetobacter baumannii is a Gram-negative, opportunistic pathogen that is a common cause of 

infections such as pneumonia, wound infections, and sepsis (144-146). Infections with A. baumannii 

are often severe, and mortality rates associated with A. baumannii pneumonia are as high as 60% (151, 

239). Further complicating infections with A. baumannii is the emergence of multi-drug resistant (MDR) 

isolates. Isolates resistant to aminoglycosides (174, 240, 241), carbapenems (175, 242-244), and the 

last resort antibiotic, colistin (176, 245-248), have emerged as the causative agents of human disease 

over the last few decades. Pan-resistant strains of A. baumannii that are resistant to all clinically 

available antimicrobials are also encountered at an increased frequency (177, 178). Because of this, 

the Centers for Disease Control and prevention have indicated carbapenem-resistant A. baumannii as 

an urgent threat (39). Studies of antibiotic resistant A. baumannii primarily rely on clinical isolates (249, 

250), whereas studies of bacterial pathogenesis and infection biology often rely on type strains. Type 

strains are descendants of the original isolates that exhibit all of the relevant phenotypic and genotypic 

properties cited in the original published taxonomic circumscriptions (170). Strains 17978, 19606, and 

AB5075 are examples of type strains used to study A. baumannii pathogenesis. A. baumannii 17978 

was isolated in 1951 from an infant with meningitis and is susceptible to most antibiotics (171), A. 

baumannii 19606 was isolated in 1948 from the urine of a patient with a urinary tract infection (172), 
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and A. baumannii AB5075 was isolated in 2008 from the tibia of a patient with osteomyelitis (173). 

These type strains have been used to identify A. baumannii genes required for persistence in the lung 

and to study A. baumannii virulence factors (173, 251-257). 

Strains of A. baumannii exhibit genomic plasticity through the incorporation and loss of genetic 

material (144, 258), underscored by genomic analyses of A. baumannii that have revealed an unusually 

large number of “singleton” genes that are unique to a given strain of A. baumannii and do not occur in 

other strains (259). The majority of exogenous genetic material incorporated by A. baumannii 

constitutes antibiotic resistance genes (179-181), selected for in part by the use of antimicrobials in 

healthcare settings (182, 183). This suggests that gene acquisition contributes to the emergence of 

MDR isolates of A. baumannii. Gene loss also contributes to differential patterns of antimicrobial 

resistance among A. baumannii as a partial deletion of Tn1548 in A. baumannii ABUH315100 resulted 

in the deletion of armA amikacin resistance gene (249). A. baumannii genomic plasticity also facilitates 

changes that affect virulence and interactions with its environment, including competing bacteria and 

healthcare settings (179). For instance, disruption of the gtr6 gene by spontaneous transposon insertion 

eliminates a branch point in the capsular carbohydrate structure of the clinical isolate HUMC1 and 

renders it hypervirulent in a mouse model of bacteremia (70). Further, several MDR strains of A. 

baumannii have acquired the plasmid pAB3 and related plasmids, which harbor multiple antibiotic 

resistance genes and encode repressors of the A. baumannii Type 6 Secretion System (T6SS), which 

can be used to directly kill competing bacteria (208, 260). Other clinical isolates of A. baumannii have 

lost genes encoding the T6SS (181, 261). This suggests that subpopulations of A. baumannii that have 

lost T6SS genes or harbor pAB3 have a competitive advantage in environments where antibiotics are 

present, such as healthcare facilities. By contrast, subpopulations of A. baumannii that harbor T6SS 

genes and lack pAB3 are able to actively attack competing bacteria. 

Here, the identification of two variants of A. baumannii ATCC 17978 is described. These variants 

have been used interchangeably in pathogenesis studies but differ by the presence of an accessory 

locus and have unique attributes when interacting with host factors both in vitro and in vivo. The studies 
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described in this Chapter demonstrate how these interactions differentially affect the pathogenesis of 

A. baumannii pneumonia. 

 

3.2 Results 

Two common variants of A. baumannii ATCC 17978 differ by the presence of an accessory genetic 

locus and multiple single nucleotide polymorphisms. 

During investigations into the genetic determinants of A. baumannii pathogenesis using a Tn5 

transposon mutant library of Ab 17978, conserved phenotypes were observed among several Tn 

mutants containing insertions into unrelated genes. In a macrophage model of A. baumannii infection, 

murine bone marrow derived macrophages (BMDMs) produced differential quantities of the pro-

inflammatory cytokine IL-1β upon infection with multiple Tn mutants than when infected with WT A. 

baumannii 17978 (Fig. 7A). In addition, phenotypic profiling of these mutants using scanning electron 

microscopy (SEM) revealed the presence of pili on the surface of multiple Tn mutants but not on the 

WT strain (Fig. 7B and C). As the Tn5 library had been constructed at a different institution, the finding 

of conserved phenotypes among multiple Tn insertion mutants raised concern that the parental Ab 

17978 variant used for library construction differed from the Ab 17978 variant used as a comparator for 

the BMDM infection and SEM experiments. To test this hypothesis, the genome sequences of the 

parental variant used for library construction (Ab 17978 UN), and the variant used as the comparator 

in the BMDM infection and SEM assays (Ab 17978 VU) were determined by PacBio sequencing (262). 

Structural comparison of these genomes revealed several differences, including differences in the size 

of the genomes, as well as different locations of an IS701-like element within each genome (Table 2). 

Notably, the genome of Ab 17978 UN contained a 44 kb locus, encompassing multiple accessory 

genes, that was not present in the genome of Ab 17978 VU (Table 2, Fig. 8A, Table 3). This locus was 

named AbaAL44 (Acinetobacter baumannii accessory locus 44 kb). The accessory genes present 

within AbaAL44 include putative biosynthesis genes, transcriptional regulators, genes associated with 

replication, as well as several putative bacterial pathogenesis genes. AbaAL44 includes smf-1, yadV, 
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htrE, and mrkD, which together are predicted to encode a Type I pilus or fimbriae; a gene predicted to 

encode a catalase (KZA74_09300); and a gene predicted to encode a CL synthase (clsC2) (Fig. 8A, 

Table 3). Additional genetic differences between Ab 17978 UN and Ab 17978 VU, including single 

nucleotide polymorphisms (SNPs), are shown in Table 4. 

The identification of two variants of A. baumannii ATCC 17978 within a laboratory raised the 

possibility that these two variants are present in other research laboratories. AbaAL44 is present in the 

A. baumannii 17978 genome published by the American Type Culture Collection (ATCC) in 2019 

(https://genomes.atcc.org/genomes/e1d18ea4273549a0), but absent in two other A. baumannii 17978 

reference genomes available in NCBI (NZ_CP018664; CP012004, Table 2), indicating that both Ab 

17978 VU and Ab 17978 UN are represented among the published A. baumannii genomes. Frozen 

stocks of A. baumannii ATCC 17978 obtained from ATCC in 2009 and a different stock obtained in 

2021 were streaked for individual colonies, which were screened for the presence of the accessory CL 

synthase gene (clsC2) included in AbaAL44 using PCR.  The accessory clsC2 was present in 4 out of 

6 colonies screened from the 2009 laboratory stock and 35 out of 36 colonies screened from the 2021 

laboratory stock, demonstrating that these culture collection stocks included a mixed population of Ab 

17978 VU and UN (Table 2, Fig. 8B). To provide a high-quality reference genome, we performed 

Nanopore long-read sequencing on A. baumannii 17978 UN isolated from an ATCC stock in 2021 

(NCBI Accession numbers CP079931, CP079932, CP079933, CP079934, Table 2). Illumina 

sequencing of A. baumannii 17978 UN isolates from 2009 and 2021 laboratory stocks found no 

predicted mutations compared to this new 17978 UN reference genome. These data indicate that the 

Ab 17978 UN and Ab 17978 VU variants differ from one another at a genetic level and that at least two 

ATCC-derived laboratory stocks of A. baumannii 17978 include these variants. 
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Figure 7. Conserved phenotypes exist among several Tn mutant strains of A. baumannii. A: 
Murine, bone marrow-derived macrophages were infected with chemically-killed, mid log-phase Ab 
17978 VU or one of the Tn mutant strains made in the Ab 17978 UN background – Tn5A7, Tn2, or Tn7 
– at an MOI of 10. At 18 h.p.i., supernatants were collected from each well, and the concentration of 
IL-1b was quantified via ELISA. B: Representative electron microscopy images of Ab 17978 VU and 
the Tn mutant strains Tn5A7 and Tn20A11. Numerous appendages (pili) are visible on the cell surface 
of both Tn mutant strains, but not on the cell surface of Ab 17978 VU. C: Quantification of the differences 
in cell surface appendages between strains in terms of the number of cells with pili and the average 
number of pili per cell.  A and C: Columns depict the mean, and error bars show standard deviation of 
the mean. All means were compared with the mean of the first column using a one-way ANOVA 
adjusted for multiple comparisons. *: p<0.05; **: p<0.01; ***: p<0.001. 
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Table 2. Two variants of A. baumannii 17978; single nucleotide polymorphisms are shown in 
Table 4 

 Ab 17978 VU Ab 17978 UN 
NCBI Reference 

Genomes 
(chromosome) 

NZ_CP018664 (263); 
CP012004 (260)  

CP079931 (this study) 

UIC lab stock 
composition (ATCC 

2021) 

1/36 colonies 35/36 colonies 

VUMC lab stock 
composition (ATCC 

2009) 

2/6 colonies 4/6 colonies 

No. of bases 4066914 4100908 
No. of genes 3910 3938 

Average Nucleotide 
Identity (%) 

99.99 99.99 

AbaAL44 Absent Present 
IS701-like ISAba11 
family transposase 
upstream of pitA_2 

Absent Present 

ISAba18 
downstream of 
ACX60_00585 

Present Absent 
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B
ATCC 17978 2021UNVUATCC 17978

2009
UNVU

5’ 3’

1,975,241 1,982,505

5’ 3’

1,959,855 1,966,555

KZA74_09305
KZA74_09310

clsC2
KZA74_09320

KZA74_09325 KZA74_09330

5’

1,946,379 1,954,096

3’
KZA74_09250

KZA74_09255
KZA74_09260

smf-1_1
yadV_1 htrE_1 mrkD_1

KZA74_09200*
5’ 3’

1,938,072 1,938,697

3’

1,938,843 1,946,233

5’
KZA74_09205

KZA74_09210
KZA74_09215

KZA74_09220
KZA74_09225

KZA74_09230
KZA74_09235

KZA74_09240
KZA74_09245

3’

1,954,210 1,959,777

5’
KZA74_09285 frmA KZA74_09295 KZA74_09300 (katX)

3’

1,966,572 1,974,687

5’
pqqE pqqD pqqC pqqB pqqA ppk_1 yhcR KZA74_09370

A Accessory Gene Locus

*: KZA74_9200 and antC are only partially in AbaAL44
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Figure 8. PacBio sequencing reveals structural differences between the genomes of Ab 17978 
VU and Ab 17978 UN. The genome sequences of Ab 17978 VU and Ab 17978 UN were determined 
by PacBio and Nanopore sequencing and subsequently compared to the genome of the reference 
strain: A. baumannii ATCC17978-mff (RefSeq NZ_CP012004.1). A: Visual representation of AbaAL44 
encompassing multiple accessory genes present in the genome of Ab 17978 UN based on analysis 
and inspection of new Ab 17978 UN reference genome (NCBI accession CP079931). The relative 
position (in terms of base pair number) within the assembled genome of Ab 17978 UN is indicated 
above each row, and gene names are indicated below each gene. Locus tags refer to CP079931. 
Arrows indicate the relative transcriptional direction of each gene. Genes indicated in red represent 
putative pathogenesis genes. B: Images of agarose gel electrophoresis indicating the differential 
presence of the accessory clsC2 gene within individual colonies of A. baumannii 17978 laboratory 
stocks based on PCR detection of clsC2. The VUMC laboratory stock (left) was obtained from ATCC 
in 2009, and the UIC laboratory stock (right) was obtained from ATCC in 2021. Presence of accessory 
clsC2 indicates that an isolate belongs to Ab 17978 UN variant. 
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Table 3. Annotated genes of the accessory cluster present in Ab 17978 UN 
Gene Locus Tag 

(CP079931) 
Annotation Notes 

3977* KZA74_09200 phage/plasmid replication 
protein 

Identical to 3978, only partially in 
the island 

4059* KZA74_09205 helix-turn-helix transcriptional 
regulator 

Identical to 4060 

3965* KZA74_09210 putative replication initiation 
protein 

Identical to 3966 

390* KZA74_09215 
hypothetical protein 

No putative conserved domains 
have been detected 

491* KZA74_09220 putative Zonular occludens 
toxin (Zot) 

 

191* KZA74_09225 DUF2523 domain-containing 
protein 

 

492* KZA74_09230 

hypothetical protein 

No putative conserved domains 
have been detected. Truncated 
relative to Aba810CP_9780 in A. 
baumannii strain 810CP  

493* KZA74_09235 
uncharacterized protein 

No putative conserved domains 
have been detected 

4011* KZA74_09240 
hypothetical protein 

No putative conserved domains 
have been detected 

3978* KZA74_09245 phage/plasmid replication 
protein 

Identical to 3977 

4060* KZA74_09250 helix-turn-helix transcriptional 
regulator 

Identical to 4059 

3966* KZA74_09255 putative replication initiation 
protein 

Identical to 3965 

495* KZA74_09260 
hypothetical protein 

No putative conserved domains 
have been detected 

smf-1_1 KZA74_09265 Major fimbrial subunit SMF-1  
yadV_1 KZA74_09270 putative fimbrial chaperone 

YadV 
 

htrE_1 KZA74_09275 Outer membrane usher protein 
HtrE 

 

mrkD_1 KZA74_09280 Fimbria adhesin protein  
501* KZA74_09285 

DUF 4882 superfamily protein 

This small family consists of 
several uncharacterized proteins 
around 325 residues in length and 
is mainly found in various 
Acinetobacter species. The 
function of this family is unknown. 

frmA KZA74_09290 S-(hydroxymethyl)glutathione 
dehydrogenase 

 

193* KZA74_09295 phage capsid protein  
503* KZA74_09300 catalase  
504* KZA74_09305 

hypothetical protein 
No putative conserved domains 
have been detected 
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505* KZA74_09310 
hypothetical protein 

No putative conserved domains 
have been detected 

clsC2 KZA74_09315 Cardiolipin synthase C  
506* KZA74_09320 Uracil-DNA glycosylase  
507* KZA74_09325 

hypothetical protein 
No putative conserved domains 
have been detected 

509* KZA74_09330 peptidase  
pqqE KZA74_09335 Pyrroloquinoline quinone 

biosynthesis protein 
PqqE 

 

pqqD KZA74_09340 Coenzyme PQQ synthesis 
protein D 

 

pqqC KZA74_09345 Pyrroloquinoline-quinone 
synthase 

 

pqqB KZA74_09350 Coenzyme PQQ synthesis 
protein B 

 

pqqA KZA74_09355 pyrroloquinoline quinone 
precursor peptide PqqA 

 

ppk_1 KZA74_09360 Polyphosphate kinase  
yhcR KZA74_09365 Endonuclease YhcR  
516* KZA74_09370 Fur family transcriptional 

regulator 
 

vibB KZA74_09375 Vibriobactin-specific 
isochorismatase 

 

dhbA KZA74_09380 2,3-dihydro-2,3-
dihydroxybenzoate 
dehydrogenase 

 

cysA_2 KZA74_09385 Sulfate/thiosulfate import ATP-
binding protein CysA 

 

modB KZA74_09390 Molybdenum transport system 
permease protein ModB 

 

modA KZA74_09395 Molybdate-binding protein 
ModA 

 

mopA KZA74_09400 Molybdenum-pterin-binding 
protein MopA 

 

antA_2 KZA74_09405 Anthranilate 1,2-dioxygenase 
large subunit 

 

antB KZA74_09410 Anthranilate 1,2-dioxygenase 
small subunit 

 

antC KZA74_09415 anthranilate 1,2-dioxygenase 
electron transfer 
component 

Partially in AbaLA44 

*: Indicates name assigned by genome analysis software PROKKA 
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Table 4: Predicted mutations in Ab 17978 UN 
Nucleotide Position 

(CP012004 [VU]/ 
CP079931 [UN]) 

Allele in VU 
(residue) 

Allele in UN 
(residue) 

Gene Description 

129,758 ISAba18 Δ1,312 bp ACX60_00590–ACX60_00595 transposase, transposase 

207,638/206,237 G (A382) A (T382) actP acetate permease 

524,616/ 523,217 +A Δ1 bp ACX60_02575/KZA74_02575 Phosphohydrolase/pseudogene 

807,273/805,874 G (P439) A (P439) cysG sirohydrochlorin ferrochelatase 

1,075,443/1,074,044 A (N258) T (I258) ACX60_05080/cgtA GTPase obgE 

1,226,257/1,224,858 G (G12) A (D12) ACX60_05695/KZA74_05725 membrane protein DUF817 

1,685,154/1,683,755 T (M78) C (T78) ACX60_07925/uppS UDP diphosphate synthase 

2,068,076/2,111,105 T (stop 
codon) A (L376) 

Intergenic ACX60_09755-
ACX60_09765/KZA74_10025 

SurA N-terminal domain-containing 
protein 

2,109,791/2,152,820 C (A55) T (T55) ACX60_09960/KZA74_10230 hypothetical protein/ putative 
transporter 

2,135,294/2,178,324 +C (C)5→4 ACX60_10130/KZA74_10405 DNA helicase AAA family ATPase 

2,172,876/2,215,906 T (F799) G (V799) ACX60_10365/KZA74_10630 LPS biosynthesis protein LptD 

2,189,235/2,232,265 A 
 

G ACX60_10450 -
ACX60_10455/KZA74_10715-putP 

Intergenic (NAD-dependent 
deacetylase/proline:sodium 

symporter PutP) 

2,236,009/2,279,039 G 
 

A 
ACX60_10685-

ACX60_10690/KZA74_10950-
KZA74_10955 

Intergenic (ABC transporter 
substrate-binding protein/glutathione 

S-transferase) 

2,410,784/2,453,814 C (T2) A (K2) ACX60_11495/KZA74_11775  
aspartate:proton symporter APC 

family permease 

2,846,783/2,889,821 Δ1,106 bp ISAba11 ACX60_17045/KZA74_13815 transposase 

3,384,892/3,429,018 Δ1 bp +T ACX60_15995-
ACX60_16000/KZA74_16315 - infA 

Intergenic (AraC family 
transcriptional regulator/translation 

initiation factor IF-1) 
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3,384,893/3,429,019 G A ACX60_15995-
ACX60_16000/KZA74_16315 - infA 

Intergenic (AraC family 
transcriptional regulator/translation 

initiation factor IF-1) 

3,852,237 (ATGGTG)9→8 (ATGGTG)9→8 ACX60_18165/dmeF cobalt transporter 
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Ab 17978 VU and Ab 17978 UN exhibit differential pathogenicity in a mouse model of pneumonia. 

 Ab 17978 has been used extensively in studies of A. baumannii pathogenesis (254-256). To 

determine whether Ab 17978 VU and Ab 17978 UN exhibit differential fitness in vivo, both variants were 

assessed in a murine model of pneumonia, and bacterial burdens in the lungs and spleens of infected 

mice were compared at 24 and 36 h.p.i.. Mice infected with Ab 17978 UN had a statistically significant 

decrease in lung bacterial burdens compared to mice infected with Ab 17978 VU both at 24 and 36 

h.p.i. (Fig. 9A and B). At 24 hours, mice infected with Ab 17978 UN had lost significantly more weight 

(Fig. 9C), suggesting an increase in morbidity relative to mice infected with Ab 17978 VU. Histological 

examination of lungs from mice infected with Ab 17978 UN revealed fewer visible bacteria within the 

alveolar spaces and mice infected with Ab 17978 UN exhibit reduced extrapulmonary dissemination to 

the spleen relative to mice infected with Ab 17978 VU (Fig. 9D and E). Combined, these data suggest 

that Ab 17978 UN exhibits decreased fitness in a murine model of pneumonia compared to Ab 17978 

VU. 

 Mice infected with Ab 17978 UN lost more weight than mice infected with Ab 17978 VU (Fig. 

9C), which could indicate inappetence or increased metabolic demand due to increased inflammation. 

Neutrophilic inflammation is a characteristic response to A. baumannii infection and is essential for host 

resistance to infection (264-266). To determine if Ab 17978 VU or Ab 17978 UN induce differential 

neutrophil recruitment, mice were challenged with either variant, and the relative abundance of immune 

cell populations in both the lungs and blood was determined. Relative to mice infected with Ab 17978 

VU, mice infected with Ab 17978 UN exhibited a decrease in the abundance of both T cells, B cells, 

and overall lymphocytes, and a statistically significant increase in the relative abundance of neutrophils 

in the lungs (Fig. 10A-D). However, no significant differences in the number or percentage of 

neutrophils or lymphocytes were detected in the blood of mice infected with Ab 17978 VU relative to 

mice infected with Ab 17978 UN (Fig. 11). These data demonstrate that Ab 17978 UN promotes a shift 

toward neutrophilic inflammation upon pneumonic infection of mice relative to Ab 17978 VU. 
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 Neutrophil recruitment to the site of infection is dependent upon the production of cytokines and 

chemokines. Interleukin 1β (IL-1b) is a potent, pro-inflammatory cytokine that promotes neutrophil 

recruitment and stimulates neutrophil survival (267-270), whereas IL-10 is an anti-inflammatory 

cytokine that impedes neutrophil recruitment to the site of infection (271, 272). To test the hypothesis 

that infection with Ab 17978 UN potentiates neutrophilic lung inflammation by inducing differential 

cytokine or chemokine production by host cells, murine bone marrow derived macrophages (BMDMs) 

were infected with Ab 17978 VU or Ab 17978 UN, and cytokines and chemokines were quantified from 

cell culture supernatants. BMDMs infected with Ab 17978 UN produced significantly more IL-1b and 

less IL-10 when compared to BMDMs infected with Ab 17978 VU (Fig. 10E and F). By contrast, the 

production of the murine neutrophil chemokines KC and MIP-2 did not differ between BMDMs infected 

with Ab 17978 UN and Ab 17978 VU (Fig. 10G and H). No differences in serum or lung IL-1b levels 

were detected between mice infected with Ab 17978 VU and Ab 17978 UN at 24 h.p.i. (Fig. 12). These 

data demonstrate that host responses to two common variants of A. baumannii 17978 differ in terms of 

induced cytokine production by macrophages, as well as the degree of induced neutrophilic lung 

inflammation, bacterial persistence in the lung, and dissemination to the spleen in a mouse model of 

pneumonia. 
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Figure 9. Ab 17978 VU and Ab 17978 UN exhibit differential virulence in a mouse model of 
pneumonia. Mice were challenged intranasally with 3×108 CFU of mid log-phase Ab 17978 VU or Ab 
17978 UN. At 24 (A and C) or 36 (B and E) h.p.i., mice were euthanized, and organs were harvested. 
A and B: bacterial burdens in the lungs of mice at 24 and 36 h.p.i., respectively. C: Mean number of 
grams of total body weight lost by infected mice at 24 h.p.i. D: Representative hematoxylin and eosin 
(H&E)-stained lung sections of mice infected with Ab 17978 VU (left) or Ab 17978 UN (right) at 24 h.p.i. 
E: Bacterial burdens in the spleens of mice at 36 h.p.i. A, B, C, and E: Circles represent individual 
animals, columns depict the mean, and error bars show standard deviation of the mean. Means were 
compared using an unpaired Welch’s t-test. CFU/g: colony forming units per gram of organ 
homogenate. *: p<0.05; **: p< 0.01. H&E: hematoxylin and eosin. 
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Figure 10. Mice infected with Ab 17978 UN exhibit increased neutrophilic inflammation in 
comparison to mice infected with Ab 17978 VU. A-D: Mice were challenged intranasally with 3×108 
CFU of mid log-phase Ab 17978 VU or Ab 17978 UN. At 24 h.p.i., mice were euthanized, lungs were 
harvested, and immune cell recruitment to the lungs was quantified using flow cytometry analysis. E-
H: Murine, bone marrow-derived macrophages were infected with mid log-phase cultures of Ab 17978 
VU or Ab 17978 UN at an MOI of 10 and incubated at 37°C. At 18 h.p.i., supernatants of infected 
BMDMs were collected and the concentrations of IL-10 (E), IL-1b (F), KC (G), or MIP-2 (H) in the 
supernatants of infected BMDMs were determined by ELISA. A-D: Circles represent individual animals, 
columns depict the mean, and error bars show standard deviation of the mean. Means were compared 
using an unpaired Welch’s t-test. E-H: N=3-4 biological replicates per group, per experiment. 
Experiments were repeated for a total of at least two times, with graphs depicting representative data. 
Columns depict the mean, and error bars show standard deviation of the mean. Means were compared 
to the mean of the Ab 17978 VU column using a one-way ANOVA adjusted for multiple comparisons. 
*: p<0.05; **: p<0.01; ****: p<0.0001; ns: not significant. 
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Figure 11. No differences in blood neutrophil or lymphocyte abundance exist between mice 
infected with Ab 17978 VU and mice infected with Ab 17978 UN. A-D: Mice were challenged 
intranasally with 3×108 CFU of mid log-phase Ab 17978 VU or Ab 17978 UN. At 24 h.p.i., mice were 
euthanized, blood was collected via cardiac puncture, and blood cell counts were determined using an 
automated hematology analyzer. Circles represent individual animals, columns depict the mean, and 
error bars show standard deviation of the mean. Means were compared using an unpaired Welch’s t-
test. ns: not significant. 
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Figure 12. Lung and serum levels of IL-1b do not differ between mice infected with Ab 17978 VU 
and mice infected with Ab 17978 UN at 24 h.p.i. Mice were challenged intranasally with 3×108 CFU 
of mid log-phase Ab 17978 VU or Ab 17978 UN. At 24 h.p.i., mice were euthanized, blood was collected 
via cardiac puncture, and lungs were harvested. IL-1b in the serum (A) or lung homogenates (B) was 
quantified using ELISA. A: N=3-5 biological replicates per group, per experiment. Experiments were 
repeated for a total of at least two times, with graphs depicting representative data. B: N=3-5 biological 
replicates per group, per experiment. Graphs depict average results from at least two independent 
experiments. A and B: Columns depict the mean, and error bars show standard deviation of the mean. 
Means were compared using an unpaired Welch’s t-test. ns: not significant. 
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The AbaAL44 katX gene promotes bacterial resistance to hydrogen peroxide stress and neutrophil-

mediated killing. 

To interrogate the role of putative pathogenesis genes contained within AbaAL44 in the 

differential pathogenicity of Ab 17978 UN, the candidate accessory pilus assembly locus comprised of 

smf-1, yadV, htrE, and mrkD, the accessory catalase gene (KZA74_09300; katX), or the accessory CL 

synthase gene (clsC2) was replaced with a kanamycin resistance cassette to create Ab 17978 UN 

Dsmf-1_1-mrkD_1::kan (Ab 17978 UN Dpilus), Ab 17978 UN DKZA74_09300::kan (Ab 17978 UN 

DkatX), and Ab 17978 UN DclsC2::kan (Ab 17978 UN DclsC2), respectively (273). Type I pili are 

bacterial surface appendages involved in bacterial uptake by macrophages, biofilm formation, 

attachment to host cells, motility, and agglutination of red blood cells (274-277). However, Ab 17978 

UN Dpilus did not differ from Ab 17978 UN in terms of bacterial uptake by macrophage-like RAW 264.7 

cells (Fig. 13A), biofilm formation (Fig. 13B), bacterial attachment to A549 epithelial cells (Fig. 13C), 

bacterial surface associated motility (Fig. 13D), hemagglutination of human erythrocytes (Fig. 13E), or 

differential production of cytokines by infected BMDMs (Fig. 13F and G). These data suggest that the 

type I pilus locus does not contribute to the interactions with host cells under these in vitro conditions.  

Catalases are enzymes that catalyze the decomposition of hydrogen peroxide (H2O2) to water 

and oxygen and thereby protect bacteria from reactive oxygen species (ROS)-mediated oxidative 

stress and killing by innate immune cells  (278-280). To test the hypothesis that the AbaAL44 accessory 

catalase present in Ab 17978 UN contributes to bacterial resistance to oxidative stress, the relative 

susceptibilities of Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DkatX/Empty Vector (EV), and Ab 17978 

UN DkatX in which the AbaAL44 katX gene was expressed in trans (Ab 17978 UN DkatX/pkatX) to 

hydrogen peroxide stress in vitro was determined. Thirty minutes after incubation of 1×107 CFU/mL of 

bacteria in the presence of 1 mM of hydrogen peroxide, the density of viable Ab 17978 UN remained 

virtually unchanged at approximately 7-log10 CFU/mL.  By contrast, the densities of viable Ab 17978 

VU and Ab 17978 UN DkatX/EV were significantly reduced to approximately 5.5-log10 CFU/mL. 
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Expression of the AbaAL44 katX in trans restored hydrogen peroxide stress resistance in Ab 17978 UN 

DkatX/pkatX to levels approximating that of the parental strain (Fig. 14A). These data indicate that the 

katX present in AbaAL44 enhances bacterial resistance to oxidative stress in vitro. Neutrophils are 

innate immune effector cells that phagocytose and subsequently kill engulfed pathogens using an array 

of antimicrobial molecules, including ROS produced by the enzyme nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase (281, 282). Based on this, we hypothesized that the katX present in Ab 

17978 UN promotes bacterial resistance to neutrophil-mediated killing. To test this, differentiated 

neutrophil-like HL-60 cells were incubated with Ab 17978 UN, Ab 17978 VU, Ab 17978 UN DkatX/EV, 

or Ab 17978 UN DkatX/pkatX and bacterial resistance to neutrophil-mediated extra- and intracellular 

killing was determined by measuring relative bacterial survival post-incubation. After incubation in the 

presence of differentiated neutrophil-like HL-60 cells, relative survival of Ab 17978 UN was significantly 

greater than that of both Ab 17978 VU and Ab 17978 UN DkatX/EV (Fig. 14B). Similar results were 

obtained with murine, bone marrow-derived neutrophils (Fig. 15). In trans expression of the AbaAL44 

katX restored Ab 17978 UN DkatX/EV survival to levels of the parental strain (Fig. 14B). Deletion of the 

AbaAL44 katX gene negatively affected the growth of Ab 17978 UN in vitro in both rich (LB) and minimal 

(TMS) media, which was restored by expressing AbaAL44 katX in trans (Fig. 16). Taken together, 

these data suggest that the katX present in AbaAL44 contributes to Ab 17978 UN growth in vitro as 

well as bacterial resistance to oxidative stress and neutrophil-mediated killing. 
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Figure 13. The accessory pilus assembly genes present in Ab 17978 UN do not contribute to 
increased phagocytosis by macrophages, biofilm formation, bacterial surface associated 
motility, bacterial association with epithelial cells and erythrocytes, or differential production of 
cytokines by infected macrophages. A: Macrophage-like RAW 264.7 cells were infected with mid 
log-phase Ab 17978 VU, Ab 17978 UN, or Ab 17978 UN Dpilus at an MOI of 15. At 1 h.p.i., and 
extracellular bacteria were killed with gentamicin at 1 h.p.i. Thirty minutes after the addition of 
gentamicin, RAW cells were lysed, and intracellular bacterial burdens were determined. B: Stationary-
phase cultures of Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN Dpilus were diluted 1:10 in PBS, 
coated onto the wells of a 96-well plate, and incubated at 37 °C without agitation for 24-48 hours. After 
incubation, biofilm formation was quantified using crystal violet staining, and the ratio of biofilm to 
biomass was determined by measuring the optical densities at 580 nm and 600 nm, respectively. C: 
A549 cells were infected with mid log-phase Ab 17978 VU, Ab 17978 UN, or Ab 17978 UN Dpilus at an 
MOI of 100, and incubated at 37 °C for two hours. At 2 h.p.i., non-adherent bacteria were removed by 
washing with PBS, A549 cells were lysed, and the number of cell-associated bacteria was determined. 
D: Stationary-phase Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN Dpilus were spotted on the surface 
of motility agar plates at the center and incubated overnight at 37 °C without agitation. After incubation, 
the maximum motility radius was measured. E: Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN Dpilus 
were grown in static liquid culture (left) or on LBA plates (right), and incubated overnight at 4 °C with 
an equal volume of 1% human erythrocytes in PBS. Static liquid cultures of E. coli UTI89 and E. coli 
UTI89 DfimAH served as positive and negative controls, respectively. After incubation, 
hemagglutination titers (i.e. the maximum dilution at which bacteria are able to agglutinate erythrocytes) 
were determined.  F and G: Murine, bone marrow-derived macrophages were infected with mid log-
phase cultures of Ab 17978 VU, Ab 17978 UN, or Ab 17978 UN Dpilus at an MOI of 10 and incubated 
at 37°C. At 18 h.p.i., supernatants of infected BMDMs were collected. The concentrations of IL-10 (F) 
and IL-1b (G) in the supernatants of infected BMDMs were determined by ELISA. A-G: N=3-4 biological 
replicates per group, per experiment. Experiments were repeated for a total of at least two times, with 
graphs depicting representative (A, B, E-G) or average (C and D) data. Columns depict the mean, and 
error bars show standard deviation of the mean. A-D, F and G: Means were compared to all other 
means using a one-way ANOVA adjusted for multiple comparisons. E: Means were compared to the 
mean of the first column using a one-way ANOVA adjusted for multiple comparisons. CFU/mL: colony 
forming units per milliliter. **: p<0.01; ***: p<0.001; ****: p<0.0001; ns: not significant. 
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Figure 14. The AbaAL44 katX gene promotes bacterial resistance to hydrogen peroxide stress 
and neutrophil-mediated killing. A: Mid log-phase Ab 17978 VU, Ab 17978 UN, Ab 17978 UN 
DkatX/EV, or Ab 17978 UN DkatX/pkatX was incubated in LB medium supplemented with 1 mM of 
hydrogen peroxide at a starting inoculum of 1×107 CFU/mL. Following a 30-minute incubation, 
remaining viable bacteria were enumerated. B: Differentiated neutrophil-like HL-60 cells were 
incubated with mid log-phase Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DkatX/EV, or Ab 17978 UN 
DkatX/pkatX at an MOI of 2. At 90 minutes post-incubation, HL-60 cells were lysed, and neutrophil-
mediated killing of bacteria was assessed by determining the number of viable bacteria in each well. 
Data are represented as bacterial survival relative to Ab 17978 VU. A and B: N=3-4 biological replicates 
per group, per experiment. Experiments were repeated for a total of at least two times, with graphs 
depicting average data. A and B: Columns depict the mean, and error bars show standard deviation of 
the mean. All means were compared to all other means using a one-way ANOVA adjusted for multiple 
comparisons. *: p<0.05; ***: p<0.001; ****: p<0.0001; ns: not significant. 
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Figure 15. The AbaAL44 katX gene promotes Ab 17978 UN resistance to neutrophil-mediated 
killing. Murine, bone marrow-derived neutrophils were incubated with mid log-phase Ab 17978 VU, Ab 
17978 UN, or Ab 17978 UN DkatX at an MOI of 1. Two hours post-incubation, neutrophils were lysed, 
and neutrophil-mediated killing of bacteria was assessed by determining the number of viable bacteria 
in each well. N=3 per group, per experiment. Experiments were repeated for a total of at least two 
times, with graphs depicting representative data. Columns depict the mean, and error bars show 
standard deviation of the mean. Means were compared to all other means using a one-way ANOVA 
adjusted for multiple comparisons. **: p<0.01; ****: p<0.0001. 
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Figure 16. AbaAL44 clsC2 and katX mutants generated in the Ab 17978 UN background exhibit 
growth defects in vitro. A and B: Stationary-phase cultures of the indicated strains of A. baumannii 
were normalized to a similar OD600 and inoculated into fresh rich media (LB) or minimal media (TMS). 
Growth was assayed by measuring OD600 over time. Symbols depict the mean, and error bars show 
standard deviation of the mean. N=3-4 biological replicates per group, per experiment. Graphs depict 
representative data from two independent experiments. For 8, 10, and 12 hour time points, the means 
of Ab 17978 UN ∆clsC2, Ab 17978 UN ∆clsC2/clsC2, Ab 17978 UN ∆katX/EV, Ab 17978 UN 
∆katX/pkatX, and Ab 17978 UN were compared using a one-way ANOVA adjusted for multiple 
comparisons. A: Differences between Ab 17978 UN and Ab 17978 UN ∆clsC2, Ab 17978 UN 
∆clsC2/clsC2, or Ab 17978 UN ∆katX/EV: p<0.0001 for each comparison, for each time point; 
Difference between Ab 17978 UN and Ab 17978 UN ∆katX/pkatX: p<0.05 for the10 hour time point and 
p>0.05 for 8 and 12 hour time points. B: Differences between Ab 17978 UN and Ab 17978 UN ∆clsC2, 
Ab 17978 UN ∆clsC2/clsC2, or Ab 17978 UN ∆katX/pkatX: p>0.05 for each comparison, for each time 
point; Difference between Ab 17978 UN and Ab 17978 UN ∆katX/EV: p<0.0001, p<0.0001, or p<0.001 
for 8, 10, and 12 hour time points, respectively. 
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The AbaAL44 clsC2 contributes to bacterial resistance to cell envelope stress and affects bacterial 

interactions with host immune cells. 

Bacterial CL synthases are enzymes that utilize PG and/or PE as substrates to catalyze the 

formation of CL (136, 283). CL is one of several anionic phospholipids that comprise the Gram-negative 

cell envelope, and, in Escherichia coli, has been demonstrated to localize to the cellular poles (119). 

Because CL promotes bacterial resistance to envelope stressors such as high salinity (284, 285), it 

was hypothesized that Ab 17978 UN is more resistant to conditions of high salinity than Ab 17978 UN 

DclsC2. To test this, the susceptibility of Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DclsC2, and Ab 

17978 UN DclsC2 in which clsC2 has been reintroduced chromosomally under its native promoter by 

mini-Tn7 integration (Ab 17978 UN DclsC2/clsC2) to conditions of high salinity was determined by 

comparing bacterial survival after incubation in LB supplemented with 2.5M NaCl. After two hours of 

incubation in high salinity, bacterial survival of Ab 17978 UN DclsC2 was significantly reduced by 

approximately 30% compared to the survival of Ab 17978 UN. After incubation in high salinity, survival 

of Ab 17978 UN DclsC2/clsC2 did not differ significantly from Ab 17978 UN (Fig. 17A). Perturbations 

in bacterial membrane phospholipid homeostasis involving CL have been demonstrated to increase 

bacterial susceptibility to molecular detergents such as surfactants, which are found in high 

concentrations in the lungs and may be relevant to bacterial pneumonia pathogenesis (122). To 

determine if the AbaAL44 clsC2 present in Ab 17978 UN promotes bacterial resistance to detergents, 

the susceptibility of Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DclsC2, and Ab 17978 UN DclsC2/clsC2 

to the detergent Triton X-100 was assessed. After six hours of incubation in 0.1% Triton X-100, bacterial 

survival of Ab 17978 UN DclsC2 was significantly less than that of Ab 17978 UN. Survival of Ab 17978 

UN DclsC2/clsC2 was significantly greater than that of Ab 17978 UN DclsC2, and similar to that of Ab 

17978 UN (Fig. 17B). Taken together, these data indicate that the accessory CL synthase gene present 

in Ab 17978 UN contributes to this strain’s resistance to conditions of high salinity and detergent stress. 
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Previous work has demonstrated that CL promotes uptake of bacteria by professional 

phagocytes such as macrophages through the scavenger receptor CD36 (137). Therefore, it was 

hypothesized that the previously observed increase in intracellular bacterial burden in macrophage-like 

RAW cells infected with Ab 17978 UN is mediated by the AbaAL44 clsC2 (Fig. 13A). To test this, the 

relative intracellular bacterial burdens of RAW cells infected with Ab 17978 VU, Ab 17978 UN, Ab 17978 

UN DclsC2, or Ab 17978 UN DclsC2/clsC2 were determined. The relative intracellular bacterial burden 

of RAW cells infected with Ab 17978 UN DclsC2 was significantly reduced by approximately 75% 

relative to the intracellular bacterial burden of RAW cells infected with Ab 17978 UN, and was similar 

to the intracellular bacterial burden of RAW cells infected with Ab 17978 VU. There was a small but 

statistically significant increase in the intracellular bacterial burden of RAW cells infected with Ab 17978 

UN DclsC2/clsC2 relative to that of RAW cells infected with Ab 17978 UN DclsC2 (Fig. 17C). Expression 

of clsC2 in trans in Ab 17978 VU (Ab 17978 VU/pclsC2) also significantly increased the intracellular 

bacterial burden of infected RAW cells compared to RAW cells infected with Ab 17978 VU/EV (Fig. 

17D). These data suggest that the AbaAL44 clsC2 gene contributes to Ab 17978 UN phagocytosis by 

macrophages. 

Chromosomal reintroduction of clsC2 in Ab 17978 UN DclsC2 did not fully restore phagocytosis 

by infected RAW cells to the levels observed with Ab 17978 UN (Fig. 17C). The deletion of clsC2 

negatively affected the growth of Ab 17978 UN in vitro in rich media (LB) but not in minimal media 

(TMS) (16). The growth defect of Ab 17978 UN DclsC2 in rich media was also not restored by 

chromosomal reintegration of clsC2 under its native promoter (Fig. 16A). Further, the supernatants of 

RAW cells infected with Ab 17978 UN DclsC2 or Ab 17978 UN DclsC2/clsC2 contained small, punctate 

colonies (Fig. 18B). These colonies were also present in lysates of RAW cells infected with Ab 17978 

UN DclsC2 or Ab 17978 UN DclsC2/clsC2 collected prior to treatment with gentamicin, but absent from 

the starting inoculums (Fig. 18A and C). Small, punctate colonies were not observed in any samples 

collected from RAW cells infected with the Ab 17978 UN parental strain (Fig. 18). These findings 
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suggest a reduction Ab 17978 UN DclsC2 fitness that is not restored by integration of clsC2 elsewhere 

on the chromosome and are indicative of another genetic difference between the parental Ab 17978 

UN and the DclsC2 derivative or polar effects of the inserted kanamycin cassette. As expression of 

clsC2 in Ab 17978 VU resulted in an increase in macrophage phagocytosis, the differential growth 

phenotype between Ab 17978 UN and Ab 17978 UN DclsC2 was not pursued further. 

Mitochondrial CL activates the NLRP3 inflammasome resulting in the production of IL-1b, and 

saturated CLs increase IL-1b production through Toll like receptor (TLR) 4 signaling (102, 125). This 

raised the hypothesis that the increase in IL-1b production observed in macrophages infected with Ab 

17978 UN is due to the presence of AbaAL44 clsC2. Given the reduced fitness of the DclsC2 mutant in 

the Ab 17978 UN background, this hypothesis was tested by expressing the AbaAL44 clsC2 gene in 

trans in Ab 17978 VU, which naturally lacks AbaAL44 and thus clsC2. BMDMs were infected with Ab 

17978 VU/EV or Ab 17978/pclsC2 and the concentrations of pro-inflammatory IL-1b and anti-

inflammatory IL-10 in the supernatants of infected BMDMs were determined at 18 h.p.i. Relative to 

infection with Ab 17978 VU/EV, infection with Ab 17978 VU/pclsC2 significantly increased the 

production of IL-1b by infected BMDMs (Fig. 17E). These findings indicate that the presence of 

AbaAL44 clsC2 increases pro-inflammatory IL-1b production by macrophages infected with Ab 17978 

UN. Infection with Ab 17978 UN decreases the production of IL-10 by infected macrophages relative to 

infection with Ab 17978 VU (Fig. 17F). In contrast, expression of clsC2 in Ab 17978 VU significantly 

increased IL-10 production by infected macrophages (Fig. 17F). This finding suggests that the 

decrease in IL-10 production observed in macrophages infected with Ab 17978 UN cannot be explained 

by the presence of clsC2 alone. Together, these data indicate that AbaAL44 influences A. baumannii’s 

interactions with the host. 
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Figure 17. The AbaAL44 clsC2 gene contributes to bacterial resistance to cell envelope stress 
and affects bacterial interactions with host immune cells. A: Mid log-phase Ab 17978 VU, Ab 
17978 UN, Ab 17978 UN DclsC2, or Ab 17978 UN DclsC2/clsC2 was inoculated into LB medium 
supplemented with 2.5M NaCl at a starting inoculum of 1×107 CFU/mL, and incubated at 37°C for 2 
hours. After 2 hours of incubation, bacterial viability was determined for each strain, and bacterial 
survival was calculated as the percentage of viable bacteria post-incubation relative to the number of 
viable bacteria pre-incubation. B: Mid log-phase Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DclsC2, or 
Ab 17978 UN DclsC2/clsC2 was inoculated into PBS supplemented with 0.1% Triton X-100 at a starting 
inoculum of 1×1010 CFU/mL, and incubated at 37°C for 6 hours. After incubation, bacterial viability was 
determined for each strain, and survival was calculated as above. C and D: Macrophage-like RAW 
264.7 cells were infected with mid log-phase Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DclsC2, Ab 
17978 UN DclsC2/clsC2, Ab 17978 VU/EV, or Ab 17978 VU/pclsC2 at an MOI of 15, and extracellular 
bacteria were killed with gentamicin at 30 minutes post-infection. Thirty minutes after the addition of 
gentamicin, RAW cells were washed, lysed, and intracellular bacterial burdens were determined. E and 
F: Murine, bone marrow-derived macrophages were infected with mid log-phase cultures of Ab 17978 
VU/EV or Ab 17978 VU/pclsC2 at an MOI of 10 and incubated at 37°C. At 18 h.p.i., supernatants of 
infected BMDMs were collected and the concentrations of IL-1b (E) or IL-10 (F) in the supernatants of 
infected BMDMs were determined by ELISA A-D: N=3-4 biological replicates per group, per 
experiment. Graphs depict average results from at least three independent experiments. E and F: N=4 
biological replicates per group, per experiment. Graphs depict representative data. A-F: Columns depict 
the mean, and error bars show standard deviation of the mean. Means were compared to the mean of 
Ab 17978 UN (A) or all other means (B-F) using a Welch’s t-test (D) or one-way ANOVA adjusted for 
multiple comparisons (A-C, E and F). *: p<0.05; **: p<0.01; ****: p<0.0001; ns: not significant. 
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Figure 18. Small, punctate colonies are present in supernatants and lysates of macrophage-like 
RAW 264.7 cells infected with Ab 17978 UN DclsC2 or Ab 17978 UN DclsC2/clsC2. A-C: 
Macrophage-like RAW 264.7 cells were infected with Ab 17978 UN, Ab 17978 DclsC2, or Ab 17978 
DclsC2/clsC2 at a target MOI of 15 and starting inoculums were serially diluted in PBS and plated on 
LBA (A). B: At 30 minutes post-infection, supernatants were serially diluted in PBS and plated on LBA. 
C: The remaining supernatant was aspirated, cells were washed twice with PBS, lysed with 0.01% 
Triton X-100, and lysates were serially diluted in PBS and plated on LBA. 
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3.3 Discussion 

The process by which A. baumannii acquires or loses resistance to antimicrobials from gain or 

loss of genetic material is well characterized (249, 259). By contrast, less is known about how such 

genomic plasticity affects A. baumannii pathogenicity. Here, the discovery that two variants of A. 

baumannii ATCC 17978 differ based on the presence of the AbaAL44 accessory locus encompassing 

several pathogenesis genes is described. Review of the 5301 publicly available A. baumannii genome 

assemblies in the NCBI database reveals that genetic elements similar to AbaAL44 are present in at 

least 100 strains of A. baumannii. Of the 8 A. baumannii ATCC 17978 genome sequences published 

in NCBI, AbaAL44 is not present in any of them, but AbaAL44 is present in the A. baumannii 17978 

genome published by the ATCC in 2019 (https://genomes.atcc.org/genomes/e1d18ea4273549a0). 

However, if laboratories assemble sequenced genomes of their A. baumannii 17978 laboratory stocks 

to a reference genome that does not include AbaAL44 (e.g. NZ_CP018664), the presence of AbaAL44 

in these sequenced genomes would not be detected. When combined with data presented here, these 

findings suggest that the differential presence of AbaAL44 is a common structural genetic variant 

among A. baumannii strains, that laboratories studying A. baumannii ATCC 17978 may be working with 

either variant without awareness, or may be working with cultures containing a mix of the two variants. 

The differential presence of AbaAL44 among two variants of a type strain is most likely due to loss of 

AbaAL44 by Ab 17978 VU during the course of laboratory propagation. Adaptive loss of genetic material 

has been previously described for Acinetobacter spp. (286). Further, genetic differences among 

lineages of a given laboratory strain have previously been demonstrated for other species. Continuous 

maintenance and propagation of Pseudomonas aeruginosa strain PAO1 in laboratories throughout the 

world has led to substantial genotypic differences among sublines of this strain (195), and two lineages 

of Clostridioides difficile R20291 differ based on a small number of single nucleotide genomic changes 

leading to distinct phenotypic differences (196). 
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Ab 17978 VU and Ab 17978 UN exhibit differential fitness in a mouse model of pneumonia, 

which is likely due, in part, to the differential presence of AbaAL44. Putative pathogenesis genes 

present in AbaAL44, including the katX and clsC2 genes, increase Ab 17978 UN resistance to oxidative 

stress, neutrophil-mediated killing, and surfactant stress. A. baumannii encounters hydrogen peroxide, 

the substrate of catalase enzymes, and surfactant inside the mouse lung (124, 287), and neutrophils 

are an essential component of the host immune response to infection with this pathogen (264-266). As 

such, the presence of an accessory katX and clsC2 gene may confer some in vivo advantage to Ab 

17978 UN in the setting of experimental bacterial pneumonia. Ab 17978 UN also potentiates 

neutrophilic lung inflammation in vivo, and increases the production of pro-inflammatory IL-1β by 

infected macrophages. This increase in inflammation and neutrophil recruitment to the site of infection 

may overwhelm any increased bacterial resistance to neutrophil-mediated killing in Ab 17978 UN, 

resulting in net decreased bacterial survival inside the mouse lung. The effects of other genes contained 

in AbaAL44 or polymorphisms elsewhere on the chromosome on A. baumannii fitness have not been 

interrogated but may contribute to the net differences in pathogenesis between these variants.  

As IL-1b promotes the recruitment of neutrophils to the site of infection (267), the increased 

production of pro-inflammatory IL-1b by macrophages infected with Ab 17978 UN is likely to play a role 

in the shift toward neutrophilic inflammation observed in infected mice. Although differences in IL-1b 

concentration at 24 h.p.i. between mice infected with Ab 17978 VU and mice infected with Ab 17978 

UN were not observed, such differences may occur earlier in the course of infection, culminating in the 

differential abundance of neutrophils observed at 24 h.p.i. Mitochondrial CL is a known activator of the 

NLRP3 inflammasome resulting in the production of IL-1b, and saturated CLs increase IL-1b production 

in a TLR4-dependent manner (102, 125). In trans expression of clsC2 in Ab 17978 VU increased IL-1b 

production by infected macrophages, suggesting that the presence of the AbaAL44 clsC2 gene in Ab 

17978 UN may increase cell envelope CL content, resulting in NLRP3 inflammasome activation and 

enhanced IL-1b production by macrophages. Therefore, the differential presence of clsC2 described 
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herein may lead to the modification of the A. baumannii cell envelope resulting in differences in 

pneumonia pathogenesis. 

Infection with Ab 17978 UN resulted in decreased IL-10 production by infected macrophages 

relative to infection with Ab 17978 VU. Mitochondrial CL inhibits IL-10 production by recruiting a 

repressor complex to the IL10 promoter. The reduction in anti-inflammatory IL-10 promotes persistent 

inflammation in experimental bacterial pneumonia (288, 289). It is conceivable that bacterial CL 

similarly inhibits IL-10 production and that modulation of bacterial CL content through the AbaAL44 

clsC2 gene is responsible for modulating macrophage IL-10 production. However, macrophage 

infection with a strain of Ab 17978 VU in which clsC2 was expressed in trans did not recapitulate this 

finding. Paradoxically, macrophage infection with Ab 17978 VU/pclsC2 increased IL-10 production. This 

suggests that the presence of clsC2 alone cannot explain the relative decrease in IL-10 production 

observed in macrophages infected with Ab 17978 UN. Regulation of IL-10 production by immune cells 

is complex, and multiple factors affect its expression (290). Bacterial products such as cell wall 

components and lipopolysaccharide (LPS) increase macrophage IL-10 production through TLR2- and 

TLR4-mediated signaling, respectively (290, 291). By contrast, interferon gamma (IFNγ) inhibits IL-10 

production (290). IFNγ production by macrophages is induced by IL-18, which, like IL-1β, is a product 

of NLRP3 inflammasome activation, and IL-1β production is increased in macrophages infected with 

Ab 17978 UN (292-294). Therefore, any combination of these factors may account for the differences 

in IL-10 production between macrophages infected with Ab 17978 UN and macrophages infected with 

Ab 17978 VU/pclsC2. Other genes contained in AbaAL44 or other genetic differences between the two 

A. baumannii 17978 variants may also account for the differential cytokine production by macrophages 

infected with Ab 17978 UN. 

This Chapter demonstrates that the AbaAL44 katX and clsC2 genes are advantageous to Ab 

17978 UN survival in vitro. Specifically, the AbaAL44 katX gene present in Ab 17978 UN increases 

bacterial resistance to oxidative stress. In addition to the AbaAL44 katX gene described in this Chapter, 

two catalase genes – katE and katG – have previously been identified in A. baumannii (295). Increased 
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transcription of katG as a consequence of upstream insertion of ISAba1 has been demonstrated to 

increase A. baumannii resistance to oxidative stress (296). Taken together, these findings highlight the 

importance of catalases in A. baumannii pathogenesis, and provide an example of how increasing 

bacterial catalase gene abundance can contribute to A. baumannii pathogenicity, particularly in the 

setting of experimental pneumonia.  

The findings presented herein implicate a dichotomous role for the AbaAL44 clsC2 gene in Ab 

17978 UN. While this gene promotes uptake of Ab 17978 UN by phagocytes, its presence also 

increases Ab 17978 UN resistance to envelope stressors such as surfactants. These findings are 

consistent with previous reports demonstrating that membranes with bacterial CL on their surface 

promote macrophage phagocytosis through the scavenger receptor CD36 (137), and that bacterial CL 

promotes resistance to osmotic and surfactant stress (122, 285). CL has also been demonstrated to 

increase A. baumannii resistance to cationic antimicrobial peptides, another envelope stressor, 

suggesting that increasing cell envelope CL content is a relevant survival strategy for this pathogen 

(297). In addition to the accessory clsC2 described in this Chapter, both Ab 17978 VU and Ab 17978 

UN contain two additional CL synthase genes. To our knowledge, however, the role of these genes in 

A. baumannii biology and pathogenesis remains to be fully elucidated. It has previously been reported 

that A. baumannii cell membranes contain a variety of unique, coexisting CL species (197). In E. coli, 

different CL synthase genes are active during distinct stages of bacterial growth (136). It is possible 

that the three CL synthase genes present in A. baumannii may be expressed during different growth 

phases, and/or may be responsible for synthesizing distinct species of CL. This notion is supported by 

recent findings demonstrating that individual enzymes of the same family are implicated in the 

production of either CL or monolysocardiolipin, an intermediate species in the CL remodeling pathway, 

in A. baumannii (297, 298). The in vitro growth defect and reduced uptake by RAW cells observed in 

Ab 17978 UN ∆clsC2 could not be restored to levels of the parental strain by chromosomally 

reintroducing clsC2 under its native promoter. This may be due to unidentified genetic differences 

between the ∆clsC2 mutant and the parental Ab 17978 UN strain, or due to polar effects of the 
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∆clsC2::kan deletion-insertion on nearby genes. However, expression of AbaAL44 clsC2 in the Ab 

17978 VU strain increased phagocytosis and IL-1b production by macrophages indicating that clsC2 

impacts A. baumannii interactions with the host. Given the fact that both the Gram-negative cell 

envelope and neutrophilic inflammation are molecular drivers of lung injury (Chapter I), these findings 

implicate a role for A. baumannii cell envelope lipid content modification in pneumonia pathogenesis. 

Together, these findings indicate that two genotypically and phenotypically distinct variants of 

the common type strain, A. baumannii ATCC 17978, exist and are indiscriminately used in published 

studies of A. baumannii (299). As such, careful genotyping and phenotyping of A. baumannii type 

strains by individual laboratories may be warranted. Further, this Chapter demonstrates how A. 

baumannii genomic plasticity can affect pathogenicity and interactions with the host in the setting of A. 

baumannii pneumonia.  

 

3.4 Materials and methods 

Bacterial strains and culture conditions 

Bacterial strains and plasmids used in this Chapter are listed in Table 5. Ab 17978 UN and Ab 

17978 VU were received from ATCC in 2009 and in March, 2021. Strains were maintained as frozen 

stocks in lysogeny broth (LB) supplemented with 30% (vol/vol) glycerol at -80 °C. Unless noted 

otherwise, bacteria were grown on LB agar (LBA) at 37 °C, and single, isolated colonies were 

resuspended in LB and incubated overnight at 37 °C with constant agitation. Overnight cultures were 

diluted 1:100 in fresh LB and incubated for 3.5 hours at 37 °C with constant agitation until exponential 

phase. Exponential-phase cultures were washed twice with cold phosphate-buffered saline (PBS) and 

diluted to 1×1010 colony-forming units (CFUs) per mL in PBS. Bacterial cultures were diluted further as 

appropriate for each experiment. 
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Genome sequencing and analyses 

The genomes of A. baumannii strains Ab 17978 VU and Ab 17978 UN were sequenced using 

PacBio sequencing by GENEWIZ (South Plainfield, NJ) (262). Pangenomes were assembled and 

annotated as follows: the raw sequence reads of the strains of A. baumannii were assembled using 

Flye version 2.4.2 with the genome size set to 3.86Mb, choosing the option for plasmid assembly and 

three polishing iterations.  An Amazon AWS EC2 m5.2xlarge instance was used for all the assembly 

runs. Assembly statistics were compared and analyzed using Quast version 5.0.2 against the reference 

A. baumannii ATCC17978-mff genome from RefSeq NZ_CP012004.1. The assembled genomes were 

annotated using Prokka version 1.13.5. Pangenomes were created from these annotated genomes 

using Roary version 3.12.0 with the options -e -n -v. Average Nucleotide Identity (ANI) of the genomes 

of Ab 17978 VU and Ab 17978 UN was determined using an online ANI calculator (http://enve-

omics.ce.gatech.edu/ani/). The assembled genomes of Ab 17978 VU and Ab 17978 are available in 

NCBI (accession numbers CP079213 for Ab 17978 VU and CP079212 for Ab 17978 UN). Additionally, 

Ab 17978 UN received from ATCC in 2021 was sequenced using Nanopore long read sequencing 

technology by the Microbial Genome Sequencing Center (MiGS, Pittsburgh, PA). This reference 

genome was deposited in NCBI and annotated using the Prokaryotic Genome Annotation Pipeline 

(PGAP) (accession numbers as follows: chromosome, CP079931; pAB3, CP079932; pAB1, 

CP079933; pAB2, CP079934). 

To screen for other differences between the genomes of Ab 17978 VU and Ab 17978 UN such 

as SNPs, the genomes of both variants were sequenced as follows. DNA was isolated from Ab 17978 

UN and Ab 17978 VU using Wizard Genomic DNA Purification Kit (Promega) or DNeasy Blood and 

Tissue Kit (Qiagen). DNA concentration was estimated with NanoDrop (Thermo). Library preparation 

by Nextera FLEX and sequencing by Illumina Novaseq 2X150 bp reads were performed at University 

of Illinois at Chicago Sequencing Core (UICSQC) or 2X100 bp reads at MiGS. The resulting reads were 

mapped to the ATCC A. baumannii 17978 VU genome (accession NZ_CP012004, NZ_CP012005, 
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CP000522.1, and CP000523.1) or Ab 17978 UN genome (CP079931, CP079932, CP079933, 

CP079934) using breseq version 0.35.5 with default settings (300, 301). 

To screen for the presence of AbaAL44 in Vanderbilt University Medical Center (VUMC) and 

University of Illinois Chicago (UIC) laboratory A. baumannii 17978 stocks, individual colonies were 

screened for the presence of the accessory clsC2 gene by standard PCR using primers specific to this 

gene (forward primer: TCTTTCTGGCTGGTTGCTTACTCAGC; reverse primer: 

CCGCAGCTTTCTGATTGAGACAGGC). PCR products were visualized on an agarose gel. Presence 

of PCR product indicated presence of clsC2, signifying that that particular colony belonged to the Ab 

17978 UN variant. Absence of PCR product indicated absence of clsC2, signifying that that particular 

colony belonged to the Ab 17978 VU variant. 

 

Construction of Ab 17978 UN Dpilus, Ab 17978 UN DkatX, Ab 17978 UN DclsC2, and complemented 

strains 

Ab 17978 UN Dpilus, Ab 17978 UN DkatX, and Ab 17978 UN DclsC2 were constructed by 

recombineering using the protocol by Tucker et al. (273). Briefly, primers were designed that include 

approximately 125 bp of sequence upstream of the gene/locus to be deleted fused to the kanamycin 

resistance (kanR) cassette forward primer, CCGGAATTGCCAGCTGGG, and 125 bp of sequence 

downstream of the gene/locus to be deleted fused to the kanR cassette reverse primer, 

TTCAGAAGAACTCGTCAAG (Integrated DNA Technologies). These primer pairs were used to amplify 

the kanR cassette from pCR2.1 plasmid DNA (Invitrogen). After purification, approximately 10 µg of 

each amplification product was electroporated into electrocompetent Ab 17978 UN containing the 

recombinase plasmid, pAT02. Transformants were recovered at 37°C with shaking in LB containing 2 

mM IPTG for 4 hours to induce recombinase expression prior to plating onto LB agar containing 

kanamycin. Kanamycin-resistant colonies were purified by serial passage and confirmed to have the 

appropriate deletion in two ways: first, by the difference in size of PCR amplification products using 



 
96 

primers that amplify the recombineered locus by binding the chromosome outside the flanking 

sequences included in the recombineering primers, and second, by PCR amplification using a primer 

that binds within the kanR cassette and a primer that binds the chromosome outside of the flanking 

sequence included in the recombineering primer. 

For Ab 17978 UN DkatX, the genetic defect was restored by expressing the accessory katX gene 

in trans as follows. katX was PCR-amplified using a forward primer annealing to the region upstream 

of katX (GTAATTGGATGAGGTGATGTATTAG) and a reverse primer annealing to the region 

downstream of katX (GGCCATCCTCATCAAATACTG). Forward and reverse primers contained a 20-

nucleotide sequence overlapping with the BamHI- or SalI-digested plasmid, respectively. 

Subsequently, the amplicon was ligated into the BamHI and SalI restriction sites of the E. coli – A. 

baumannii shuttle vector pWH1266 under its native promoter using NEBuilder HiFi DNA Assembly 

(New England Biolabs, Ipswich, MA) to create pWH1266(katX) (287). Appropriate plasmid constructs 

were electroporated into Ab 17978 UN DkatX as described above. 

For Ab 17978 UN DclsC2, the genetic defect was restored by reintegrating the accessory clsC2 

gene under its native promoter into a different part of the bacterial chromosome using methods 

described elsewhere (302). Briefly, clsC2 was cloned into the pKNOCK-mTn7 plasmid to make 

pKNOCK(clsC2) as described above using a forward primer annealing to the region upstream of clsC2 

(CGCATCTTATAACGACAAAGAGAAC) and a reverse primer annealing to the region downstream of 

clsC2 (GGGCGATAAAGCCACAGATAC). Next, E. coli lpir116 was transformed with pKNOCK(clsC2), 

and clsC2 was integrated into Ab 17978 UN DclsC2 by setting up a four-way mate between E. coli 

lpir116/pKNOCK(clsC2), E. coli HB101/pRK2013, E. coli 100D/pTNS2, and Ab 17978 UN DclsC2 to 

make Ab 17978 UN DclsC2/clsC2. Successful integration of clsC2 into the correct spot on the Ab 17978 

UN DclsC2 chromosome was verified in two ways: first, by PCR amplification using a forward primer 

that binds the A. baumannii chromosome near the target insertion site 

(GTCGTTTTCGCTGATGAAAATAG) and a reverse primer that binds within the Tn7 element 
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(CACAGCATAACTGGACTGATTTC), and second, by PCR amplification of the clsC2 gene inserted 

into the Tn7 element.  

To express clsC2 in trans in Ab 17978 VU, clsC2 was cloned into pWH1266 as described above 

using a forward primer annealing to the region upstream of clsC2 

(AACCTTCTTAGATTATAACAAAATCATACAGTTATTG) fused to a 20-nucleotide sequence 

overlapping with the BamHI-digested plasmid and a reverse primer annealing to the region downstream 

of clsC2 (GCTCTCGAGAAAAAAGCAGAAG) fused to a 20-nucleotide sequence overlapping with the 

SalI-digested plasmid to generate pWH1266(clsC2). This plasmid construct (or the empty vector) was 

electroporated into Ab 17978 VU as described above. 

 

Murine infection models 

All animal experiments were approved by the Vanderbilt University Medical Center (VUMC) 

Institutional Care and Use Committee and conform to policies and guidelines established by VUMC, 

the Animal Welfare Act, the National Institutes of Health, and the American Veterinary Medical 

Association. Wildtype, female, eight-week-old C57BL/6 mice were purchased from Jackson 

Laboratories. The murine model of A. baumannii pneumonia was performed as previously described 

(216). Briefly, A. baumannii was back-diluted 1:100 from overnight culture and grown in (LB) for 3.5 

hours at 37°C with constant agitation, washed twice with cold PBS, and resuspended in PBS at an 

appropriate cell density for infection. Mice were infected intranasally with 3×108 CFUs of A. baumannii 

in 30 µL PBS. At 24 or 36 h.p.i., mice were euthanized and organs were harvested. Lungs and spleens 

were homogenized, serially diluted in PBS, and plated onto LBA for bacterial enumeration. For 

histological analyses, lungs were inflated with 1 mL of 10% formalin, fixed, embedded and stained as 

described previously (303). Mice were randomized to treatment groups using the GraphPad QuickCalcs 

online randomization software available at (https://www.graphpad.com/quickcalcs/randomize1.cfm). 
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Histology 

Paraffin-embedded mouse tissue sections were stained with hematoxylin and eosin by the 

Vanderbilt University Medical Center Translational Pathology Shared Resource. Specimens were 

examined and imaged by K. L. B. who was blinded to the treatment. Images are representative of at 

least 2 independent experiments. 

 

Bacterial growth assays 

 Overnight cultures of single, isolated colonies were generated as described above. To prepare 

for growth assays, overnight cultures were standardized to a similar optical density at 600 nm (OD600) 

and subsequently diluted 1:100 in 200 μL of rich media (LB) or minimal media (Tris Minimal Succinate 

– TMS) in 96-well flat bottom tissue culture plates (Corning™ Costar™). Plates were incubated for 24 

hours at 37°C with shaking and growth was assayed by measuring OD600 at the indicated times using 

a BioTek Synergy 2 Multi-Mode Reader (BioTek). 

 

Scanning electron microscopy analyses 

Bacterial cells were analyzed by scanning electron microscopy as previously described with 

some modifications (304).  Briefly, bacteria were cultured in LB at 37 ºC overnight.  The following day, 

samples were fixed with 2.0% paraformaldehyde (Electron Microscopy Sciences), 2.5% glutaraldehyde 

(Electron Microscopy Sciences) in 0.05 M sodium cacodylate (Electron Microscopy Sciences) buffer 

for 24 hours.  After primary fixation, samples were secondarily fixed in fresh 2.0% paraformaldehyde, 

2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer on poly-L-lysine coated glass coverslips 

(ThermoFisher) for 4 hours.  Samples were washed three times with 0.05 M sodium cacodylate buffer 

before sequential dehydration with increasing concentrations of absolute ethanol.  After ethanol 

dehydration, samples were dried at the critical point using a critical point dryer machine (Tousimis), 

mounted onto aluminum SEM sample stubs (Electron Microscopy Sciences), and sputter-coated with 

5 nm of gold-palladium.  Afterward, samples were painted with a thin strip of colloidal silver (Electron 
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Microscopy Sciences) at the edge to facilitate charge dissipation.  Bacteria were imaged with an FEI 

Quanta 250 field-emission gun scanning electron microscope.  Micrographs shown are representative 

of at least four biological replicates.  Pili were quantified as the fraction of cells expressing pili (no. cells 

with pili/ total no. cells in each image) and the number of pili per piliated cell.  At least 12 representative 

images of each strain were scored in a blinded manner for each of four independent experiments. 

 

Hemagglutination assay 

Hemagglutination experiments were performed based on a protocol by Greene et al. (305) with 

modifications. Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN Dpilus were grown overnight on LBA or 

in LB for 48 hours at 37 °C without agitation as indicated. E. coli UTI 89 (positive control) and E. coli 

UTI89 DfimAH (negative control) were grown in LB for 24 hours at 37 °C without agitation, diluted 

1:1000 in LB and incubated for another 24 hours at 37 °C without agitation. Bacteria were normalized 

to an OD600 of 1.0, after which 1 mL of each culture was pelleted and resuspended in 100 µL of PBS. 

25 µL of bacteria were diluted serially in wells of a 96-well, U-bottom plate containing 25 µL of PBS, 

after which an equal volume of a 1% suspension of washed, human erythrocytes (Innovative Research, 

Novi, MI, USA) was added to each well. Wells were incubated overnight at 4 °C without agitation, after 

which the hemagglutination titer (i.e. the maximum dilution at which bacteria are able to agglutinate 

erythrocytes) was recorded for each strain. 

 

Biofilm formation 

Stationary-phase cultures of Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN Dpilus were diluted 

1:10 in LB in wells of a 96-well plate and incubated statically at 37 °C for 24-48 hours. After incubation, 

half of the wells were used for the determination of biomass by measuring OD600, and the other half 

was used for the measurement of biofilm formation. Biofilm formation was determined as follows: 

supernatants were aspirated from each well, cells were permeabilized with 100% EtOH, and biofilms 



 
100 

were stained with crystal violet solution (0.41% in 12% EtOH) for 20 minutes.  After staining, wells were 

washed vigorously with PBS, and biofilms were solubilized with 33% acetic acid, after which OD580 was 

measured for each well. Biofilm formation was recorded as the ratio of biofilm to biomass (i.e. 

OD580/OD600) (306). 

 

A549 epithelial cell adhesion assay 

Immortalized, human A549 epithelial cells were maintained as frozen stocks in liquid nitrogen. 

Prior to infection experiments, A549 cells were maintained in Gibco Dulbecco’s Modified Eagle Medium 

(DMEM, ThermoFisher Scientific) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 

and 1% penicillin/streptomycin (P/S). A549 cells were grown until ~75% confluency after which they 

were split 1:3 in fresh medium. To prepare for infection experiments, A549 cells were seeded onto wells 

of 12-well plates and grown until confluency. Next, media was aspirated from each well, and A549 cells 

were washed twice with pre-warmed PBS. A549 cells were then infected with mid log-phase bacteria 

suspended in DMEM without antibiotics at a multiplicity of infection (MOI) of 100, after which wells were 

incubated at 37 °C for 2 hours. At 2 h.p.i., media was aspirated from each well, and non-adherent 

bacteria were removed by washing wells three times with PBS. A549 cells were then lysed by adding 

1% Triton X-100 to each well, and incubating plates at RT for 10 minutes. After lysis, 800 µL of ice-cold 

PBS was added to each well, and the contents of each well were pipetted up and down several times 

to suspend bacteria. The number of cell-associated bacteria was then determined via serial dilution in 

PBS and plating onto LBA. Data are represented as the percentage of cell-associated bacteria relative 

to Ab 17978 VU. 

 

Bacterial surface associated motility assay 

 Stationary-phase cultures of Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN Dpilus were washed 

once in LB, resuspended in LB, and standardized to a similar OD600 using LB as a diluent. Next, 1 µL 
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of standardized bacterial cultures was inoculated on the surface of motility agar plates at the center. 

Bacterial inoculums were allowed to dry, after which plates were wrapped in parafilm and incubated 

overnight, upside down, single file at 37 °C. After incubation, the maximum motility radius was 

measured. 

 

Hydrogen peroxide susceptibility assay 

 Ab 17978 VU, Ab 17978 UN, Ab 17978 UN DkatX/EV, and Ab 17978 UN DkatX/pkatX were 

grown to mid-exponential phase as previously described, and inoculated into LB supplemented with 1 

mM H2O2 at a starting inoculum of 1×107 CFU/mL. Bacteria were then incubated at 37 °C for 30 minutes 

with constant agitation, after which the remaining number of viable bacteria was determined via serial 

dilution in PBS and plating onto LBA. 

 

Total neutrophil-mediated killing (extra- and intracellular) 

Neutrophil-like HL-60 cells were maintained in RPMI medium (25 mM HEPES buffer) 

supplemented with 10% heat-inactivated FBS and 1% P/S. Prior to infection experiments, HL-60 cells 

were differentiated in media supplemented with 1.3% DMSO for 6 days. On the day of infection, 

differentiated HL-60 cells were seeded at a density of 1.4-1.8×105 cells/well in wells of a 96-well 

suspended in RPMI supplemented with 0.5% heat-inactivated FBS and incubated at 37 °C for 30 

minutes. Bacteria for the infection were prepared as follows: Ab 17978 VU, Ab 17978 UN, Ab 17978 

UN DkatX/EV, and Ab 17978 UN DkatX/pkatX were grown to mid log-phase and washed and diluted in 

PBS as previously described. Prior to infection of neutrophils, bacteria were opsonized by resuspension 

in 20% normal human serum in RPMI and subsequent incubation at 37 °C for 30 minutes with constant 

shaking at 50 RPM. Immediately following opsonization, bacteria were resuspended in RPMI 

supplemented with 0.5% heat-inactivated FBS and diluted further to the appropriate cell density for 

infection. Next, bacteria were added to each well at an MOI of 2, and the infection was synchronized 
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by centrifuging the 96-well plate at 200×g for 9 minutes at 4 °C. Inoculums were verified by serially 

diluting in PBS and plating on LBA. The plate was then incubated for 90 minutes at 37 °C, after which 

infected HL-60 cells were lysed by adding saponin to a final concentration of 0.1% to each well and 

incubating on ice for 15 minutes. Next, lysates were serially diluted in PBS and plated onto LBA for 

bacterial enumeration. 

Murine neutrophils were isolated as follows. Murine hind limbs were dissected and bone marrow 

was isolated as previously described (307). Briefly, bone marrow was isolated from the long bones of 

C57BL/6 mouse hind limbs via centrifugation, washed, red blood cells were lysed, and the bone marrow 

suspension was passed through a cell strainer prior to counting. Neutrophils were isolated using a 

mouse neutrophil isolation kit (Miltenyi Biotec) according to the manufacturer’s protocol. Infection of 

murine neutrophils was performed as described above with modifications: Purified neutrophils were 

seeded at a density of 1.6-3.2×105 cells/well in wells of a 96-well plate pre-treated with 100 µL of 20% 

normal human serum, after which they were allowed to attach to well bottoms by incubating plates at 

room temperature for 30 minutes. Ab 17978 VU, Ab 17978 UN, and Ab 17978 UN DkatX were 

opsonized by resuspension in 50% C57BL/6 mouse complement serum (Innovative Research, Novi, 

MI, USA) in RPMI medium supplemented with 10 mM HEPES buffer (RPMI/H). Immediately following 

opsonization, bacteria were washed twice with RPMI/H and diluted in RPMI/H to the appropriate cell 

density for infection. Bacteria were added to each well at an MOI of 1, and the plate was incubated for 

two hours at 37 °C following synchronization of the infection as described above. Neutrophils were 

lysed and viable bacteria were enumerated as described above. 

 

Bacterial uptake by macrophages 

Immortalized, macrophage-like RAW 264.7 cells were maintained as frozen stocks in liquid 

nitrogen. Prior to infection experiments, RAW cells were maintained in DMEM supplemented with 10% 

heat-inactivated FBS and 1% P/S. RAW cells were grown until ~75% confluency after which they were 
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split 1:10-1:20 in fresh medium. To prepare for infection experiments, RAW cells were seeded onto 

wells of 12-well plates at a seeding density of 5×105 cells/well and activated with 100 ng/mL of LPS, 

after which they were incubated overnight at 37 °C. On the day of infection, mid log-phase cultures of 

A. baumannii were prepared as previously described, after which bacteria were resuspended in DMEM 

+ 10% FBS devoid of antibiotics at the appropriate bacterial density to reach a target MOI of 15. Media 

was then aspirated from all wells, RAW cells were washed once with pre-warmed PBS, and 1 mL of 

appropriate bacteria suspended in media was added to each well. Inoculums were verified by serially 

diluting in PBS and plating on LBA. Infected RAW cells were then incubated at 37 °C for 30 minutes, 

after which media was aspirated and wells were washed twice with pre-warmed PBS. Next, extracellular 

bacteria were killed by adding 1 mL of media supplemented with 200 µg/mL gentamicin to each well 

and incubating at 37 °C. Thirty minutes after the addition of gentamicin, media was aspirated, cells 

were washed once with PBS, and cells were lysed by adding 200 µL of 0.01% triton to each well. Each 

well was scraped with a sterile cell scraper, after which the lysate was serially diluted in PBS and plated 

onto LBA for the enumeration of intracellular bacterial burden. 

 

Bacterial cell envelope stress assays 

Bacterial susceptibility to osmotic stress was assayed as follows: Ab 17978 VU, Ab 17978 UN, 

Ab 17978 UN DclsC2, and Ab 17978 UN DclsC2/clsC2 were grown to mid-exponential phase as 

previously described, and inoculated into LB supplemented with 2.5M of NaCl at a starting inoculum of 

1×107 CFU/mL. Bacteria were then incubated at 37 °C for two hours with constant agitation, after which 

bacterial viability was determined via serial dilution in PBS and plating onto LBA. Bacterial survival was 

calculated as the percentage of viable bacteria post-incubation relative to the number of viable bacteria 

pre-incubation. Bacterial susceptibility to detergent stress was assayed as follows: Ab 17978 VU, Ab 

17978 UN, Ab 17978 UN DclsC2, and Ab 17978 UN DclsC2/clsC2 were prepared as above, and 

resuspended in PBS supplemented with 0.1% Triton X-100 at a starting inoculum of 1×1010 CFU/mL. 
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Bacteria were then incubated at 37 °C for six hours with constant agitation, after which bacterial viability 

and survival were determined and calculated as above. 

 

Detection of cytokines produced by infected macrophages 

BMDMs were isolated and maintained as previously described (308). Briefly, bone marrow was 

isolated from the long bones of C57BL/6 mouse hind limbs via centrifugation, washed, red blood cells 

were lysed, and the bone marrow suspension was passed through a cell strainer prior to counting. The 

bone marrow cell suspension was plated at a density of 3 x 106 cells/ml in BMDM medium (RPMI 

medium supplemented with 10% FBS and 20% LC medium) and incubated at 37°C with 5% CO2. Every 

48 hours, media was aspirated and fresh BMDM medium was added to each plate. On day six, BMDMs 

were collected and seeded onto 12-well plates at a density of 1-2.5×106 cells/well in BMDM media, and 

incubated overnight at 37 °C. On day 7, mid log-phase cultures of A. baumannii were prepared as 

previously described, and diluted to the appropriate bacterial density in RPMI medium supplemented 

with 10% FBS for a target MOI of 10. Media was then aspirated from all wells, and BMDMs were 

washed once with pre-warmed PBS, after which bacteria suspended in 1 mL of media were added. As 

a negative control, BMDMs were infected with media alone, and as a positive control, BMDMs were 

treated with media supplemented with 100 ng/mL of LPS or 100 ng/mL of LPS + 2 mM ATP. Plates 

were then incubated at 37 °C and the supernatant was collected at 18 h.p.i. Cytokines and chemokines 

(IL-1b, IL-10, KC, MIP-2) in BMDM supernatants were quantified using an ELISA kit (R&D systems, 

Minneapolis, MN) according to the manufacturer’s protocol for each. 

 

Complete blood count 

Complete blood counts with five-part differential were performed on EDTA-treated whole mouse 

blood by the Vanderbilt University Medical Center Translational Pathology Shared Resource. 
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Immune cell recruitment 

Flow cytometric analyses were performed with total erythrocyte-free lung cells isolated at 24 

h.p.i. from individual mice infected with Ab 17978 VU or Ab 17978 UN as indicated. Lungs were minced, 

digested with collagenase and DNase for 30 minutes, and passed through a 70 μm cell strainer prior 

to erythrocyte lysis. Cells were stained with a myeloid panel that included antibodies against CD45 

(clone 104, FITC, eBioscience), CD103 (clone 2E7, PerCP-Cy5.5, BioLegend), CD64 (clone X54-5/7.1, 

PE, BioLegend), CD11c (clone HL-3, PE-Cy7, BD Pharmingen), Siglec F (clone E50-2440, Horizon 

PE-CF594, BD Pharmingen), CD11b (clone M1/70, eFluor-450, eBioscience), MHCII (clone 

M5/114.15.2, BV605, BD Pharmingen), CD24 (clone M1/69, APC, eBioscience), Ly6C (clone AL-21, 

APC-Cy7, BD Pharmingen), and Ly6G (clone 1A8, Alexa Fluor 700, BD Pharmingen). Analyses were 

carried out on the 5-laser BD LSR Fortessa (BD Biosciences) at the Vanderbilt Flow Cytometry Shared 

Resource, and analyses were performed using FlowJo software (Treestar Inc). Myeloid populations 

were gated according to the strategy of Misharin and colleagues (205, 309). 

Quantification and statistical analysis 

Statistical analyses were performed using GraphPad Prism version 6. Mean comparisons were 

performed using unpaired Welch’s t-test or one-way ANOVA adjusted for multiple comparisons as 

indicated. P values less than 0.05 were considered statistically significant. Statistical details of 

experiments can be found in the figure legends. 
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Table 5. Bacterial strains and plasmids used in this Chapter 

Strain/plasmid Description Source Reference 

Ab 17978 VU 
Variant of A. baumannii ATCC 17978 

that lacks AbaAL44, stored at Vanderbilt 
University 

Vanderbilt 
University ATCC 

Ab 17978 UN 
Variant of A. baumannii ATCC 17978 
that harbors AbaAL44, stored at the 

University of Nebraska 

University of 
Nebraska ATCC, (303) 

Ab 17978 UN 
Δpilus/pAT02 

Ab 17978 UN with accessory pilus locus 
(smf1, yadV, htrE, and mrkD) replaced 

by kanR cassette 
 This Chapter 

Ab 17978 UN 
ΔkatX 

Ab 17978 UN with accessory katX gene 
(KZA74_09300) replaced by kanR 

cassette 
 This Chapter 

Ab 17978 UN 
ΔkatX/EV 

Ab 17978 UN ΔkatX transformed with 
pWH1266  This Chapter 

Ab 17978 UN 
ΔkatX/pkatX 

Ab 17978 UN ΔkatX transformed with 
pWH1266(katX)  This Chapter 

Ab 17978 UN 
ΔclsC2 

Ab 17978 UN with accessory cardiolipin 
synthase gene (clsC2) replaced by kanR 

cassette 
 This Chapter 

Ab 17978 UN 
ΔclsC2/clsC2 

Ab 17978 UN ΔclsC2 with clsC2 
reintegrated chromosomally under its 

native promoter 
 This Chapter 

Ab 17978 VU/EV Ab 17978 VU transformed with 
pWH1266  This Chapter 

Ab 17978 
VU/pclsC2 

Ab 17978 VU transformed with 
pWH1266(clsC2)  This Chapter 

E. coli UTI89 Prototypical UPEC strain 
Dr. Maria 

Hadjifrangiskou 
(Nashville, TN) 

(310) 
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E. coli UTI89 
DfimAH 

Prototypical UPEC strain with fimA and 
fimH genes deleted 

Dr. Maria 
Hadjifrangiskou 
(Nashville, TN) 

(311) 

E. coli 
100D/pTNS2 

E. coli 100D transformed with helper 
plasmid encoding the site-specific 

TnsABCD Tn7 transposition pathway 
 (302) 

E. coli 
HB101/pRK2013 

E. coli HB101 transformed with oriT 
helper-containing plasmid  (302) 

E coli DH5ɑ 
λpir116 

Strain that permits maintenance of 
plasmids at high copy numbers 

Dr. Eric Skaar 
(Nashville, TN)  

pCR2.1 Vector to amplify kanR cassette for 
insertion  (213) 

pAT02 
precET-carb confers carb/amp 
resistance and A. baumannii 

recombinase 
 (273) 

pWH1266 
E. coli – A. baumannii shuttle vector 
conferring ampicillin and tetracycline 

resistance 
 (312) 

pKNOCK-mTn7-
amp 

Plasmid with R6K origin of replication 
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CHAPTER IV 

DELINEATING THE ROLE OF CARDIOLIPIN OVEREXPRESSION BY ACINETOBACTER 

BAUMANNII IN PNEUMONIA PATHOGENESIS 

 

4.1 Introduction 

 The lipid composition of the Gram-negative cell envelope is dominated by LPS (or LOS) and PE. 

A small minority is comprised of the anionic lipids PG and CL (Chapter I). Despite this, the model Gram-

negative organism E. coli harbors three genes encoding CL synthase enzymes: clsA, clsB, and clsC 

(136). Similarly, the nosocomial pathogen A. baumannii encodes up to three such genes as well: clsA, 

clsC1, and clsC2 (Chapter III). This implies an important role for CL in bacterial physiology and 

pathogenesis. Although there may be some functional redundancy, the activity of different cls genes is 

temporally regulated. In E. coli, ClsA synthesizes the majority of CL during logarithmic growth phase. 

During stationary phase, ClsA activity increases and ClsB and ClsC are activated as well, resulting in 

an overall increase in CL abundance during this growth phase (136, 314). The temporal regulation of 

cls gene expression in A. baumannii remains to be experimentally verified. Further, A. baumannii 

synthesizes multiple species of CL and monolysocardiolipin (197), and different enzymes are implicated 

in the synthesis of either CL or monolysocardiolipin (297). In S. aureus, increased CL biosynthesis due 

to enhanced cls2 activity promotes persistent infection and leads to resistance to the antibiotic 

daptomycin (315). These findings suggest that bacterial pathogens may be capable of modulating CL 

abundance and/or composition by differentially expressing Cls enzymes. However, to what extent 

pathogenic bacteria such as A. baumannii vary in cell envelope CL content within species, between 

species, and/or over the course of infection remains to be fully elucidated. 

 It is well-established that pathogenic bacteria can modify LPS composition over the course of 

infection (114, 115). Furthermore, bacterial LPS/LOS is a recognized driver of pneumonia pathogenesis 

through TLR4-mediated immune signaling and inflammasome activation (89, 93, 97, 316). Similarly, 

CL affects the host response to infection. Bacterial CL differentially activates TLR4-mediated pro-
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inflammatory cytokine production depending on acyl chain saturation (125), and promotes phagocytic 

uptake by macrophages (137). In addition, mitochondrial CL is a direct agonist of the NLRP3 

inflammasome, leading to the production of the pro-inflammatory cytokines IL-1β and IL-18 (102). In 

the setting of pneumonia, release of mitochondrial CL into the extracellular environment promotes lung 

injury (104). By contrast, the role of bacterial CL as a molecular driver of inflammation and lung injury 

during bacterial pneumonia is underexplored. The contribution of bacterial variability in cell envelope 

CL content to these processes remains to be investigated as well. 

 In the present chapter, preliminary inquiries into intra- and inter-species variability in cell 

envelope CL content are described, and the differential expression of cls genes during logarithmic 

growth phase in A. baumannii is interrogated. Further, some of the effects of A. baumannii CL 

overexpression on the interactions between this pathogen and host innate immune cells are assessed. 

 

4.2 Results 

Pathogenic bacteria vary in genomic cls gene content, and increased cls gene content correlates with 

increased CL content in A. baumannii. 

 Two variants of A. baumannii strain 17978 differ based on the presence of a 44-kb accessory 

locus (AbaAL44), which encompasses a cls gene: clsC2. As such, Ab 17978 UN harbors three cls 

genes (clsA, clsC1, and clsC2), whereas Ab 17978 VU only harbors clsA and clsC (Chapter III). This 

finding is suggestive of intra-species variability in genomic cls gene content in A. baumannii. To test 

the hypothesis that other pathogenic bacteria vary in genomic cls gene content, a preliminary literature 

review was conducted. The pathogenic bacteria included in this preliminary review or in the studies 

described in Chapter III harbor at least one, and up to three, cls genes (Fig. 19A). Specifically, 

Moraxella catarrhalis harbors 1 cls gene; S. aureus, K. pneumoniae HS11286, and A. baumannii 17978 

VU all harbor two cls genes; and P. aeruginosa, K. pneumoniae ST67, Salmonella enterica, and A. 

baumannii 17978 UN all harbor three cls genes (198, 199, 317) (Fig. 19A). These findings demonstrate 
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that there is both inter- and intra-species variation in genomic cls gene content among pathogenic 

bacteria. 

 To test the hypothesis that increased genomic cls gene content correlates with increased CL 

abundance in A. baumannii, total lipids were extracted from mid-logarithmic-phase cultures of Ab 17978 

VU and Ab 17978 UN, and CL was quantified using liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS). Poly-unsaturated CL was by far the most prevalent type of CL in both 

variants, followed by mono-unsaturated CL and saturated CL, respectively (Fig. 19C-E). Relative to Ab 

179878 VU, there was a statistically significant, 2 – 2.5-fold increase in the abundance of saturated, 

mono-unsaturated, poly-unsaturated CL, and total CL in lipids extracted from Ab 17978 UN (Fig. 19C-

E). These data demonstrate that, in A. baumannii, increased genomic cls gene content correlates with 

increased CL abundance, and that Ab 17978 UN overexpresses CL in comparison to Ab 17978 VU. 

 To determine the relative activity of each cls gene – clsA, clsC1, and clsC2 – during logarithmic 

growth phase in A. baumannii, expression of each gene was quantified using reverse transcription 

quantitative PCR (RT-qPCR). With the exception of clsC2 in Ab 17978 VU (which lacks this gene), 

expression of each gene was detected in both Ab 17978 VU and Ab 17978 UN during logarithmic 

growth phase (Fig. 20). There was no significant difference in clsA expression between the two variants 

(Fig. 20A), but there was an approximate 2.5-fold increase in clsC1 expression in Ab 17978 VU 

compared to Ab 17978 UN, although this did not reach statistical significance (Fig. 20B). These data 

suggest that all three cls genes are expressed during logarithmic growth phase in A. baumannii. In 

addition, clsC1 may potentially be more highly expressed in Ab 17978 VU, which does not express 

clsC2 (Fig. 20B and C). These data suggest that expression of clsC2 may downregulate expression of 

clsC1, and imply some functional redundancy between clsC1 and clsC2. 

 Given the fact that AbaAL44, which harbors clsC2, is present in at least 100 isolates of A. 

baumannii (Chapter III), these data suggest that increased cell envelope CL content is not uncommon 

among strains of A. baumannii and may therefore be relevant to its (infection) biology. Furthermore, 

these two variants of A. baumannii may provide an opportunity to study the effects of increased CL 
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content on A. baumannii infection biology, and of bacterial cell envelope CL content variability on 

pneumonia pathogenesis in general. 
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Figure 19. Pathogenic bacteria vary in genomic cls gene content, and increased cls gene 
content correlates with increased CL abundance in A. baumannii. A: Literature and publicly 
accessible databases (NCBI, UniProt) were reviewed to assess the number of different cls genes 
present in the genomes of pathogenic bacteria. B-E: Total lipids were extracted from mid-logarithmic-
phase cultures of Ab 17978 VU, Ab 17978 UN, and Ab 17978 VUclsC2. The relative abundance of __ 
distinct species of CL were quantified using LC-MS/MS, and the average abundance of total (B), 
saturated (C), mono-unsaturated (D), and poly-unsaturated (E) CLs were compiled for each 
variant/strain and depicted in each graph as indicated. B-E: N=3 biological replicates per variant/strain, 
and data are from one experiment. Circles represent individual samples, columns depict the mean and 
error bars show standard deviation of the mean. Means were compared using a one-way ANOVA 
adjusted for multiple comparisons. *: p<0.05; **: p<0.01; ns: not significant. 
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Figure 20. Relative expression of three cls genes in A. baumannii variants during logarithmic 
growth phase. A-C: Total RNA was extracted from mid-logarithmic-phase cultures of Ab 17978 VU, 
Ab 17978 UN, and Ab 17978 VUclsC2, and the relative expression of clsA, clsC1, and clsC2 was 
quantified using RT-qPCR. Expression of each gene is depicted as fold-expression relative to 
expression of that gene in Ab 17978 UN. A-C: N=3-5 biological replicates per variant/strain, and data 
are from one experiment. Circles represent individual samples, columns depict the mean and error bars 
show standard deviation of the mean. Means were compared using a one-way ANOVA adjusted for 
multiple comparisons. **: p<0.01; ns: not significant. 
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Expression of clsC2 under the control of an inducible promoter in Ab 17978 VU may promote bacterial 

resistance to osmotic stress. 

 Besides the differential presence of clsC2, there are additional genetic differences between Ab 

17978 VU and Ab 17978 UN (Chapter III). As such, these two variants cannot be used in a head to 

head comparison to determine the effects of CL overexpression on A. baumannii pathogenesis. 

Instead, clsC2 was introduced into the genetic background of Ab 17978 VU in three different ways: in 

trans, chromosomally under its native promoter, or chromosomally under an inducible promoter (lac). 

In Ab 17978 UN, clsC2 promotes resistance to osmotic and detergent stress (Chapter III), and clsC2 

expression is correlated with increased abundance of CL (Fig. 19 and 20). Therefore, the hypothesis 

that clsC2 expression promotes bacterial resistance to osmotic and detergent stress in Ab 17978 VU 

was tested. Specifically, Ab 17978 VU (WT), Ab 17978 VUclsC2, Ab 17978 VUlac, and Ab 17978 

VUlac_clsC2 were grown in or exposed to varying concentrations of NaCl or the detergent Triton X-100. 

Both NaCl and Triton X-100 impeded growth of Ab 17978 VU and Ab 17978 VUclsC2 in a dose-

dependent manner (Fig. 21A and B). However, there were no biologically meaningful or statistically 

significant differences between these two strains (Fig. 21A and B). Similarly, there were no differences 

in bacterial survival between these two strains after exposure to 2.5 M NaCl or 0.1% Triton X-100 (Fig. 

21C and D). Intriguingly, Ab 17978 VUclsC2 showed similar gene expression patterns for both clsA and 

clsC1 compared to Ab 17978 UN, and exhibited two-fold greater expression of clsC2 during logarithmic 

phase (Fig. 20). Despite high expression of clsC2, there were no significant increases in the abundance 

of saturated, mono-unsaturated, poly-unsaturated, or total CLs between Ab 17978 VUclsC2 and the Ab 

17978 VU parental strain (Fig. 19B-E). These data suggest that expression of clsC2 alone is not 

sufficient to increase cell envelope CL content in A. baumannii. 

 By contrast, induction of clsC2 expression in Ab 17978 VUlac_clsC2 with 8 mM of IPTG increased 

bacterial survival after exposure to 2.5 M NaCl or 0.1% Triton X-100 compared to Ab 17978 VUlac. For 

NaCl, this difference was statistically significant (Fig. 21E and F). Thus, these data imply that 

expression of clsC2 under the control of an inducible promoter may promote A. baumannii resistance 
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to osmotic and possibly detergent stress. However, expression levels of clsC2 were not empirically 

determined in these strains. 
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Figure 21. Expression of clsC2 under the control of an inducible promoter in Ab 17978 VU may 
promote bacterial resistance to osmotic stress. A and B: Ab 17978 VU (WT) and Ab 17978 VUclsC2 
were grown in the presence of varying concentrations of NaCl or Triton X-100 as indicated, and 
bacterial growth was monitored by measuring OD600 over time. C and D: Mid-logarithmic-phase 
cultures of Ab 17978 VU (WT) and Ab 17978 VUclsC2 were incubated in the presence of 2.5 M NaCl or 
0.1% Triton X-100, and bacterial survival was determined after 2 (NaCl) or 6 (Triton X-100) hours. E 
and F: Ab 17978 VUlac and Ab 17978 VUlac_clsC2 were grown in the presence of varying concentrations 
of IPTG as indicated until mid-logarithmic-phase, after which cultures were incubated in the presence 
of 2.5 M NaCl or 0.1% Triton X-100 as indicated. Bacterial survival was determined as above. A and 
B: symbols depict the mean, and error bars show standard deviation of the mean. N=4 biological 
replicates per strain, and data are from one experiment. C-F: N=3-4 biological replicates per strain, and 
data are from one (E and F) or two (C and D) independent experiments. Columns depict the mean, 
and error bars show standard deviation of the mean. Where indicated, means were compared using an 
unpaired Welch’s t-test. **: p<0.01; ns: not significant. 
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Expression of clsC2 by Ab 17978 VU alters pathogen-macrophage interactions. 

 In Ab 17978 UN, clsC2 promotes bacterial uptake by macrophage-like RAW 264.7 cells, and 

increases the production of pro-inflammatory IL-1β and decreases the production of anti-inflammatory 

IL-10 by murine BMDMs (Chapter III). Similarly, in trans expression of clsC2 in Ab 17978 VU promotes 

bacterial uptake by RAW 264.7 cells, and increases the production of IL-1β by BMDMs. In contrast to 

Ab 17978 UN, in trans expression of clsC2 in Ab 17978 VU increases the production of IL-10 by infected 

BMDMs (Chapter III). To test the hypothesis that chromosomal expression of clsC2 under the control 

of either its native promoter or an inducible promoter (lac) in Ab 17978 VU increases bacterial uptake 

by phagocytes, RAW 264.7 cells were infected with Ab 17978 VU (WT), Ab 17978 VUclsC2, Ab 17978 

VUlac, or Ab 17978 VUlac_clsC2. Congruent with previous results (Chapter III), relative intracellular 

bacterial burdens were significantly greater in RAW cells infected with Ab 17978 VUclsC2 compared to 

RAW cells infected with the parental strain (Ab 17978 VU) (Fig. 22A). Similarly, the relative intracellular 

bacterial burdens of RAW cells infected with Ab 17978 VUlac_clsC2 in which clsC2 expression was 

induced with 8 mM IPTG were significantly greater than those of RAW cells infected with Ab 17978 

VUlac (Fig. 22B). These data provide further evidence that expression of clsC2 by A. baumannii 

promotes bacterial uptake by macrophages. 

 To determine the effects of in trans expression of clsC2 by A. baumannii on the production of 

KC by infected macrophages, BMDMs were infected with Ab 17978VU/EV or Ab 17978VU/pclsC2. 

BMDMs infected with Ab 17978VU/pclsC2 produced significantly more KC than BMDMs infected with 

Ab 17978VU/EV (Fig. 22C), suggesting that introducing clsC2 into A. baumannii on a plasmid promotes 

the production of this neutrophil chemokine by infected host innate immune cells. To determine how 

chromosomal expression of clsC2 under the control of either its native promoter or an inducible 

promoter (lac) by Ab 17978 VU affects IL-10 production by infected macrophages, macrophage-like 

RAW 264.7 cells were infected with Ab 17978 VU (WT), Ab 17978 VUclsC2, Ab 17978 VUlac, or Ab 17978 

VUlac_clsC2. RAW cells infected with Ab 17978 VUlac_clsC2, in which clsC2 expression was induced with 8 

mM, produced significantly more IL-10. Similar results were found in RAW cells infected with Ab 17978 
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VU/pclsC2 or Ab 17978 VUclsC2, although the increase in IL-10 production was not statistically 

significant for the latter (Fig. 22D-F). Infection with clsC2-expressing Ab 17978 UN decreases IL-10 

production by infected macrophages (Chapter III), whereas in trans or chromosomal expression of 

clsC2 by Ab 17978 VU increased IL-10 production by infected macrophages (Fig. 22). Therefore, the 

effects of A. baumannii clsC2 expression on host phagocyte IL-10 production remain ambiguous. 
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Figure 22. Expression of clsC2 by Ab 17978 VU alters pathogen-macrophage interactions. A and 
B: Different strains of A. baumannii were grown until mid-logarithmic phase in the presence or absence 
of varying concentrations of IPTG to induce clsC2 expression as indicated. Subsequently, macrophage-
like RAW 264.7 cells were infected with A. baumannii, and intracellular bacterial burdens of infected 
RAW cells were determined at 90 minutes post-infection. C: Murine BMDMs were infected with mid-
logarithmic-phase cultures of Ab 17978 VU/EV or Ab 17978 VU/pclsC2 as indicated, or mock-infected 
with media alone or media supplemented with LPS and ATP. At 18 h.p.i., the concentration of KC in 
the supernatants of infected BMDMs was determined using an ELISA. D-F: RAW cells were infected 
with mid-logarithmic-phase cultures of A. baumannii, which were prepared as described above (A and 
B). At 18 h.p.i., the concentration of IL-10 in the supernatants of infected RAW cells was determined 
using an ELISA. A and B: N=3-4 biological replicates per experiment. Graphs depict average data from 
at least two independent experiments. C-F: N=3-4 biological replicates, and data are from one 
experiment. A-F: Columns depict the mean, and error bars show standard deviation of the mean. 
Means were compared using a one-way ANOVA adjusted for multiple comparisons. *: p<0.05; **: 
p<0.01; ns: not significant. 
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4.3 Discussion 

 clsC2 is differentially present in two variants of A. baumannii 17978: Ab 17978 VU (clsC2 absent) 

and Ab 17978 UN (clsC2 present) (Chapter III). Here, it is demonstrated that expression of clsC2 by 

Ab 17978 UN correlates with increased CL abundance. In addition to clsC2, both clsA and clsC1 are 

expressed during logarithmic growth phase by A. baumannii. Further, A. baumannii strains expressing 

clsC2 may potentially exhibit decreased clsC1 expression during logarithmic growth phase compared 

to a strain that lacks clsC2. This finding implies that clsC2 and clsC1 are at least somewhat functionally 

redundant, and suggests that expression of one may downregulate expression of the other. In E. coli, 

clsA is responsible for the majority of CL synthesis during logarithmic growth phase, and clsB and clsC 

are activated during stationary phase (136, 314). To what extent each of the three Cls enzymes 

contribute to CL synthesis in A. baumannii during logarithmic growth phase remains to be investigated. 

Further, it remains to be fully elucidated if and how expression of the three cls genes changes during 

stationary phase in A. baumannii. A. baumannii is capable of synthesizing several different types of CL 

(Fig. 19 B-D and ref. 197). If and to what extent each of the three Cls enzymes differentially contributes 

to the synthesis of each type of CL is currently unknown. As saturated and unsaturated CLs differentially 

stimulate pro-inflammatory cytokine production (125), determining how different Cls enzymes 

contribute to the synthesis of different CL species may further our understanding of the molecular 

pathogenesis of bacterial pneumonia. 

 Chromosomal introduction of clsC2 under the control of its native promoter into Ab 17978 VU 

resulted in expression of this gene during logarithmic phase. In fact, clsC2 expression in Ab 17978 

VUclsC2 was significantly higher than in Ab 17978 UN (Fig. 20C). Nevertheless, there were no 

statistically significant differences in CL abundance between Ab 17978 VUclsC2 and the parental strain 

(Ab 17978 VU). This finding suggests that expression of clsC2 alone is not sufficient to increase cell 

envelope CL content by A. baumannii. In addition to clsC2, other genetic elements that are present in 

Ab 17978 UN but absent in Ab 17978 VU may be required for CL overexpression. Chromosomal 

expression of clsC2 by Ab 17978 VU resulted in several phenotypes associated with increased CL 
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abundance, including increased bacterial uptake by macrophages (Fig. 22A and B). This was 

independent of whether clsC2 was under the control of its native promoter or an inducible promoter. 

However, the magnitudes of each of these phenotypes were smaller than in the Ab 17978 UN parental 

strains (Chapter III). It was recently demonstrated that CL promotes LPS transport to the bacterial OM 

(135). Therefore, expression of clsC2 may alter the relative abundance of LOS or other lipids in the cell 

envelope of Ab 17978 VUclsC2, resulting in the phenotypes observed in this strain. This may explain why 

IL-10 expression is decreased in macrophages infected with the clsC2-expressing Ab 17978 UN 

parental strain but increased in macrophages infected with any clsC2-expressing Ab 17978 VU strain 

as well. 

 As demonstrated in this chapter, A. baumannii and several other pathogenic bacteria vary in 

genomic cls gene content (Fig. 19A). If increased cls gene abundance correlates with increased CL 

abundance in other pathogenic bacteria such as P. aeruginosa, bacterial variability in cell envelope CL 

content may be an unrecognized determinant of pathogenesis in bacterial pneumonia. However, to test 

this hypothesis, tools beyond the strains described in this chapter must first be developed (see Chapter 

V). 

 

4.4 Materials and methods 

Bacterial strains and culture conditions 

Bacterial strains and plasmids used in this Chapter are listed in Table 6. Strains were maintained 

as frozen stocks in lysogeny broth (LB) supplemented with 30% (vol/vol) glycerol at -80 °C. Unless 

noted otherwise, bacteria were grown on LB agar (LBA) at 37 °C, and single, isolated colonies were 

resuspended in LB and incubated overnight at 37 °C with constant agitation. Overnight cultures were 

diluted 1:100-1:1,000 in fresh LB and incubated for 3.5 hours at 37 °C with constant agitation until 

exponential phase. Exponential-phase cultures were washed twice with cold phosphate-buffered saline 

(PBS) and diluted to 1×1010 colony-forming units (CFUs) per mL in PBS. Bacterial cultures were diluted 
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further as appropriate for each experiment. clsC2 was integrated under its native promoter into the 

chromosome of Ab 17978 VU as described in Chapter III. The clsC2 open reading frame (ORF) under 

an inducible promoter (lac), or the inducible promoter alone, was integrated into the chromosome of Ab 

17978 VU in a similar manner. Specifically, the lac promoter ± the clsC2 ORF were cloned into the 

pKNOCK-mTn7 plasmid to make pKNOCK(lac) or pKNOCK(lac_clsC2) using a forward primer 

annealing to the region upstream of the lac promoter (GCGTTGCGCTCACTGCCC) and a reverse 

primer annealing to the region downstream of the lac promoter (GCTCGAATTCTGTTTCCTGTGTG). 

In the case of pKNOCK(lac_clsC2), this reverse primer overlapped with part of a second forward primer 

annealing to the start of the clsC2 ORF (ATGATCAATCAGCTATATGAGCAGTATAG). A second 

reverse primer annealed to the end of this ORF (TTACATCATCCACTCAATTGGC). Transformation of 

these constructs into E. coli lpir116, as well as the four-way mate, were done as described in Chapter 

III. 

 

Identification of cls genes in genomes of pathogenic bacteria 

 Literature, publicly accessible genomes in NCBI, and the publicly accessible UniProt database 

were searched for the presence of (putative) cls genes in the genomes of pathogenic bacteria. Search 

terms included, but were not limited to: “[genus and species] (e.g. Staphylococcus aureus)”; “cardiolipin 

synthase”; “cls”, and “phospholipase D superfamily”. It is recognized that this review is not exhaustive. 

 

Measurement of CL in A. baumannii 

 Ab 17978 UN, Ab 17978 VU, and Ab 17978 VUclsC2 were grown until mid-logarithmic phase and 

total lipids were extracted using the Folch method (318). Briefly, bacterial cell pellets were diluted 1:20 

in an ice-cold mixture of chloroform/methanol (2:1), after which 0.2 volume equivalents of ice-cold water 

were added. Samples were centrifuged for 10 minutes at 1000 × g, and the bottom, organic phase was 

collected and transferred to 2-mL glass vials. Next, samples were dried under liquid nitrogen. 
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Comprehensive CL quantification of dried lipid samples was done via LC-MS/MS (Creative Proteomics, 

Shirley, NY). 

 

Expression of cls genes in A. baumannii 

 Ab 17978 UN, Ab 17978 VU, and Ab 17978 VUclsC2 were grown until mid-logarithmic phase and 

bacteria were lysed in RNase-free TE buffer (ThermoFisher Scientific, Waltham, MA) using 100 μm 

silica beads and an HT6 benchtop homogenizer (OPS Diagnostics, Lebanon, NJ). Total RNA was 

extracted using a RNeasy kit (Qiagen, Hilden, Germany), and genomic DNA was removed using a 

Turbo DNA-free kit (Waltham, MA). Purified RNA was converted to cDNA using an iScript cDNA 

synthesis kit (Bio-Rad laboratories, Hercules, CA) per manufacturers’ protocols. Transcripts of clsA, 

clsC1, and clsC2 were quantified using transcript-specific primers (clsA: 

AAAAAGTGCCCAAGAACGTG and GCCAGCAGCATGTAACTCTG; clsC1: 

AATCAGGTTGCGCTTATTGG and CCAACCAACATGACATCGAC; clsC2: 

CCATCACGAAGACCATAGCC and GGAGAGTCAGCAACAAAATGG) and SYBR Green master mix. 

 

NaCl and Triton X-100 growth and survival assays 

 Stationary-phase cultures of Ab 17978 VU and Ab 17978 VUclsC2 were standardized to a similar 

OD600 and diluted 1:100 in fresh LB supplemented with varying concentrations of NaCl or Triton X-100 

as indicated. Bacterial growth was monitored over time by taking serial OD600 measurements. Bacterial 

survival after exposure to 2.5 M NaCl or 0.1% Triton X-100 was assessed as described previously 

(Chapter III). 

 

Bacterial uptake and cytokine production by macrophages 

 Ab 17978 VU, Ab 17978 VUclsC2, Ab 17978 VUlac, and Ab 17978 VUlac_clsC2 were grown to mid-

logarithmic phase in the presence or absence of varying concentrations of IPTG to induce clsC2 

expression as indicated. To determine uptake of bacteria by macrophage-like RAW 264.7 cells or 
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cytokine production by RAW 264.7 cells or murine BMDMs, macrophages were infected as previously 

described (Chapter III). Concentrations of KC or IL-10 in the supernatants of infected macrophages 

were determined using an ELISA (R&D systems, Minneapolis, MN) per the manufacturer’s protocol. 
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Table 6. Bacterial strains and plasmids used in this Chapter 

Strain/plasmid Description Source Reference 

Ab 17978 VU 
Variant of A. baumannii ATCC 17978 

that lacks AbaAL44, stored at Vanderbilt 
University 

Vanderbilt 
University ATCC 

Ab 17978 UN 
Variant of A. baumannii ATCC 17978 
that harbors AbaAL44, stored at the 

University of Nebraska 

University of 
Nebraska ATCC, (303) 

Ab 17978 VUclsC2 

Ab 17978 VU in which clsC2 has been 
chromosomally integrated under its 

native promoter 
 This chapter 

Ab 17978 VUlac 
Ab 17978 VU in which the inducible 

promoter lac has been chromosomally 
integrated 

 This chapter 

Ab 17978 
VUlac_clsC2 

Ab 17978 VU in which the clsC2 ORF 
has been chromosomally integrated 

under an inducible promoter (lac) 
 This chapter 

Ab 17978 VU/EV Ab 17978 VU transformed with 
pWH1266  Chapter III 

Ab 17978 
VU/pclsC2 

Ab 17978 VU transformed with 
pWH1266(clsC2)  Chapter III 

pWH1266 
E. coli – A. baumannii shuttle vector 
conferring ampicillin and tetracycline 

resistance 
 (312) 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The studies described in this thesis highlight the complexity of the molecular interactions at the 

host-microbe interface in the setting of bacterial pneumonia. Bacterial pneumonia poses a major burden 

on global public health, and increased mechanistic insights into the molecular interactions between 

causative agents of pneumonia and the host response to infection may enhance our understanding of 

pneumonia pathogenesis. Additionally, inquiries into these interactions may uncover novel molecular 

targets of potential therapeutic interest. Chapter II demonstrates how Gram-negative bacteria may act 

as a reservoir for AG antibiotics, and how these antibiotics can synergize with host-derived pulmonary 

surfactant to increase bacterial killing inside the lung. The studies described in this chapter, therefore, 

provide mechanistic insights into why AG antibiotics appear to be uniquely effective in the lungs as 

compared to other organ systems, and may thereby expand their clinical utility.  

In addition to serving as a reservoir for polycationic antibiotics such as AGs, the Gram-negative 

cell envelope is a major molecular determinant of pneumonia pathogenesis. Chapters III and IV 

illustrate how variants of the nosocomial pathogen A. baumannii modulate cell envelope composition 

through differential expression of the anionic lipid CL. Overexpression of CL promotes bacterial 

resistance to host-imposed stressors such as osmotic and detergent stress, and alters the molecular 

interactions between bacteria and macrophages by promoting bacterial uptake and altering cytokine 

production. As described in these chapters, differential expression of CL may be relevant to multiple 

species of bacterial pathogens, and may therefore be an unrecognized determinant of inflammation 

and injury in bacterial pneumonia. Several questions regarding the molecular interactions between the 

Gram-negative cell envelope and the host environment in the setting of bacterial pneumonia remain. In 

this Chapter, ongoing as well as future studies aimed at answering these questions are described. 
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Definitively determine the subcellular location of the Gram-negative and Gram-positive AG reservoir. 

 Studies described in Chapter II demonstrate that Gram-negative bacteria serve as a reservoir 

for AG antibiotics. Experiments with pharmacological inhibitors of AG binding to the Gram-negative OM 

or AG uptake into the bacterial cytosol implicate the OM as the predominant AG reservoir. However, 

definitive evidence to support this conclusion is presently lacking. A recent study demonstrated that a 

labeled derivative of the AG antibiotic neomycin binds the Gram-negative OM in a saturable fashion 

over the course of several minutes of exposure. These binding interactions were strong enough to 

withstand multiple washes (225). For the experiments described in Chapter II, bacteria were exposed 

to AG antibiotics for several hours, as opposed to several minutes. Even though pharmacological 

inhibition of PMF-mediated AG uptake did not reduce AG binding to Gram-negative bacteria, AG uptake 

into the bacterial cytosol can occur in the absence of the PMF (229). As such, experiments with 

(fluorescently) labeled AG antibiotics can definitively determine whether the bacterial cytosol, or any 

other subcellular locations in addition to the OM, contributes to the Gram-negative AG reservoir over 

the course of several hours of exposure. 

 In addition, as demonstrated in Chapter II, the Gram-positive pathogen S. aureus may serve as 

a reservoir for gentamicin, but not for kanamycin. This finding suggests that, in contrast to Gram-

negative bacteria, AG antibiotic retention by S. aureus may be restricted to fewer types of AGs, or 

possibly to just gentamicin. Gram-positive bacteria lack an OM. As such, the identity of the S. aureus 

gentamicin reservoir is presently unknown. Experiments with a labeled derivative of gentamicin may 

provide further insight into the subcellular location of the gentamicin reservoir of this pathogen. The 

inclusion of other pathogens in these studies, such as S. pneumoniae, can help ascertain whether the 

formation of such antibiotic reservoirs is conserved across multiple species of Gram-positive bacteria, 

or if it is unique to S. aureus. 

 Finally, as described in Chapter II and ref. (205), bacterial binding and retention of antibiotics 

following exposure appears to be specific to the AG class of antibiotics. AG antibiotics are polycationic 

and can therefore bind to negatively charged residues on the Gram-negative OM (217, 219). Colistin 
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is another cationic antibiotic relevant to the treatment of bacterial pneumonia, particularly MDR and 

XDR A. baumannii. Furthermore, like AG antibiotics, intravenous administration of colistin results in 

poor lung penetration (193), and treatment with inhaled colistin is therefore occasionally suggested in 

the treatment of Gram-negative pneumonia (6). Whether or not pathogenic bacteria bind and retain 

colistin following exposure similar to AG antibiotics remains to be determined. Further, it is presently 

unknown whether colistin synergizes with pulmonary surfactant to enhance killing of bacteria inside the 

lung. Expanding the studies described in Chapter II to include colistin may provide insight into the 

unique efficacy of colistin when administered directly to the lungs, and – like AGs – potentially expand 

its clinical utility. 

 

Identify additional bacterial and host-derived factors that contribute to enhanced AG-mediated bacterial 

killing inside the lung. 

 Experiments described in Chapter II indicate that mice infected with AG-naïve A. baumannii and 

co-inoculated with AG-bound bacteria exhibit significantly lower bacterial burdens over the course of 

pneumonic infection compared to mice co-inoculated with AGs in solution. This finding implies that 

maximum AG-mediated bacterial killing inside the murine lung is achieved when AGs are bound to 

bacteria prior to inoculation. Therefore, in addition to pulmonary surfactant, additional bacterial and/or 

host factors may contribute to AG-mediated enhanced bacterial killing inside the lung. One example of 

such a bacterial product potentially contributing to this phenotype is OM vesicles (OMVs). OMVs are 

membrane-enclosed vesicles elaborated from the bacterial outer membrane, carry bacterial products 

such as lipids, outer membrane proteins, and nucleic acids, and affect both interbacterial and host-

bacterial interactions (319). Exposure to antibiotics such as gentamicin increases the production of 

OMVs (320), but the extent to which they contribute to the killing of co-infecting bacteria in the 

experiments described in Chapter II remains to be elucidated. Isolation of bacterial OMVs requires 

ultracentrifugation at 150,000 × g (321), much faster than centrifugation speeds used to pellet bacteria 

in the experiments described in Chapter II (4,000 × g). Therefore, OMVs elaborated by AG-exposed 
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bacteria used in Chapter II are likely decanted along with the supernatant after centrifugation. However, 

this does not exclude a role for OMVs as they may continue to be elaborated by AG-exposed bacteria 

during pneumonic infection. To test the hypothesis that OMVs from AG-exposed bacteria contribute to 

AG-mediated enhanced bacterial killing inside the lung, one experiment would be to quantify OMVs in 

the supernatant of AG-exposed A. baumannii cultures and compare it to the concentration of OMVs in 

the supernatant of unexposed A. baumannii cultures. Both the quantity and the quality (e.g. size, shape) 

of A. baumannii OMVs can be assessed using a nanoparticle tracking analysis instrument (322). 

Additionally, to test the hypothesis that OMVs from AG-exposed bacteria contain AGs, AGs in OMV 

preparations from bacterial cultures can be quantified using an ELISA or LC-MS as described in 

Chapter II. Finally, to test the hypothesis that OMVs from AG-exposed bacteria enhance bacterial killing 

inside the murine lung, mice could be infected with AG-naïve A. baumannii and co-inoculated with a 

standardized amount of OMVs prepared from either AG-exposed A. baumannii cultures or unexposed 

A. baumannii cultures. The bacterial burdens of infected mice can be monitored over the course of 

infection as described in Chapter II. 

 The identification of additional host factors contributing to AG-mediated enhanced bacterial 

killing inside the lung is potentially technically challenging. However, one approach would be to infect 

mice with AG-naïve A. baumannii and co-inoculate them with AG-bound bacteria or bacteria unexposed 

to any antibiotics as described in Chapter II. Following infection, lungs from infected mice would be 

harvested, and total RNA extracted. Expression of host genes could then be compared between mice 

co-inoculated with AG-bound bacteria and mice co-inoculated with bacteria unexposed to any 

antibiotics using RNA sequencing technology. Of note, in the studies described in Chapter II, bacterial 

burdens were measured at 36 h.p.i. As differences in host gene transcription likely precede differences 

in bacterial burdens, lungs would need to be harvested earlier in the course of infection for this particular 

experiment. Host genes that may potentially be upregulated in mice co-inoculated with AG-bound 

bacteria include genes encoding antimicrobial peptides and immune signaling molecules. 
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Construct bacterial strains that differ based on the expression of CL but are otherwise isogenic. 

 Compared to Ab 17978 VU, there was an approximate two-fold increase in the abundance of CL 

in lipids extracted from Ab 17978 UN, suggesting that this strain overexpresses CL (Chapter IV). 

However, the effects of A. baumannii CL overexpression on pneumonia pathogenesis cannot be tested 

directly by comparing these two variants, as there are substantial, additional genetic differences 

between them (Chapter III). Integration of clsC2 under the control of its native promoter into the 

chromosome of Ab 17978 VU (the variant that naturally lacks this gene) resulted in expression of clsC2 

that was even greater than expression of this gene in the Ab 17978 UN parental strain. However, 

expression of clsC2 by Ab 17978 VU in this manner did not result in significant increases in CL 

abundance (Chapter IV). Congruently, the magnitude of phenotypes associated with CL-

overexpression, such as bacterial uptake by macrophages, was substantially lower in clsC2-expressing 

strains derived from the Ab 17978 VU variant than in Ab 17978 UN. These findings suggest that 

expression of clsC2 alone is insufficient to increase CL abundance in the A. baumannii cell envelope, 

and that additional elements present in Ab 17978 UN but absent in Ab 17978 VU likely play a role.  

Inspection of the AbaAL44 accessory locus present in Ab 17978 UN but absent in Ab 17978 VU 

did not reveal any obvious candidate genes. However, several SNPs present in the genome of Ab 

17978 UN may warrant further investigation. Two SNPs of potential interest include a SNP within lptD 

and a SNP within undecaprenyl pyrophosphate synthase (uppS). A. baumannii lptD is part of the 

LPS/LOS biosynthesis pathway (Chapter I). Regulation of bacterial lipid biosynthesis is complex, and 

CL and LPS/LOS are known to interact (135). Therefore, alterations in the functionality or expression 

of LPS/LOS biosynthesis pathway genes may affect CL synthesis, transport, or recycling. uppS is 

implicated in peptidoglycan synthesis, another component of the Gram-negative cell envelope 

(Chapter I). Preliminary studies from the Palmer laboratory (discussed here with permission) at the 

University of Illinois at Chicago suggest that deleting Mla pathway (discussed in Chapter I) genes in 

the background of the Ab 17978 UN uppS allele decreases bacterial resistance to membrane stress. 

Moreover, the colony morphology of these mutant strains resembles that of Ab 17978 UN ∆clsC2 
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(Chapter III). This suggests that, in A. baumannii, cell envelope gene mutations and the Ab 17978 UN 

uppS allele may be synergistically unfit. This raises the hypothesis that the Ab 17978 UN uppS and/or 

lptD alleles contribute to or permit increased cell envelope CL abundance, and/or render ∆clsC2 

mutants made in this background unfit. I intend to leverage this information to generate two A. 

baumannii strains where one strain overexpresses CL but is otherwise isogenic to the other strain. The 

Palmer laboratory has graciously provided me with the following strains: Ab 17978 VU(uppSUN); Ab 

17978 VU(lptDUN); and Ab 17978 UN(uppSVU). I am currently in the process of inserting clsC2 under 

the control of its native promoter into the chromosomes of Ab 17978 VU(uppSUN) and Ab 17978 

VU(lptDUN). In addition, I am in the process of constructing a marker-less clsC2 deletion mutant in the 

background of Ab 17978 UN(uppSVU). Once these strains are generated, I will measure the expression 

of cls genes during logarithmic growth phase and quantify CL abundance using the methods described 

in Chapter IV. If successful, such a set of strains can be utilized to address additional questions 

regarding the role of A. baumannii CL overexpression in pneumonia pathogenesis. 

 

Determine the effects of bacterial CL overexpression on inflammation and lung injury in pneumonia. 

 In Ab 17978 UN, expression of clsC2 is correlated with increased CL abundance and promotes 

bacterial resistance to osmotic and detergent stress. Additionally, clsC2 expression by this strain 

promotes bacterial uptake and alters cytokine production by macrophages. Infection with clsC2-

expressing Ab 17978 VU alters macrophage biology in a similar manner (Chapters III and IV). Further, 

mitochondrial CL is a direct agonist of the NLRP3 inflammasome (102), and patients with bacterial 

pneumonia exhibit increased levels of mitochondrial CL in their lungs (104). Pneumonic infection of 

mice with clsC2-expressing Ab 17978 UN also increases neutrophilic lung inflammation (Chapter III), 

which is an important driver of immune mediated lung injury in pneumonia (98). These findings suggest 

that variability in bacterial cell envelope CL content may be an underrecognized driver of inflammation 

and injury in pneumonia. Specifically, they raise the hypothesis that bacterial CL overexpression 

progresses pneumonia pathogenesis by increasing inflammation and lung injury (Fig. 23). 
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 To test this hypothesis, I must first construct and phenotypically characterize the A. baumannii 

strains with differential CL abundance as described above. To expand my studies to include Gram-

positive pathogens, I plan to request a set of S. aureus strains from the Peleg group at Monash 

University in Australia. These strains differ based on a single point mutation in cls2, resulting in an 

approximate two-fold increase in CL abundance, but are otherwise isogenic (315). To determine the 

effects of bacterial cell envelope CL content variability on inflammation during pneumonic infection, I 

would utilize the murine model of pneumonia previously described (Chapters II and III). Specifically, I 

would infect mice intranasally with the strains of A. baumannii and S. aureus described above. At 

multiple time points post-infection (e.g. 6, 12, 24, and 36 h.p.i.), mice would be euthanized, and samples 

(e.g. blood, organs, bronchoalveolar lavage fluid (BALF)) would be collected. To assess inflammation, 

I would measure the concentrations of multiple pro- and anti-inflammatory cytokines, as well as 

(neutrophil) chemokines, in serum and lung homogenates of infected mice using ELISAs. Based on 

previous data (Chapters III and IV), as well as the role of mitochondrial CL in NLRP3 inflammasome 

activation (102), I hypothesize that pneumonic infection with CL-overexpressing bacteria will lead to 

increases in the production of the pro-inflammatory cytokines IL-1β and IL-18 and the neutrophil 

chemokine KC. I also hypothesize that infection with these bacteria will lead to decreases in the 

production of the anti-inflammatory cytokines IL-10 and TGF- β. Since cytokines drive the recruitment 

of immune cells to the site of infection, I would also measure the relative abundance of multiple immune 

cell populations in serum, lung homogenates, and BALF of infected mice using flow cytometry and 

complete blood count studies. Based on data obtained with clsC2-expressing Ab 17978 UN, as well as 

the fact that IL-1β promotes neutrophilia (267), I hypothesize that infection with CL-overexpressing 

strain increases neutrophilic lung inflammation. To ascertain the effects of any differences in 

inflammation on bacterial burdens of infected mice, I would measure bacterial burdens of the lungs as 

well as extrapulmonary bacterial dissemination to the spleen of infected mice. Collectively, the results 

of these studies will determine the effects of differential bacterial cell envelope CL content on the host 

inflammatory response in experimental pneumonia. 
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 To determine the effects of variable bacterial cell envelope CL content on lung injury, I would 

intranasally infect mice and collect samples at multiple time points post-infection as described above. 

Pulmonary edema as well as increased BALF concentrations of protein, lactate dehydrogenase, and 

hemoglobin are all markers of lung injury (323-325). Therefore, all of these parameters will be assayed 

by determining the ratio of wet to dry lung weight and using total protein (i.e. bicinchoninic acid assay 

(BCA assay)), lactate dehydrogenase, and hemoglobin quantification kits, respectively. Furthermore, 

lungs from a subset of mice will be harvested, fixed, stained with hematoxylin and eosin (H&E), and 

inspected for markers of lung injury, including immune cell infiltrate, compromised alveolar architecture, 

and hemorrhage, by an animal pathologist who is blinded to both hypothesis and treatment. 

Collectively, the results of these studies will establish the contribution of bacterial CL overexpression 

to lung injury during pneumonic infection. 
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Figure 23. Central hypothesis regarding the effects of bacterial cell envelope CL content 
variability on pneumonia pathogenesis. PNA: pneumonia; CL: cardiolipin. 
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Determine the effects of bacterial CL overexpression on macrophage effector functions. 

 Bacterial CL differentially activates TLR4-mediated pro-inflammatory cytokine production 

depending on acyl chain saturation (125). Further, infection with clsC2-expressing A. baumannii 

augments bacterial uptake and the production of pro-inflammatory IL-1β by infected macrophages 

(Chapters III and IV), and mitochondrial CL is a direct agonist of the NLRP3 inflammasome, which also 

results in IL-1β production (102). These findings suggest that bacterial CL augments macrophage 

effector functions. To test the hypothesis that the increased bacterial uptake observed in macrophages 

infected with clsC2-expressing A. baumannii is due to CD36 scavenger receptor-mediated 

phagocytosis, I propose to infect BMDMs with the strains of A. baumannii and S. aureus described 

above and pharmacologically inhibit CD36 with salvionolic acid B (326). As a control, I would 

pharmacologically inhibit all phagocytosis with cytochalasin D (327). To corroborate the experiments 

with murine macrophages (i.e. BMDMs), I propose to repeat these studies with human macrophages 

derived from peripheral blood mononuclear cells (PBMCs). To assess differential intracellular killing of 

CL-overexpressing A. baumannii and S. aureus by macrophages, I will infect macrophages as 

described above and determine intra-macrophage bacterial survival by enumerating intracellular 

bacterial burdens at two separate time points post-infection using a gentamicin protection assay as 

described in Chapter III. The specific contributions of phagosome acidification and the respiratory burst 

to intracellular bacterial killing by infected macrophages will be interrogated by pharmacologically 

inhibiting these processes using Bafilomycin A or apocynin, respectively (328, 329). The results of 

these studies will elucidate the effects of CL overexpression by both Gram-negative and Gram-positive 

bacteria on multiple macrophage effector functions. 

 To test the hypothesis that CL-overexpressing bacteria augment NLRP3 inflammasome 

activation in infected macrophages, macrophages will be infected with bacteria as above and NLRP3 

inflammasome activation will be assayed by measuring the production of IL-1β and IL-18 – two 

cytokines produced in response to NLRP3 inflammasome activation (102). As production of these 

cytokines can also be stimulated through alternative immune signaling pathways (91), the contribution 
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of the NLRP3 inflammasome will be interrogated directly through pharmacological inhibition with 

MCC950 (330). To corroborate these experiments, I propose to visualize NLRP3 inflammasome 

activation directly by utilizing a THP-1 macrophage cell line in which the ASC adaptor protein is fused 

to GFP such that it fluoresces upon NLRP3 inflammasome activation (331). To get a complete picture 

of differential cytokine production by macrophages infected with CL-overexpressing bacteria, I propose 

to use a 26-plex mouse cytokine and chemokine Luminex assay. The results of these studies will help 

determine how CL-overexpressing bacteria differentially activate inflammatory signaling pathways in 

macrophages. One can envision that similar studies of cytokine production and effector function activity 

might be conducted in other immune cell populations relevant to bacterial pneumonia pathogenesis 

such as neutrophils. 

 

Assess variability in cell envelope CL content among respiratory isolates of pathogenic bacteria. 

 The accessory locus AbaAL44 described in Chapter III encompasses a cls gene: clsC2. Loci 

similar to AbaAL44 are present in at least 100 strains of A. baumannii, and clsC2 expression is 

correlated with increased CL abundance in Ab 17978 UN (Chapters III and IV). In addition to A. 

baumannii, several other species of pathogenic bacteria vary in genomic cls gene content, including P. 

aeruginosa and K. pneumoniae (Chapter IV). These findings suggest that differential cls gene content 

and cell envelope CL abundance variability may be common among causative agents of bacterial 

pneumonia. Moreover, strains of K. pneumoniae harboring an additional cls gene have been associated 

with increased infection severity (317, 332). To establish cell envelope CL content variability among 

clinical isolates of pathogenic bacteria, our laboratory has procured over 1200 clinical respiratory 

isolates from Vanderbilt University Medical Center in collaboration with Dr. Jonathan Schmitz. This 

collection is comprised of multiple species of pathogenic bacteria including A. baumannii, P. 

aeruginosa, S. aureus, and S. pneumoniae. To screen for genomic cls gene content variability among 

A. baumannii clinical isolates, a preliminary approach would be to screen for the presence of clsC2 

using PCR with specific primers. Additionally, the fluorescent dye nonyl acridine orange (NAO), which 



 
137 

may be more specific for anionic lipids and CL in particular (116), could be employed to screen for 

differential CL abundance among these respiratory isolates. Specifically, with assistance from Dr. 

Benjamin Bratton at Vanderbilt University, I am currently in the process of designing a fluorescent 

microscopy-based approach. NAO bound to CL emits both a red and a green fluorescent signal (116). 

Therefore, the most prudent approach would be to calculate the ratiometric signal of red and green 

fluorescence emitted by NAO-stained bacteria. This ratiometric signal would then serve as a proxy for 

CL abundance. The two variants of A. baumannii 17978 described in this thesis with an approximate 

two-fold difference in CL abundance as confirmed by LC-MS/MS would serve as controls for these 

experiments. Of note, these fluorescent microscopy experiments would merely serve as a screening 

method. Any putative differences in CL abundance between isolates would need to be confirmed by 

LC-MS/MS as described in Chapter IV. The results of these studies will establish the variability of cell 

envelope CL content among pathogenic bacteria, and may bolster the clinical relevance of studying the 

contribution of bacterial CL to pneumonia pathogenesis. 

 

Final remarks. 

 As described in this thesis, bacterial pneumonia remains a pervasive, global problem. To curb 

this problem, it must be approached from several angles. One such angle is to increase our mechanistic 

understanding of the molecular pathways at the host-microbe interface. Here, I have provided evidence 

to suggest that pathogenic bacteria such as A. baumannii modulate cell envelope lipid composition, 

affecting the interactions between bacteria and host cells. Additionally, the biophysical and biochemical 

properties of the Gram-negative cell envelope may be leveraged to improve treatment of bacterial 

pneumonia with (poly)cationic antimicrobials such as AGs and colistin. Continued interrogation of the 

microbe-host interface will further our mechanistic understanding of pneumonia pathogenesis. Doing 

so may also uncover novel therapeutic targets and maximize the efficacy of currently available 

antimicrobials. Combined, all of this may help improve clinical outcomes for many patients suffering 

from bacterial pneumonia. 
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