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ABSTRACT 

One goal of infectious disease research is to determine points of intervention which will 

alter the scales of infection in favor of the host. To accomplish this goal, it is crucial to 

have a thorough understanding of the dynamic pathogen/host interplay which results in 

observed pathology. Until recently, studies of pathogenic Mycobacterium species 

responsible for pulmonary infections focused on the interaction of these bacteria with 

macrophages leaving the role for other host cell populations present in the lung 

unexplored. This body of work employs various techniques to examine trafficking of 

Mycobacterium tuberculosis (Mtb) bacilli in human alveolar type II pneumocytes from 

initial interactions at the host cell plasma membrane, internalization and passage through 

the fluid phagosomal/autophagosomal pathway. Data suggest that Mtb infection of 

epithelial cells is characterized by aggregation of large cholesterol-dense regions, or lipid 

rafts, which result in bacilli engulfment. Inhibition of raft formation significantly impacts 

early infection resulting in decreased numbers of internalized bacteria and diminished 



 

survivability of those bacilli within 24 hours of infection. Once internalized the Mtb 

bacilli traffic through a phagosomal/autophagosomal pathway. Interference with the 

autophagosomal pathway results in decreased numbers of virulent Mtb bacteria and 

increased host cell survival. Taken together these data strongly suggest that Mtb has the 

ability to alter the epithelial cell autophagy pathway to support infection by the 

bacterium. The data presented here describe Mtb-induced changes in the host cell plasma 

membrane which facilitate infection success, as well as the trafficking route for virulent 

Mtb bacilli that differs from what has been previously described in macrophages. As with 

some other bacterial pathogens, it is evident that M. tuberculosis employs numerous 

strategies for survival and replication which are unique to the particular host cell infected. 
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CHAPTER 1 

INTRODUCTION 

  

Mycobacterium tuberculosis (Mtb) is estimated to infect 1/3 of the world’s population 

with approximately 8.9 million new cases each year. While significant research has been 

performed on this ancient pathogen, our inability to control and decrease the burden of 

infection in the human population reinforces the need for work towards a better 

understand of the host/pathogen relationship. 

Much of what is known regarding Mtb/host cell interactions is specific to 

macrophages. The continued high prevalence of Mtb infections worldwide demonstrates 

that limiting research to this single cell type limits understanding of Mtb, and its complex 

relationship with the host. It is well known that the within the alveoli of the lung 

macrophages comprise only a very small percentage of the total cell population. Type I 

and type II pneumocyte epithelial cells form the bulk of the alveolar air interface, are the 

most numerous cells in the alveolus, are found to be the site of initial host cell interaction 

for other bacterial and viral lung pathogens examined to date, including Legionella 

pneumophilia and Yersinia pestis (228-229), yet have received limited attention regarding 

their role during the course of pulmonary Mtb infection. The aim of this study was to 

investigate aspects of internalization and intracellular trafficking of Mtb bacilli in human 

type II pneumocytes leading to a more complete understanding of the host/pathogen 
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interaction. This information will ultimately direct future research towards novel targets 

for modifying the outcome of Mtb infection.  
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CHAPTER 2 

LITERATURE REVIEW 

Mycobacterium tuberculosis, An Ancient Foe 

Mycobacterium tuberculosis belongs to the family Mycobacteriaceae and is a genus and 

species within the Actinobacteria. Skeletal remains show prehistoric humans as early as 

7000 B.C. having contracted tuberculosis (209), and as early as the fifth century B.C., 

Hippocrates described treating patients with phthisis or consumption. The earliest 

recorded epidemics of tuberculosis in Europe were in the 16
th

 and 17
th

 century A.D. It is 

believed that as humans congregated in greater numbers and trade increased, so did the 

incidence of tuberculosis (209). History shows that since the late 1800s, as knowledge of 

good public health practices and the development of appropriate therapeutics increased, 

the number of tuberculosis cases decreased. Unfortunately, a resurgence of disease has 

been observed in the past 20 years due to the rise of HIV co-infections and the rapid 

spread of antibiotic-resistant strains (21, 62).  

 

Epidemiology 

Approximately 1/3 of the world’s population is infected with Mtb (86). While a peak of 

worldwide prevalence was noted in 2004, the number of new cases has continued to 

climb with 9.4 million in 2009, the largest single year increase in recorded history (117). 

The predominance of the cases are located in Asia and Africa with 22 countries 
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accounting for 80% of the global burden (251). Tuberculosis (TB) has been said to be a 

“disease of poverty” with high rates of infection among the undernourished in high 

population density zones (129). Another major contribution to the surge in TB has been 

the spread of Human Immunodeficiency Virus-1 (HIV-1). A reported 12% of the cases 

worldwide are coinfected with Mtb with most of these localized to sub-Saharan Africa 

(251).  

The rise in multidrug resistant strains (MDR) of Mtb has also contributed to the 

increased global burden of TB. It was reported in 2006 that approximately 4.8% of 

confirmed cases of TB were considered MDR (116). The World Health Organization has 

reported MDR strains in 58 countries as of March, 2010 (252). MDR TB is defined as a 

strain of Mtb that is resistant to both isoniazid and rifampin while XDR TB (extremely 

drug resistant) is resistant to these as well as fluoroquinolones and at least one of the 

injectable medications (amikacin, kanamycin, capreomycin) (201). The genetic 

component to resistance is varied; 97% of rifampin-resistant strains have a mutation in 

gene rpoB, which encodes a mycobacterial RNA-polymerase subunit (116). The majority 

of isoniazid resistance can be linked to mutations in katG and inhA, two genes which 

decrease catalase and peroxidase production and thereby decrease activation of this drug 

in vivo (116, 209). Reports of Mtb resistant strains have become increasingly prevalent in 

the media creating an urgent public health need to develop better drugs and vaccines. To 

begin this process, an improved understanding of how this pathogen subverts the immune 

system is required (20, 152, 193, 198, 203, 208, 256).  

Another potential factor contributing to the spread of TB is the infection of 

animals sharing space with humans. Mycobacterium tuberculosis positive cattle and 
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buffalo have been documented in areas of the world with high rates of human infection 

(5, 113, 213). Elephants are another species commonly infected with Mtb. These 

infections are not isolated to Asia and India but have also been documented among circus 

elephants in the United States (141, 191). Data suggest that cross infection occurs 

between humans and other animals, but the directionality of the infection is not always 

clear. It is understood, however, that Mtb is capable of infecting a range of mammalian 

hosts and this characteristic can contribute to global spread of the agent.  

 

Clinical Disease 

In 1948, using primarily animal models, Wallgren described four stages to the respiratory 

form of TB. The first stage included inhalation and internalization of the bacilli into the 

lower lung forming the primary Ghon complex. The Ghon complex is a lesion produced 

by the innate immune system consisting primarily of macrophages and bacteria. If the 

bacilli survive the macrophage onslaught, the second stage (active disease) is marked by 

bacterial replication and dissemination. Some individuals can go on to develop serious 

non-pulmonary miliary TB and TB meningitis. The third stage is marked by an increase 

in the host adaptive immune response. It is at this point that the granuloma becomes fully 

formed in the lung from the Ghon complex, walling off the infectious agent. The third 

stage can last years and depends primarily on the strength of the host adaptive immune 

system. The fourth stage of TB is often identified by the presence of caseous necrotic or 

liquefied tissue at the center of the granuloma. It is during this stage that secondary 

infection can occur if host immunity is ineffective at maintaining an intact granuloma and 

preventing bacterial release. HIV co-infection, immunosuppressive drugs and advancing 
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age, with the natural decline of the host immunological response, can all lead to 

breakdown of the granuloma. 

Latent Infection 

While the vast majority of healthy individuals that inhale Mtb bacilli ultimately clear the 

infection, latency is the most common form of infection among the minority population 

unable to clear the initial dose of inhaled bacilli. The case definition for latency is Mtb 

infection, controlled but not eliminated by an acquired immune response, resulting in no 

clinical signs (75). Some of these individuals will “reactivate” if the immune system 

becomes compromised, resulting in active infection. Historically, latent Mtb infections 

were thought to be dormant, but it is now recognized that a dynamic interaction is 

occurring between the host and bacteria during this time (15, 75, 258). An important 

component in our understanding of latency has been the use of animal models, such as 

mice, primates, rabbits and guinea pigs.  

 

Animal Models of Mtb Infection 

Mice have long been used as a model of human TB. The availability of inbred strains that 

establish rapid chronic infection by Mtb bacilli culminating in death of the host has 

allowed for low-cost, reproducible examination of disease progression. However, mice 

are not a natural host, which is evident by significant differences in observed disease 

phenotypes compared with human TB (236).  The structures of murine granulomas are 

more diffuse, lack a hypoxic core, and fail to mineralize or progress to cavitary disease as 

observed during human TB.  The immune cells associated with the granuloma in mice 

such as T cells, dendritic cells and neutrophils lack the organization seen in the human 
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lung (236). While some similarities are evident, such as the prominent B cell foci which 

appear 2-4 weeks post infection, the absence of necrosis within the mouse lung suggests 

that these structures have different roles in the two species.  Nonetheless, the mouse has 

been deemed an acceptable model for proposed studies of mycobacterial pathogenesis but 

further testing in higher animals and primates is vital (100, 220).   

Non-human primates, specifically macaques, are being used as models for 

primary and latent TB infection. Studies have shown that the lung pathology produced in 

primates during early infection is very similar to the Ghon complex described in humans 

(126-127). Importantly, these animals demonstrate latency in a manner not observed with 

other animal models (75). Cost and appropriate space make this model prohibitive for 

many laboratories yet the information they provide can be invaluable to our 

understanding of human infections.  

The rabbit has been used as a surrogate model for human TB since the beginning 

of the 20th century. In the era before genomics and before differences in biochemical 

properties, such as protein expression, were elucidated, the rabbit infection model was 

used to effectively differentiate pathogenesis caused by M. bovis and Mtb (Smith 1898, 

Lurie 1922). Additionally, similarities to human cavitary disease seen in these animals 

have made them an excellent model for the study of long term infection (149).  Also, as 

observed in most cases of human disease, the rabbit immune system is able to prevent 

dissemination and confine the bacteria to the lung. The liquefactive necrosis and 

granuloma structure present in human and rabbit pathology are noticeably absent in the 

mouse. Recently, a study by Manabe et al. tested the relative virulence of various Mtb 

laboratory strains via aerosol infection in the rabbit (133).  Of the strains tested, the 
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laboratory strain Erdman was the most virulent, exhibiting pathology most similar to that 

seen in humans. While the rabbit may be more costly than murine lines, the similarities of 

rabbit to human tuberculosis in terms of progression, pathology, and clearance supports 

the rabbit as a relevant model system for examining all stages of Mtb infections. Moving 

forward, these models will help answer many of the questions that still exist today 

regarding the host/mycobacterial interaction. 

 

Vaccination 

The only licensed Mtb vaccine on the market today is Mycobacterium bovis bacille 

Calmette-Guerin (BCG). The original vaccine strain of M. bovis was attenuated via thirty 

nine serial passages in ox bile medium (30, 40).  Several decades later genetic 

comparative analysis of M. bovis BCG and its parent strain, revealed three Regions of 

Difference: RD1, RD2 and RD3 (130). RD1 was determined to be present in both M. 

bovis and Mtb suggesting that the genes found there could encode for virulence factors 

important to Mtb (18).  Greater than 90% of children in the world today have been 

vaccinated with BCG which has been shown to be protective against tuberculous 

meningitis in individuals less than 10 years of age (235). Unfortunately, the vaccine has 

proven to be of limited or no efficacy in the prevention of pulmonary TB in adolescents 

and adults (233). In addition to providing questionable levels of protection, vaccination 

confounds some diagnostic procedures. The need for an effective Mtb vaccine is a critical 

component for global control of this pathogen. 
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Diagnostics 

While Mtb bacilli have circulated in human an animal populations for thousands of years, 

the diagnostic tools available are still insufficient and often impractical in developing 

countries where TB infection is most prevalent. Sputum smears and culturing are two 

widely used tests in countries lacking resources. While culturing remains the gold 

standard for diagnosis, Mtb replication rates (15-24 hour doubling) makes this method 

lengthy and delays identification of index and drug-resistant cases (117). The WHO 

approved line probe assays (LPAs) for sputum samples in 2008. This technique allows 

for a more rapid molecular detection of Mtb bacilli in samples. Nucleic acid amplification 

tests (NAAT) are also being used to analyze sputum samples in areas where technology 

and expertise are available. The tuberculin skin test (TST), detecting type IV 

hypersensitivity reactions to purified protein derivatives of Mtb, is still used commonly as 

a general screen for clinical and non-clinical infection. It should be noted that this test 

does not differentiate Mtb-infected from BCG-vaccinated individuals, and can produce 

false positive results in individuals exposed to other closely related Mycobacterium 

species. Confirmation is often performed by chest radiograph detecting granuloma 

formation. 

 These tests are often useful for diagnosing well-established cases of active TB 

infection but there is still a lack of effective methods for identifying latently-infected 

individuals. T-SPOT TB test and QuantiFERON-TB Gold are two new tests that were 

developed to fit this market (117). Results have shown the tests are as accurate as TB 

skin tests but most latently-infected individuals are still not detected. It is therefore 
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crucial that efforts be made to develop highly sensitive and specific diagnostics for this 

sector of the Mtb infected populus.  

 

The Tuberculosis Complex 

Historically, it was believed that upon domestication of cattle, which occurred 

approximately 10,000 to 25,000 years ago, that the etiological agent of cattle TB, M. 

bovis, adapted to human hosts eventually becoming the progenitor of Mtb (218). 

However, upon completion of the Mtb genome sequencing project, work by Brosch et al. 

proposed a common tubercle bacilli ancestor from which all members of the Tuberculosis 

Complex are derived (35).  

 The Tuberculosis Complex is composed of all Mycobacterium species that cause 

tuberculosis in humans or animals: M. tuberculosis, M. bovis, M. africanum, M. microti, 

M. canettii and M. pinnipedii. With the exception of M. canettii, nucleotide sequencing 

demonstrates approximately 99.95% homology between complex members (211). 

Regions of difference (RD) within the bacterial genome, have been used in various 

studies to differentiate animal-adapted subspecies, such as M. bovis, from Mtb and other 

human-adapted mycobacteria. Interestingly, RD9 which is absent in M. bovis and other 

animal adapted species, is also deleted in M. africanum which also primarily infects 

humans. It has been hypothesized that this commonality indicates the reverse zoonosis of 

tubercule mycobacteria from humans to cattle promoting the evolution of this species. 

While region and gene variation have been used to differentiate Mtb complex members, 

there is also a great deal of variety found within the species Mtb. 
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 New molecular typing methodologies of TB isolates have demonstrated a number 

of species-, lineage- and strain-specific variations (37-39). These differences have 

provided unprecedented opportunities for linking particular variants to geographic and 

host preferences, specific virulence traits, antimicrobial resistance patterns, enhanced 

transmissibility and immune evasion. For example, spoligotype patterns have helped 

provide for the identification of major global Mtb clades including Beijing, Haarlem, S, 

T-Uganda, T, X, East African-Indian and Latin American-Mediterranean (LAM) (37-39, 

231). Clinical data associated with infections with some of these strains demonstrate 

unique or enhanced virulence traits including modifications to granuloma formation, 

enhanced inflammatory cytokine production, and others (69-70). Thus, studies of these 

clades and sub-groupings within the clades are beginning to help identify strains 

possessing unique virulence patterns and antimicrobial resistances in humans. An 

example of this is the RD
Rio

 strain recently identified as a Latin American-Mediterranean 

sublineage of the Mtb complex (118-119). This particular strain has been categorized as a 

hyper-virulent strain by the morbidity associated with infection. Patients infected with 

this strain were more likely to present with enhanced hemoptysis (coughing of blood), 

weight loss, higher bacterial numbers in sputum and more advanced cavitary disease 

compared to typical isolates from this clade. 

 Passaged laboratory strains, descended from different Mtb lineages, are used in 

research to evaluate virulence factors and pathology resulting from Mtb infection. Strain 

H37Rv is a human isolate originally cultured in 1905 by the Trudeau Sanitorium. At that 

time Kubica et al. established 71 criteria to verify virulence of Mtb H37Rv and other 

isolates which included susceptibility to various antibiotics, bacterial growth in vitro at 
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various temperatures and colony morphology (109). Today, H37Rv is maintained as a 

virulent laboratory strain of Mtb. Likewise, Mtb Erdman, another strain from the Trudeau 

Mycobacterial collection isolated from a patient in 1962, is also used as a virulent 

laboratory strain. Both H37Rv and Erdman share phylogeny within the 

European/American lineage of the Mtb complex.  

 Several clinical isolates obtained during the last 20 years have been investigated 

regarding pathology, disease outcome in vivo and immunological response of the host 

(13, 154). Strain CDC1551 was isolated from an outbreak of Mtb on the Kentucky-

Tennessee border between 1994 and 1996. It was originally believed that this isolate was 

hypervirulent compared to laboratory strains based on the significant delayed-type 

hypersensitivity response (DTH) to the PPD tuberculin skin test in affected patients 

(239).  However, in vivo studies revealed this isolate to be less virulent as defined by time 

to death studies in mice and rabbit models (13). Comparatively, isolate HN878, which 

was obtained from Texas during a 1995-1998 outbreak was shown to be hyper-virulent in 

vivo while eliciting a modified Th1 immune response from the host (154). It is interesting 

to note that the HN878 strain is related to the hypervirulent W. Beijing lineage while 

CDC1551 is phylogentically related to the European/American grouping with the Mtb 

complex. 

 

Physical and Genetic Characteristics of Mtb Bacilli 

While tuberculosis has been documented in human populations for thousands of years the 

causative agent, Mtb, was first cultured by Robert Koch in 1882. Mycobacterium 

tuberculosis bacilli are gram positive, aerobic obligate intracellular rods. One of the most  
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unique physical characteristics is the thick lipid-rich cell wall, which stains “acid fast” 

and is a defining marker for this genus.  

 Over 200 genes in the Mtb genome are dedicated to the metabolism of fatty acids. 

The products from these reactions are used to synthesize the cell wall, indicating its 

crucial role in bacterial survival. Collectively, the plasma membrane, cell wall core and 

outermost layer are referred to as the cell envelope. The core is comprised of 

peptidoglycan linked with arabinoglycan and mycolic acids, which are long carbon chain 

fatty acids.  An assortment of lipids, polysaccharides, lipoglycans and proteins form the 

outermost layer of the envelope, which conveys hydrophilic qualities to the bacterial 

surface. Notably some of the outer layer is shed into the milieu or broth medium during 

Mtb growth, which could have important functions in vivo (156).  

 Phosphatidylinositol mannosides also form a large portion of the cell wall. 

Phosphatidyl-myo-inositol mannosides, lipomannan and lipoarabinomannan (LAM) have 

been reported to be important for bacterial entry into host cells (32). Mutant Mtb strains 

lacking Mannose-capped LAM (ManLAM), a molecule associated with virulent 

mycobacteria, displayed defects in phagocytosis and increased lysosomal fusion with 

bacteria-containing compartments in macrophages (233, 243). It has also been suggested 

that the use of fatty acids allows Mtb to have broad tissue tropism in the human host 

(209). Differences in host cell responses to clinical isolates of Mtb have been attributed to 

variability in the molecule comprising the cell wall (154). While advancing technology 

has allowed for more rapid and precise characterization of Mtb cell wall chemistry, more 

questions have arisen as to composition and role of mycobacterial lipids during infection.  
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 The genome of Mtb is approximately 4.4 x10
6 

base pairs, which consists of 

approximately 4,000 genes (48).  Large families of proteins containing repeat Pro-Glu 

(PE) or Pro-Pro-Glu (PPE) motifs comprise a significant portion of the genome. While 

PE and PPE proteins are not exclusive to Mtb, it has been proposed that they may be 

responsible for antigenic variation (12). Other virulence factors that have been identified 

include KatG (catalase-peroxidase), SodA (superoxide dismutase) and Acr (α-crystalline 

protein) which is a potential indicator of latent infection (262).  

 Another component of the Mtb genome that is crucial for virulence is the 

previously mentioned region of difference 1 (RD1). Notably, the nine genes encoded in 

this region are missing from the attenuated vaccine strain M. bovis BCG. Reintroduction 

of RD1 into BCG or deletion from Mtb has been shown to increase or diminish 

pathogenicity in these strains, respectively (124, 175). Several RD1 genes encode a 

unique mycobacterial secretion system, ESX-1, which has been shown to facilitate the 

release of virulence factors ESAT-6 (early secretory antigenic target of Mycobacterium 

tuberculosis) and CFP-10 (culture filtrate protein 10), also encoded in this section of 

genome (124, 130). During macrophage infection, ESAT-6 and CFP-10 have been shown 

to be secreted as a complex and dissociate within the acidic phagolysosomal 

compartment (34, 54). Further, ESAT-6 was shown to bind to cholesterol and 

phosphytidycholine in the endosomal membrane facilitating disruption and release of 

mycobacterial bacilli (54, 210). These data support the assertion that RD1 and its 

encoded proteins are essential for host cell modification during the infection. 
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Distal Lung Histology 

To identify and understand the function of factors required to produce a successful 

infection in a respiratory pathogen such as Mtb, we must first acquire sufficient 

knowledge of the anatomical environment where the bacilli and host interact. The airway 

can be divided into conducting and respiratory portions. Mycobacterium tuberculosis 

bacilli in aerolized droplets, < 5µm in size, are believed to pass through the conducting to 

the respiratory sections of the airway. The respiratory region of the lung is comprised of 

the respiratory bronchioles, alveolar ducts and sacs, which collectively form the alveolus 

as well as connective tissue, which provide structure (84, 157). A range of cell types can 

be found in the respiratory airway, such as macrophages, mast cells, dendritic cells, 

lymphocytes and epithelial cells (33, 91, 212).  

 Three of the important epithelial cell types that comprise the lower respiratory 

bronchiole and alveolar surface are the Clara cells, and the type I and II pneumocytes 

(163, 183). Clara cells, found in the bronchioles, are dome-shaped cuboidal cells which 

secrete components that contribute to the surfactant layer (163). They are also progenitor 

cells and have been shown to divide and migrate to areas of damage in the lower lung 

(10).  

The cells that line the alveoli, type I and II pneumocytes, are the primary 

components in gas exchange and surfactant production, respectively. Type I pneumocytes 

are squamous cells that cover over 90-95% of the surface area of the alveoli but only 

contribute approximately 10% of the total alveolar cell count (50, 163). Typically found 

adjacent to endothelial cells, type I pneumocytes are responsible for gas exchange. Given 

the constant bombardment of molecules and particulate matter that enter the terminal 
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alveoli and interact with these cells, these terminally differentiated and delicate cells have 

a very short lifespan. Type II cells are the progenitors of type I cells and are found tightly 

adhered to type I cells. While they contribute minimally to the respiratory surface, they 

comprise the majority of the alveolar epithelial cell number (84). By electron microscopy, 

these cells are characterized by numerous multivesicular and lamellar bodies. These 

structures indicate another important function of type II pneumocytes, the production and 

release of surfactant components. 

Surfactant is an amalgamation of protein and lipid molecules that reduce surface 

tension at the air/lung interface via its amphiphilic nature (10, 17, 163, 226). As 

surfactants adsorb to the surface of the respiratory epithelium the lung can then expand 

during inspiration (17, 84). The major components are dipalmitoyl phosphatidylcholine 

and surfactant proteins (SP) SP-A, SP-B, SP-C and SP-D (87, 214). SP-A is the most 

abundant surfactant protein, which assembles into a “bouquet” configuration (17). SP-D 

is the largest surfactant molecule, and combined with SP-A, have been shown to 

contribute greatly to the lung immune response (3, 17, 107, 226, 233). SP-A and SP-D 

are both collectin family members (3). The carbohydrate regions of these molecules bind 

mannose and glucose while the collagen domain binds to the SP-A receptor on epithelial 

cells to facilitate entry of various respiratory pathogens into the host cell (3, 17). SP-A 

has also been shown to up-regulate mannose receptors on macrophages, contributing to 

clearance of mycobacteria during infection (17, 233). An interesting contradiction to the 

host immunological role of SP-D is that is has been shown to occlude the mannosyl 

oligosaccharides on the surface of mycobacteria preventing interaction with mannose 

receptors and subsequent phagocytosis by alveolar macrophages (209). 
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Alveolar macrophages (AM) and dendritic cells (DC) are two additional cell types 

associated with the respiratory epithelium and are very important for innate and acquired 

immune responses. AM cells are the most numerous immune cell found in the distal lung 

comprising 95% of cells in human BAL fluid (84). They are found in the alveolar space 

as sentinels scavenging for pathogens and particulate matter. These macrophages exhibit 

an alternative activated profile (42, 76). The AM are induced by IL-4 and inhibited by 

IFNγ while the converse is true for classically-activated macrophages (76).  Innate 

immune receptors such as mannose receptors, scavenger receptor type I and β-glucan-

receptors are commonly found on AM while the important T-cell co-stimulatory 

molecule B7 is not (42, 76, 219).  Considering the daily bombardment by innocuous 

environmental particles, it is reasonable that these cells would be programmed to limit 

inflammation and, thus, are less efficient at stimulating T-cell responses and releasing 

chemotactic cytokines than their classically-activated counterparts (42).  This has 

important implications for the overall immune response to respiratory pathogens.  

 Dendritic cells found in the lung are believed to be modulated by the AM (115).  

These cells are maintained in an immature state lacking the co-stimulatory molecules 

necessary for activating T-cells. Certain populations of DC have been shown to routinely 

cycle to the draining lymph node as a means of continually sampling the lung 

environment while others are more long-lived in the tissue. One surface molecule, 

dendritic cell–specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-

SIGN) was initially thought to bind bacterial pathogens, such as Mtb; this interaction 

blocks maturation of DC to result in the production of anti-inflammatory cytokines.  
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However, work by Schaefer et al. demonstrated that this surface molecule may limit 

pathology associated with chronic Mtb infection (192, 233) 

 

Phagosomal Maturation 

Studies have defined the typical process of phagosomal maturation, and identified which 

molecules are involved. Rab proteins, small GTPases, have been shown to control the 

transport and fusion of endosomal vesicles (103). Rab5 is recruited to early phagosomes 

by phosphatidylinositol 3-kinase class III (PI3KC3) soon after initial phagocytosis (102, 

184, 243, 246). Guanosine diphosphate is bound Rab5 on the surface of an endosome and 

must be exchanged for guanosine triphosphate for phagosome maturation to proceed 

(238). Rab5 recruits phosphatidylinositol-3-phosphate (PI3P) to the phagosomal surface 

which in turn ensures the accumulation of early endosomal antigen- 1 (EEA-1) and later 

Rab7 (103).  

 Time-lapse studies have demonstrated that the presence of Rab7 on phagosomal 

compartments occurs during late stage maturation of the vesicle (261). Further, it has 

been shown that Rab5 is exchanged for Rab7 (Rab7 conversion) rather than present 

simultaneously on the phagosomal membrane (182). Studies with bacterial pathogens 

such as Brucella spp. and M. bovis, have shown that Rab7 interacting lysosomal protein 

(RILP) is next recruited to the phagosome and plays an important role in lysosomal 

fusion (217, 222). Fusion with the lysosome has been characterized by an acidified 

compartment paired with the presence of glycoproteins lysosomal associated membrane 

protein -1 and-2 (LAMP-1 & LAMP-2) (64). Pathogens, such as Mtb have been shown to 

manipulate the process of phagosomal maturation to prevent fusion with lysosome. 
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Entry of Mtb Bacilli Into Mammalian Host Cells 

Over the past few decades, much effort has focused on identifying the cell receptors and 

mycobacterial components involved in the entry of Mtb bacilli into host cells. Adherence 

of Mtb bacilli to macrophages has been shown to proceed not only through specific 

receptor binding but also facilitated by opsonization of bacilli with SP-A, SP-D and 

fibronectin (83). Work by Larry Schlesinger’s group has demonstrated that complement 

receptors (CR) 1, 3 and 4 on macrophages are essential for induction of phagocytosis of 

Mtb bacilli (195). Blocking of these receptors resulted in a 75% reduction of adherence 

and internalization of bacteria during early time points of infection. Further studies have 

demonstrated that mannose receptors (MR) are also crucial for adherence and entry of 

Mtb bacilli through binding to the mannose-capped lipoarabinomannan (99). Further, this 

interaction has been shown to be crucial for limiting phagosomal-lysosomal fusion (see 

below). Phagocytosis of Mtb bacilli by CR3 and MR has been linked to a dampening or 

absence of an immune response during infection. Collectively, these data indicate that 

specific receptor entry of Mtb in macrophages is important for bacterial survival and 

modulation of the host cell response. 

 While limited work has focused on entry of Mtb bacilli in nonphagocytic cells, 

work by several investigators has demonstrated that the lectin-like factor of Mtb, heparin-

binding hemmaglutinnin (HBHA), is important for binding and entry of bacilli in 

epithelial cells (139). HBHA is an adhesin found on the surface of Mtb bacilli, which has 

been shown to selectively facilitate adherence and entry into nonphagocytic cells. 

Disruption of the responsible gene, hbhA, decreases bacterial survival and 
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extrapulmonary dissemination (106, 164). Further, vaccination of mice with purified 

native HBHA conveyed protection against aerosolized infection with Mtb Erdman (158).  

 

Trafficking of Mtb Bacilli in the Macrophage 

The infection of macrophages by Mtb and other pathogenic Mycobacterium species has 

been well characterized. Armstrong and Hart (1971) were the first to demonstrate that 

phagosomes containing Mtb bacilli do not mature into phagolysosomes (9). This work led 

others to examine the process now termed phagosomal maturation arrest (PMA). 

Following phagocytosis, facilitated by MR and CR 1, 3, and 4, pathogenic mycobacteria 

are maintained in an early phagosome (63, 99, 195). It has long been held that Mtb bacilli 

remain in the phagosomal compartment to undergo bacterial replication (242-243). 

However, some recent work indicates that Mtb and Mycobacterium marinum bacilli may 

escape from their compartment and enter the cytoplasm (205, 215-216, 240). Clemens 

and Horwitz (1995) utilized antibodies to Rab proteins to characterize Mycobacteria-

Containing Phagosomes (MCPs) (44). They showed that late endosomal markers, such as 

CD63, Lamp-1 and -2, Rab7 as well as EEA-1 were absent from MCPs. Work by Via, et 

al. (1997) determined that PMA occurs between Rab5 and Rab7 endosomal maturation 

stages (45, 101, 244).  

To better understand how this occurs, a series of experiments by Fratti et al. 

(2001), Malik et al. (2000, 2001) and Vergne et al. (2005) examined the recruitment of 

Rab5 and 7 effector proteins to the mycobacteria-containing phagosome (67, 131-132, 

242).  These studies demonstrated that ManLAM, found on the surface of pathogenic 

mycobacteria, prevent a rise in intracellular calcium levels (41, 79). This decreases 
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calmodulin kinase II activity and the cell is then unable to recruit PI3KC3, which reduces 

the amount of PI3P found on the phagosomal surface. Mycobacterium tuberculosis bacilli 

further ensure inhibition of lysosomal fusion by producing a lipid-phosphatase, SapM, 

which dephosphorylates the PI3P that might be delivered to the phagosome (242). PI3P 

ensures the binding of the important effector molecule EEA-1 which then tethers vesicles 

needed to deliver lysosomal hydrolases to the phagosome (243). By blocking the initiator 

of this cascade, pathogenic mycobacteria prevent the acidification of the phagosomal 

compartment. These findings were supported by Ferguson and colleagues, who 

demonstrated that coating Mtb bacilli with SP-D blocks the mannose cap and increases 

phagocytosis and phagosomal/lysosomal fusion (66).   

Alternative explanations for PMA have been proposed. Findings by Welin et al. 

indicate that LAM does not block phagosomal maturation through PI3P blockage (249). 

Instead, it is suggested that LAM molecules insert into the MCP and physically prevent 

the tethering and delivery of Rab7 and hence block fusion with lysosomes.  

The nature of PMA might bring into question how sequestered bacilli acquire the 

necessary nutrients, such as iron, needed to survive if the delivery of vesicles is blocked 

by ManLAM. Another complex lipid, phosphatidylinositol mannoside (PIM), found on 

the surface of the bacilli facilitates early endosomal fusion (243). This process is not only 

independent of PI3P but is in fact enhanced by the blocking of PI3K, which illustrates 

how pathogenic mycobacteria subvert late vesicle trafficking (241). 
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Autophagy and Pathogens 

Within the cell, PI3K has many other important roles, one of which is as an initiator of 

the autophagy pathway. While the process of autophagy (self-eating) has been known for 

some time, the pathway has come under closer scrutiny in the past decade. Investigators 

are attempting to tease out the nature of the stimuli responsible for initiation and 

repression of autophagy as well as identify the molecules that regulate these responses.  

Autophagy is divided into three categories: microautophagy, chaperone-mediated 

autophagy (CMA) and macroautophagy (65). Microautophagy is characterized by the 

sequestering of cytosolic components into the lysosome by directly budding into the 

compartment. Chaperone-mediated autophagy is the only category of autophagy that is 

found exclusively in higher eukaryotes and involves a specific tag located within protein 

sequences that target them to heat shock cognate protein 70 (Hsc70). This chaperone then 

interacts with and delivers the protein to a lysosome via the LAMP-2. Macroautophagy, 

hence referred to as autophagy, is considered to be an ancient cellular response to 

starvation allowing for recycling of amino acids and breakdown of damaged organelles 

including mitochondria (80, 122, 144). Additionally, autophagy is thought to be one of 

the earliest protective responses against intracellular pathogens. Once the pathway is 

activated, large components of the cytosol are enveloped in a double membrane 

compartment, which then matures and fuses with a lysosome.  

Much of what is known about the formation and structure of the autophagosome 

is derived from yeast experiments; however, most molecules involved have also been 

confirmed in mammalian cells (19, 105). The autophagosome originates from a pre-

autophagosomal structure, termed the phagophore, which associates with autophagy-
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related gene proteins (Atg) Atg12, Atg 16, Atg1, Atg9, Atg5, Atg6/Beclin 1 and 

Atg8/LC3 I (161). The source of these membranes was thought to be strictly Golgi- or 

endoplasmic reticulum (ER)-derived. However, Ravikumar et al. have recently shown 

that the plasma membrane can also be utilized to form autophagosomes, which suggests 

initiation of autophagy could occur from multiple locations and time points, including 

early in the internalization process (178).  The LC3 I then becomes covalently linked to 

phosphatidylethanolamine (PE) in the autophagosomal membrane resulting in LC3 II. 

Upon completion/ maturation of the autophagosome, most Atg proteins are removed from 

the compartment except LC3 II, which remains on the inner membrane. Rab7 colocalizes 

with Lc3 II on the autophagosomal membrane facilitating fusion with the lysosome and 

resulting in the formation of the autophagolysosome (94).  

Inhibition and activation of autophagy is predominately controlled by two major 

complexes, mTOR (mammalian Target of Rapamycin) and Beclin 1/PI3K (hVps34), 

respectively (161).  Various intra- and extra-cellular signals can positively or negatively 

regulate the pathway. Glucagon, which alerts the cell to decreased insulin, can stimulate 

the association of Beclin1 and PI3K to activate autophagy (123). Kinase PI3K also 

associates with mTOR to inactivate the pathway, and assists cellular homeostasis. 

Deregulation of autophagy has been implicated in neurological diseases and cancer and 

thus the delicate balance of this process is crucial both on a cellular and organismal level.  

It has become increasingly clear that autophagy can play an important role in the 

mammalian defense response to intracellular pathogens by facilitating increased 

lysosomal fusion (148). The special term, xenophagy, has been utilized to describe the 

selective involvement of autophagy for elimination or containment of intracellular 



 

24 

pathogens (97). Endosomes containing Salmonella enterica serovar Typhimurium have 

been shown to associate with autophagy markers such as Lc3 during early infection. 

Further, bacterial load increased in autophagy-defective host cells (97). Studies by Py et 

al. and Birmingham et al. showed that Listeria monocytogenes induced autophagy 

involvement early in the infection process through secretion of Listeriolysin-O (LLO) 

(26-28, 174). Strains deficient in this protein did not induce autophagy. Further, mice 

deficient in autophagy proteins (atg5 
-
/
-
) had improved bacterial replication, suggesting 

autophagy supports clearance of L. monocytogenes (174). Recent studies by Meyer-

Morse et al. have challenged the results of the previous studies, reporting that infection of 

bone marrow derived macrophages (BMDM) lacking atg5 resulted in slightly decreased 

bacterial viability suggesting that the bacteria can manipulate the autophagy pathway to 

promote survival (140).  

The assertion that a pathogen could manipulate the autophagy pathway to its 

advantage is not novel. Shigella flexneri bacilli facilitate their release from the 

phagosome into the host cell cytosol and produce IcsB, which inhibits autophagy, thus 

preventing re-capture and killing (153). Coxiella burnetii, well characterized as a 

bacterial pathogen that survives in acidified vacuoles, has been shown to modulate the 

autophagy pathway to improve survival. In non-phagocytic cells various studies have 

shown C. burnetii bacilli traffic through late endosomes that become labeled early with 

autophagy markers and that inhibition of the autophagy pathway negatively impacts 

bacterial survival (23, 82, 187). Certain positive-sense RNA viruses such as human 

poliovirus and mouse hepatitis virus utilize elements of the autophagy pathway to 
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enhance replication (93, 162, 171, 194, 221). Further, inhibition of the autophagy 

pathway reduces viral load.  

Toll-like receptors (TLRs) have been identified as activators of the autophagy 

pathway in macrophages. Stimulation of TLR4 by bacterial lipopolysaccharides has been 

found to activate the autophagy pathway (254). Gutierrez, et al. demonstrated that 

autophagy up-regulation, through TLR4 stimulation, increased colocalization of 

lysosomes with M. bovis BCG-containing compartments (80). Deretic et al. later 

demonstrated that autophagy induction provided a mechanism to override mycobacterial-

induced PMA in macrophages (56-57).  While these data provide interesting findings 

regarding the relationship of Mtb infection and autophagy, it should be noted that in these 

studies pharmacological induction of the autophagy pathway was implemented. No 

evidence was provided to demonstrate the occurrence of spontaneous autophagy up-

regulation during a typical in vitro infection of macrophages with Mtb bacilli. 

A common finding in these studies is the intersection of the endosomal pathway 

with autophagy. The previously mentioned studies involving C. burnetii, S. enterica and 

L. monocytogenes have all shown co-association of endosomal markers, such as Rab5 

and Rab7, with Lc3. Interestingly, proteomic analysis has shown that autophagy-

associated proteins can be found on phagosomal membranes (204). However, it should be 

noted that studies have documented autophagosomes lacking traditional double 

membranes, suggesting that autophagosomal structure is altered during the maturation 

process to resemble an endosomal compartment (199).   

We next must consider what processes are responsible for targeting intracellular 

pathogens towards the autophagy pathway. Studies have shown that pathogens such as 
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Mtb can be targeted to autophagy within phagosomes while some pathogens such as L. 

monocytogenes target to autophagy once the bacilli escape into the cytosol (61, 80, 145). 

Salmonella spp. can target to autophagy from damaged bacteria-containing compartments 

(29). Innate immune receptors such as TLR2 and TLR4 as well as signaling lipids such as 

PI3P have been shown to recruit autophagy proteins early in the infection process (254, 

257). Another important stimulus targeting pathogens to autophagy appears to be linked 

to the ubiquitin conjugation system. The ubiquitin protein (UB) is a small protein 

associated with tagging and targeting cytosolic proteins for degradation by the 

proteasome system. Ubiquitination has been linked to the autophagy pathway through 

three separate host cell adaptor proteins: p62/SQSTM1, NDP52 and NBR1 (199). The 

specific adaptor type recruited appears to be dependent on the nature of the pathogen 

itself.  

Ubiquitin has previously been shown to play a unique role during Mtb infection in 

macrophages. Studies by Purdy and Alonso et al. have shown that ubiquitin proteins are 

delivered to the lysosome and subsequently become UB-derived fragments with 

mycobactericidal properties (4, 172-173).  They hypothesize that increasing the killing 

properties of the lysosome could facilitate improved bacterial clearance. This process was 

contingent upon artificial upregulation of the autophagy pathway (i.e. pharmacological or 

starvation-induced) which suggests that while UB-killing mechanisms can be facilitated 

in vitro, this is not a natural process that occurs during Mtb infection. If xenography 

occurs during unperturbed Mtb infection, then the role ubiquitin might play in this 

process has yet to be described.  
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Lipid Rafts and Pathogens 

Studies have documented that pathogens can begin to manipulate the host cell 

environment well before internalization. The plasma membrane of mammalian cells is a 

complex arrangement of lipids, proteins and carbohydrates that convey information about 

the extracellular milieu to the intracellular environment. Investigators have discovered 

that the organization of these macromolecules is not random and specific areas of the 

membrane can be organized to facilitate signaling, endocytosis and numerous other 

biological functions. These aggregates are known as lipid rafts. We define these rafts as 

small (10-700nm) cholesterol-dense regions containing glycosylphosphatidyinositol 

(GPI) - anchored proteins, sphingolipids as well as other protein receptors (36, 128, 245). 

It is well-accepted that lipid rafts themselves are heterogeneous structures that vary in 

their protein/lipid composition and ratio (166). Lipid rafts are also dynamic; in a fluid 

state of aggregation and separation. Early studies of lipid raft domains consisted of 

detergent extraction techniques which investigators later discovered induced artifact in 

the system and produced erroneous data (167). It has since been determined that special 

techniques, such as electron microscopy, are required to characterize lipid rafts in an 

unperturbed system (166). 

Important components of lipid rafts are the caveolae. Composed of caveolin 

protein, this structure is an invagination in the plasma membrane 50-80nm in diameter 

and has been shown to function in endocytosis (114).  Raft-dependent endocytosis also 

has been shown to be reliant upon dynamin, a GTPase involved in the scission of vesicles 

from the plasma membrane (114). This internalization pathway has proven to be 

important to the internalization of various pathogens and toxins. Simian virus 40 (SV40) 
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and cholera toxin b-subunit (CT-B) have been shown to localize and become internalized 

in a raft/caveolae-dependent manner (265). Escherichia coli and Campylobacter jejuni 

also were shown to utilize this pathway for entry into epithelial cells (60, 248). Thus, 

caveolae in lipid rafts can serve critical functions for pathogen internalization and 

subsequent trafficking. 

As discussed, lipid rafts are defined as inherently ultramicroscopic structures. 

However, studies with various pathogens and bacterial toxins have shown that large 

aggregations of cholesterol-dense, raft-like areas can occur and be characterized by 

confocal microscopy. Rafts can be visualized by staining with CT-B or pharmacological 

agents such as Filipin, which identify cholesterol rich areas. Co-labeling with antibodies 

for proteins such as caveolin-1 is considered an appropriate means to collectively 

characterize super aggregates (78, 245). Large lipid raft-like aggregations were reported 

for L. monocytogenes in response to the bacterial protein Listeriolysin-O (LLO) (74).  

Functionally, these aggregates can serve as platforms for endocytosis as well as innate 

immune signaling. 

The cholesterol found in the raft domains has been shown to be important for 

endocytosis, survival and exocytosis of several pathogens. Human immunodeficiency 

virus 1 (HIV-1) is dependent upon raft domains for budding (150). Chlamydia spp. and 

Helicobacter pylori bacilli have been shown to preferentially bind cholesterol dense 

regions of the plasma membrane and depletion of cholesterol in the membrane has been 

shown to decrease binding of Shigella flexerni to epithelial cells (90, 96, 111). Gatfield 

and Pieters have shown that depletion of cholesterol in the plasma membrane is also 

detrimental for entry of M. bovis, BCG in macrophages (73). Collectively, we can 
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hypothesize that various pathogens manipulate the lipid raft domains, facilitating 

aggregation, to ensure entry and perhaps influence trafficking once inside the host cell.  

Another interesting observation has been the link between lipid-raft dependent 

entry of bacterial pathogens and the autophagy pathway. Amer et al. have shown that 

Legionella pneumophila bacilli attach to lipid raft aggregates and become internalized 

(6). Co-labeling with autophagy markers and CT-B showed that the bacteria were 

contained in autophagosomes with lipid-raft domains in the vacuole membrane. Further, 

internalization and trafficking to autophagosomes in a raft-dependent manner appeared to 

assist in lysosomal evasion for this pathogen. Treatment with 3-methyladenine (3MA), an 

inhibitor of PI3K important for progression of the autophagy pathway, decreased the 

number of viable bacteria.  It is interesting to speculate that this lipid raft/autophagy 

relationship could be involved in the trafficking of other pathogens such as Mtb.  

 

Epithelial Cells and Respiratory Pathogens 

Over the past decade there has been an increased focus on alveolar epithelial cells and the 

role they play in respiratory infection. As mentioned, alveolar macrophages are poorly 

reactive cells and thus require additional support to stimulate an effective immune 

response. Work by Kannan, et al. demonstrated that type II pneumocytes release 

monocyte chemoattractant protein (MCP-1) which enhances alveolar macrophage 

response to Pseudomonas aeruginosa (16).  Colonization of epithelial cells has also 

proven to be essential to successful infections by Legionella pneumophila and 

Burkholderia cepacia (135, 225, 230). Blocking carbohydrate moieties on the surface of 

type II pneumocytes can enhance bacterial clearance and is postulated to be a target for 
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drug intervention (223, 228, 230).  It has also been demonstrated that alveolar epithelial 

cells are responsible for IL-8 production, a neutrophil chemoattractant, which is crucial 

for the lung immune response against L. pneumophila (227).  

Viral infections also target lung epithelial cells. Type II pneumocytes produce 

surfactant proteins which are vital to lung protection. As previously described, SP-A has 

been shown to play an important role in the lung immune response by increasing 

phagocytosis of pathogens. Aside from being the primary site of replication, it has been 

demonstrated that Respiratory Syncytial Virus (RSV) invades alveolar epithelial cells and 

reduces SP-A production be interfering with translation and exocytosis, resulting in viral 

load increase (3, 43).  As with bacterial infections, these cells also release cytokines such 

as IL-8 to recruit immune cells crucial for the clearance of RSV (250). Taken together, 

these data reinforce the important role epithelial cells play in lung immunity (3, 42, 55, 

72, 188, 190, 227, 250, 253)  

Successful Mtb infections require the bacilli to transit from the lung alveoli 

through the blood to other organs.  How mycobacteria migrate through the alveolar 

epithelial and endothelial cells and into the blood and what role these cells play in 

pathogenesis have not been examined in great detail.  Previous in vitro studies focusing 

on epithelial and endothelial cells demonstrated that Mtb bacilli enter and replicate in 

type II alveolar pneumocytes in both monolayer and bilayer systems (22, 24, 138). Non-

pathogenic mycobacteria, such as M. smegmatis, have also been shown to invade alveolar 

epithelial cells by macropinocytosis before being killed by the host cell (72). This 

suggests that entry into epithelial cells is not exclusive to pathogenic mycobacteria.  
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As with other respiratory pathogens, cytokines released from type II pneumocytes 

during the course of pathogenic mycobacterial infections may play an important role in 

bacterial clearance. A study by Sato et al. showed that human alveolar A549 type II cells 

release tumor necrosis factor α (TNF-α) and granulocyte-macrophage colony stimulating 

factor (GM-CSF) after Mtb infection, which help activate alveolar macrophages (190). 

However, the trafficking pattern of the bacilli through these cells and how they respond 

to a mycobacterial infection is yet undetermined. Other studies have shown that the actual 

movement through this tissue layer can induce phenotypic changes in the bacteria 

potentially contributing to virulence (136).  The alveolar epithelial layer, therefore, may 

play an important role in early steps of Mtb infection.  

In vitro infection models have shown that alveolar epithelial cell death following 

Mtb infection is mainly due to necrosis while infected macrophages typically undergo 

apoptosis (51, 58).  A recent study by Kinhikar et al. has shown that ESAT-6 could be 

responsible for bacilli binding to epithelial cells and is associated with host cell death 

(104). Collaborative work with Dr. C. Harold King of the Emory University School of 

Medicine resulted in isolation of a mutant of Mtb strain Erdman (∆Rv3351c), which has 

also been associated with reduced necrosis in alveolar epithelial cells. The mutation was 

localized to gene Rv3351c; its product is of unknown function. We can speculate that 

disruption of the epithelial cell layer caused by Mtb virulence proteins facilitates 

increased bacteria dissemination from the lung.  

Other mycobacterial mutants have demonstrated reduced virulence attributed to 

success in alveolar epithelial cells (8, 106, 146, 158, 164). The heparin-binding 

hemagglutinin (∆HBHA) mutant has been shown to demonstrate reduced attachment and 
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dissemination from the lung. This adhesion molecule is expressed on the surface of Mtb 

and is believed to be specific for entry into epithelial cells (158). Kohama et al. 

demonstrated that extrapulmonary dissemination of M. bovis BCG bacilli was decreased 

when mice were immunized with recombinant HBHA protein prior to infection (7). 

Additionally, an increased Th-1 immune response was noted against the pathogen. These 

data allude to an important role for alveolar epithelial cells in the course of Mtb infection. 

 

Conclusion 

While extensive efforts and resources have been dedicated to examining Mtb and its 

interactions with various mammalian hosts and macrophages, it is evident that there are 

still significant gaps in our knowledge. The goal of the research described in this 

dissertation was to characterize Mtb interactions and trafficking within alveolar epithelial 

cells. Our data suggest major differences exist in the mechanisms used by Mtb bacilli to 

attach to, enter and replicate within professional and non-professional phagocytic cells.. 

However, we find that similarities exist between Mtb and other bacterial pathogens 

regarding their interaction with epithelial cells. This work has important implications for 

our understanding of this ancient pathogen, its many mechanisms for virulence and 

identifying and exploiting novel targets for vaccines and therapeutics. 
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CHAPTER 3 

INVOLVEMENT OF THE AUTOPHAGY PATHWAY IN TRAFFICKING OF 

MYCOBACTERIUM TUBERCULOSIS BACILLI THROUGH CULTURED 

HUMAN TYPE II EPITHELIAL CELLS 
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Abstract 

Interactions between Mycobacterium tuberculosis bacilli and alveolar macrophages have 

been characterized, while trafficking of M. tuberculosis bacilli in epithelial cells has not 

been examined. In this study, we microscopically analyze endosomal trafficking of M. 

tuberculosis strain Erdman in A549 cells, a human type II pneumocyte cell line. Immuno-

electron microscopic (IEM) analyses suggest that M. tuberculosis bacilli are internalized 

to a compartment labeled first with Rab5 and then with Rab7 small GTPase proteins. 

This suggests that, unlike macrophages, M. tuberculosis bacilli traffic to late endosomes 

in epithelial cells.  However, fusion of lysosomes with the bacteria-containing 

compartment appears to be inhibited, as illustrated by IEM studies employing LAMP-2 

and Cathepsin-L antibodies. Examination by confocal microscopy, transmission electron 

microscopy and IEM found M. tuberculosis-containing compartments surrounded by 

double-membranes and associated with the autophagy markers ATG16 and Lc3, 

providing evidence for involvement and intersection of the autophagy and endosomal 

pathways. Interestingly, inhibition of the autophagy pathway using 3-methyladenine 

improved host cell viability and decreased numbers of viable intracellular bacteria 

recovered after 72 hours post infection. Collectively, these data suggest that trafficking 

patterns for M. tuberculosis bacilli in alveolar epithelial cells differ from macrophages, 

and that autophagy is crucial for this process. 
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Introduction 

Mycobacterium tuberculosis, the causative agent of tuberculosis, infects an estimated 1/3 

of the world population; thus studies regarding mycobacterial interactions with host cells 

are critical for developing intervention strategies (86). Much of what is known regarding 

intracellular trafficking of M. tuberculosis bacilli has been derived from studies in human 

and murine macrophages as this cell type was historically believed to control initial 

success or failure of M. tuberculosis infections (137, 209). A process referred to as 

phagosomal maturation arrest (PMA) has been described which is characterized by 

recruitment of early endosomal markers, such as EEA-1 and Rab5, but not late markers, 

such as Rab7, to endosomal compartments containing virulent mycobacteria (9, 44-45, 

244). PMA is also characterized by the absence of lysosomal-associated markers 

indicating prevention of lysosomal fusion with the bacterial-containing endosomes (131-

132). Notably, non-pathogenic mycobacteria, such as Mycobacterium smegmatis, do not 

induce PMA and are degraded following phagosome/lysosome fusion (81). 

The alveolar epithelial cell has been shown to play a major role during infection 

with numerous respiratory pathogens. Infection with Respiratory Syncytial Virus (RSV) 

has been demonstrated to reduce surfactant protein-A (SP-A) in alveolar epithelial cells 

which can increase viral load (3). Colonization of alveolar epithelial cells has proven to 

be essential for successful infections by bacterial pathogens Legionella pneumophila and 

Burkholderia cepacia (135, 230). Further, Bauman et al. demonstrated that epithelial cell 

infection with Pseudomonas aeruginosa induced the release of monocyte chemoattractant 

protein which enhances alveolar macrophage response to the pathogen (16).  
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Increasingly, the alveolar epithelial cell has been scrutinized for its role during M. 

tuberculosis infection. Previous in vitro studies demonstrated that M. tuberculosis bacilli 

can enter and replicate to high numbers in type II alveolar pneumocytes in both 

monolayer and in epithelial/endothelial bilayer systems, although internalization of 

alveolar epithelial cells is much slower than that observed in macrophages (22, 24, 138). 

Sato et al. showed that human alveolar A549 type II cells release tumor necrosis factor α 

(TNF-α) after infection with M. tuberculosis bacilli, which helped activate alveolar 

macrophages (190). Other studies have shown that mycobacterial movement through 

epithelial cells of the alveolus can induce phenotypic changes in M. tuberculosis that 

contribute to virulence (136). The alveolar epithelial layer, therefore, may play an 

important role, particularly in early stages of M. tuberculosis infection.  

Recently, the autophagy pathway has been examined for its role in the host cell 

response to the presence of intracellular pathogens. Autophagy is divided into three 

categories: microautophagy, chaperone-mediated autophagy,  and macroautophagy (65). 

Macroautophagy, here after referred to as autophagy, is considered to be an ancient 

cellular response to starvation allowing for recycling of amino acids and breakdown of 

organelles such as mitochondria (80). Additionally, autophagy is thought to be one of the 

most primitive mammalian cell responses against intracellular pathogens by providing 

secondary support when these organisms escape the typical phagosome/lysosome fusion 

mechanism (148, 196). A role for autophagy has been proposed for killing of M. 

tuberculosis bacilli (80). Studies report that stimulation of the autophagy pathway can 

increase lysosomal killing of M. tuberculosis bacilli in phagocytic cells (4, 172). This 

increased mycobactericidal capacity of lysosomes could explain why the autophagy 
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pathway is associated with improved clearance of M. tuberculosis bacilli in phagocytic 

cells.  It is possible that autophagy could play a significant role in M. tuberculosis 

infections of nonphagocytic cells which have more limited means of controlling 

intracellular bacteria. 

This study examined the internalization and trafficking of M. tuberculosis bacilli 

in the alveolar epithelial cells. Findings demonstrated previously undiscovered 

mycobacterial manipulation of host cell trafficking machinery, which promotes 

intracellular survivability of the bacteria.     

 

Results 

Replication of Mycobacterium tuberculosis Erdman bacilli in Type II Pneumocytes is 

verified by viable counts and TEM.  

To verify M. tuberculosis bacilli replicate in A549 cells, amikacin-protection viability 

count experiments were conducted at an MOI of 100 with M. tuberculosis Erdman (fig. 1, 

panel A) A significant increase in intracellular bacteria was observed between T0, after a 

6 hr uptake, and 72 hours post infection (hpi). To further examine relative levels of 

intracellular bacteria over this early time course, TEM analysis was conducted (fig. 1 

panels B-D). As infections progressed, the percentage of intracellular bacteria observed 

increased from 23% at 18 hpi to approximately 75% by 96 hpi supporting the data 

obtained by viability count assay (fig. 1, panel E).  
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Mycobacterium tuberculosis-containing compartments co-localize with Rab7 with 

limited association of LAMP-2 and Cathepsin-L  

Studies investigating intracellular trafficking of M. tuberculosis bacilli in macrophages 

have shown that virulent strains are capable of inducing phagosomal maturation arrest 

(PMA) (44-45, 244). Immuno-electron microscopy (IEM) and confocal studies 

demonstrated this with Rab5, an early endosomal marker present on M. tuberculosis 

containing compartments, and Rab7, a late endosomal marker which was absent (244). 

To determine if M. tuberculosis Erdman can initiate PMA in alveolar epithelial cells, 

A549 cells were infected and bacterial co-localization with Rab5 and Rab7 was 

examined.  As a control, similar studies were conducted in J774 macrophages.  

IEM experiments were conducted to quantify the association of early and late 

endosomal markers with bacilli-containing compartments.  At 12 hpi, Erdman-infected 

A549 cells showed 42% of mycobacteria-containing endosomes (MCE) were labeled 

with both Rab5 and Rab7 and 20% were labeled with Rab5 alone (fig. 2, panels A & E). 

In contrast, only 25% of J774 macrophage MCE were double-labeled while 45% labeled 

with Rab5 alone (fig. 2, panels C & E). At 72 hpi, double labeling of A549 M. 

tuberculosis Erdman-containing endosomes at 72 hpi decreased to 24% (fig. 2, panels B 

& F). The majority of A549 bacteria-containing endosomes at this time point (72%) were 

labeled with Rab7 alone indicating that most of these compartments do acquire late 

endosomal markers (fig. 2, panel F). In J774 cells, 78% of the M. tuberculosis Erdman-

containing compartments were labeled with Rab5 alone at 72 hpi, supporting previous 

observations of PMA (fig.2, panels D & F) (9, 44-45, 244).  



 

39 

Trafficking of M. tuberculosis bacilli to late endosomes in A549 cells was further 

investigated to evaluate fusion of lysosomes with the bacteria-containing compartment. 

IEM studies were performed using antibodies to lysosomal targets such as lysosomal 

associated-membrane protein 2 (LAMP-2) and cathepsin-L (fig. 3, panels A-D). At 12 

hpi, 50% of bacilli-containing compartments were labeled with cathepsin-L (fig. 3, panel 

A & E). This number decreased to 24% by 72 hpi (fig. 4 panel B & E). IEM analysis of 

LAMP-2 colocalization at 12 and 72 hpi was also performed (fig. 3, panels C & D). 

Quantification demonstrated < 25% MCE associated with LAMP-2 antibodies at 72 hpi, 

supporting the trend observed with Cathepsin-L (fig. 4 panel F). These data indicate that 

lysosomal delivery to late endosomes containing M. tuberculosis Erdman is inhibited 

allowing for bacterial survival and replication in type II pneumocytes. 

 

3-methyladenine treatment alters trafficking of Mycobacterium tuberculosis bacilli 

TEM studies of infected human type II pneumocytes revealed double-membrane 

compartments containing M. tuberculosis Erdman bacilli (fig. 4, panel A). This 

observation suggests that autophagy plays a role in mycobacterial trafficking in alveolar 

epithelial cells. To address this hypothesis, A549 cells infected with M. tuberculosis 

Erdman bacilli were analyzed by IEM and confocal microscopy using an anti-Lc3A/B 

antibody; Lc3A/B is a common marker for autophagosomes (fig. 4, panels B-D).  

Confocal images showed Lc3 labeling of bacteria-containing compartments at 72 hpi (fig. 

4, panel B). Results of the IEM experiments showed Lc3 labeling of 75% and 90% of 

Erdman-compartments at 12 and 72 hpi, respectively (fig. 4, panels C-E). These findings 
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suggest that trafficking of M. tuberculosis through A549 cells involves the autophagy 

pathway during early infection.  

To determine the timing of autophagy involvement in the trafficking of M. 

tuberculosis bacilli, A549 cells were transfected with a plasmid coding for an ATG16-

GFP fusion protein. ATG16 is a protein associated with early autophagophore nucleation 

and recruitment of autophagic membranes. Infection of the A549 cells with M. 

tuberculosis Erdman bacilli was analyzed by obtaining confocal z-stack microscopic 

images at 3 hpi. Images demonstrate association of ATG16 with bacilli during this early 

time point (fig 5, panels A). Three-dimensional construction of the z-stack slices 

demonstrates this association occurs at or close to the surface of the host cell suggesting 

that the autophagy pathway becomes involved in trafficking of M. tuberculosis bacilli 

immediately upon entry. 

To further explore the role of autophagy in trafficking of M. tuberculosis bacilli in 

type II pneumocytes, A549 cells were pretreated with the autophagy inhibitor 3-

methyladenine (3MA) prior to infection. TEM images at 12 hpi showed that bacilli 

attached and internalized in similar numbers in 3MA-treated and -untreated cells, but that 

the mycobacteria-containing compartments appeared disorganized in drug-treated cells 

(fig. 6, panels A, B). At the same time point, IEM experiments showed >10% of Lc3-

labeling of these endosomes (fig. 6, panel E & G). Interestingly, autophagy inhibition by 

3MA appears to wane over time; IEM images at 72 hpi showed that 85% of Erdman-

containing compartments acquired Lc3 (fig. 6, panels F & G). TEM images at 72 hpi also 

showed reorganization of double membranes around mycobacteria-containing 

compartments (fig. 6, panels C & D).  
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Inhibition of autophagy impacts survivability of Mycobacterium tuberculosis bacilli and 

infected host cells 

To further evaluate microscopic changes from 3MA infections with M. tuberculosis 

bacilli, A549 cells were either untreated or pretreated with 3MA, infected with Erdman 

and processed for bacterial viability count studies (fig. 7, panel A). Significant reductions 

in viable bacteria were observed in host cells pretreated with 3MA at 72 hpi (p < 0.001).  

Lactate dehydrogenase (LDH) release experiments were conducted to determine how 

bacterial viability correlated to host cell survivability. Cells treated with 3MA and 

infected with M. tuberculosis Erdman released 25% less LDH at 84 hpi compared to 

untreated cells (fig. 7, panel B). These results suggest that disrupting the autophagy 

pathway provides an advantage to the host cells infected with M. tuberculosis Erdman. 

 

Discussion 

Although much research has been devoted to examining M. tuberculosis interaction with 

phagocytic cells, some recent efforts have focused on the type II pneumocytes and how 

they might contribute to the pathogenesis associated with M. tuberculosis respiratory 

infections (24-25, 55, 136, 253). Several investigators have shown that internalization of 

mycobacteria in both A549 cells as well as murine primary lung epithelial cells is 

mediated by actin-dependent mechanisms (22, 110). In a transwell system, it has also 

been demonstrated that M. tuberculosis bacilli can transverse A549 cells to endothelial 

cells which would support a mechanism for hematogenous dissemination of mycobacteria 

in vivo (24). Studies have also demonstrated that infection of type II pneumocytes cell 

lines with M. tuberculosis resulted in host cell death by necrosis (51, 58).  The 
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characterization of the fate of M. tuberculosis bacilli once inside the lung epithelial cell 

has yet to be described. The aim of this study was to document vacuolar trafficking 

patterns observed for M. tuberculosis bacilli in type II pneumocytes during early time 

points of infection.   

In macrophages, Armstrong and Hart (1971) were the first to demonstrate that 

phagosomes containing M. tuberculosis bacilli may not mature into phagolysosomes [2]. 

Following phagocytosis, facilitated by mannose and complement receptors 1, 3 and 4, 

virulent strains of M. tuberculosis are believed to be maintained in an early phagosome 

(63, 99, 195). Though recent studies suggest that M. tuberculosis and M. marinum bacilli 

may escape from their compartment and enter the cytoplasm, others report that the bacilli 

remain within vesicles (205, 215-216, 240). Clemens and Horwitz (1995) characterized 

the Mycobacteria-Containing Phagosomes (MCPs) in terms of protein markers found on 

their surfaces. They showed that late endosomal markers, such as CD63, Lamp-1 and 

Lamp-2, Rab 7 as well as a marker for early endosomes, Early Endosomal Antigen 

(EEA-1) were largely absent from MCPs (44-45). Work by Via et al. (1997) determined 

that phagosomal maturation arrest (PMA) occurs between Rab5 and Rab7 endosomal 

maturation stages (244). Both Rab5 and Rab7 are known to direct trafficking of 

endosomes (243). More recently, Seto et al. have shown that differential recruitment of 

Rabs 14, 22a, 32, 38 and 39 could also be important markers for PMA in macrophages 

(197) .  

Though still an area of ongoing research, the process by which pathogenic 

mycobacteria interfere with normal intracellular trafficking appears to be closely linked 

to the mannose-capped lipoarabinomannan (ManLAM) found on the surface virulent 
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Mycobacterium species.  This complex lipid appears to inhibit the late endosomal fusion 

processes thereby decreasing the tethering of lysomsomes and subsequent acidification of 

the phagosomal compartment. It has been suggested that ManLAM activates p38 

mitogen- activated protein kinase (MAPK) which then phosphorylates the guanine 

nucleotide dissociation inhibitor (GDI). This phosphorylation leaves Rab5 in its 

inactivated GDP-bound form thus interfering with the protein’s ability to facilitate fusion 

with late endosomal vesicles (41, 79). These findings were supported by Ferguson and 

colleagues who demonstrated that coating M. tuberculosis bacilli with surfactant protein-

D blocks the mannose cap and increases phagocytosis and phagosomal/lysosomal fusion 

(66).  However, findings by Welin et al. indicated that LAM does not block phagosomal 

maturation through p38 MAPK interactions (249). Instead, it is suggested that LAM 

molecules insert into the M. tuberculosis-containing compartment and physically prevent 

the tethering and delivery of Rab7 and hence block fusion with lysosomes. 

It has been demonstrated in this study, that unlike macrophages, the majority of 

M. tuberculosis-containing compartments in type II pneumocytes mature into late 

endosomes, thus by-passing classic PMA. By 72 hpi, over 90% of M. tuberculosis 

Erdman-containing vacuoles were either double-labeled with Rab5 and Rab7 or labeled 

with Rab7 alone, which can be characterized as late endosomes. It is believed that the 

double-labeled compartments reflect a transition period between early to late endosomes 

as  described by other investigators (182). Our bacterial-viability count and TEM studies, 

however, do demonstrate survivability of M. tuberculosis bacilli in type II pneumocytes, 

thus it was important to further examine delivery of lysosomes to the mycobacteria-

containing compartments. At 12 hpi, total labeling of M. tuberculosis endosomes with 
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LAMP-2 or cathepsin-L antibodies was ≤ 52%. This number dropped dramatically to 17-

24% labeling by 72 hr pi. These data suggest that mechanisms of lysosomal inhibition 

require time to be up-regulated and once initiated are successful at preventing lysosomal 

fusion in type II pneumocytes. Further studies examining the mechanism for diminished 

lysosomal fusion with MCE are currently underway. 

One possible explanation for the differences observed between trafficking of M. 

tuberculosis bacilli in macrophages and type II pneumocytes could be the role of the 

autophagy pathway. The data presented here demonstrated that M. tuberculosis Erdman 

bacilli can be found within double-membrane compartments in A549 cells, suggestive of 

autophagy. In addition, 90% of endosomes containing M. tuberculosis Erdman were 

associated with the autophagosomal marker Lc3 as early as 12hpi. Further, at 3 hpi, the 

autophagy protein ATG16 was found to be associated with M. tuberculosis bacilli around 

the surface of the host cell. These observations led to a hypothesis that the autophagy 

pathway is involved in early trafficking of virulent mycobacteria in type II pneumocytes 

and perhaps provides a general means for the bacteria to evade host cell defenses. 

Alternatively, autophagy may serve as a default mechanism for the epithelial cell as it 

attempts to remove intracellular mycobacteria. Other investigators have hypothesized that 

this pathway can provide defensive support for infected macrophages when intracellular 

pathogens escape the typical phagosome/lysosome pathway (80, 196). Listeria 

monocytogenes, which escapes the phagosome to reside in the host cell cytosol, has been 

shown to be recaptured by an autophorous vacuole and delivered to a lysosome (148). 

While some pathogens are ultimately killed in the autophagy pathway, select viruses and 

bacteria apparently have evolved intracellular survival strategies. Shigella flexneri, for 
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example, produces IcsB which inhibits autophagy once the bacteria facilitate their release 

into the cytosol (153). Certain positive-sense RNA viruses such as human poliovirus and 

mouse hepatitis virus utilize elements of the autophagy pathway to enhance replication 

(93, 171, 194).  In fact, inhibition of the autophagy pathway has been observed to reduce 

viral load.  

The role of autophagy during infection with M. tuberculosis is still under 

investigation. Studies in macrophages have shown that in up-regulation of autophagy 

under starvation conditions can overcome PMA to eliminate mycobacteria (80). Recently, 

Zullo et al. demonstrated that mycobacteria are capable of inducing the autophagy 

pathway in non-manipulated macrophages (80, 268). However, the impact this pathway 

might have on trafficking and bacterial survival has yet to be described. To date, no 

investigation has characterized the role of autophagy during M. tuberculosis infection in 

type II epithelial cells. 

In this study, the PI3K inhibitor 3MA, which has been shown to block the 

autophagy pathway, was used to determine if inactivation of this pathway had an impact 

on the survival of  mycobacteria in type II pneumocytes (168). While the effects of 3MA 

inhibition of the autophagy pathway appear to wane over a 72 hour period, the impact of 

early inhibition appears to have significant long term implications for M. tuberculosis 

survival in type II pneumocytes. Bacterial viable counts were monitored in 3MA-treated 

and untreated A549 cells infected with M. tuberculosis Erdman bacilli. Significantly 

fewer viable bacteria were detected from monolayers treated with 3MA compared with 

untreated controls at 72 hpi. These data correlated with host cell viability measurements 

demonstrating that at 72 and 84 hpi, host cells pretreated with 3MA and infected with M. 
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tuberculosis Erdman showed a 15-25% reduction in LDH release compared to infected 

non-treated controls. Reduced host cell necrosis of 3MA-treated cells infected with 

virulent M. tuberculosis strains suggests that blocking autophagy is advantageous to the 

host cell, and trafficking through the autophagy pathway are a means for mycobacterial 

survival. 

It should be noted that TEM images of 3MA studies showed disorganized 

endosomes which begin to reform by 72 hpi.  An alternative possibility that 3MA is 

inhibiting the Class III PI3-kinase, hVPS34, important for bacterial trafficking to late 

endosomes, must be examined to further evaluate these findings (165, 179). More studies 

specifically targeting the autophagy pathway are underway and will help determine if and 

where virulent mycobacteria manipulate this pathway and how mycobacterial mutants are 

impaired in this process. 

 

Concluding Remarks 

Collectively, this study suggests that M. tuberculosis has developed a multifaceted cell-

specific approach to infection and colonization of the lung. The PMA that occurs in 

macrophages is not utilized in type II pneumocytes; however, lysosomal delivery remains 

impaired. The observation that the autophagy pathway could be utilized to the advantage 

of mycobacteria has been seen with other pathogens (153). How and where M. 

tuberculosis commandeers the pathway is under investigation.  
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Methods 

Bacterial Culture 

The Mycobacterium tuberculosis strain Erdman was obtained from the 

Tuberculosis/Mycobacteriology Branch of the Centers for Disease Control and 

Prevention and grown in Middlebrook 7H9 broth supplemented with 0.5% glycerol, 

0.05% Tween 80, 0.5% bovine serum albumin (fraction V, Boehringer-Mannheim) and 

0.085% NaCl. For confocal microscopy, M. tuberculosis Erdman was transformed with 

plasmid pFJS8gfpmut2 expressing green fluorescent protein (GFP) (247) or plasmid 

pGCRED2 expressing DsRed2 and maintained by inclusion of kanamycin at 50 µg/ml or 

hygromycin at 50 µg/ml, respectively. Plasmid pCGRed2 was a generous gift from Drs. 

Garry Coulson and Mary Hondalus, Department of Infectious Diseases, University of 

Georgia. Bacterial plating studies utilized Middlebrook 7H11 agar supplemented with 

0.5% glycerol, 0.05% Tween 80 and 1 x ADS (31). 

 

Cell Culture  

A549 (CCL-185) human type II alveolar epithelial cells were obtained from the 

American Type Culture Collection (ATCC) and maintained in EMEM supplemented with 

5% FBS or RPMI 1640 supplemented with 15% FBS, respectively. J774 murine 

macrophages were obtained from ATCC (TIB-67) and maintained in DMEM with 10% 

FBS. 
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Epithelial Cell Infection 

Epithelial cell monolayers were infected at an MOI of 100 (100 bacteria per host cell) 

with M. tuberculosis bacilli. To disperse the inocula, bacteria were vortexed for 5 min 

then passed through an insulin syringe into the appropriate tissue culture wells. This 

method of bacterial dispersion was confirmed by microscopy to produce single bacilli for 

infection (data not shown). Cold synchronization was performed to coordinate bacterial 

internalization. This procedure included incubation of host monolayers at 4°C for 2 hr; 1 

hr preceding infection and 1 hr after addition of the bacteria. After uptake, infected cells 

were incubated at 37°C with EMEM and amikacin [50µg/ml]; this was considered time 

point zero.  Infections were maintained for 96 hr with samples taken at various hours post 

infection (hpi). For autophagy-inhibition studies, A549 cells were pretreated for 24 hr 

with 4 mM 3-methyladenine (Sigma) at 37°C.  

 

Transfection With ATG16-GFP Plasmid 

Plasmid pEGFP-ATG16L1 used in these studies was a generous gift from Dr. Tomatsu 

Yoshimori, Osaka University. To begin the transfection process, 1.0x10
5
 A549 cells were 

plated onto coverslips in 6 well Costar® dishes. The plates were incubated overnight at 

37°C with 5% CO2. Next the transfection mixture was prepared by combining 100 µl 

Opti-MEM media, 3µl of GeneJuice® (Novagen) and 1µg of the ATG16-GFP plasmid 

(per well). The solution was mixed by pipetting and incubating at room temperature for 

10 min. The transfection mixture was added, drop wise, to each well of A549 cells and 

plates were returned to 37°C to incubate for 48 hr. Sample wells were imaged by 

confocal microscopy to verify transfection success. Transfection medium was removed 
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from each well after 48 hr, cells were washed with PBS, and EMEM with 5% FBS was 

added prior to infection. Infection proceeded at MOI=100 as described. At 3 hpi, infected 

medium was removed and cells were fixed with 3.7% paraformaldehyde. After staining 

with DAPI, coverslips were mounted with Prolong Gold® (Invitrogen) and imaged with 

a Nikon A1R confocal laser microscope system. 

 

Immunofluorescence  

For confocal microscopy, A549 cells were grown as monolayers to confluence, harvested 

after trypsin-treatment for 3 min at 37°C, seeded onto sterile cover slips and placed 

within 6-well Costar® dishes at 5 x 10
5
 cells per well. The cells were allowed to adhere 

for 12 hr at 37°C and were infected as described previously. Specimens were fixed at 

indicated time points with 3.7% paraformaldehyde for 1 hr and washed 3 times with 

1xPBS. The cells were then permeabilized for 10 min with 0.1% Triton X-100 and 

blocked for 30 min with PBS containing 3% BSA. Rabbit polyclonal anti-Lc3 (Novus 

Biologicals, Littleton, CO) antibodies, which detect Lc3A and B, were added to 

appropriate wells at a dilution of 1:200 and incubated at room temperature for 1 hr. Anti-

Lc3 antibodies were detected with Alexa Fluor® 555 goat-anti-rabbit IgG (Invitrogen). 

Secondary antibody was added at a dilution of 1:500 and incubated for 1 hr at room 

temperature. Phalloidin Alexa Fluor®647 (Invitrogen) was added to select slides and 

incubated at room temperature for 35 min. Images were obtained using a Zeiss LSM 510 

confocal microscope. Infections were performed in duplicate and experiments were 

repeated three times. 
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Transmission Electron Microscopy (TEM) 

Cells were harvested and seeded into T25 flasks at a density of 5.0 x 10
6
 cells/ml. 

Monolayers were cold synchronized and infections conducted as described previously. 

Specimens were fixed with 2.5% glutaraldehyde for 1 hr and then placed in phosphate 

buffer. Samples were then treated with 1% osmium tetroxide for 45 min and an ethanol 

series was used to dehydrate the specimens. Thorough infiltration was completed with 

three ratios of propylene oxide: resin (Epon-araldite). Resin recipes were based on 

protocols by Mollenhauer (143).  Specimens were incubated 1 hr in resin followed by 

resin exchange and overnight incubation at room temperature. After an additional resin 

exchange, samples were embedded and polymerized overnight at 60°C. Ultrathin sections 

were mounted onto copper grids and stained with 4% uranyl acetate and lead citrate. 

Imaging was performed using a Tecnai BioTwin (FEI Company, Hillsboro, OR) electron 

microscope operating at 80 or 120 kV. Digital images were captured using a 2K x 2K 

camera (AMT, Danvers, MA). Images were sized for publication using Microsoft® 

Picture Manager and Adobe® Photoshop 7.0.  

 

Immuno-Electron Microscopy (IEM) 

Cells were seeded onto coverslips and infections performed as described for TEM. At the 

indicated time points, specimens were harvested and placed in 1.5% 

paraformaldehyde/0.025% glutaraldehyde solution for 1 hr, and then in phosphate buffer. 

The fixed specimens were dehydrated using a graded ethanol series; cells were incubated 

in different ratios of 85% ethanol: LR White embedding media as outlined by Goldsmith 

et al. (77). Samples were then allowed to incubate 1 hr in 100% LR White followed by a 
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fresh exchange and overnight incubation at 4°C. The following day, specimens were 

incubated in fresh LR White for 1 hr, placed in gelatin capsules, centrifuged (1500 x g, 5 

min) and the blocks polymerized by incubation for 20-24 hr at 58°C. Ultrathin sections 

were mounted onto nickel grids and blocked with normal goat serum diluted 1:100. Each 

grid was incubated with a 1:500 dilution of anti-Lc3 (Novus Biologicals), anti-cathepsin-

L (Abcam), anti-LAMP-2 (Invitrogen), anti-Rab5 (Abcam) or anti-Rab7 (Santa Cruz 

Biotechnology) antibody for 75 min. Gold-conjugated secondary antibodies, 12-nm goat-

anti-rabbit IgG or 20-nm goat-anti-mouse (Jackson ImmunoResearch), were used at a 

1:20 dilution with 1 hr incubation. Samples were imaged using a Tecnai BioTwin (FEI 

Company, Hillsboro, OR) electron microscope operating at 80 or 120 kV.  Digital images 

were captured using a 2K x 2K camera (AMT, Danvers, MA). Images were cropped 

using Adobe® Photoshop 7.0. 

For gold-label enumeration, control grids of uninfected cells with primary and 

secondary antibodies or with secondary antibody alone and infections with killed M. 

tuberculosis Erdman were incubated and background levels of labeling quantified. 

Compartments with greater than background levels of antibody binding were scored as 

positive. Accordingly, each grid of infected cells was scored for positive labeling. A 

minimum of one to two 20nm particle for Rab5, three 12nm particles for Rab7, two 12 

nm particles for LAMP-2 and Cathepsin-L and a minimum of four 12nm particles for Lc3 

were scored as positive in the respective experiments. A total of three grids were 

examined from three different block faces within a single sample to ensure data obtained 

was representative of each infected well. Quantification was conducted on three fields per 

grid. Percentages were calculated as positive-scored compartments among the total 
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number of compartments counted. Infections were performed in duplicate and 

experiments were repeated three times. 

 

Intracellular Viability Counts  

Epithelial cell monolayers (3MA-treated and untreated) were infected in parallel (MOI = 

100) with M. tuberculosis strain Erdman. Monolayers were washed 3 times with PBS and 

incubated for 2 hr in EMEM with amikacin [200 g/ml] and 5% FBS. Monolayers were 

washed with PBS and EMEM with amikacin [50µg/ml] was applied to the monolayers; 

this was defined as time point zero. At 24 and 72 hpi, the cells were washed with Hanks 

Balanced Salt Solution and lysed with 0.1% Triton X-100. Viable bacilli were 

enumerated by serial dilution of lysates in 1 x PBS + 0.05% Tween 80 and plating on 

7H11 agar supplemented with 10% ADS, O.5% glycerol and 0.05% Tween 80. All 

infections were performed in triplicate and experiments were repeated three times. 

 

Lactate Dehydrogenase (LDH) Release Assay 

Host cells were seeded onto 6-well Costar® dishes at 1.0 x 10
6
 cells per well 24 hr prior 

to infection. 3MA-treated cells were prepared as described previously. Prior to infection, 

each well was washed 3 times with Hanks Balanced Salt Solution and fresh medium was 

added. Cells were infected with M. tuberculosis strain Erdman at an MOI of 100 for up to 

84 hr. All infections were performed in triplicate. Supernatants were sampled at various 

times and filtered through PVDF membranes (0.22-μm pore size). Immediately following 

collection, supernatants were assayed for LDH activity using the Cytotoxicity Detection 

Kit (Roche, Indianapolis, IN) (58). Percent LDH release was calculated using the 
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following formula: [(Release from strain - Background)/(Max release – Background)] x 

100. Infections were performed in triplicate and experiments were repeated three times. 

 

Quantification of TEM  

Measures were taken to ensure that TEM quantification of each infected well of type II 

pneumocytes was representative of the heterogeneous population of infected cells in 

every sample. Each infected well was embedded and a total of three faces per block were 

cut to produce three grids per face, for a total of 9 grids per sample. This measure ensured 

that varying depths of a single sample were thoroughly analyzed. Ultrathin sections 

applied to copper grids were subdivided based on the transversing support wires which 

cross the surface of the grid. Twenty grid fields containing 10-15 infected pneumocytes 

per field were quantified for each of the nine grids per sample. The number of bacteria 

inside the cells was divided by the total number of bacteria within the defined grid fields 

to determine the percent internalization. Infections were performed in duplicate and 

experiments repeated three times.  

 

Statistical Analysis 

Statistical significance of bacterial counts, IEM gold labeling and LDH release data was 

examined by ANOVA and Tukey’s HSD post-hoc comparison (α = 0.05) using SPSS 

17.0® statistical software.  
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Figure 1. Bacterial viability counts and transmission electron microscopy 

demonstrate increasing numbers of intracellular M. tuberculosis bacilli in human 

type II epithelial cells.  Internalized bacterial viability counts (by antibiotic protection 

assays) from A549 cells infected with M. tuberculosis Erdman at 0, 24 and 72 hpi 

demonstrate a significant increase in numbers of intracellular bacteria in an infected 

population of host cells over a 72 hr window (*p-value < 0.001) (A). Infected samples 

were embedded for TEM analysis as described in the methods. For the nine grids that 

represented each infected well of A549 cells, an average of 10-15 infected pneumocytes 

per grid field were analyzed. Representative images of infected A549 cells from this 

study at 6, 24, and 96 hpi demonstrate an increasing intracellular bacilli (electron dense 

rods) burden over time (B-D). Bacilli are circled in panel B only. Enumeration from TEM 
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images (E) demonstrate a significant increase in intracellular bacteria over time (*p-value 

< 0.001). Viable count assays were performed in triplicate and TEM infections in 

duplicate with all experiments repeated three times. Data is reported for one experiment 

of triplicate infections which are representative of the findings for three experiments. 

Quantification of TEM data is an average for the three experiments. 
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Figure 2. Microscopic examination of Rab5 and Rab7 co-localization with 

endosomes containing M. tuberculosis bacilli in human type II pneumocytes and 

murine macrophages. A549 (A and B) and J774.A1 (C and D) infections with M. 

tuberculosis bacilli were examined by IEM with anti-Rab5 and anti-Rab7 antibodies 

labeled with 20-nm (arrow heads) and 12-nm (arrows) gold particles, respectively. Co-

localization of bacilli with Rab5 and Rab7 by IEM was quantified at 12 hpi and 72 hpi (E 

and F). A minimum of one or three gold particles was required to score Rab5 or Rab7 

positive, respectively. In A549 cells, significantly more bacilli-containing compartments 

were associated with Rab7 compared to Rab5 at 72 hpi (p-value < 0.001). Conversely, in 

macrophages the majority of bacilli-containing compartments were labeled with Rab5 at 

the same time point (p-value < 0.001). A total of 27 grid fields from nine grids were 

analyzed from three block faces within each sample. An average of 10-15 pneumocytes 

per grid were assessed. Infections were performed in duplicate and experiments repeated 

three times. Quantification is the average for all three experiments. 
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Figure 3. LAMP-2 and cathepsin-L co-localization with M. tuberculosis-containing 

endosomes in A549 cells indicates limited lysosomal delivery. Following infection 

with M. tuberculosis bacilli for the indicated times, specimens were prepared for IEM as 

described with cathepsin-L labeled with 12-nm gold particles (A, B). Experiments were 

repeated with gold-labeling of LAMP-2 (C, D). * Denotes bacilli. A minimum of two 

gold particles per compartment were required to score lysosomal positive. Arrows 

identify gold particles in each panel.  Co-localization of bacilli with cathepsin-L and 

LAMP-2 by IEM was quantified (E, F). Significantly fewer Cathepsin-L markers were 

associated with mycobacteria-containing compartments at 72 hpi compared to 12 hpi (* 

p-value < 0.05). Quantification was performed as described in the methods and figure 2. 

Infections were performed in duplicate and experiments repeated three times. 

Quantification is the average for the three experiments. 
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Figure 4. Detection of autophagosomal compartments surrounding M. tuberculosis 

bacilli in A549 cells.  A549 cells were infected with M. tuberculosis Erdman bacilli at an 

MOI = 100 and examined by TEM. Double-membrane vacuoles containing bacilli (*) of 

strain Erdman (A) were detected at 48 hpi. Inset to the right shows magnified region 

highlighting membrane segments (arrows). Confocal microscopy at the same time point 

demonstrates co-labeling of GFP-expressing M. tuberculosis bacilli (green) with Lc3 

(yellow) (B). Punctate Lc3 staining is observed around some bacilli (inset). IEM was 

used to measure co-localization of Lc3 with M. tuberculosis-containing compartments at 

12 (C) and 72 hpi (D). Infected and control specimens were incubated with anti-Lc3 

antibodies then labeled with 12-nm gold particles (arrows). Enumeration of Lc3 labeling 

from 27 grid fields per sample is presented (E). Arrows identify Lc3 markers associated 

with bacteria-containing compartments. Infections were performed in duplicate and 

experiments were repeated three times. Quantification is the average for the three 

experiments. 
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Figure 5. M. tuberculosis bacilli colocalized with ATG16 at 3 hours post infection. 

A549 cells were seeded onto coverslips in 6 well dishes and transfected with the EGFP-

ATG16L1 plasmid for 48 hr. The cells were infected with M. tuberculosis Erdman 

transformed with pGCRed2. After 3 hpi, coverslips were fixed, stained with DAPI and 

mounted for confocal microscopy. A merge of confocal z-stack slices show 

colocalization of ATG16 (green) with M. tuberculosis bacilli (red) (A). A 3D 

reconstruction of confocal slices demonstrates association of ATG16 with the bacilli 

toward the surface of the host cell suggesting early association of the autophagy pathway 

(B). Infections were performed in triplicate and images were obtained with a Nikon A1R 

confocal laser microscope system 

  

A 

B 



 

61 

 

 

Figure 6. TEM and IEM analysis of 3MA treatment on autophagosomal trafficking 

of Mycobacterium tuberculosis bacilli in A549 cells. Untreated (A,C,E) or 3MA-treated 

(B,D,F) A549 cells infected with M. tuberculosis Erdman bacilli and examined by TEM 

(A-D) or IEM using anti-Lc3 labeled with 12-nm gold particles (E,F) as described. Loose 

vacuoles containing M. tuberculosis bacilli from cells pretreated with 3MA at 12 and 72 

hpi have been outlined (B, D respectively) compared to the untreated cells (A, C, 

respectively). Reorganization of autophagosomes begins to occur at 72 hpi. Little co-

localization of Lc3 with endosomes containing M. tuberculosis bacilli is detected at 12 

hpi (E), but co-localization is evident at 72 hpi (arrows) (F). Microscopic quantification 

of Lc3 co-localization with bacterial-containing endosomes from 27 grid fields per 

sample is presented (G).  Pretreatment with 3MA produced significantly fewer Lc3-

labeled compartments compared to non-drug treated infections at 12 hpi (*p-value < 

0.001). Infections were performed in duplicate and experiments were repeated three 

times. Quantification presented is an average of all three experiments. Images are 

representative of overall findings and quantification is the average for the three 

experiments. 
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Figure 7. Effects of 3MA treatment on bacterial and host cell survival. Untreated or 

3MA-treated A549 cells were infected with M. tuberculosis Erdman bacilli as described 

in Methods. Samples were analyzed for bacterial viability (A). Significant differences 

were noted in viable counts between 3MA-treated and non-treated cells at 72 hpi (*p-

value<0.001). Untreated or 3MA –treated A549 cells were also monitored for LDH 

release over time uninfected (UI) or following infection with M. tuberculosis Erdman 

(B). Significant differences in LDH release are observed between 3MA-treated and 

untreated A549 infections at 84 hpi (*p-value < 0.001). Infections were performed in 

triplicate and experiments repeated three times. Viability count data is reported for one 

experiment with is representative of trends observed in three experiments. LDH data is 

the average from three experiments. 
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CHAPTER 4 

THE ROLE OF LIPID RAFT AGGREGATION IN THE INFECTION OF TYPE II 

PNEUMOCYTES BY MYCOBACTERIUM TUBERCULOSIS BACILLI 
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Abstract 

Dynamic, cholesterol-dense regions of the plasma membrane, known as lipid rafts (LR), 

have been observed to develop during and may be directly involved in infection of host 

cells by various pathogens. This study focuses on LR aggregation induced in alveolar 

epithelial cells during infection with Mycobacterium tuberculosis bacilli. We report dose- 

and time-dependent increases in LR aggregation after infection with three different 

strains at multiplicities of infection of 1, 10 and 100 from 6-24 hr post infection (hpi). 

Specific strain-dependent variations were noted among H37Rv, HN878 and CDC1551 

with H37Rv producing the most significant increase from 15 aggregates per cell (APC) to 

27 APC at MOI 100 during the 24 hour infection period. Treatment of epithelial cells 

with Culture Filtrate Protein, Total Lipids and Gamma-Irradiated whole cells from each 

strain failed to induce the level of LR aggregation observed during infection with any of 

the live strains. Filtered supernatants from infected epithelial cells did produce 

comparable LR aggregation, suggesting a secreted mycobacterial protein produced during 

infection of host cells is responsible for LR aggregation. Disruption of lipid raft 

formation prior to infection indicates that M. tuberculosis bacilli utilize LR aggregates for 

internalization and survival in epithelial cells. Treatment of host cells with the LR-

disruption agent Filipin III produced a nearly 22% reduction in viable bacteria for strains 

H37Rv and HN878, and a 7% reduction for strain CDC1551 after 6 hpi. This study 

provides evidence for significant mycobacterial-induced changes in the plasma 

membrane of alveolar epithelial cells and that M. tuberculosis strains vary in their ability 

to facilitate aggregation and utilization of LR. 
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Introduction 

Mycobacterium tuberculosis (M. tuberculosis), the causative agent of tuberculosis (TB), 

has infected an estimated one-third of the world’s population with potentially 60-90% of 

these individuals harboring the latent form of the disease (86). While significant research 

has been focused on M. tuberculosis/host interactions, there remains a paucity of data 

defining attachment and internalization of bacilli with the epithelial cells that line the 

alveolus.  

Over the last 15-20 years our understanding of eukaryotic cell membrane 

organization has changed dramatically. Areas of the plasma membrane, known as lipid 

rafts (LR), have been described as dynamic regions within the membrane enriched in 

cholesterol, glycosphingolipids, sphingomyelin, phospholipids with acyl chains, 

glycosylphosphatidylinositol (GPI)- linked proteins as well as other membrane proteins 

such as innate immune receptors (128, 151, 234). Studies utilizing phototonic force 

microscopy and fluorescent resonance energy transfer have established the size of rafts in 

an unperturbed cell system to be approximately 5nm-50nm in diameter which would be 

undetectable by light microscopy (128, 170, 200). However, other studies have 

demonstrated that stimuli applied to the plasma membrane, such as bacteria and/or the 

toxins they produce, can induce aggregation of LR to a size observable by confocal 

microscopy (71, 74, 108, 169, 186, 255).  

Lipid raft aggregation on target host cells in response to interactions with 

infectious agents has yielded interesting results for viruses and bacteria alike. Influenza 

virus has been shown to associate with LR via hemagglutinin and neuraminidase, and 

examination of enveloped virions post-budding shows a significant number of raft 
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domains within the viral envelope (14). Further, it has been demonstrated that LR are 

important for HIV-1 viral budding (92). During bacterial infections, LR have been shown 

to induce important changes in lipid raft formation. Some bacterial proteins, produced 

during infection, help facilitate hijacking of the host cell. Binding of cholera toxin 

subunit B to ganglioside (GM1) found in LR; is required for uptake of the toxin (121). 

Further, various bacterial proteins have been shown to induce LR aggregation to promote 

host cell responses to the pathogen. For example, treatment of macrophages with 

Listeriolysin-O (LLO) has been shown to induce large “super” aggregates of LR which 

facilitate signaling through receptor tyrosine kinase domains, suggesting LR aggregation 

may facilitate an innate immune response during infections with Listeria monocytogenes 

(74).  

LR have also been shown to promote internalization of various bacterial 

pathogens. This function appears to be linked to caveolin proteins found within the 

microdomains. Caveolin proteins associate intimately with LR forming invaginations 

known as caveolae. These invaginations have been shown to facilitate the uptake and 

colonization of pathogenic strains of Escherichia coli, Salmonella typhimurium and 

Pseudomonas aeruginosa (60, 85, 125). Caveolin-1-deficient mice have been shown to 

be more resistant to pulmonary P. aeruginosa infection; this correlates with LR/caveolae-

dependent endocytosis of the bacteria in type I alveolar epithelial cells (263-264, 266). 

These studies also found a signaling function for LR platforms in the same host cells in 

response to P. aeruginosa attachment. Collectively, this work demonstrates that LR serve 

important functions during bacterial invasion. 
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Previous studies have also investigated the role of LR and cholesterol aggregation 

during M. tuberculosis infection of macrophages and mast cells. Shin et al. demonstrated 

translocation of Toll-like Receptor-2 (TLR2) to LR in macrophages treated with the M. 

tuberculosis 19kDa lipoprotein LpqH (202).  Gatfield and Pieters (2000) performed 

staining with the LR-disruption agent Filipin to demonstrate cholesterol clustering around 

Mycobacterium bovis BCG during infection and that subsequent depletion of cholesterol 

inhibited uptake of the bacilli in macrophages (73). Interestingly, M. tuberculosis entry 

into mast cells has also been shown to be LR dependent (147). Other studies have 

demonstrated that mycobacterial cell wall lipids such as lipoarabinomannan can become 

incorporated into membrane rafts found in phagosomes to inhibit phagosome/lysosome 

fusion in macrophages (88, 249).  

To date, no investigation has been conducted to characterize variations in LR 

aggregation in non-phagocytic cells during infection.  Further, no studies have compared 

the variance in plasma membrane response to multiple strains of M. tuberculosis and the 

subsequent role of the aggregates produced. To evaluate the role of LR aggregation in M. 

tuberculosis pathogenesis within alveolar epithelial cells, type II pneumocytes were 

infected with virulent laboratory strain H37Rv as well as more recent clinical isolates, 

CDC1551 and HN878 (13, 134, 237). The objective of this study was to examine dose- 

and time-dependent LR aggregation in response to different M. tuberculosis strains in the 

alveolar type II epithelial cell.   
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Results 

Live Mycobacterium tuberculosis strains induce dose and time-dependent Lipid Raft 

aggregation in A549 cells 

To investigate lipid raft (LR) aggregation, monolayers of A549 human type II 

pneumocytes were infected with M. tuberculosis strains HN878, CDC1551 and H37Rv. 

Bacterial multiplicities of infection (MOI) of 1, 10 and 100 were used to assess LR 

aggregation based on strain and bacterial load differences.  Listerolysin-O (LLO), 

produced by L. monocytogenes, has been shown to induce LR “super” aggregation and 

was thus applied to uninfected cells as positive control for these studies (74). Aggregation 

was assessed by quantifying the colocalization of Cholera Toxin-B (CT-B)-stained 

puncta and caveolin-1 antibody labeling. This is shown for the control, LLO treatment in 

Figure 1 A. At a MOI of 10, confocal images demonstrated an increase in LR aggregation 

compared to uninfected controls at 6 hr post infection (hpi) (data not shown). By 24 hpi, 

LR aggregation was notably increased for each strain compared to uninfected controls 

(Fig. 1 panel B). Strain-related differences were observed at 24 hpi with HN878 and 

H37Rv producing higher levels of LR aggregation compared to CDC1551 (Fig. 1 panel 

B). Similar observations were made for MOI 1 and 100 at both time points (supplemental 

data Fig. 1 & 2 panels A- B). 

LR aggregates produced on A549 cell membranes after infection with H37Rv, 

HN878 and CDC1551 were quantified from confocal images for each MOI at 6 and 24 

hpi using colocalization of CT-B and caveolin-1 as the marker for LR aggregation. A 

time-dependent increase in LR aggregation was noted for all three strains (Fig. 2 panels 

A, B & C). Significant dose-dependent increases were also observed for H37Rv and 
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HN878 at 6 and 24 hpi. The level of aggregation observed at 24 hpi was comparable to 

LLO positive controls. These data suggest that M. tuberculosis bacilli induce LR 

aggregation in a dose and time dependent manner and that individual isolates vary in their 

ability to induce LR aggregation. 

 

Mycobacterium tuberculosis-derived Total Lipids and Culture Filtrate Proteins induce 

limited Lipid Raft aggregation 

The novel observation of LR aggregation in response to infection with M. tuberculosis 

bacilli was further examined to determine if acellular mycobacterial components were 

capable of inducing the LR aggregation observed during infection with live bacteria. To 

answer this question, total lipid extracts (TL) and culture filtrate proteins (CFP), secreted 

by the bacteria when grown in broth culture, from each strain were obtained and applied 

to alveolar epithelial cells. After treatment and labeling for LR, images were quantified 

for induction of aggregates as described (see above and supplemental figure 3). 

Significantly fewer LR aggregates were observed for all three strains with TL treatment 

compared to live bacterial infections at 6 and 24 hpi (Fig. 3). Total lipid extracts from all 

three strains induced < 4 aggregates per cell at both time points.  Interestingly, at 6 hpi, 

HN878 TL produced increased numbers of aggregates (2.8) compared to H37Rv (1.8) 

and CDC15551 (1.1), similar to the trend observed with live infections at the same time 

point. This pattern was repeated at 24 hpi though no significant differences were noted 

among strains. However, the number of LR aggregates produced by TL treatment was 

significantly decreased compared to aggregation induced by live bacterial infection with 

each strain (p-value <0.001).  
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Epithelial cell monolayers treated with CFP from each strain were processed for 

confocal microscopy and LR aggregates quantified. The number of aggregates observed 

for H37Rv and HN878 CFP was significantly increased compared to controls (Fig. 4). 

There was no significant difference noted in the number of LR aggregates between 6 and 

24 hr post treatment. Overall, CFP treatments produced significantly fewer aggregates 

compared to infections with live bacteria for all three strains at 6 and 24 hpi  (p-value < 

0.001).  

Collectively these data suggest that the mycobacterial components, TL or CFP 

from broth-grown cultures, do not demonstrate the degree of LR aggregation observed 

during infection with live M. tuberculosis strains.  

 

Gamma-Irradiated bacteria induce limited Lipid Raft aggregation 

To determine if the binding of inactivated but intact M. tuberculosis bacilli to the A549 

cell membrane was sufficient to induce the level of LR aggregation observed during 

infection with live mycobacterial strains, aliquots of gamma-irradiated bacilli were 

obtained for all three strains and applied to epithelial cell monolayers as described. All 

Gamma-Irradiated strains yielded statistically significant increases in LR aggregation 

compared to uninfected controls (p-value < 0.001). Differences in LR aggregation 

between strains at both time points was not significant, however, addition of irradiated 

HN878 bacilli did produce a slight increase in LR aggregate number compared to the 

other two strains which might be attributed to differences in cell wall components 

observed in previous studies (Fig. 5) (49). Strain CDC1551 induced aggregation similar 

to H37Rv at 6 and 24 hpi (Fig. 5). An increase in total LR aggregates was noted from 6 to 
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24 hpi for each strain in a manner similar to infection with live strains. However, the 

number of LR aggregates observed overall was significantly decreased compared to live 

infections.  

To test whether accumulated input from gamma-irradiated bacilli and CFP would 

result in the same induction of LR observed with live strains, summation of these 

experiments was performed for comparison. The number of LR aggregates induced by 

gamma-irradiated bacilli and CFP is indicative of some basal level of aggregation 

induced at 6 and 24 hpi. However, these components only account for 40-55% of the LR 

aggregation seen at 24 hpi with live H37Rv, HN878 and CDC1551 (p-value < 0.001, 

0.01 and 0.05 respectively) (Fig. 6). These data suggest that products secreted by live 

bacteria during an infection are responsible for the level of LR aggregation observed. 

Mycobacterial-proteins produced during infection induce Lipid Raft aggregation 

To determine if the LR-inducing product(s) from live bacilli is a secreted protein 

expressed during infection of host cells, monolayers of epithelial cells were infected with 

M. tuberculosis strains that were pre-treated with amikacin to inhibit active bacterial 

protein synthesis, or infected with non-treated bacilli. After 24 hpi, supernatants from the 

infected cells and controls were collected then filtered to remove bacteria. The filtered 

supernatants were then applied to a fresh monolayer of A549 cells and incubated for 24 

hr. Cells were fixed and prepared for confocal analysis as described. No significant 

difference in the number of LR aggregates was noted between control supernatants, 

uninfected and uninfected with amikacin, or supernatants from A549 cells infected with 

amikacin-treated bacteria (p value > 0.05) (Fig. 7). However, A549 cells treated with 

filtered supernatants from infections with strains not treated with antibiotic produced a 
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significant increase in LR aggregates compared to amikacin-treated controls (p-value < 

0.001). Supernatants from H37Rv and HN878 infections produced ~37 and 38 aggregates 

per cell, respectively, compared to ~5 and ~4 aggregates per cell induced by supernatants 

from the same mycobacterial strains pretreated with amikacin. A similar trend was 

observed with supernatants from CDC1551 infections (~30 aggregates per cell) compared 

to supernatants from amikacin-treated bacteria (~7 aggregates per cell). In these 

experiments, a slight increase in total LR aggregate numbers was observed compared to 

live bacteria experiments although not statistically significant (p-value > 0.05). These 

data confirm that mycobacteria-induced LR aggregation results from proteins secreted by 

live M. tuberculosis strains during infection of epithelial cells 

 

Toll-Like Receptors do not co-localize with mycobacteria-induced Lipid Raft aggregates 

It was previously demonstrated during infection with various pathogens that aggregation 

of LR serves to protect monocytes and epithelial cells through increased innate immune 

receptor signaling (206, 234). To determine if the M. tuberculosis-induced LR 

aggregation served as platforms for host receptors, Toll-Like Receptor (TLR) 2 and 4, 

both important cellular receptors which initiate innate responses to mycobacteria, were 

examined for colocalization with CT-B stained puncta (59, 89, 202). Positive controls 

PamCSK4 and LPS were used for TLR2 and TLR4 translocation to LR, respectively. 

Epithelial cells infected with live M. tuberculosis strains produced <6% colocalization of 

TLR2 antibodies with CT-B stained aggregates compared to 32% with positive controls 

(Fig. 8, A). Likewise, live infections produced <7% colocalization compared to 15% with 

LPS (Fig. 8, A). In both experiments TLR colocalization with LR aggregates was 
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significantly lower than colocalization with positive controls (p-value < 0.001). These 

data suggest that LR aggregates are not functioning as platforms for TLR2 or TLR4 in 

response to live M. tuberculosis infection. 

To determine if basal LR aggregation observed on A549 cells after addition of  

CFP, TL and gamma-irradiated-whole bacteria may serve to produce the low level of 

TLR colocalization demonstrated with live bacteria, epithelial cells were treated with 

these components as described and evaluated for colocalization. Treatment with TL, CFP 

and gamma-irradiated bacteria from all three M. tuberculosis strains produced <10% 

colocalization with TLR2 and <12% colocalization with TLR4 compared to 

approximately 30% colocalization with positive controls (Fig. 8, B-D). Collectively, 

these data suggest that constitutively-expressed components may be responsible for low 

level TLR colocalization with LR aggregates and subsequently some signaling functions. 

However, the degree of aggregation observed with live M. tuberculosis strains compared 

to TLR2 and TLR4 colocalization suggests alternative functions for these platforms. 

 

Mycobacterium tuberculosis bacilli colocalize with and utilize Lipid Raft aggregates for 

internalization 

Previous studies demonstrated the important association of plasma membrane cholesterol 

with the entry of M. tuberculosis bacilli in macrophages (73). To determine if the 

observed LR aggregation serves to pool plasma membrane cholesterol and facilitate 

mycobacterial entry into epithelial cells, bacilli colocalizing with CT-B/caveolin-1 puncta 

were visually quantified. At 24 hpi, 40-52% of H37Rv, HN878 and CDC1551 bacilli 

viewed per field colocalized with CT-B puncta (Fig. 9). These data suggest that live 
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bacilli associate with approximately half of the LR aggregation observed and that these 

areas may help facilitate bacterial entry into the host cell. 

Disruption of the LR entity using this sterol binding agent has been shown to 

eliminate caveolae-dependent endocytosis (155). To evaluate if LR aggregate formation 

induced by M. tuberculosis bacilli was crucial for internalization, epithelial cells were 

treated with the LR/cholesterol-disrupting agent Filipin III and viable numbers of 

intracellular bacteria were quantified. Confocal images verified disruption of LR 

aggregates at 6 hpi (data not shown) and 24 hpi with controls and all three strains of M. 

tuberculosis (Fig. 10, panel A & B). To confirm that Filipin treatment did not disrupt 

overall internalization mechanisms control experiments were conducted with fluorescent 

dextran. A549 cells treated with Filipin for 6 hr showed no significant decrease in 

endocytosis of dextran (data not shown).  

In parallel, Filipin- and non-Filipin-treated host cells were infected with all three 

M. tuberculosis strains, and viable count experiments conducted as described. After 6 hr 

of bacterial uptake (T0), infections with HN878 and H37Rv in Filipin-treated A549 cells 

saw a significant reduction in intracellular bacteria compared to non-drug treated host 

cells (p-value < 0.001; <0.01 respectively) (Fig. 11, panel  A).  While not statistically 

significant, a 7.5% reduction in intracellular bacterial numbers was observed for 

CDC1551 between non-treated and Filipin-treated A549 cells at the same time point (Fig. 

11, panel A).  These data do suggest that disruption of LR aggregation negatively impacts 

internalization of M. tuberculosis bacilli in epithelial cells and that the kinetics and 

mechanism of internalization appear to vary for different M. tuberculosis strains. 
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Comparison of numbers of viable bacteria from T0 to T24 was also performed to 

determine if lack of LR-mediated internalization impacted survivability of M. 

tuberculosis bacilli once inside the host cell. Filipin-treated cells infected with H37Rv 

produced a 12–fold reduction in numbers of viable bacteria from T0 to T24 (Fig. 11, 

panel B). Further, a 5-fold and 25-fold reduction was observed with CDC1551 and 

HN878 Filipin-treated infections, respectively (Fig. 11, panel B). These data suggest that 

inhibiting LR-mediated internalization of M. tuberculosis bacilli in epithelial cells does 

impact intracellular numbers of those bacteria.  

 

Discussion 

Cell biologists have studied the dynamic changes that can occur in the plasma membrane 

of various mammalian cell types allowing for aggregation of lipid rafts (LR). These 

structures are thicker than adjoining regions of the membrane and rich in cholesterol, 

sphingolipids as well as transmembrane proteins. In an unperturbed environment, line 

tension, or boundary energy, prevents significant aggregation of the 10-200nm-sized LR 

(166). Various LR markers were employed in this study to characterize the presence, 

density and quantity of these structures in response to infection with M. tuberculosis 

bacilli. Cholera toxin- B (CT-B), which binds to ganglioside (GM1) found in lipid rafts 

(LR), has been utilized in numerous microscopy studies to examine the presence of LR 

on mammalian cell plasma membranes (6, 68, 74, 232, 234). Caveolin proteins, which 

bind to cholesterol in LR, have also been used as a set of markers to identify these 

structures (60). Caveolin-1 is one example which has been shown to coalesce to form 

flask-like invaginations called caveolae (47, 189, 260). Caveolae LR are considered to be 
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a subset of the LR population and thus it should be noted that quantification using 

caveolin-1/CT-B colocalization might under represent the total LR population present on 

the host cell plasma membrane (120, 160). However other studies have utilized these 

markers to demonstrate LR involvement in normal cell functions and disease processes 

(159, 176-177, 224, 267).  

Aggregation of LR has been shown to occur in response to various stimuli. Cross-

linking of transmembrane proteins found in LR has been shown to induce aggregation of 

these cholesterol-dense areas (95, 259). Studies employing bacterial proteins, such as 

listeriolysin O (LLO) have been shown to induce sizable LR clusters that can be viewed 

microscopically (71, 74, 142). To determine if M. tuberculosis bacilli were capable of 

inducing lipid raft aggregation, A549 human type II alveolar epithelial cells were infected 

with three strains of live M. tuberculosis bacilli at three different MOI. Time and dose-

dependent increases in LR aggregation were observed from 6-24 hours post infection 

(hpi). It was also shown that total lipids (TL) and culture filtrate protein (CFP) 

components purified from broth-grown cultures, and gamma-irradiated bacilli did not 

produce the same degree of LR aggregation observed during infection with the actively 

growing strains.  

Subsequent studies were performed to examine LR aggregation facilitated by 

mycobacterial-proteins expressed and secreted specifically during infection with viable 

bacilli. Filtered supernatants from infected type II pneumocytes were able to induce a 

similar level of LR aggregation observed when live bacteria were present. Thus, in a 

manner similar to secreted LLO, M. tuberculosis proteins produced and secreted during 

infection with live bacilli are capable of inducing aggregation of cholesterol-dense LR. 
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This unknown mycobacterial soluble product could induce LR aggregation through 

binding of protein receptors found within the rafts, analogous to GM1 and cholera toxin. 

Future work will focus on identifying this product(s) as well as the mechanism of LR 

aggregation.  

Some significant differences in the number of LR aggregates were also noted 

among infections with live M. tuberculosis strains at each time point. Using the same 

number of infecting bacteria, strain CDC1551 induced fewer aggregates per cell (APC) 

than H37Rv and HN878 at 6 and 24 hpi. Previously published observations of CDC1551 

infection in animal models supports a phenotype of decreased virulence compared to 

HN878 (13, 237). This virulence phenotype could be correlated with the diminished LR 

aggregation observed in this study. CDC1551 has been shown to stimulate a robust Th1 

immune response in aerosol-infected mice and guinea pigs and less host death compared 

to H37Rv infections (13). Conversely, strain HN878 has been shown to stimulate a 

relatively lower Th1 response and faster time-to-death in these same animal models (13, 

154, 180, 237).  The observed increased virulence associated with strain HN878, as 

quantified by the rapid time-to-death of infected animals,  has been attributed, in part, to 

unique phenolic glycolipids (PGL-tb) found in the cell wall of this strain (49, 207). 

HN878 is a member of the M. tuberculosis Beijing/W genotype known to have an intact 

polyketide synthase operon (pks1-15) required for PGL-tb synthesis. These data could 

correlate with the increased level of LR aggregation noted after addition of the HN878 

TL fraction. However, PGL-tb is likely not solely responsible for the enhanced virulence 

of HN878 since studies by Sinsimer et al. (2008) have shown that other factors produced 

by this strain  can contribute to the development of this phenotype (207). Our future 
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studies will examine purified PGL-tb from strain HN878 to determine if this factor alone 

can significantly contribute to the increased LR aggregation observed. 

Lipid rafts and toll-like receptors (TLR) have been shown to have important 

signaling functions during M. tuberculosis infection of macrophage cell lines (202). To 

evaluate this in epithelial cells, A549 monolayers were treated with CFP and TL 

mycobacterial components, gamma-irradiated cells or infected with live bacilli from three 

M. tuberculosis strains; TLR2 and TLR4 colocalization with LR aggregates was 

evaluated. The data presented here indicated that unlike macrophages, LR aggregation 

does not function as a platform for TLR2 and TLR4 accumulation during M. tuberculosis 

infection of epithelial cells. It is possible that human carcinoma cell lines do not produce 

innate immune responses in a manner analogous to healthy human type II pneumocytes. 

However, studies with A549 cells have demonstrated the presence and up-regulation of 

TLR2 and TLR4 responses to infection with Klebsiella pneumoniae (181). Additionally, 

positive controls from this study demonstrated a significant increase in TLR 

colocalization with LR aggregates supporting the assertion that LR aggregates do not 

predominately serve as platforms for innate immune receptors during M. tuberculosis 

infection of epithelial cells.  

Chlamydia trachomatis, uropathogenic Escherichia coli, Listeria monocytogenes, 

Pseudomonas aeruginosa and Salmonella spp. have been shown to utilize LR as a means 

of internalization in various cell types (6, 78, 112, 266). To determine if the LR 

aggregates induced in our studies function as a means for internalization of M. 

tuberculosis bacilli in epithelial cells, colocalization of aggregates and bacteria was 

examined. For each M. tuberculosis strain, approximately half of the bacteria viewed in 
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each microscopic field colocalized with LR puncta and caveolin-1 antibody. 

Invaginations formed in LR, caveolae, have been shown to internalize viruses as well as 

bacteria and their toxins in epithelial cells (92, 206). We have demonstrated that 

disruption of LR aggregation using the cholesterol-binding agent Filipin III significantly 

diminished the number of intracellular viable bacteria for all three strains by 6 hpi. The 

sterol-binding agent Filipin prevents aggregation of cholesterol which has been shown to 

be crucial for the stability of caveolae and thus use of this agent selectively inhibits 

caveolae-dependent endocytosis (155). Other studies have shown that entry of M. 

tuberculosis bacilli into type II pneumocytes is dependent upon actin polymerization (22, 

110). Because actin polymerization contributes significantly to caveolae-mediated 

endocytosis, we hypothesize that LR/caveolae-dependent endocytosis may play an 

important role for entry of M. tuberculosis bacilli in non-phagocytic cells (98). 

Studies examining M. tuberculosis and Mycobacterium avium infections in the 

macrophage have demonstrated that cholesterol aggregation in the plasma membrane is 

crucial for uptake and later recruitment of host proteins to the phagosomal membrane and 

prevention of lysosomal fusion (53, 73, 249). Thus, the impact of Filipin pre-treatment on 

intracellular survival of M. tuberculosis bacilli was examined. A significant negative-fold 

change in the number of viable intracellular bacteria was seen for all three mycobacterial 

strains examined from T0 to T24 hpi in Filipin-treated host cells. This finding indicates 

that, similar to macrophages, M. tuberculosis bacilli require cholesterol aggregation for 

internalization and survival during infection of the epithelial cell. Cholesterol-dependent 

inhibition of lysosomal fusion may explain previous observations demonstrating the 

absence of lysosomal-associated markers with M. tuberculosis-containing endosomes in 
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epithelial cells (Fine et al., in press). Future work will focus on investigating the 

contribution of cholesterol in the membrane of the bacteria-containing compartment to 

bacterial survival. 

Aggregation of LR facilitated by M. tuberculosis infection contributes to bacterial 

internalization and survival in the alveolar epithelial cell. It will be important to identify 

and understand the function of the specific mycobacterial factor/s responsible for LR 

stimulation and if these may be related to virulence of different mycobacterial strains. It 

is also evident that M. tuberculosis bacilli interact with alveolar epithelial cells using 

mechanisms different from those observed with macrophages. Thus, these interactions 

between M. tuberculosis bacilli and epithelial cells deserve closer scrutiny in order to 

uncover the role these cells play in pulmonary disease.  

 

Methods 

Bacterial Culture 

The following cultures were obtained through the NIH Biodefense and Emerging 

Infection Research Resources Repository, NIAID, NIH: Mycobacterium tuberculosis, 

strains H37Rv (NR-13648), CDC1551 (NR-14825) and HN878 (NR-13647). 

Mycobacterium tuberculosis strains were grown in Middlebrook 7H9 broth supplemented 

with 0.5% glycerol, 0.05% Tween 80 and 10% ADC (strain CDC1551) or 10% OADC 

(strains HN878; H37Rv). For confocal microscopy,  strains were transformed with 

plasmid pGCRED2 expressing DsRed2 and maintained by inclusion of hygromycin at 50 

µg/ml. Plasmid pCGRed2 was a generous gift from Drs. Garry Coulson and Mary 

Hondalus, Department of Infectious Diseases, University of Georgia. Gamma-irradiated 
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bacteria also were obtained through NIH Biodefense and Emerging Infections Research 

Resources Repository, NIAID, NIH: M. tuberculosis, strains H37Rv (NR-14819), HN878 

(NR-14821) and CDC1551 (NR-14820). 

 

Cell Culture 

A549 human type II alveolar epithelial cells were obtained from ATCC (CCL-185) and 

maintained at 37°C, 5% CO2 in EMEM supplemented with 5% FBS. A549 cells were 

grown as monolayers to confluency, harvested with trypsin-treatment for 3min at 37°C, 

and 5.0x10
5
 cells seeded onto sterile coverslips placed within 6-well Costar® dishes. The 

cells were allowed to adhere for 12 hr at 37°C in 5% CO2 and then infected with M. 

tuberculosis bacilli. 

 

Epithelial Cell Infection 

Epithelial cell monolayers were infected in 6-well dishes, as described, at the indicated 

MOI (1, 10, or 100) with the indicated M. tuberculosis strains. Bacteria were grown in 

7H9 broth with gentle shaking to an OD600 1.0 then centrifuged to remove broth media. 

The pellet was resuspended in EMEM supplemented with 5% FBS. To disperse innocula, 

bacteria vortexed for 5 min then passed through an insulin syringe and deposited directly 

into the appropriate tissue culture wells. This method of bacterial dispersion was 

confirmed by microscopy to produce single bacilli for infection (data not shown). Cold 

synchronization was performed to coordinate bacterial attachment. This procedure 

included incubation of the monolayer at 4°C for 2 hr; 1 hr preceding infection and 1 hr 

after addition of the bacteria. Subsequently, infected cells were incubated at 37°C in 5% 
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CO2; this was considered time point 0. Experiments involving gamma-irradiated bacteria 

were conducted in the same manner using inocula of 100 bacilli per host cell. Control 

experiments were conducted with Listeriolysin-O (LLO). Cells were treated with 2µg/ml 

LLO (Diatheva s.r.l.) for 15 or 30 min at room temperature (74).  For Filipin studies, cells 

were pretreated and maintained throughout the infection with a final concentration of 

5µg/ml (11). Filipin III was obtained from Sigma (F-4767) and reconstituted with 

DMSO. Control experiments with DMSO alone at the concentration applied in Filipin 

studies produced no cytotoxic effects (data not shown). Infections were performed in 

triplicate and experiments repeated three times. 

For consistency, cold synchronization of A549 cells was employed prior to the 

addition of live or gamma-irradiated bacteria and culture filtrate protein (CFP) or total 

lipid (TL) reagents (see below). A549 cells were incubated for 1 hr at 4°C before and 

after addition of cells, proteins or extracts. The host cells were then returned to 37°C 

(Time = 0 hr).  

 

Bacterial Culture Filtrate Protein and Total lipid Treatment of Epithelial Cells 

The following reagents were obtained through NIH Biodefense and Emerging Infection 

Research Resources Repository, NIAID, NIH: M. tuberculosis Culture Filtrate Proteins 

(CFP), strains H37Rv (NR-14825); HN878 (NR-14827); CDC1551 (NR-14826), and 

Total Lipids (TL), strains H37Rv (NR-14837); HN878 (NR-14839) and CDC1551 (NR-

14838). For CFP experiments, monolayers of A549 cells were treated with 4µg/ml of 

proteins based on previously published work (58, 154). Control monolayers were treated 

with 0.01M ammonium bicarbonate, the solution in which the culture filtrate proteins 
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were dialyzed. Treatments were performed in triplicate and experiments repeated three 

times. 

Total lipids were reconstituted in DMSO and monolayers of A549 cells treated 

with a final concentration of 2 µg/ml. Concentrations of TL used were based on 

previously published work and titrations performed prior to experimentation which 

microscopically assessed DMSO treatment and subsequent impact on host cell viability 

(data not shown) (52, 134, 185). At the concentration applied, control monolayers of 

A549 cells treated with DMSO alone produced no adverse effects noted by microscopic 

examination (data not shown).   

 

Confocal and Immunofluorescence Microscopy 

For confocal microscopy, A549 cells were grown as monolayers to confluence, harvested 

with trypsin-treatment for 3 min at 37°C, and 5.0 x 10
5 

cells seeded onto sterile coverslips 

placed within 6-well Costar® dishes. The cells were allowed to adhere for 12 hr at 37°C 

in 5% CO2 and then infected with M. tuberculosis bacilli or treated with gamma-

irradiated bacilli, CFP or TL as described. Specimens were fixed at indicated time points 

with 3.7% paraformaldehyde for 1 hr at 4°C. The specimens were washed 3 times with 

1x PBS, and cells permeabilized for 10 min with 0.1% Triton X-100. The samples were 

then blocked for 30 min with PBS containing 3% BSA. For lipid raft (LR) aggregation 

studies, cells were incubated with rabbit polyclonal anti-caveolin-1 (Abcam) at a 1:200 

dilution for 1 hr at room temperature (RT). The antibodies were detected using a 1:500 

dilution goat-anti-rabbit 633 (Invitrogen) antibodies incubated for 1 hr at RT. Concurrent 

staining of detergent-resistant aggregates was performed using Cholera toxin B (CT-B) 
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488 (Invitrogen) at a dilution of 1:200. Filipin-treatment experiments were conducted and 

labeled with CT-B and caveolin-1 as described. Images were obtained with either the 

Zeiss Axiovert 200M and Apotome or a Nikon A1R confocal laser microscope system. 

For Toll-like receptor experiments, A549 cells were seeded onto coverslips as described. 

Positive controls for TLR-2 stimulation were conducted using 1µg/ml of Pam3CSK4 

(InvivoGen) for 6 hr at 37°C. TLR4 stimulation was performed using E. coli 0111:B4 

strain LPS (InvivoGen) at 10µg/ml for 6 hr at 37°C. Experimental wells of A549 cells 

were infected with M. tuberculosis strains CDC1551, HN878 and H37Rv at an MOI of 

100. At 6 and 24 hpi, specimens were fixed and prepared for labeling as described. Cells 

were incubated with either mouse monoclonal anti-TLR4 (Santa Cruz) or mouse 

monoclonal anti-TLR2 (Abcam) antibodies at a 1:200 dilution for 1 hr at RT. Both 

primary antibodies were detected using goat-anti-mouse 633 antibodies (Invitrogen) at a 

1:500 dilution for 1 hr at RT. Separate experiments were conducted using mouse 

monoclonal transferrin receptor antibody (Zymed) at a 1:200 dilution as a negative 

control for colocalization with LR. The antibody was detected using donkey-anti-mouse 

633 (Invitrogen) at a dilution of 1:500. CT-B 488 staining was also performed as 

described for each well during the secondary antibody incubation period. Images were 

obtained with a Nikon Eclipse TiE confocal microscope. All cells in each experiment 

were also stained with Dapi at a 1:500 dilution for 1 hr at RT. All infections were 

performed in duplicate and experiments repeated three times. 
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Supernatant Treatment 

A549 cells were seeded onto 6-well plates as described and infected with M. tuberculosis 

strains CDC1551, HN878 and H37Rv. Mycobacterium tuberculosis strains were 

preincubated at 37°C for 1 hr in EMEM 5% FBS and 50µg/ml amikacin to inhibit protein 

synthesis. Pretreated bacterial cells were applied to epithelial cell monolayers in a manner 

previously described in parallel with non-drug treated bacteria.  Amikacin (50µg/ml) was 

maintained on infected and control cells for the duration of the time course.  Supernatants 

were pipetted into a 3ml syringe and passed through Millex-GV 0.22µm PVDF filters 

(Millipore) to remove bacteria. The filtered supernatants were applied to a new 

monolayer of A549 cells seeded onto coverslips and incubated at 37°C for 24 hr. 

Aliquots of filtered supernatants were applied to 7H11 agar plates supplemented with 

0.5% glycerol, 0.05% T80, 10% ADC (CDC1551) or OADC (HN878; H37Rv) and 50 

µg/ml hygromycin to verify removal of bacteria. Specimens were processed for confocal 

microscopy as described and imaged with a Zeiss Axiovert 200M and Apotome. 

Infections were performed in duplicate and experiments repeated twice. 

 

Intracellular Bacterial Viability  

Epithelial cell monolayers were seeded onto 24-well plates at 2.5 x10
4 

cells per well and 

allowed to adhere for 12 hr prior to infection. Filipin- or non-Filipin-treated A549 cells 

were infected with M. tuberculosis strains at an MOI of 100 as described. After 6 hr at 

37°C, medium was removed from each well, monolayers washed 3 times with 1x PBS 

and incubated for 2 hr in EMEM with amikacin (200 µg/ml), +/- Filipin and 5% FBS. 

The medium again was removed, and monolayers washed with PBS and EMEM with 
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amikacin, +/- Filipin and 5% FBS was applied; this was defined at time point 0 (T0). At 

T0 and T24, the cells were washed and lysed with 0.1% Triton X-100. To verify that 

Filipin treatment did not significantly impact general endocytosis mechanisms, A549 

cells were seeded onto coverslips in 6-well Costar® dishes. After 6 hr incubation with or 

without Filipin, 100µg of 10,000MW dextran-Texas Red (Invitrogen) was added to each 

well. Uptake proceeded at 37°C, 5% CO2 for 30 min after which cells were washed and 

fixed as described previously. Coverslips were processed for confocal microscopy and 

imaged with the Zeiss Axiovert 200M as described (supplemental Fig. 4). Infections were 

performed in triplicate and experiments repeated three times. 

 

Assessment of Colocalization 

Confocal images were obtained as described and imported into ImageJ 1.451/Java 

1.60_20 software and analyzed using the JACoP plugin. LR aggregates were first 

quantified using ImageJ as described. Colocalization of TLR labeling with LR aggregates 

was evaluated in JACoP using Pearson and Manders coefficient.  Bacteria colocalization 

with LR aggregates and/or caveolin-1 antibodies alone were analyzed in a similar 

manner. 

 

Quantification of LR Aggregates 

Images of specimens were obtained as described and a total of 15 fields were imaged per 

coverslip for each experiment. Three coverslips were obtained for all three M. 

tuberculosis isolates, at each timepoint for all three experimental replicates (total = 54 

coverslips per experiment). Once colocalization of CT-B and caveolin-1 was verified 
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using Image J, JACoP plugin, aggregates were quantified and analyzed for size and area 

using ImageJ 1.451/Java 1.60_20 (2). Numbers of aggregates were normalized to the 

number of host cells imaged per field to acquire an average number of aggregates per 

host cell/per field for each treatment condition.  

 

Statistical Analysis 

Statistical significance of aggregate numbers and viable bacterial counts was examined 

by ANOVA and Tukey’s HSD post-hoc comparison (α= 0.05) using SPSS 17.0® 

statistical software. 
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Figure 1. Infection with Mtb strains H37Rv, HN878 and CDC1551 induce dose--

dependent LR aggregation at 6 hr and 24 hr post infection (hpi). A549 type II 

alveolar epithelial cells were infected at three MOI’s, 1 (supplemental Fig. 1 A), 10 (B) 

and 100 (supplemental Fig. 1 B) and specimens prepared for confocal microscopy as 

described. Uninfected controls demonstrated low levels of LR present at 6 and 24 hpi 

(A). A549 cells treated with Listeriolysin-O (LLO) as positive controls were assessed 15 

(data not shown) and 30 min post treatment (A). Infections with strain CDC1551, HN878 
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and H37Rv demonstrated a time-dependent increase in LR aggregation from 24 hpi (B). 

This was consistent with findings at 6 hpi (data not shown). Infections were performed in 

triplicate and experiments repeated three times. A total of 15 fields were imaged per 

coverslip, quantifying approximately 30-50 host cells per field. Images were captured at 

63x magnification and LR aggregation quantified using ImageJ software. 
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Figure 2. Quantification of confocal images demonstrate a time-, dose- and strain-

dependent increase in LR aggregation for CDC1551, HN878 and H37Rv. Analysis 

by confocal microscopy at 6 and 24 hours post infection (hpi) demonstrated a time-

dependent increase in LR aggregation for H37Rv (A),  HN878 (B)  and CDC1551 (C ) 

(*p-value < 0.001 and 
**

 <0.05). Dose-dependent increases in LR aggregation were also 

significant for H37Rv and HN878 at 6 and 24 hpi (*p-value <0.001 and ** p-value < 

0.05). At MOI 100, strain HN878 and H37Rv consistently produced higher levels of LR 

aggregation compared to CDC1551. Infections were performed in triplicate and 

experiments repeated three times. A total of 15 fields were imaged per coverslip, 

quantifying approximately 30-50 host cells per field.  Quantification represents the 

average of three experiments. 
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Figure 3. Treatment of A549 cells with total lipids (TL) from strain CDC1551, 

HN878 and H37Rv produces an increase in LR aggregates compared to uninfected 

controls. A549 cells treated with TL from the indicated M. tuberculosis strains were 

processed for confocal microscopy at 6 and 24 hr post-treatment as described. At 6 hr 

post-treatment, a significant increase in LR aggregation was observed in TL treated A549 

cells compared to uninfected controls (* p-value < 0.05). At 24 hr post-treatment HN878 

TL produced significantly higher aggregate numbers compared to uninfected controls 

(**p-value < 0.001). It should be noted that LR aggregation for CDC1551 and H37Rv at 

24 hr post-treatment was not significantly different from uninfected and DMSO controls 

(p-value 0.977 and 0.737, respectively). Treatments were performed in triplicate and 

experiments repeated three times. A total of 15 fields were imaged per coverslip, 

quantifying approximately 30-50 host cells per field. Data presented is the average of 

three experiments. Images to obtain LR data were captured at 63x magnification. 



 

92 

 
Figure 4. Treatment of A549 cells with Culture Filtrate Proteins (CFP) from each 

Mtb strain produce varying increases in the number of LR aggregates compared to 

uninfected controls. Following treatment with CFP from strain CDC1551, HN878 and 

H37Rv, specimens were prepared for and analyzed by confocal microscopy. Compared to 

controls, treatment with CFP from CDC1551 did not produce statistically different LR 

aggregation values at 6 and 24 hours post treatment (p-value = 0.598 and 0.379, 

respectively). LR aggregation for HN878 and H37Rv was significantly different from 

controls at 6 hpi (*p-value = 0.033 and 0.012, respectively). Treatments were performed 

in triplicate and experiments repeated three times. A total of 15 fields were imaged per 

coverslip, quantifying approximately 30-50 host cells per field. Data presented is the 

average of three experiments. Images were captured at 63x magnification and analyzed 

using ImageJ software. 
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Figure 5. Addition of gamma-irradiated Mtb strains produces low level A549 cell LR 

aggregation. Gamma-irradiated CDC1551, HN878 and H37Rv bacilli were added to 

monolayers at an inoculum of 100 bacilli per host cell. The cells were then processed for 

confocal microscopy and LR aggregation defined by CT-B staining and quantified as 

described. Controls without bacilli produced LR aggregation at 6 and 24 hr post-

treatment comparable to controls for other previous experiments. At 6 hr post-treatment a 

significant increase in LR aggregation was observed with strains H37Rv and HN878 

compared to controls (* p-value < 0.001).  LR aggregation with all three strains at 24 hr 

post-treatment was significantly increased compared to controls (**p-value < 0.001).  

Treatments were performed in triplicate and experiments repeated three times. A total of 

15 fields were imaged per coverslip, quantifying approximately 30-50 host cells per field. 

Data presented is the average of three experiments. Images were captured at 63x 

magnification.  
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Figure 6.  LR aggregation produced by gamma-irradiated bacteria and CFP does 

not equal aggregation observed with live bacteria. Data from figures 5 and 4 were 

combined for comparison with LR aggregation data from live bacteria experiments. Less 

than 55% of the aggregation observed with live Mtb infection can be explained by 

constitutively expressed components from H37Rv, HN878 and CDC1551 (*p-value < 

0.001, 0.01 and 0.05, respectively). (GIB- gamma irradiated bacteria; LB- live bacteria; 

CFP- culture filtrate proteins) 
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Figure 7. Supernatants from live Mtb bacilli induce LR aggregation in alveolar 

epithelial cells. A549 cells were infected with CDC1551, HN878 and H37Rv that were 

either pretreated with amikacin or untreated at MOI 100 for 24 hr. Supernatants were 

then micro-filtered and applied to fresh monolayers of A549 cells seeded onto coverslips 

and allowed to incubate for 24 hr. Coverslips were prepared for confocal microscopy as 

described.  Supernatants from infections with untreated bacteria produced significantly 

more LR aggregation compared to supernatants from infections with amikacin-treated 

bacteria (*p-value <0.001).  Infections and subsequent supernatant treatments were 

performed in duplicate and experiments repeated twice. A total of 15 fields were imaged 

per coverslip, quantifying approximately 30-50 host cells per field. Data presented is the 

average of two experiments. Images to quantify LR aggregation were captured at 63x 

magnification. (UI = uninfected cells; Amik = supernatants from bacteria pretreated with 

Amikacin) 



 

96 

 
 

 
Figure 8. Toll-Like Receptor 2 and TLR4 do not colocalize with LR aggregates after 

infection with live Mtb strains or treatment with cell fractions or gamma-irradiated 

bacilli. A549 cells were infected with live Mtb strains CDC1551, HN878 or H37Rv at 

MOI 100 or treated with total lipids (TL), culture filtrate proteins (CFP) and gamma-

irradiated cells for 24 hr, as described. Colocalization of anti-TLR2 and anti-TLR4 

antibodies with LR aggregates was analyzed from confocal images using Manders 

coefficient values. Infections with CDC1551, HN878 and H37Rv produced significantly 

less TLR2 and TLR4 colocalization compared to positive controls (*p-value <0.001) (A). 

There were no significant differences between TL-treated cells and DMSO controls at 

this time point (B) (TLR4, p-value= 0.532 to 0.983; TLR2, p-value= 0.775 to 1.0). TLR2 

and TLR4 colocalization for controls and CFP-treated cells was comparable (C). At 24 hr 

post-TL (B) and –CFP (C) treatment colocalization of receptors was significantly 

decreased compared to positive controls (*p-value < 0.001). These findings also held true 

for epithelial cells infected with gamma-irradiated bacteria from all three strains (*p-

value < 0.001) (D). Images were collected at 63x magnification and analyzed using 

ImageJ JACoP plugin. Infections were performed in duplicate and experiments repeated 

three times. Data represents the average of three experiments. 
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Figure 9. CDC1551, HN878 and H37Rv bacilli colocalize with LR aggregates at 24 

hr post infection (hpi). A549 cells were infected with live Mtb strains CDC1551, 

HN878 and H37Rv; colocalization of fluorescent bacteria with LR aggregates was 

quantified as described. No statistical difference was noted for LR colocalization between 

strains at 24 hpi. Infections were performed in triplicate and experiments repeated three 

times. Analysis was performed on 15 fields per coverslip using ImageJ JACoP plugin. 

Images were captured at 63x magnification. Data represents the average of three 

experiments.  
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Figure 10. Treatment of epithelial cells with Filipin disrupts mycobacterial-induced 

LR aggregation. A549 cells were treated with cholesterol-binding, LR-disruption agent 

Filipin III and LR aggregation observed for controls and infections with all three live Mtb 

strains. Confocal microscopy demonstrated an absence of CT-B puncta at 6 and 24 hours 

post infection for controls (A) and live Mtb strains (B). Images were collected at 63x 

magnification. Infections were performed in triplicate and experiments repeated three 

times.  
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Figure 11. Filipin-treated A549 cells have significantly fewer viable intracellular 

bacteria after uptake and 24 hours post infection. Filipin- and non-Filipin treated 

epithelial cells were infected with CDC1551, HN878 and H37Rv at MOI 100. Viable 

bacilli were quantified at T0, after bacterial uptake, and T24 (A). Numbers of viable 

intracellular bacteria were significantly decreased in Filipin-treated compared to non-

treated host cells infected with HN878 and H37Rv at T0 (**p-value <0.001; <0.01, 

respectively) and T24 (***p-value < 0.001 (A). No significant difference was found 

between drug-treated and non-drug treated host cells infected with CDC1551 at T0 (p-

value >0.05). A significant difference was found between treatments for CDC1551 

infections at T24 (***p-value <0.01). The calculated fold change from T0 to T24 

indicates a significant decrease in the number of viable intracellular bacteria over time 

(B) (* p-value < 0.001). Infections were performed in triplicate and experiments repeated 

three times. Raw data represents the results from one experiment that illustrates trends 

observed in three experiments. 
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Supplemental Figure 1. Infection with Mtb strain H37Rv, HN878 and CDC1551 

(MOI=1) induce dose--dependent LR aggregation at 6 hr and 24 hr post infection 

(hpi).  A549 cells were infected with H37Rv, HN878 and CDC1551 (MOI = 1) and 

incubated at 37°C, 5% CO2 for 6 hr (A) or 24 hr (B) as described. An increase in CT-

B/caveolin-1 puncta is observed at 24hpi (Quantification in Fig 2). Images were obtained 

at 63x magnification with a Nikon A1R confocal system equipped with a Nikon Eclipse 

TiE confocal microscope. Infections were performed in triplicate and experiments 

repeated three times. Fifteen fields were imaged per coverslip for each experiment. 

Images are representative of overall findings from three experiments.  
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Supplemental Figure 2. Infection with Mtb strain H37Rv, HN878 and CDC1551 

(MOI=100) induce dose--dependent LR aggregation at 6 hr and 24 hours post 

infection (hpi).  A549 cells were infected with H37Rv, HN878 and CDC1551 (MOI = 

100) and incubated at 37°C, 5% CO2 for  6 hr (A) or 24 hr (B) as described. An increase 

in CT-B/caveolin-1 puncta is observed at 24hpi (Quantification in Fig 2). Images were 

obtained at 63x magnification with a Nikon A1R confocal system with a Nikon Eclipse 

TiE confocal microscopy. Infections were performed in triplicate and experiments 

repeated three times. Fifteen fields were imaged per coverslip for each experiment.. 

Images are representative of overall findings from three experiments. 



 

102 

 
 

 
 

Supplemental Figure 3. A Magnified section from a confocal image of A549 cells 

infected with CDC1551 at 24 hpi  demonstrates colocalization of LR markers. A549 

Type II alveolar epithelial cells were infected with CDC1551 (MOI = 10) and prepared 

for confocal microscopy as described. Images were obtained at 63x magnification with a 

Nikon A1R confocal system with a Nikon Eclipse TiE confocal microscope (A). The 

circle indicates the area from which the magnified image was obtained. The encircled 

area has been cropped and magnified to illustrate the colocalization of CT-B, Caveolin-1 

and bacteria for the purposes of quantification as described in the methods (B).  
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Supplemental Figure 4. Treatment of A549 type II alveolar epithelial cells with 

Filipin III does not impact endocytosis of dextran.  Filipin- (A) or non-Filipin (B) 

treated A549 cells were incubated with 10,000 MW dextran-TR for 30 min and uptake 

assessed by confocal microscopy. Quantification using Image J indicated no significant 

difference in dextran endocytosed (data not shown). Dextran treatments were performed 

in duplicate and experiments repeated twice. Images are representative of overall 

findings. 
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CHAPTER 5 

CONCLUSION 

 

Mycobacterium tuberculosis (Mtb) is an ancient pathogen which has plagued both 

humans and animals for thousands of years.  Researchers have attempted to characterize 

the host/pathogen interaction in an effort to develop a means to prevent infection or treat 

the resulting disease, tuberculosis. Until recently, these efforts have focused on 

addressing the immune response elicited when Mtb bacilli are internalized by alveolar 

macrophages (9, 63, 67, 242-243). While these phagocytic cells are assuredly important 

in the course of infection, the increase in incidence of tuberculosis worldwide suggests 

that we are missing important aspects of the host/pathogen relationship which could aid 

in our ability to combat the disease. Pneumocyte epithelial cells, which comprise the 

majority of cells in the lung alveolus, have been investigated in recent years for their role 

during Mtb infection (22, 58). However, there has been no previous research focused on 

the trafficking of Mtb bacilli in type II alveolar epithelial cells, which could provide 

greater insight into how this pathogen circumvents the host immune responses.  

The trafficking of Mtb bacilli in macrophages has been well characterized. 

Previous work has demonstrated that this pathogen can inhibit fusion of late endosomes 

and lysosomes with the bacteria-containing compartment in a process referred to as 

Phagosomal Maturation Arrest (9, 45-46, 132, 242). The question that arises from these 
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studies is, does this process occur in the alveolar epithelial cells or do the bacteria have 

alternative mechanisms for survival in this cell type? In this report, it has been shown that 

approximately 50% of Mtb bacilli-containing compartments colocalized with the early 

endosomal marker Rab5 and the late endosomal marker Rab7 at 12 hours post infection 

(hpi) (Chapter 3).  Further by 72 hpi approximately 80% of the bacilli-containing 

compartments colocalized with Rab7 alone. Therefore, unlike macrophages which 

demonstrate accumulation of early and not late endosomal markers on the Mtb-containing 

phagosome, bacilli appear to traffic to late endosomes in type II alveolar epithelial cells.  

It has also been demonstrated in this report that Mtb bacilli survive and replicate 

the type II epithelial cells. Therefore, lysosomal markers were evaluated microscopically 

to determine if inhibition of lysosomal fusion occurred. Colocalization of cathepsin-L and 

Lysosomal Associated Membrane Protein-2 (LAMP-2), two lysosomal associated 

proteins, was shown to be inhibited during infection with Mtb, which supports findings of 

bacilli survival in the epithelial cell. Collectively these findings suggest that while Mtb 

bacilli can survive in alveolar epithelial cells by inhibiting lysosomal fusion, similar to 

PMA in macrophages, the process by which this occurs is unique to this cell type.  

One possible explanation for the differences in Mtb trafficking in the type II 

epithelial cell compared to macrophages, may be the involvement of the autophagy 

pathway. Autophagy has been shown to play an important role in the trafficking, and in 

some instances, elimination of intracellular pathogens such as Salmonella and Listeria 

(26, 29, 97, 174) . However, other pathogens, such as Shigella flexneri and Coxiella 

burnetti, have been shown to utilize and manipulate this pathway to promote survival in 

host cells (23, 82, 153). In this report double-membrane compartments were observed to 
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be surrounding Mtb bacilli by transmission electron microscopy (Chapter 3). Other 

studies in macrophages have suggested that exogenous pharmacological up-regulation of 

the pathway could aid in elimination of mycobacteria species but the role this pathway 

may play during standard infection has not been examined. In the studies presented here, 

we have shown that approximately 90% of all Mtb-containing compartments are 

associated with the autophagy protein Lc3 at 72 hpi. These findings demonstrate that the 

autophagy pathway is the major route by which this pathogen traffics through the 

alveolar epithelial cell. The timing of the involvement of the autophagy pathway has been 

further characterized through the association of ATG-16, an upstream initiating protein of 

the autophagy pathway. ATG-16 appears to associate with the plasma membrane of the 

host cell and attached bacilli as early as three and six hpi.  These findings support other 

published work which suggests that autophagy induction can initiate from the plasma 

membrane (178). Further, we have shown that inhibition of the autophagy pathway 

decreases bacterial survival while promoting host cell survival. These data suggest that 

Mtb bacilli have adapted mechanisms to circumvent host cell clearance by the autophagy 

pathway and that this process may be unique to mycobacterial infection of nonphagocytic 

cells. Further, the initiation of involvement of the autophagy pathway appears to occur at 

the plasma membrane which indicates that interactions between Mtb bacilli and the 

surface of the host cell determine the subsequent path of trafficking and may play an 

important role in bacterial survival. 

The interaction that occurs between Mtb bacilli and the surface of the alveolar 

epithelial cell has been further characterized in the studies presented here. Cholesterol-

dense regions of the plasma membrane known as lipid rafts (LR) have been shown to 
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play an important role in internalization of other intracellular pathogens (1, 6, 264). 

Interestingly, studies by Amer et al. have linked the internalization of pathogens by LR to 

the autophagy pathway, which would link the observations of autophagy involvement in 

the trafficking of Mtb bacilli in alveolar epithelial cells (6). Thus, we have investigated 

the role LR play during Mtb infection and have shown that live Mtb bacilli are capable of 

inducing aggregation of LR on the surface of the host cell. Mycobacterial proteins and 

cell wall components do not induce the LR aggregation. Rather, aggregation results from 

a mycobacterial protein secreted during the infection of type II epithelial cells. Further, 

studies with the cholesterol-disrupting agent Filipin III have demonstrated that LR 

aggregates are important for bacterial entry and survival at 24 hpi. Other researchers have 

demonstrated that, in macrophages, cholesterol  in the membrane of the mycobacteria-

containing phagosome is important for virulence (73). It has been shown that the Mtb 

protein ESAT-6, a known virulence factor for this pathogen, preferentially binds to 

cholesterol in the phagosome wall to form pores and facilitate the release of bacterial 

proteins into the host cell cytoplasm (54, 104). We hypothesize that LR aggregation is 

important for Mtb entry and survival in alveolar epithelial cells due to the role cholesterol 

aggregates may play in the ability of the bacteria to manipulate the autophagosomal 

compartment.  

In conclusion these studies have demonstrated that Mtb bacilli are capable of 

manipulating the alveolar epithelial cell to promote bacterial survival, similar to events 

that occur in macrophages. However, the mechanism by which this occurs appears to be 

unique to the cell type examined here. It would appear that nonphagocytic cells traffic 

Mtb bacilli quite differently than phagocytic cells. Importantly, Mtb bacilli appear to be 
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capable of manipulating the epithelial environment as efficiently as the macrophage. 

These efforts to characterize mycobacteria interactions with the alveolar epithelial cell 

demonstrate the genetic flexibility of this pathogen in surviving and multiplying within 

multiple cell types. The epithelial cell is likely an important cell for harboring bacilli and 

facilitating bacterial replication leading to infection and latent disease. Understanding the 

dynamic interaction of Mtb and the alveolar epithelial cell could provide great insight 

into means by which this pathogen has successfully infected humans for thousands of 

years.  
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