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Mycobacterium avium subsp hominissuis (MAH) is an opportunistic 

environmental pathogen that causes respiratory and gastrointestinal illness in 

immunocompromised persons such as those with chronic respiratory diseases or 

AIDs, respectively. In recent years, there has been a significant increase in the 

incidence of nontuberculous mycobacterial (NTM) lung infections, including in cystic 

fibrosis patients where MAH accounts for 72% of mycobacterial infections. 

Currently, there is no efficient approach to prevent or treat MAH infection in the 

lungs. During initial colonization of the airways, MAH form microaggregates 

composed of 3 to 20 bacteria on the human respiratory epithelial cells, which 

provides an environment for phenotypic changes leading to efficient mucosal 

invasion in vitro and in vivo. In this dissertation, the aims are to identify and 

characterize genes that are important for the invasive microaggregate phenotype and 

characterize the host response to microaggregate infection to further understand the 

early stages of MAH respiratory infection.  

In Chapter 2, DNA microarray analysis was employed to identify genes 

associated with the microaggregate phenotype. The gene encoding microaggregate-

binding protein 1 (MBP-1) (MAV_3013) is highly expressed during microaggregate 



 

 

formation. When expressed in noninvasive Mycobacterium smegmatis, MBP-1 

increased the ability of the bacteria to bind to HEp-2 epithelial cells. Using anti-MBP-

1 immune serum, microaggregate binding to HEp-2 cells was significantly reduced. 

By far-Western blotting, and verified by coimmunoprecipitation, we observed that 

MBP-1 interacts with the host cytoskeletal protein vimentin. As visualized by 

confocal microscopy, microaggregates, as well as MBP-1, induced vimentin 

polymerization at the site of bacterium-host cell contact. Binding of microaggregates 

to HEp-2 cells was inhibited by treatment with an anti-vimentin antibody, suggesting 

that MBP-1 expression is important for M. avium subsp. hominissuis adherence to the 

host cell. MBP-1 immune serum significantly inhibited M. avium subsp. hominissuis 

infection throughout the respiratory tracts of mice. 

 In Chapter 3, the small hypothetical gene MAV_0831 (Microaggregate 

Invasion Protein-1, MIP-1) was identified as being upregulated during 

microaggregate formation. When MIP-1 was overexpressed in poorly-invasive M. 

smegmatis, it provided the bacterium the ability to bind and enter epithelial cells. In 

addition, incubating microaggregates with recombinant MIP-1 protein enhanced the 

ability of microaggregates to invade HEp-2 cells, and exposure to anti-MIP-1 immune 

serum reduced the invasion of the host epithelium. Through protein-protein 

interaction assays, MIP-1 was found to bind to the host protein filamin A, a 

cytoskeletal actin-binding protein integral to the modulation of host cell shape and 

migration. As visualized by immunofluorescence, filamin A was able to co-localize 

with microaggregates and to a lesser extent planktonic bacteria. Invasion of HEp-2 

cells by microaggregates and planktonic bacteria was also inhibited by the addition of 

anti-filamin A antibody suggesting that filamin A plays an important role during 

infection. In addition, at earlier time points binding and invasion assay results suggest 

that MBP-1 participates significantly during the first interactions with the host cell 

while MIP-1 becomes important once the bacteria adhere to the host epithelium. 

 While these studies are valuable in understanding the pathogenesis of MAH, 

they primarily investigated the bacteria during microaggregate infection without 

commenting on the differences in the host response to microaggregate and planktonic 

infection. In Chapter 4, the bacteria-host interaction between microaggregates and 



 

 

epithelial cells was examined in a variety of assays. Using a transwell polarized 

epithelial cell model, microaggregates tended to translocate through the monolayer 

more efficiently than planktonic bacteria. In addition, during infection with 

microaggregate and planktonic bacteria, host phosphorylated proteins were identified 

revealing differences in immune response, glutathione synthesis, and apoptosis. The 

host immune response was further investigated by measuring pro-inflammatory 

cytokine secretion during microaggregate and planktonic infection of BEAS-2B 

bronchial epithelial cells. The epithelial cells secreted more CCL5 during 

microaggregate infection suggesting that this chemokine may play an important role 

during microaggregate invasion. Collectively, this study confirms the different nature 

of infection by planktonic bacteria and microaggregates.  

Overall, our data provide insights into the initial interaction between MAH 

and the respiratory mucosa. We characterized a pathogenic mechanism of infection 

utilized by MAH to manipulate the host respiratory epithelium and suggest new 

potential targets for the development of anti-virulence therapy.  

 
  



 

 

 
 
 
 
 
 
 
 
 

©Copyright by Lmar Babrak  
March 20, 2015 

All Rights Reserved



 

 

Characterization of Microaggregate Formation by Mycobacterium avium subspecies 
hominissuis 

 
 
 

by 
Lmar Babrak 

 
 
 
 
 
 
 
 

A DISSERTATION 
 
 

submitted to 
 

 
Oregon State University 

 
 
 
 
 
 
 
 

in partial fulfillment of 
the requirements for the  

degree of 
 
 

Doctor in Philosophy 
 
 
 
 
 

Presented March 20, 2015 
Commencement June 2015 



 

 

Doctor of Philosophy dissertation of Lmar Babrak presented on March 20, 2015 
 
 
 
 
 
APPROVED: 
 
 
 
 
Major Professor, Microbiology 
 
 
 
 
 
Chair of the Department of Microbiology 
 
 
 
 
 
Dean of the Graduate School 
 
 
 
 
 
 
 
 
 
 
I understand that my dissertation will become part of the permanent collection of 
Oregon State University libraries.  My signature below authorizes release of my 
dissertation to any reader upon request. 
 
 
 

Lmar Babrak, Author 



 

 

ACKNOWLEDGEMENTS 
 

It takes a village to train a scientist.  

First, I’d like to thank Dr. Luiz Bermudez, for giving me an opportunity to work in 

his laboratory. Dr. Dan Rockey, Dr. Manoj Pastey, and Dr. Martin Schuster, for all 

the mentoring and advice. Thanks to Dr. Jeremiah Dung for stepping in last minute.  

Thanks to my lab mates Dr. Lia Danelishvili, Dr. Jamie Everman, Kerri Gilbert, 

Sasha Rose, Brendan Jeffery, Rashmi Gupta, Jessica Chinison, Dr. Michael 

McNamara, Val Elias, Laura Hauk, and Mathew Lewis. To all the students I have 

mentored, Tiffany Kornberg, Erin Pugh, Cherise Hill, and Kyle Jackson, thank you 

for all the help and I hope you learned something. 

Thank you Denny, Mary, Jayne and Beth for watching my back and putting things in 

amazing perspective.  

Thank you Zachary Landry for your support from the beginning till the end of this 

train ride.  

I would like to thank my family and friends. There are too many of you to name but 

you know who you are. Thank you for the support and guidance to help me succeed 

this goal. I love you.  

 

Most importantly, thanks Mom. I dedicate this dissertation to you. 

 



 

 

 
 
 
 

CONTRIBUTION OF AUTHORS 
 

Dr. Luiz Bermudez and Lmar Babrak contributed to the experimental design, 

scientific discussions, data interpretation and writing of Chapters 2, 3, and 4.  Dr. Lia 

Danelishvili was involved in the scientific discussions of Chapter 2 and 3. Sasha Rose 

assisted in the animal experiments done in Chapter 2 and 3. Tiffany Kornberg assisted 

in the molecular biological work in Chapter 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
TABLE OF CONTENTS 

 
                Page 

Chapter 1: Introduction ................................................................................................... 1 

General ....................................................................................................................... 2 

MAC complex ............................................................................................................ 2 

Epidemiology ............................................................................................................. 2 

Individual Susceptibility of the Host ......................................................................... 3 

Clinical Manifestations .............................................................................................. 4 

Treatment ................................................................................................................... 4 

Microaggregates ......................................................................................................... 5 

Signaling & Autoaggregation .................................................................................... 5 

Adherence .................................................................................................................. 6 

Microaggregates & the Host ...................................................................................... 8 

Bacterial aggregation & Biofilm Formation .............................................................. 9 

Mycobacterial Microaggregates ............................................................................... 10 

Molecular Mechanisms of Mycobacterial Infections ............................................... 10 

Adherence to Epithelial Cells .................................................................................. 11 

Invasion of Epithelial Cells ...................................................................................... 12 

Epithelial Cell Immune Response to Infection ........................................................ 15 

Scope of Doctoral Dissertation ................................................................................ 15 

 
 
 
 

 



 

 

TABLE OF CONTENTS (Continued) 
 

                Page 

Chapter 2: The Environment of Mycobacterium avium subsp. hominissuis 

Microaggregates Induces the Synthesis of Small Proteins Associated with Efficient 

Infection of the Respiratory Epithelial Cells ................................................................ 25 

Abstract .................................................................................................................... 26 

Introduction .............................................................................................................. 27 

Methods and Materials ............................................................................................. 30 

Results ...................................................................................................................... 41 

Discussion ................................................................................................................ 48 

Acknowledgements .................................................................................................. 52 

References ................................................................................................................ 72 

Supplemental material .............................................................................................. 63 

Chapter 3: MIP-1 is a Bacterial Protein Associated with Microaggregate Formation 

and Involved in the Invasion of Epithelial cells by Mycobacterium avium subsp 

hominissuis through the Reorganization of Cytoskeletal Proteins ............................... 77 

     Abstract .................................................................................................................... 78 

Introduction .............................................................................................................. 79 

Methods and Materials ............................................................................................. 82 

Results ...................................................................................................................... 88 

Discussion ................................................................................................................ 92 

Acknowledgements .................................................................................................. 95 

References .............................................................................................................. 104 

Chapter 4: Host Response to Mycobacterium avium subsp hominissuis 

Microaggregate Infection ............................................................................................ 107 



 

 

TABLE OF CONTENTS (Continued) 
 

                  Page 
Abstract .................................................................................................................. 108 

Introduction ............................................................................................................ 109 

Methods and Materials ........................................................................................... 112 

Results .................................................................................................................... 115 

Discussion .............................................................................................................. 117 

Acknowledgements ................................................................................................ 121 

References .............................................................................................................. 129 

Chapter 5: Conclusions ............................................................................................... 135 

Bibliography ............................................................................................................... 146 

Appendices .................................................................................................................. 161 

Appendix 1: Abstracts of Additional publications ................................................. 162 

Appendix 1.1 Danelishvili L, Babrak L, Rose SJ, Everman JL, Bermudez, LE. 

2014. Mycobacterium tuberculosis alters the metalloprotease activity of the 

COP9 signalosome. mBio 5(4)e01278-14. PMID: 25139900 ........................ 162 

Appendix 1.2 Bannatine JP, Everman JL, Rose SJ, Babrak L Katani R, 

Barletta RG, Talaat AM, Grohn YT, Chang Y-F, Kapur V and Bermudez LE 

(2014) Evaluation of eight live attenuated vaccine candidates for protection 

against challenge with virulent Mycobacterium avium subspecies 

paratuberculosis in mice. Front. Cell. Infect. Microbiol. 4:88. PMID: 

25072031......................................................................................................... 163 

Appendix 1.3 Cherise Hill, Marianne Pan, Lmar Babrak, Lia Danelishvili, 

Helio deMorais and Luiz Bermudez. Presence of virulence-associated genes 

and ability to form biofilm among clinical isolates of Escherichia coli causing 

urinary infection in domestic animals. Veterinary Medicine International 

(submitted)………………………………………………………………….164 



 

 

 

TABLE OF CONTENTS (Continued) 
 

                  Page 
Appendix 1.4 Sasha Rose, Lmar Babrak, Luiz Bermudez. Mycobacterium 

avium Biofilms Possess Extracellular DNA that contributes to formation, 

persistence, and tolerance to antibiotics. Plos One (submitted)…………….165 

  



 

 

LIST OF FIGURES  
 

Figure                                                                                                                       Page 
 
2.1 In vivo and in vitro characterization of microaggregates ………………..………53 
 
2.2 MBP-1 overexpressed M. smegmatis (Msmeg-3013) increases binding to HEp- 2 
cells than M. smegmatis overexpressing vector alone (Msmeg-empty) …………….54 
 
2.3 Interaction between MBP-1 and MAV_4504 and MAV_0623 in mycobacterial 2-
hybrid system……………………..………………………………………………….56 
 
2.4 MBP-1 interacts with the host protein vimentin…………………………………57 
 
2.5 MBP-1 protein and M. avium subsp hominissuis microaggregate formation 
stimulate vimentin polymerization in HEp-2 cells…………………………………..59 
 
2.6 Anti-MBP-1 immune serum provides protection in the lungs against 
microaggregate infection in vivo……………………………………………………..61 
 
S2.1 Differentially expressed genes during MAH microaggregate formation 
categorized based on the known or predicted functions of the encoded proteins……63 
 
S2.2 Multiple sequence alignment of MBP-1 protein with human, rat and mouse 
ADIP protein produced by UniProt KB………………………….…………….…….64 
 
S2.3 Confirmation of anti-MBP-1 immune serum…………………………………..65 
 
3.1 Functional characterization of MIP-1 protein (A) Schematic of MIP-1 protein and 
UBA/TS-N domain (gray)…………………………………………………………...96 
 
3.2 MIP-1 interacts with host protein filamin A. (A) Identification of MIP-1 host 
binding partners by Far-western blot………………………………………………...98  
 
3.3 Microaggregates and planktonic MAH colocalize with host protein filamin A 
during infection of Hep-2 cells…………………………………………………......100  
 
3.4 Schematic representation of mycobacterial microaggregate formation in the 
respiratory tract…………………………………………………………………..…101 
 
3.5 Anti-MIP-1 immune serum significantly protects mice against MAH respiratory 
infection…………………………………………………………………………….102 
 
4.1 Translocation of MAH planktonic and microaggregates through polarized 
epithelial cells………………………………………………………………………122 
 



 

 

LIST OF FIGURES (Continued) 
 

Figure                                                                                                                       Page 
 
4.2 Host cytokine secretion during 2 and 24 h infection by MAH microaggregates and 
planktonic bacteria…………………………………….……………………………123 
 
4.3 Functional categorization of differentially phosphorylated host proteins when 
infected with MAH microaggregates or planktonic bacteria……………………….124 
 
5.1 Schematic of MAH infection of the respiratory mucosa……………………….142 
 
  



 

 

 
LIST OF TABLES 

 
Table                 Page 
 
2.1 Interaction between MBP-1 and MAV_4504 or MAV_0623 in  

mycobacterial 2-hybrid system………………………………………………62 
 
S2.1 Gene expression of MAC104 microaggregates by microarray analysis in  

comparison to planktonic bacteria ……………………………..…………... 66 
 
S2.2 Confirmation of microarray gene expression by real-time PCR……………….71 

 
3.1 Early binding and invasion assays for Msmeg-3013 and Msmeg-0831…..……103 
 
4.1 Host phosphorylated proteins present after 45 min infection with MAH………125 



 

 

1 

Chapter 1 

 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

2 

General 

Mycobacterium avium subsp hominissuis (MAH) is a gram-positive bacillus 

in the genus Actinobacteria. This genus includes the following pathogenic bacteria: 

Mycobacterium tuberculosis, Mycobacterium paratuberculosis and Mycobacterium 

leprae. Mycobacteria are generally considered aerobic and are acid-fast positive. An 

important feature of mycobacteria is the extremely thick, waxy, mycolic acid-

consisting cell wall. The inner core of the cell wall is made up of mycolic acid-

arabinogalactan-peptidoglycan (mAGP). In addition, lipids, carbohydrates, 

lipoglycans, and phosphotidyle inositols compose the outer cell wall. Many species of 

mycobacteria are divided between slow-growing and fast growing mycobacteria. The 

rapid growers include Mycobacterium. fortuitum, Mycobacterium chelonae, 

Mycobacterium smegmatis, Mycobacterium abscessus. The slow growers consist of 

Mycobacterium bovis, Mycobacterium leprae, Mycobacterium tuberculosis, 

Mycobacterium intracellulare, and MAH. 

MAC complex  

The Mycobacterium avium complex (MAC), is a cluster of opportunistic 

environmental pathogens that have adapted to reside in both the environment such as 

water and soil, as well as in birds, fish, and mammals (Carson, Petersen et al. 1978). 

Among the pathogenic species of MAC are Mycobacterium avium subsp. 

paratuberculosis, Mycobacterium avium subsp. avium, Mycobcaterium avium subsp. 

silvaticum, and MAH (Rue-Albrecht, Magee et al. 2014). MAH has also recently 

been identified in water reservoirs such as hospital water tanks, showerhead biofilms, 

and hot tubs, potentially serving as a reservoir of contamination (Covert, Rodgers et 

al. 1999, Falkinham, Norton et al. 2001, Lumb, Stapledon et al. 2004, Feazel, 

Baumgartner et al. 2009).  

Epidemiology 

Mycobacterial infections can colonize the gastrointestinal and respiratory 

tracts. Persons are thought to acquire mycobacterial infections through ingestion or 

inhalation of contaminated sources (Falkinham, Norton et al. 2001), and person to 

person transmission is thought to be unlikely with rare exceptions (Olivier, Weber et 

al. 2003, Aitken, Limaye et al. 2012).  
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Major studies have consistently reported an increase in respiratory 

mycobacterial infections (Marras and Daley 2002, Leung and Olivier 2013, 

Mirsaeidi, Farshidpour et al. 2014). Marras et al found that from 1997 to 2003 the 

incidences of mycobacterial lung infections increased from 9.1 to 14.1 per 100,000 

persons per year in their population based study (Marras and Daley 2002). From 

recent studies, it is estimated that NTM infections make up 3.8% to 22.6% of 

respiratory infections in CF patients and specifically, MAH, constituted three-fourths 

of those infections, followed in frequency by Mycobacterium abscessus (Levy, 

Grisaru-Soen et al. , Esther, Esserman et al. 2010). In addition, there has also been a 

dramatic increase of infections in patients with no predisposing symptoms (Mirsaeidi, 

Farshidpour et al. 2014).  

In CF patients, NTM lung disease has not been as extensively looked at 

compared to other bacterial lung infections. Redefinition of the diagnosis of non-

tuberculous mycobacterial infections by the American Thoracic Society (ATS), better 

diagnostic and isolation tools and other contributors such as longer life spans and 

extensive antibiotic use have been implicated in the increase of incidences of NTM 

infections (Weiss and Glassroth 2012). As longevity increases and antibiotic 

treatments continues to be the approach used, the incidences of NTM respiratory 

infections have the potential to climb.    

Individual Susceptibility of the Host 

Mycobacterial infections affect different populations depending on their 

health status, age, and other contributing factors. Immunosuppressed patients such as 

those with HIV are primarily infected by the gastrointestinal tract whereas patients 

with pre-existing pulmonary infections are more susceptible to respiratory infections. 

Those at risk for infection include elderly women who are white and thin as well as 

middle-aged or elderly males who are smokers or alcoholics, patients with cystic 

fibrosis (CF), and patients with α-1-antitrypsin deficiency, chronic obstructive 

pulmonary disease, and pneumoconiosis (Olivier, Weber et al. 2003, Roux, 

Catherinot et al. 2009). Some other genetic conditions that predispose people to 

mycobacterial infections include: autosomal recessive IRF8, NRAMP-1 mutations, 
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disruptions in interferon-gamma signaling, and vitamin D deficiency (Bellamy 2003, 

Salem and Gros 2013).  

Clinical Manifestations 

Mycobacterial gastrointestinal disease in patients with AIDS exhibits 

symptoms very quickly and usually disseminates. Early symptoms including, fever, 

night sweats, rapid weight loss, fatigue, diarrhea and abdominal pain (Inderlied, 

Kemper et al. 1993). 

During MAH respiratory infections, symptoms are very similar to 

Mycobacterial tuberculosis symptoms such as coughing lasting more than 3 weeks, 

chest pain, coughing up blood or sputum, fatigue, weight loss, loss of appetite, night 

sweats, and fever (Inderlied, Kemper et al. 1993). 

 In addition to these symptoms, nodular bronchiectasis, and fibrocavitary 

lesions form in the lungs (Fujita, Ohtsuki et al. 1999, Johnson and Odell 2014). X-

rays often show fibrosis, upper lobe cavitation, nodular or parenchymal opacity, and 

pleural thickening (Fujita, Ohtsuki et al. 1999).  

Treatment 

The treatment of mycobacterial infections is often challenging. In part due to 

their hardy cell wall, mycobacteria are often naturally resistan to many antibiotics, 

leading to long treatment durations and toxicity during therapy (Griffith, Aksamit et 

al. 2007, Egelund, Fennelly et al. 2015). Macrolides such as azithromycin and 

clarithromycin are common choices for treatment. These drugs are recommended in 

conjunction with other agents to avoid the development of drug resistance (Griffith, 

Aksamit et al. 2007, Egelund, Fennelly et al. 2015). Combination therapy includes the 

use of macrolides with rifampin or rifabutin and ethambutol (Koh, Kwon et al. 2002, 

Griffith, Aksamit et al. 2007, Egelund, Fennelly et al. 2015). Therapy lasts for more 

than a year after the first negative sputum result (Griffith, Aksamit et al. 2007, 

Egelund, Fennelly et al. 2015). Relapses occur in 45% of patients with the macrolide 

treatment illustrating the lack of complete eradication of the organism (Field, Fisher 

et al. 2004). Patient compliance is often a problem due to the side effects of extensive 

antibiotic treatment with a study showing a drop out rate of 11-33% (Field, Fisher et 

al. 2004). These statistics illustrate the lack of a good efficient therapy and the 
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necessity of having better therapeutic or prophylactic treatments for NTM respiratory 

infections.  

Microaggregates  

 The formation of microaggregates is a complex and multifactorial bacterial 

process that ensures bacterial invasion and survival during infection. When the 

bacterium interacts with the respiratory mucosa, the bacterium transitions from a 

planktonic to a host-cell associated state. The initial adherence is often mediated 

through bacterial-host receptor interactions (Beachey 1981). Once the single 

bacterium has attached, it can either replicate, forming clonal microaggregates, or 

actively recruit nearby bacteria by secreting extracellular signals. Bacterial 

aggregation has been shown to be important for pathogenesis of infections caused by 

Pseudomonas aeruginosa, uropathogenic Escherichia coli, Bordetella pertussis, 

Neisseria meningitidis, and Enterococcus spp (Menozzi, Boucher et al. 1994, Frick, 

Morgelin et al. 2000, Sherlock, Schembri et al. 2004, Helaine, Carbonnelle et al. 

2005, Lepanto, Bryant et al. 2011, Barnes, Ballering et al. 2012). Many of these 

pathogens utilize cell surface appendages such as fimbriae and pili to mediate 

microaggregate formation but other protein-mediated interactions have also been 

described (Menozzi, Boucher et al. 1994, Helaine, Carbonnelle et al. 2005, Barnes, 

Ballering et al. 2012). Microaggregate formation is often also coupled with bacterial 

movement, adherence to the host epithelium and bacterial autoaggregation (bacteria 

to bacteria binding). It can provide a protective effect against antibiotics, and serve as 

a prelude to biofilm formation (Menozzi, Boucher et al. 1994, Frick, Morgelin et al. 

2000, Helaine, Carbonnelle et al. 2005, Lepanto, Bryant et al. 2011). Host factors 

have also been shown to be important for mediating microaggregate formation (Tran, 

Rangel et al. 2014). In this section of the introduction, I will introduce four important 

aspects of microaggregate formation: bacterial signaling molecules and 

autoaggregation, adherence to the host, interactions with the host and bacterial 

aggregates as a precondition of biofilm. 

Signaling Molecules & Autoaggregation: The idea that bacteria coordinate behavior 

during infection is a relatively new but an integral part of bacterial pathogenesis. 

Cooperative behavior resulting from secreted bacterial molecules has only been 
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recently explored during infection and most of this work has arisen from studies on 

the model organism Pseudomonas aeruginosa. In this section, I will briefly overview 

bacteria that utilize different molecules in order to coordinate microaggregate 

formation.  

Pseudomonas aeruginosa, a widely studied opportunistic pathogen, has been 

shown to infect various locations such as the lungs in CF patients and implant devices 

(Singh, Schaefer et al. 2000). Recent studies suggest that P. aeruginosa antibiotic 

resistance in the lungs is linked to biofilm formation (Singh, Schaefer et al. 2000). 

Microaggregate formation is in part coordinated by secretion of the quorum sensing 

molecules, homoserine lactone signaling molecules (Costerton, Stewart et al. 1999). 

Many clinical cases have found P. aeruginosa aggregates in lung samples of CF 

patients (Lam, Chan et al. 1980, Parsek and Singh 2003). In addition, Singh et al 

found the presence of two quorum sensing molecules, N-homoserine lactones and N-

butyryl-l-homoserine lactones present in bacterial biofilm in the lungs of patients with 

CF, strongly suggesting that aggregation and subsequent biofilm formation is 

occurring (Singh, Schaefer et al. 2000).  

Neisseria meningitis, the causative agent of meningitis, utilizes the type IV 

pilus (Tfp) during host cell adhesion, twitching motility and DNA uptake but also 

mediates the formation of bacterial aggregates which have been shown to be 

necessary for efficient infection in mice (Eriksson, Eriksson et al. 2012). In addition, 

another study has demonstrated that the PilX protein (pilin-like protein) is necessary 

for microcolony formation but not adherence, suggesting that this protein may be 

utilized as an adhesive or chemotactic substance to attract and adhere to neighboring 

bacteria (Helaine, Carbonnelle et al. 2005). 

Escherichia coli and Salmonella typhimurium have also been shown to excrete 

chemotactic molecules induced by oxidative stress that attract other bacteria, leading 

to microaggregate formation (Budrene and Berg 1991, Budrene and Berg). 

 

Adherence: Adherence to the host epithelium is an integral part of pathogenesis and 

is one of the preliminary steps for microaggregate formation. To develop aggregates, 

the bacteria utilize the bacterial filamentous hemagglutinin (FHA) protein to adhere 
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to human cells (Menozzi, Boucher et al. 1994). This protein is secreted, surface 

exposed, and binds directly to the host cell through the RGD domain. The bacteria 

also use this protein to form aggregates through FHA-FHA protein interactions 

(Menozzi, Boucher et al. 1994). 

  Adherence and assemblage of microcolonies by Streptococcus pyogenes is 

required for infection and is mediated through the bacterial pili (Frick, Morgelin et al. 

2000). Deletion of the pilus backbone or sortase C1 impaired adhesion to the host cell 

and microcolony formation (Manetti, Zingaretti et al. 2007). In Streptococcus 

pneumoniae infection, the protein PstP (pneumococcal serine-rich repeat protein) 

mediated bacterial attachment to the host cell as well as bacterial autoaggregation in 

the nasopahrnyx and lungs of infected mice (Sanchez, Shivshankar et al. 2010). 

 The type IV secretion system also plays a very important role not only in 

mediating adherence on the host cell surface but also in bacterial aggregation. The 

Type IV pili (TFP) proteins form thin hairlike filaments and are responsible for 

several virulence-associated functions like twitching, microcolony formation, and 

autoaggreation which are all essential for bacteria-host cell interaction. During 

Neisseria meningitidis infection, the bacterium attach to the surface of endothelial 

cells and within 10 hours, they proliferate and form large aggregates on the surface of 

cells which is mediated by the bacterial pilus. Various pilus associated proteins PilX, 

PilZ, NafA, PilV, PilT2, and PilT are associated with adherence and microcolony 

formation (Park, Wolfgang et al. 2002). During N. gonorrhoeae infection, mutations 

in the pilin subunits reduced bacterial aggregation, without affecting pilination 

resulting in reduced adherence to the host cells (Park, Wolfgang et al. 2002). This 

data suggests that TFP proteins play diverse roles during infection including 

aggregation and that adherence is closely linked to aggregation.  

During P. aeruginosa infection, a single bacterium attaches to the surface of 

the cell, and is followed by rapid recruitment (1-5 minutes) of planktonic bacteria, 

resulting in the formation of aggregates (Lepanto, Bryant et al. 2011). P. aeruginosa 

can form aggregates and subsequently biofilms on the surface of host cells at cell to 

cell junctions, which is primarily mediated through the type IV pili and fimbriae 

(Ruer, Stender et al. 2007, Barken, Pamp et al. 2008). The regulator, GacA, was 
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found to regulate microaggregate formation independent from quorum sensing, 

alignate production, and flagellar-mediated attachment (Parkins, Ceri et al. 2001). In 

another study, a second microcolony regulator was characterized when in contact 

with the host cells. When knocked out, this LysR-type transcriptional regulator was 

unable to form tight microcolonies on the surface of host cells (McCarthy, Mooij et 

al. 2014). Pamp et al also found that rhamnolipids were necessary to form 

microcolonies (Pamp and Tolker-Nielsen 2007). A study by Mikaty et al found that 

microcolonies of Neisseria meningitidis formed on the cell surface were more 

resistant to shear stress than abiotic microcolonies (Mikaty, Soyer et al. 2009). On the 

host cell, the bacteria manipulate host cell functions resulting in the reorganization of 

the host cell surface to form filopodia-like structures that enhance the cohesion 

between microcolonies (Mikaty, Soyer et al. 2009). Tightly held microcolony 

formation is important in order to withstand the harsh environment of the blood 

stream. This behavior was termed “cooperative adhesion” by the authors to convey 

that the initial adhesion triggers the host cell rearrangement that allows subsequent 

bacteria to adhere in the mechanically resistant microcolony (Mikaty, Soyer et al. 

2009). 

Microaggregates & the Host: During infection, bacteria have developed many 

mechanisms in order to manipulate and overcome host defenses. A study by 

McCarthy found that during P. aeruginosa infection, BvlR, a LysR-type 

transcriptional regulator was found to be only upregulated when in contact with host 

cells (McCarthy, Mooij et al. 2014). Loss of BvlR lead to increased adherence to the 

host, but loss of tight microcolony formation and reduced ability to cause acute 

infection in a Caenorhabditis elegans infection model suggesting that host factors 

trigger the expression of BvlR (McCarthy, Mooij et al. 2014). Tight microcolony 

formation differs from classical biofilm formation in that the cells self-aggregate to 

form free-floating biofilm structures but are not attached to any surface. During 

EPEC infection, TFP retraction during infection conferred a change in microcolony 

morphology resulting in more rounded microcolonies. The authors hypothesize that 

this may be important for efficient effector delivery but that has not yet been proven 

(Aroeti, Friedman et al. 2012). The aggregates interfere with host signaling pathways 
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causing cell membrane protrusions and enrichment of 2,4,5-triphospate (PIP2) 

(Lepanto, Bryant et al. 2011). A study by Tran et al found that the type III translocon 

was also required for cell-associated aggregation (Tran, Rangel et al. 2014). A 

knockout in the translocon was still able to aggregate on abiotic surfaces but not on 

the host cell, suggesting that some host cell factors were also necessary for 

aggregation (Tran, Rangel et al. 2014). This further supports the notion that bacterial 

aggregate formed on host cells are different than those formed on abiotic surfaces 

(Tran, Rangel et al. 2014). 

 During Streptococcus pyogenes infection, it was found that compared to 

planktonic bacteria, aggregates were more resistant to neutrophil phagocytosis 

illustrating a bacterial mechanism utilized by microaggregates to overcome host 

defenses (Frick, Morgelin et al. 2000). 

 In a recent paper Davis et al  identified three bacterial subpopulations within a 

single microaggregate during Yersinia pseudotuberculosis infection, and that each 

subpopulation in the microaggregate responded to distinct host signals (Davis, 

Mohammadi et al. 2015). The exterior bacteria responded to host signals and induced 

the nitric oxide detoxifying gene hmp, which resulted in the protection of interior 

second bacterial population from exposure to nitric oxide. The third bacterial 

population was found to be directly in contact with the host cell and the periphery of 

the microcolony and transcriptionally upregulated different virulence factors (Davis, 

Mohammadi et al. 2015). This differential transcriptional response within a single 

microaggregate facilitated a counter response against the host leading to microbial 

cooperative behavior in order to survive (Davis, Mohammadi et al. 2015). In addition, 

the type III secretion system and yop effectors were found to promote bacterial 

extracellular growth by preventing phagocytosis and interfering with reactive oxygen 

species (Davis, Mohammadi et al. 2015).   

Bacterial Aggregation & Biofilm Formation 

High incidence of antibiotic resistance and frequent reoccurrences in the lungs 

may indicate that biofilms may play an active role in infections in patients with cystic 

fibrosis (Ciofu, Tolker-Nielsen et al. 2014). P. aeruginosa is a clear example of 

biofilm induced antibiotic resistance (Mulcahy, Charron-Mazenod et al. 2008). MAH 
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can form robust, complex biofilms in the environment including urban water systems. 

It has been shown that MAH has the ability to form biofilms in vitro and in vivo 

(Wolinsky 1979, Falkinham, Norton et al. 2001, Carter, Young et al. 2004). Biofilm 

formation has significant implications for treatment of patients with CF, because of 

the well-known increase in antibiotic resistance during mycobacterial lung infection 

(Wolinsky 1979, Falkinham, Norton et al. 2001, Carter, Young et al. 2004). Biofilms 

are usually initiated by signaling molecules but during mycobacterial biofilm 

formation, there are no known extracellular signaling molecules that have been 

reported to date to regulate biofilm formation (Karatan and Watnick 2009). The 

presence of mycobacterial biofilms would suggest another look at the current 

antimycobacterial therapies to include drugs known to disrupt biofilms or the use of 

aerosolized antibiotics at high concentrations, which can target the airways, reducing 

toxicity to other organs. The mycobacterial cell wall contains glycopeptidolipids 

(GPL), which have been shown to be both important in the ability to form biofilm and 

swarm (Shi, Fu et al. 2011). We have identified a biofilm-deficient mutant, 4B2, 

which was also unable to form microaggregates in prolonged contact with epithelial 

cells (unpublished data). This transposon mutant has an insertion in a protein 

synthetase, which is homologous to pstB gene that is involved in GPL biosynthesis 

illustrating a link between microaggregate formation and biofilm formation.  

Mycobacterial Microaggregates 

MAH microaggregates have only been briefly studied. Yamazaki et al found 

that when incubated with respiratory epithelial cells, within 24 hours MAH began to 

form microaggregates and developed an invasive phenotype (Yamazaki, Danelishvili 

et al. 2006). The invasive phenotype was not elicited by the supernatant suggesting 

that soluble molecules in the supernatant are not responsible for this phenotype alone. 

 

Molecular Mechanisms of Mycobacterial Infections 

Most studies on mycobacterial pathogenesis primarily focus on the infection 

of macrophages, but it is highly likely that during the course of infection 

mycobacteria will also encounter epithelial cells in the respiratory or gastrointestinal 

tract. Now, I will transition into a brief literature review on the bacterial molecular 
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mechanisms that allow MAH to successfully colonize the human host particularly 

epithelial cells. Although many of the genes associated with binding and invasion are 

categorized based on the cell type they were tested (ie respiratory or intestinal cells), 

it cannot be excluded that these genes may also play a similar or different role in 

other epithelial cell types.   

Adherence to epithelial cells 

Intestinal tract 

 If ingested, mycobacteria must first enter the gastrointestinal tract where the 

bacteria encounter a very harsh acidic environment. Environmental cues allow the 

bacteria to sense the surroundings and adjust the genetic profile in order to better 

survive. The study by Bodmer et al has shown that MAH survives exposure to the 

acidic conditions of the stomach due in part to their hardy cell wall (Bodmer, Miltner 

et al. 2000). After passing through the stomach, the bacteria progress through the 

intestines, and primarily colonize the terminal ileum. The terminal ileum consists of 

enterocytes and Peyer’s patches, which are organized lymphoid nodules that are 

covered by specialized cells called M cells. Other intestinal pathogens such as 

Salmonella and Shigella as well as other mycobacterial pathogens such as 

Mycobacterium paratuberculosis invade the host gastrointestinal tract through M 

cells (Clark, Reed et al. 1996, Niedergang and Kraehenbuhl 2000, Bannantine and 

Bermudez 2013). Conversely, studies have shown that the majority of MAH in the 

terminal ileum were found primarily in enterocytes and are mostly absent from M 

cells (Bermudez and Sangari 2001).  

 Bacterial adherence to the intestinal mucosa is mediated by a plethora of 

proteins, many of which bind to a wide variety of surface exposed host receptors. The 

most characterized and conserved receptor for adherence to epithelial cells is the 

fibronectin attachment proteins (FAP). M. bovis, M. tuberculosis, M. kansasii, MAH, 

M. leprae, and M. smegmatis attach to FAP, extracellular matrix protein (Schorey, Li 

et al. 1995, Schorey, Holsti et al. 1996, Zhao, Schorey et al. 1999). Interestingly, 

FAPs are only found on M cells and absent on enterocytes suggesting that MAH use 

another receptor as a method of entry into the intestinal cells (Schorey, Li et al. 1995, 

Middleton, Chadwick et al. 2004). The mycobacterial protein heparin-binding 



 

 

12 

hemaglutinin glycoprotein (HBHA) is also utilized to adhere to epithelial cells 

(Menozzi, Bischoff et al. 1998). In addition, a 23 kDa MAH protein was also 

identified being involved in binding when overexpressed in M. smegmatis (Hsu, 

Young et al. 1995).  

Respiratory tract 

 When inhaled, bacteria must pass many barriers such as the nasal cavity, 

which has mucociliary lining similar to the lower respiratory tract. The nose is lined 

with hairs that act as a filter. The anatomy of the upper airway changes direction and 

causes many airborne particles to bear upon the back of the throat. A layer of mucus 

and ciliated cells covers the lower portion of the respiratory tract to trap 

microorganisms in the mucus and drive them upwards by ciliary action to the back to 

the throat.  

 The HBHA protein, first characterized as an intestinal adhesion protein, was 

also found to be important in binding to the pneumocyte cell line in vitro but there are 

conflicting results that show that the HBHA mutant was able to colonize the lungs but 

unable to disseminate to the spleen whereas a study conducted by Ortiz et al showed 

that the HBHA mutant had growth defect in the lungs (Menozzi, Bischoff et al. 1998, 

Mueller-Ortiz, Wanger et al. 2001). Middleton et al have also shown that MAH 

utilize the previously described fibronectin attachment proteins (FAP) for adherence 

in the lungs where fibronectin is present in large amounts in highly damaged 

respiratory mucosa (Middleton, Chadwick et al. 2004). It has also been demonstrated 

that MAH also utilize host protein β-integrin-1 to bind to the respiratory mucosa 

(Middleton, Chadwick et al. 2004). 

Adhesion to the respiratory tract has been characterized by MAH-induced 

ruffling of HEp-2 cells and formation of surface projections surrounding the bacilli 

(Yamazaki, Danelishvili et al. 2006). Two proteins, the 31 kDa (hypothetical protein 

with homology with Mtb protein) and 21 kDa (homology to Mn-superoxide 

dismutase) protein were found to be involved in the adherence of the bacilli to HEp-2 

cells (Reddy and Hayworth 2002).  

Invasion of Epithelial cells 

Intestinal tract 
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Once the bacterium have adhered to the host cell, the process of invasion 

begins. Non-phagocytic cells such as epithelial cells do not take up bacteria. To 

invade epithelial cells, bacteria must initiate and manipulate the host cells. The 

mechanisms of invasion are complex and often involve a large number of bacterial 

genes. Many studies in vivo and in vitro have shown that MAH can enter the 

intestinal epithelium efficiently (Bannatine 2013, Bermudez 1996). Once the bacteria 

enter the intestines, it also encounters other changes in the environment that the 

bacteria must adjust to, such as low oxygen tension, changes in pH, and high 

osmolarity. Bermudez et al have shown that the intestinal environmental cues 

increase the ability of MAH to invade intestinal epithelial (Bermudez, Petrofsky et al. 

1997). 

As with many pathogens, invasion of the intestinal epithelium encompasses 

manipulating host signaling pathways that affect cytoskeletal rearrangements and 

protein phosphorylation (Bermudez and Young 1994). FadD2, a gene that encodes a 

fatty acyl coenzyme A synthetase involved in fatty acid degradation, was found to be 

involved in invasion of epithelial cells through the regulation of the small G-protein 

Cdc42, which leads to cytoskeleton rearrangements (Dam, Danelishvili et al. 2006). 

The FadD2 protein also regulates other genes such as MAV_5138 and MAV_3679 

which when overexpressed led to increased invasion of HEp-2 cells (Harriff, 

Danelishvili et al. 2009). The MAH gene, MAV_4671, which encodes the CipA 

protein, was shown to directly interact with Cdc42 (Harriff, Danelishvili et al. 2009). 

Additionally, through a screen of the MAH genome in M. smegmatis, six genes were 

identified as increasing the ability of M. smegmatis to invade HEp-2 cells compared 

to the control (Bermudez and Sangari 2001). The six genes fell into two groups, 

surface proteins and enzymes involved in fatty acid synthesis and degradation 

(Bermudez and Sangari 2001). Homologues of the genes are as follows: clone 23- 

Rv3799c, a proninoyl-CoA carboxylase, clone 27- FadE20, clone 332- Rv2724c, 

acyl-coA dehydrogenase, clone 335- Rv3802c, probable membrane protein, clone 

342- Af232751, M. paratuberculosis surface protein and clone 72, Rv3723 membrane 

protein involved in transport (Bermudez and Sangari 2001). These genes were also 

transcribed at higher levels when bacteria are exposed to conditions similar to those 
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in the intestinal environment such as increased osmolarity or low oxygen tension 

(Bermudez, Petrofsky et al. 1997).  

 Incubating host cells with the actin polymerization inhibitor, cytochalasin B, 

prior to infection inhibited the ability of MAH to invade HT-29 intestinal epithelial 

cells as well as HEp-2 laryngeal cells (Bermudez and Young 1994). Also, the 

addition of protein kinase inhibitors staurosporin, H7, and genistein (tyrosine kinase 

inhibitor) blocked invasion of MAH suggesting that host protein phosphorylation is 

an important mechanism of invasion (Bermudez and Young 1994). In a study by 

Sangari et al, the authors found that MAH entry was not associated with membrane 

ruffling and with the use of inhibitors of small GTPases, they demonstrated that 

invasion was dependent on Rho but not Rac or Cdc42 (Sangari, Goodman et al. 

2000). In addition, MAH passaged through HT-29 cells lead to phenotypic changes 

that were associated with significantly greater ability to bind and invade naive 

epithelial cells or macrophages compared to the control (Sangari, Goodman et al. 

2000). The invasive phenotype is specific to invasion of the apical surface of the cell 

indicating that the receptors needed for invasion may be only present on the apical 

side of the cell (Sangari, Goodman et al. 2000). 

Respiratory tract 

 The invasion strategy utilized by MAH for the intestinal and respiratory tract 

are very similar. In both environments, it has been shown that the FadD2 gene and 

genes regulated by FadD2, MAV_5138 and MAV_3679 are involved in invasion of 

epithelial cells (Dam, Danelishvili et al. 2006, Harriff, Danelishvili et al. 2009). Work 

by Yamazaki et al identified that mutants in biofilm formation were unable to invade 

polarized bronchial BEAS-2B epithelial monolayers or cause infection in mice as 

efficiently as the wild type suggesting that the ability to form biofilm is associated 

with the ability to invade bronchial epithelial cells or colonize in vivo (Yamazaki, 

Danelishvili et al. 2006). This has not been shown using intestinal cells, as biofilm 

may not be a relevant phenotype to study in this location. It has also been suggested 

that the location of the granuloma in the peribronchiolar space would be secondary to 

crossing the bronchiolar mucosa. It is also possible that the bacteria could also spread 

from the alveolar space through the lymphatic system (Yamazaki, Danelishvili et al. 
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2006). Studies have also shown that MAH were able to invade type II alveolar 

epithelial cells and replicate (Bermudez and Goodman 1996). 

Epithelial Cell Immune Response to Infection 

During infection, the host responds in many different ways to counterattack 

pathogens. This is done through various mechanisms one of which is the release of 

cytokines. Cytokines modulate host cell growth, migration, and differentiation and 

are critical for immune response against pathogens. Unfortunately, epithelial cell 

response to MAH infection is understudied.  

 Rao et al found that when A549 respiratory cells were infected with clinical 

and non clinical strains of MAH, monocyte chemoattractant protein, MCP-1, was 

only secreted by cells infected with clinical strains suggesting that the host cells 

recognize specific virulence traits on the surface or secreted by clinical strains (Rao, 

Hayashi et al. 2000). Sonicated clinical strains also elicited the same response 

suggesting that novel protein synthesis was not necessary for cytokine secretion (Rao, 

Hayashi et al. 2000). Contrary to these results, a study by Li et al found that MCP-1 

was secreted by A549 cells only when infected with M. tuberculosis but not MAH 

(Lin, Zhang et al. 1998). Rao et al suggest that this difference was due to differing 

multiplicities of infection (MOI) (Rao, Hayashi et al. 2000).  

 In another study, using environmental MAH isolated from a moldy home, the 

authors found that MAH were able to stimulate IL-6 in a time dependent manner but 

not TNF-α or IL-1β from alveolar epithelial cells (Huttunen, Jussila et al. 2001). In 

another study by Sangari et al, HT-29 intestinal epithelial cells and HEp-2 laryngeal 

cells infected with MAH inhibited or delayed the release of RANTES and IL-8 

(Sangari, Petrofsky et al. 1999). During infection of HT-29 cells, RANTES and IL-8 

cytokines were inhibited for up to 7 days whereas infection of HEp-2 cells with MAH 

delayed secretion of cytokines for up to 72 hours. Interestingly, the supernatant of 

MAH infected host cells was also able to inhibit cytokine release when cells were 

infected with Salmonella suggesting that this inhibition is mediated by MAH bacterial 

secreted factors (Sangari, Petrofsky et al. 1999).  

Scope of Doctoral Dissertation 



 

 

16 

 The aim of this dissertation was to investigate the molecular mechanisms 

utilized by MAH to successfully colonize the respiratory epithelial mucosa by 

identifying the genes involved during microaggregate formation, characterizing two 

highly upregulated genes involved in the binding and invasion of the host epithelial 

cell, and characterizing the differential host cell response to microaggregate and 

planktonic infections.  

Scanning electron microscopy and DNA microarray were initially utilized to 

identify the timing of microaggregate formation, as well as, the genes involved in 

regulating microaggregate formation, respectively. In the subsequent chapters, we 

also proceeded to characterize two highly upregulated, small, hypothetical proteins. 

MBP-1, the highest upregulated gene during microaggregate formation was found to 

be involved in microaggregate binding to the host epithelial cell through the host 

protein vimentin. MIP-1 was also highly upregulated during microaggregate 

formation and found to be involved in binding and invasion of the respiratory mucosa 

in part due to the host protein filamin A. To characterize the host cell response to 

microaggregate and planktonic infection, we utilized three assays to identify 

differences during infection. The transwell assay was utilized to assess translocation 

across a polarized monolayer, using mass spectrometry, we identified differentially 

phosphorylated host proteins during infection with planktonic and microaggregate 

infection, and using ELISAs, cytokine response was also assessed.  

Much remains to be uncovered concerning the pathogenesis of MAH, as well 

as preventing and treating NTM respiratory disease. With a clearer understanding on 

how MAH is able to colonize the epithelial mucosa, we will not only gain significant 

insights to mycobacterial pathogenesis and persistence, but also help determine the 

most efficient way to prevent or treat infections. 
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ABSTRACT 

Mycobacterium avium subsp. hominissuis is an opportunistic environmental 

pathogen that causes respiratory illness in immunocompromised patients, such as 

those with cystic fibrosis as well as other chronic respiratory diseases. Currently, 

there is no efficient approach to prevent or treat M. avium subsp. hominissuis 

infection in the lungs. During initial colonization of the airways, M. avium subsp. 

hominissuis forms microaggregates composed of 3 to 20 bacteria on human 

respiratory epithelial cells, which provides an environment for phenotypic changes 

leading to efficient mucosal invasion in vitro and in vivo. DNA microarray analysis 

was employed to identify genes associated with the microaggregate phenotype. The 

gene encoding microaggregate-binding protein 1 (MBP-1) (MAV_3013) is highly 

expressed during microaggregate formation. When expressed in noninvasive 

Mycobacterium smegmatis, MBP-1 increased the ability of the bacteria to bind to 

HEp-2 epithelial cells. Using anti-MBP-1 immune serum, microaggregate binding to 

HEp-2 cells was significantly reduced. By far-Western blotting, and verified by 

coimmunoprecipitation, we observed that MBP-1 interacts with the host cytoskeletal 

protein vimentin. As visualized by confocal microscopy, microaggregates, as well as 

MBP-1, induced vimentin polymerization at the site of bacterium-host cell contact. 

Binding of microaggregates to HEp-2 cells was inhibited by treatment with an anti-

vimentin antibody, suggesting that MBP-1 expression is important for M. avium 

subsp. hominissuis adherence to the host cell. MBP-1 immune serum significantly 

inhibited M. avium subsp. hominissuis infection throughout the respiratory tracts of 

mice. This study characterizes a pathogenic mechanism utilized by M. avium subsp. 

hominissuis to bind and invade the host respiratory epithelium, suggesting new 

potential targets for the development of anti-virulence therapy. 
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INTRODUCTION 

Mycobacterium avium subsp. hominissuis is an environmental bacterium 

ubiquitous in soil and natural water sources. In addition, M. avium subsp. hominissuis 

is an opportunistic pathogen that poses a major risk to immunocompromised patients, 

such as those with HIV infection, cystic fibrosis, and chronic respiratory diseases 

such as bronchiectasis and chronic obstructive pulmonary diseases (COPD). During 

the AIDS epidemic, mycobacterial infections became a widespread medical concern 

due to high morbidity and mortality in severely immunocompromised individuals 

(Inderlied, Kemper et al. 1993). In recent years, there has been a significant increase 

in the incidence of nontuberculous mycobacterial (NTM) lung infections, including in 

cystic fibrosis patients, where M. avium subsp. hominissuis accounts for 72% of 

mycobacterial infections (Griffith, Aksamit et al. 2007, Levy, Grisaru-Soen et al. 

2008, Orme and Ordway 2014). Studies have also found an increase in NTM lung 

infections in middle-aged women with no known underlying conditions (Prince, 

Peterson et al. 1989).  

Due to the hardy cell wall of M. avium subsp. hominissuis and its natural 

resistance to many antibiotics, treatment is lengthy and encompasses a combination of 

various antibiotics, such as macrolides and ethambutol, with a potential decrease in 

patient compliance. In addition, M. avium subsp. hominissuis infection has a high 

incidence of reoccurrence and frequently results in antibiotic resistance over time, 

supporting experimental data that show that biofilm production in the lungs may play 

a role in the establishment of infection (Wolinsky 1979, Yamazaki, Danelishvili et al. 

2006). In fact, M. avium subsp. hominissuis biofilms are resistant to currently used 

antimycobacterial therapies, and studies suggest that biofilm production is closely 

associated with the ability to cause lung infections (Carter, Young et al. 2004, 

Yamazaki, Danelishvili et al. 2006).  

Pathogenic microorganisms utilize a number of strategies to establish 

infection within the host. Respiratory pathogens are inhaled into the lungs and bind to 

and cross the respiratory mucosa, all while evading host defenses. The ability of 
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bacteria to adhere to and invade the mucosal epithelium is often mediated by 

interaction with host proteins and modulation of host cell signaling. Streptococcus 

pneumoniae uses the surface-exposed bacterial protein PspC to facilitate adhesion to 

the host cell surface by interacting with vitronectin, a host glycoprotein (Voss, 

Hallstrom et al. 2013). Several mycobacterial proteins that facilitate adhesion to the 

host epithelial cell membrane, such as fibronectin attachment proteins (FAP), histone-

like protein (Hlp), the heparin-binding hemagglutinin (HBHA), and antigen 85, have 

been characterized (Schorey, Holsti et al. 1996, Shimoji, Ng et al. 1999, Pethe 2000). 

Pathogens also take advantage of surface-exposed cytoskeletal proteins for successful 

adhesion and invasion of epithelial cells. Dam et al. have shown that cytoskeletal 

rearrangement through activation of Cdc42 by the product of the mycobacterial 

fadD2 gene results in actin polymerization, which is necessary for efficient invasion 

of intestinal mucosal epithelial cells (Dam, Danelishvili et al. 2006). Other studies 

have observed that inhibition of actin polymerization by cytochalasin b prior to 

infection substantially decreases M. avium subsp. hominissuis epithelial cell invasion 

(Bermudez and Young 1994, Dam, Danelishvili et al. 2006). In addition, other 

cytoskeletal proteins, such as vimentin, a type III intermediate filament protein, are 

also used by both bacterial and viral pathogens as a receptor for adherence and 

invasion host cells. The Escherichia coli K1 virulence factor IbeA+ was shown to 

directly bind to vimentin and was required for signaling and invasion of human brain 

microvascular cells (HBMEC) (Chi, Jong et al. 2010).  

Bacterial aggregation has been shown to be important for the pathogenesis of 

infections caused by Pseudomonas aeruginosa, Streptococcus pyogenes, 

uropathogenic Escherichia coli, Bordetella pertussis, Neisseria meningitidis, and 

Enterococcus spp. (Menozzi, Boucher et al. 1994, Frick, Morgelin et al. 2000, 

Sherlock, Schembri et al. 2004, Helaine, Carbonnelle et al. 2005, Lepanto, Bryant et 

al. 2011, Barnes, Ballering et al. 2012). Microaggregate formation is often mediated 

by cell surface proteins, such as fimbriae and pili, and can have a protective effect in 

the presence of antibiotics, enhance bacterial adherence to host cells, and serve as a 

prelude to early biofilm formation (Kapral, Godwin et al. 1980, Menozzi, Boucher et 
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al. 1994, Frick, Morgelin et al. 2000). N. meningitidis expresses a type IV pilus (Tfp) 

that not only is involved in host cell adhesion, twitching motility, and DNA uptake 

but also mediates formation of bacterial aggregates, which have been shown to be 

necessary for efficient infection in mice (Eriksson, Eriksson et al. 2012).  

Previous findings in our laboratory by Yamazaki et al. showed that exposure 

of M. avium subsp. hominissuis to bronchial cells for a period of 24 h resulted in the 

formation of microaggregates consisting of 3 to 20 bacteria (Yamazaki, Danelishvili 

et al. 2006). The microaggregates were shown to invade respiratory epithelial cells 

with greater efficiency than those bacteria that were not in microaggregates 

(planktonic bacteria), and this invasive phenotype was not induced by epithelial cell 

supernatant (Yamazaki, Danelishvili et al. 2006). Our working model postulates that 

during initial colonization of the airways, M. avium subsp. hominissuis forms 

microaggregates on the surfaces of airway epithelial cells, which provides an 

environment for phenotypic changes leading to efficient mucosal crossing.  

In this study, we investigated a virulence strategy utilized by M. avium subsp. 

hominissuis during the early stages of respiratory infection. We have characterized 

microaggregate formation by utilizing DNA microarrays to obtain whole-genome 

transcriptional profiling of bacteria under the conditions of microaggregate formation 

and have identified a highly expressed gene encoding microaggregate-binding protein 

1 (MBP-1) (MAV_3013), which is important for bacterial adhesion to the respiratory 

epithelium. Overall, our data provide insights into the initial interaction between M. 

avium subsp. hominissuis and the respiratory mucosa.  
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MATERIALS AND METHODS  

Bacterial cultures. Mycobacterium avium strain 104 (serovar 1) was isolated from 

blood of AIDS patients. M. avium subsp. hominissuis strain 3388 (MAC3388), 

isolated from a human mycobacterial lung infection, was a gift from Barbara Brown-

Elliot (Tyler, TX). Mycobacterium smegmatis mc2 155 was kindly provided by W. 

Jacobs, Jr. (Albert Einstein School of Medicine, Bronx, NY). Mycobacterial strains 

were cultured on Middlebrook 7H10 agar supplemented with 10% oleic acid, 

albumin, dextrose, and catalase to log phase (Hardy Diagnostics, Santa Maria, CA.). 

Prior to assays, the bacteria were resuspended in 2 ml of Hanks' balanced salt solution 

(HBSS) (Cellgro, Manassas, VA) and passed through a 20-gauge needle 5 times to 

break cell aggregates. The suspension was allowed to rest for 2 min at room 

temperature, and only the top 1 ml was ultimately used. An optical density of 0.084 at 

600 nm (7 × 107 CFU/ml) was used to quantify bacterial concentrations.  

Cell culture. HEp-2 cells (CCL-23) and BEAS-2B cells (CRL-9609) were obtained 

from the American Type Culture Collection (Manassas, VA). HEp-2 cells were 

grown in RPMI 1640 (Lonza, Allendale, NJ) supplemented with 10% fetal bovine 

serum (FBS) (Gemini Bio-products, Sacramento, CA) at 37°C and 5% CO2. BEAS-

2B cells were grown in bronchial epithelial basal medium (BEBM) supplemented 

with bronchial epithelial growth medium (BEGM) SingleQuot kit supplement and 

growth factors (CC-3170; Lonza, Allendale, NJ). For all the assays, epithelial cells 

were used at 80% confluence.  

Microscopy. For scanning electron microscopy, HEp-2 cells were grown on 

coverslips placed in 24-well tissue culture plates. Bacteria were added at a 

multiplicity of infection (MOI) of 10. At each time point, the medium was gently 

removed using a Pasteur pipette, and 4% glutaraldehyde–2% paraformaldehyde (Alfa 

Aesar, Ward Hill, MA) was added and left for 1 h at room temperature. The 

coverslips were then washed three times with HBSS, treated with 1% osmium 

tetroxide in 0.2 M cacodylate buffer (Ted Pella Inc., Redding, CA), and dehydrated 

with graded solutions of acetone at room temperature. Samples were sputter coated 
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with 15- to 20-nm gold-palladium. Micrographs were taken using the FEI Quant 600F 

FE scanning electron microscope at the Oregon State University Electron Microscopy 

Facility. Micrographs are representative of four biological experiments, and at least 

30 fields were taken at each time point.  

For confocal microscopy studies, HEp-2 cells were seeded and infected in 8-chamber 

slides at an MOI of 10. The infected monolayer was washed three times with HBSS 

and fixed using ice-cold methanol at −20°C for 15 min. Monolayers were blocked 

with 2% bovine serum albumin (BSA) (Sigma, St. Louis, MO) for 1 h. Monolayers 

were then incubated for 1 h at room temperature with mouse anti-vimentin V9 

antibody (Sigma) at a dilution of 1:200 in PBST buffer (3.2 mM Na2HPO4, 0.5 mM 

KH2PO4, 1.3 mM KCl, 135 mM NaCl, 0.05% Tween 20, pH 7.4) and subsequently 

incubated with mouse IgG linked to Alexa Fluor 680 secondary antibody (1:200; 

Santa Cruz Biotechnology, Dallas, TX) for 30 min. For confocal microscopy, samples 

were examined with a Leica Zeiss LSM510 META with Axiovert 200 motorized 

microscope with version 3.2 LSM software. Images were acquired with the same 

optimized parameters for all experiments. For immunofluorescence, a Leica 

DM4000B microscope was used. Confocal microscopy studies were repeated three 

times, and over 10 fields were captured for each condition. The LSM image browser 

was used to analyze the images.  

Formation and isolation of microaggregates. HEp-2 cells were grown in 75-cm2 

flasks (BD Biosciences, San Jose, CA), treated with 5 µg/ml of cytochalasin B 

(Sigma) for 2 h, and then washed three times with HBSS. A single-cell suspension of 

M. avium subsp. hominissuis was prepared as described above, diluted in RPMI 1640 

for an MOI of 100, and incubated with HEp-2 cells at 37°C with 5% CO2 for 24 h. 

The supernatant was then recovered and immediately placed on ice. Additionally, the 

HEp-2 cells were washed three times with ice-cold HBSS to obtain remaining 

microaggregates. The microaggregate suspension was then observed under a 

microscope for confirmation of the structure. The total supernatant was then 

centrifuged for 15 min at 16,000 × g at 4°C. The supernatant was decanted, and the 

pellet was resuspended in 5 ml of HBSS and centrifuged for 5 min at 150 × g to 
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remove any host cells. The supernatant was then transferred to a new 50-ml conical 

tube and centrifuged again for 15 min at 16,000 × g at 4°C. The supernatant was 

again decanted and the pellet resuspended in 2 ml of HBSS, and the bacterial 

concentration was measured using optical density. For CFU determination, the 

bacterial inoculum was serially diluted and plated onto 7H10 agar plates.  

Replication during microaggregate formation. Microaggregates were formed as 

described above in 75-cm2 flasks with HEp-2 cells at 37°C with 5% CO2 for 24 h. 

CFU were quantified in the initial inoculum and after 24 h by plating the suspensions 

onto Middlebrook 7H10 agar plates.  

Bacterial RNA extraction and purification. Microaggregates were isolated as 

described above. All solutions used in the RNA extraction protocol were chilled on 

ice prior to use, and centrifugations were carried out at 4°C at 16,000 × g for 10 min, 

unless otherwise noted. The bacterial suspension was pelleted at 4°C and resuspended 

with 0.7 ml of RNA detergent (500 mM sodium acetate [pH 4] [Sigma], 1% Triton X-

100 [Sigma], and 0.6% sodium dodecyl sulfate [Sigma]) in nuclease-free water 

(Ambion, Austin, TX) and 0.6 ml of acid phenol (Sigma) and transferred to a bead 

beater tube with 300 µl of 0.1-mm glass beads (Sigma). The bacteria were disrupted 

with a bead beater 6 times at maximum speed for 20 s, allowing each sample to chill 

between bead beater treatments. The tubes were then centrifuged for 5 min, and the 

upper aqueous phase was carefully transferred to a clean 1.5-ml Eppendorf tube; 0.2 

ml of RNA detergent and 0.6 ml of chilled acid phenol were then added to each 

sample and vortexed. The same procedure was repeated, and the upper aqueous phase 

was again carefully transferred to a clean tube, where an additional 0.6 ml of acid 

phenol was added to each sample. The same procedure was repeated, and the upper 

aqueous layer was transferred to a clean tube and 0.6 ml of chloroform-isoamyl 

alcohol (25:1) (Sigma) was added. The same procedure was repeated again, and the 

aqueous layer was split into two tubes per sample and underwent an ethanol 

precipitation. Four volumes of 95% to 100% ethanol (Sigma) was added to each tube. 

The tubes were vortexed in a bead beater for 10 s and incubated for 30 min at −20°C. 

The samples were centrifuged and the supernatant removed. The pellet was 
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resuspended with 1 ml of 75% ethanol, agitated, and centrifuged. The supernatant 

was removed, and the pellet was resuspended in 100% ethanol. The sample was 

centrifuged, and the supernatant was removed, spun a second time, and allowed to sit 

at 4°C to remove any excess ethanol. The pellet was then resuspended in 0.2 ml of 

nuclease-free water, and corresponding samples were combined. Samples were 

treated with recombinant DNase I (Roche, Indianapolis, IN) and RNaseOUT 

recombinant RNase inhibitor (Invitrogen, Carlsbad, CA) as per the manufacturer's 

protocol. One milliliter of TRIzol reagent (Invitrogen, Carlsbad, CA) and 0.2 ml of 

chloroform (Sigma) were added to each sample, and the tubes were vortexed with a 

beadless bead beater for 5 s. The samples were then centrifuged, the upper aqueous 

phase was transferred to a clean tube, and 0.6 ml of chloroform-isoamyl alcohol 

(24:1) (Sigma) was added to each sample. Each sample was then agitated, followed 

by centrifugation at 4°C and 3,000 × g for 10 min. The samples were then split into 

two tubes again and underwent a second ethanol precipitation, as described above. 

The pellet was resuspended in 15 µl of TE buffer (10 mM Tris-HCl and 1 mM 

EDTA), and corresponding samples were combined. The MICROBEnrich kit 

(Ambion, Austin, TX) was used according to the manufacturer's protocol on each 

sample to remove mammalian RNA. The final purified samples were resuspended in 

5 µl of nuclease-free water. The purified bacterial RNA samples were amplified and 

biotin labeled using the MessageAmp II-Bacteria kit according to the manufacturer's 

instructions (Ambion, Austin, TX). Samples were eluted in nuclease-free water and 

vacuum centrifuged to a final concentration of 1 µg/ml. The concentration, quality, 

and purity of bacterial RNA were then checked using a NanoDrop 2000 instrument 

(Thermo Scientific, Wilmington, DE) as well as by electrophoresis on a DNA gel.  

DNA microarrays. The amplified RNA (aRNA) was bioanalyzed and fragmented at 

the Center for Genome Research and Biocomputing (CGRB) at Oregon State 

University. The aRNA was hybridized to an M. avium subsp. hominissuis-specific 

microarray chip (Affymetrix, Santa Clara, CA) (25). Three biological replicates were 

analyzed for microaggregate and control samples. The quality of microarray 

hybridization was determined using the Affymetrix MAS5 algorithm, and 
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normalization was performed by using the average of all data points for each array. 

Changes in expression levels were calculated by using normalized intensities and 

were given as ratios. Affymetrix gene chip data were extracted, normalized, and log2 

transformed, and expression differences were analyzed using ArrayStar5 

(DNASTAR, Madison, WI). Genes with differential fold expression intensity of ≥2 

were analyzed and ranked according to fold expression.  

Real-time PCR. Four genes identified as differentially expressed in the microarray 

were validated using relative quantitative real-time PCR with a Bio-Rad iCycler and 

SYBR green technology (Bio-Rad, Hercules, CA), as previously described (26). The 

following primers were designed based on a BLAST search of the NCBI database: 

MBP-1 (226 bp; forward, 5′-GTC GGA CAA GAG CGG TCC CGA GGA GGC C-

3′; reverse, 5′-GTT CGG CCT TCT GGC GAG CCT CGT TGA TC-3′), MAV_5199 

(135 bp; forward, 5′-GTG ACA ACA AAA GCC ATG ATC TTC TCC TG-3′; 

reverse, 5′-CTA TCC GAA ATC CGT TTC GTC CCG ATC CG-3′), MAV_1799 

(111 bp; forward, 5′-GGA TCT GCG CCG TAC GCG TGG TGC TTG G-3′, reverse, 

5′-CCA TTA GTC GTA CCG ATC ATG GCG TTG-3′), and MAV_0831 (128 bp; 

forward, 5′-GTG ACC GAC GAA GAC GAA TGG CGC GCC-3′, reverse, 5′-CAC 

TCA TAG CGT GCG TCC TCC CGG TCG C-3′). Briefly, bacterial RNA was 

transcribed to cDNA using SuperScript III Supermix (Invitrogen, Carlsbad, CA), 

according to the manufacturer's protocol. Afterwards, cDNA was denatured for 5 min 

at 95°C, followed by 30 cycles of amplification. Each cycle had a denaturation step of 

95°C for 30 s, annealing at 60°C for 30 s, and primer extension at 68°C for 1 min. 

Target genes from the control and experimental groups were normalized to the 

expression level of the 16S RNA gene. To determine the change (n-fold) in gene 

expression, the following formula was used: change (n-fold) = 2−Δ(ΔC
T

), where ΔCT 

equals CT (target) − CT (16S RNA) and Δ(ΔCT) is ΔCT (experimental) − ΔCT 

(control). Results represent the average of two technical replicates and are 

representative of three biological replicates.  

To quantify the expression of MBP-1 during microaggregate formation by the clinical 

isolate MAC3388, HEp-2 cells were infected at an MOI of 10 for 24 h at 37°C with 
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5% CO2. Bacterial RNA was extracted and reverse transcribed to cDNA as described 

above. Expression of the MBP-1 gene was then quantified by real-time PCR as 

described above using the primers used for microarray confirmation.  

Overexpression and purification of proteins. To create an MBP-1 overexpression 

construct, the gene was amplified using FideliTaq PCR master mix (Affymetrix, 

Santa Clara, CA), and the PCR-generated fragment was fused to a red fluorescent 

protein (RFP) and cloned into Escherichia coli-Mycobacterium shuttle vector 

pMV261-5HRFP, encoding kanamycin resistance (27). The resulting plasmid was 

propagated in E. coli DH10B and then electroporated into Mycobacterium smegmatis 

mc2155. Transformants were selected on 7H10 agar plates containing 100 µg/ml of 

kanamycin and screened by PCR using the primers originally used for PCR of the 

fragment.  

MBP-1 protein was purified using the pET Express & Purify kit-His60 (Clontech, 

Mountain View, CA) as per the manufacturer's instructions and purified using His-

Bind resin chromatography (Novagen, Darmstadt, Germany) as per the 

manufacturer's instructions. Overexpression and purification were confirmed by 

Western blotting using the 6XHN rabbit antibody (Clontech, Mountain View, CA).  

Production and purification of antibodies. The production of antibodies was 

adapted from the Thermo Scientific mouse antibody production protocols 

(http://www.pierce-antibodies.com/custom-antibodies/mouse-antibody-production-

protocols.cfm) with the following modifications. Briefly, MBP-1 protein was 

produced and purified as described above. Ten female C57BL/6 mice were 

immunized with three subcutaneous injections of 0.1 mg MBP-1 protein with 

incomplete Freund's adjuvant as per the manufacturer's instructions (Sigma). Boosters 

were given 21 and 42 days afterwards with one injection of 0.05 µg MBP-1 protein. 

Blood was collected at 50 days after the initial injection. Blood was centrifuged at 

1,000 × g for 10 min, and the resulting immune serum was collected and used for 

experiments. The serum was tested against MBP-1 protein at a 1:5,000 dilution by 

Western blotting to verify specificity. Preimmunization immune serum was also 
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examined for reactivity against MBP-1 protein. In addition, mouse anti-MBP-1 

antibody and preimmunization immune serum were purified on a protein G HP 

Spintrap (Thermo Scientific), which purifies the IgGs in the serum. A Bradford 

protein assay (Bio-Rad) was used to determine the concentration of the purified 

antibodies. Preimmunized serum was also obtained from mice and used as an 

experimental control. This study was performed according to the guidelines of and 

approved by the institutional animal care and use committee at Oregon State 

University (Animal Care and Use Proposal 4396).  

Binding assay. The binding assays were carried out as previously reported 

(Bermudez and Young 1994). Briefly, HEp-2 cells were infected with M. smegmatis 

overexpressing proteins of interest at an MOI of 10 for 2 h at 4°C. To synchronize 

infection, cell culture plates were centrifuged for 5 min at 232 × g after the addition 

of bacteria. Wells were then washed three times with HBSS, and cells were lysed 

with 0.1% Triton X-100 for 15 min. Cell lysates were plated onto 7H10 agar plates 

supplemented with 100 µg/ml kanamycin. After growth, CFU were quantified. For 

the antibody blocking binding assay, microaggregates were isolated as described 

above and incubated with 40 µg of mouse anti-vimentin (V9) or nonspecific mouse 

IgG antibody (Sigma) and host cells at an MOI of 10. The infection was 

synchronized, and the cells were placed at 4°C for 2 h and processed as described 

above. Bacteria were plated onto 7H10 agar plates, and the number of CFU were 

determined. For MAV-3013-treated microaggregate binding assay, microaggregates 

were isolated as described above and incubated with 50 µg of purified MBP-1 or 

nonspecific protein for 1 h at room temperature at an MOI of 10. Microaggregates 

were then washed 3 times with HBSS, and HEp-2 cells were infected (synchronized), 

placed at 4°C for 2 h, and processed as described above. For the anti-MBP-1 immune 

serum binding inhibition assay, microaggregates were incubated with anti-MBP-1 

immune serum diluted 1:1,000 for 1 h at room temperature and were then tested for 

binding to HEp-2 cells as described above. Preimmunization serum was used as a 

control. For binding assays performed with purified anti-MBP-1 antibody, a 1:1,000 



 

 

37 

dilution of antibody was incubated with microaggregate and planktonic bacteria for 1 

h at 37°C and then tested for binding with HEp-2 cells as described above.  

Western blots. For the far-Western blot, HEp-2 cells were grown in T75 flask and 

washed twice with HBSS. HEp-2 cells were then lysed with CelLytic M (Sigma) in 

the presence of protease inhibitor cocktail (Sigma), scraped off the flask, and 

centrifuged for 15 min at 12,000 × g. HEp-2 cell lysate was biotinylated using the 

ECL protein biotinylation module (Amersham Biosciences, Piscataway, NJ) as per 

the manufacturer's instructions. Biotinylated HEp-2 cell lysate was run on a 4 to 20% 

Mini-Protean precast SDS-PAGE protein gel (Bio-Rad) under reducing conditions 

and transferred to a nitrocellulose membrane (Bio-Rad). After 1 h of renaturation in 

5% blocking buffer, the membrane was further incubated with 2 mg/ml of MBP-1 or 

nonspecific MAV_0831 protein control in protein binding buffer (100 mM NaCl, 20 

mM Tris [pH 7.6], 0.5 mM EDTA, 10% glycerol, 0.1% Tween 20, 2% skim milk 

powder, 1 mM dithiothreitol [DTT]) overnight at 4°C with gentle shaking. On the 

Western blot, bound recombinant protein was detected with 6xHN polyclonal 

antibody (Clontech, Mountain View, CA) and streptavidin antibody (Li-Cor, Lincoln, 

NE) followed by the corresponding Li-Cor IR dye secondary antibodies. Host 

proteins that interacted with MBP-1 were subsequently excised from the protein gel 

using the Pierce (Rockford, IL) in-gel tryptic digestion kit and identified by mass 

spectrometry at the Mass Spectrometry Facility at Oregon State University.  

To measure phosphorylation of HEp-2 cells by Msmeg-3013, HEp-2 cells were 

grown in 6-well plates overnight at 2 × 105 cells/ml and infected with Msmeg-3013 

and Msmeg-empty at an MOI of 100 for 15 and 45 min at 37°C and 5% CO2. Cells 

were then quickly washed twice with chilled HBSS, incubated with 100 µl of 

CelLytic lysis buffer (Sigma) with protease inhibitor cocktail (Sigma), and 

immediately scraped out of the well and put on ice. Proteins were run on SDS-

polyacrylamide gels and blotted onto a nitrocellulose membrane. The membrane was 

then probed with anti-phosphovimentin-Ser82 antibody (MBL International, 

Billerica, MA) and anti-β-actin (Santa Cruz Biotechnology, Dallas, TX). Band 

intensities were quantified using ImageJ software. The ratio of phosphorylated 
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vimentin compared to total protein loaded (β-actin) was determined and expressed as 

a proportion of the value for a mock-infected sample (set to 1).  

Immunoprecipitation and pulldown assay. Rabbit anti-vimentin antibody (H84) 

(Santa Cruz Biotechnology) was cross-linked to agarose beads (Invitrogen) as per 

Abcam's online protocol (Abcam, Cambridge, MA). Briefly, 40 µl of agarose beads 

was centrifuged at 10,000 × g and washed once in 1× phosphate-buffered saline 

(PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4). Beads 

were blocked in dilution buffer (1 mg/ml of BSA [Sigma] in 1× PBS) for 10 min at 

4°C. The antibody solution was then prepared by adding 20 µl of 200-µg/ml anti-

vimentin antibody (H-84) (Santa Cruz Biotechnology) to 20 µl of dilution buffer and 

incubated with the beads for 1 h at 4°C. Beads were then centrifuged at 10,000 × g, 

washed with 40 µl of dilution buffer, and resuspended in 40 µl of 1× PBS. To cross-

link the antibody to the agarose beads, 1 ml of 13-mg/ml dimethyl pimelimidate 

(DMP) was mixed with 1 ml of wash buffer (0.2 M triethanolamine in 1× PBS), and 

the pH was adjusted to 8. Afterwards, 40 µl of the cross-linking reagent was added to 

the beads and rotated for 30 min at room temperature. Beads were washed in wash 

buffer once and incubated in DMP for a second time. This was repeated once more 

for a total of three cross-linking incubations and wash steps. The reaction was 

quenched twice in 40 µl of 50 mM ethanolamine in 1× PBS for 5 min at room 

temperature, and the mixture was centrifuged and aspirated. Excess antibody was 

removed by washing the beads twice with 1 M glycine, pH 3. Beads were then 

washed three times with 0.1% Triton X-100–0.1% Tween 20 buffer at room 

temperature. Afterwards, 40 µg of vimentin protein (Abcam, Cambridge, MA) was 

incubated with the antibody-agarose complex for 2 h at 4°C. The Escherichia coli 

pellet overexpressing MBP-1 was lysed by bead beater disruption of the bacterial 

pellet with 0.1-µm glass beads (Sigma) three times in 0.1% Triton X-100–0.1% 

Tween 20 buffer. The bacterial lysate was iced between bead beater treatments, 

centrifuged at 14,000 × g for 10 min, and passed through a 0.2-µm filter. The protein 

concentration was measured using the Bradford assay (Bio-Rad), and then 0.44 mg of 

bacterial lysate was incubated with 40 µl anti-vimentin antibody-conjugated agarose 
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beads and control beads overnight with rotation at 4°C. Beads not treated with 

vimentin protein were used as a control. The protein-bead complexes were pelleted 

and washed three times with 150 mM NaCl and 0.1% Triton X-100. The protein-bead 

complexes were resuspended in Laemmli buffer (Bio-Rad) and run on a protein gel. 

The protein gel was transferred to a nitrocellulose membrane and probed with anti-

vimentin (Santa Cruz Biotechnology) and anti-6xHN polyclonal antibody (Clontech).  

For the pulldown assay, microaggregates were isolated as described above and 

biotinylated using the ECL protein biotinylation module as per the manufacturer's 

instructions (Amersham Biosciences). Briefly, excess biotin in the biotinylated 

microaggregates was quenched with 100 mM glycine and washed 3 times with 1× 

PBS. The bacterial pellet was then resuspended in 500 µl of 0.1% Triton–0.1% 

Tween, disrupted with a bead beater three times, and then purified using a Sephadex 

G25 column. MBP-1 protein was overexpressed and immobilized using the pET 

Express & Purify kit-His60 as described above. Prior to the elution step, biotinylated 

proteins were incubated with immobilized MBP-1 on the nickel column overnight at 

4°C. The nickel column was washed with 10 ml of wash buffer and eluted in 5 ml of 

elution buffer. The eluate was concentrated to 100 µl using a Microsep centrifugal 

device (Pall, Port Washington, NY). Proteins were run on an SDS-polyacrylamide gel 

and blotted onto a nitrocellulose membrane. The membrane was then probed with 

streptavidin antibody (Li-Cor) followed by the corresponding Li-Cor IR dye 

secondary antibody. Bacterial proteins that interacted with MBP-1 were subsequently 

excised from the SDS-PAGE protein gel using the Pierce (Rockford, IL) in-gel tryptic 

digestion kit and identified by mass spectrometry at the Mass Spectrometry Facility at 

Oregon State University.  

Mycobacterial 2-hybrid system (M-PFC). The mycobacterial 2-hybrid system 

(mycobacterial protein fragment complementation [M-PFC]) was used out as 

previously described (Singh, Mai et al. 2006, McNamara, Danelishvili et al. 2012). 

Vectors pUAB300 (prey) and pUAB400 (bait) were donated from the Steyn lab. As 

described previously (McNamara, Danelishvili et al. 2012),  the MBP-1, MAV_4504, 

MAV_0623, and MAV_2921 genes were amplified using FideliTaq PCR master mix 
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(Affymetrix). MBP-1 and MAV_2922 were cloned into the bait vector (pUAB400), 

while MAV_4504 and MAV_0623 were cloned into the prey vector (pUAB300). The 

resulting plasmids were propagated in E. coli DH10B, and then the MBP-1-pUAB400 

construct was electroporated into Mycobacterium smegmatis mc2155. Transformants 

were selected on 7H10 agar plates containing 40 µg/ml of kanamycin and screened by 

PCR using the primers originally used for PCR of the fragment. Bait plasmids were 

cultured and purified according to the manufacturer's protocols (Qiagen, Alameda, 

CA). The bacterial cultures were electroporated with 500 ng of bait plasmids and 

plated on 7H10 plates supplemented with 40 µg/ml kanamycin, 50 µg/ml 

hygromycin, and 20 µg/ml trimethoprim. Cultures were grown for 7 days at 37°C. 

Resistant colonies were restreaked onto new triple-selective plates, and plasmids were 

confirmed using PCR to eliminate false-positive results.  

Statistical analysis. The experiments described in this paper were repeated at least 

two times, and data shown are means from those replicates ± standard error. When 

comparing two groups, the Student t test was used, and when analyzing more than 

two groups, an analysis of variance (ANOVA) was carried out. Differences between 

experimental and control groups were considered significant when the P value was 

<0.05. Graph Pad Prism version 5.0 software was used for statistical analysis.  

Mouse infection. Female C57BL/6 mice, 6 weeks old, were infected intranasally 

with 20 µl of 2 × 1010 CFU per ml of microaggregates incubated with 50 µl anti-

MBP-1 immune serum for 1 h at 37°C. An equal volume of preimmunization serum 

was used as a control. After 24 h, the mice were sacrificed and lungs were 

homogenized and plated onto 7H10 Middlebrook agar plates for determination of 

colony counts. Ten mice were used in each experimental group. This study was 

performed according to the guidelines of and approved by the institutional animal 

care and use committee at Oregon State University (Animal Care and Use Proposal 

4396).  

Microarray data accession number. The microarray data have been deposited in 

Gene Expression Omnibus (GEO) under accession number GSE55010.  
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RESULTS 

Visualization of microaggregate formation through scanning electron 

microscopy. Yamazaki et al. have shown that during initial colonization of the 

airways, M. avium subsp. hominissuis forms microaggregates on BEAS-2B human 

epithelial cells, usually preceding the invasion of the mucosal surface (Yamazaki, 

Danelishvili et al. 2006). The invasive microaggregate phenotype was confirmed in 

vivo in a mycobacterial lung infection model in C57BL/6 mice. Mice were infected 

intranasally with equal concentrations of microaggregate and planktonic MAC104 for 

24 h. Mice infected with microaggregates carried a significantly higher bacterial 

burden than mice infected with planktonic bacteria (Fig. 2.1A). 

To identify the timeline of M. avium subsp. hominissuis microaggregate 

assembly on respiratory epithelial cells, scanning electron microscopy was carried out 

to follow microaggregate formation at 4, 24, and 48 h postexposure (Fig. 2.1B to E). 

Bacteria began attaching to the surface of the epithelial cell at 4 h (Fig. 2.1C). The 

formation of microaggregates was first seen at 24 h postinfection and progressed in a 

time-dependent manner (Fig. 2.1D). Although the previous study utilized BEAS-2B 

epithelial cells for the formation of microaggregates, for the rest of our studies HEp-2 

respiratory epithelial cells were used. We have shown that M. avium subsp. 

hominissuis forms microaggregates on both HEp-2 and BEAS-2B respiratory 

epithelial cells in a similar manner (data not shown) (Yamazaki, Danelishvili et al. 

2006). To determine whether microaggregate formation was due to bacterial 

replication, bacterial counts were taken at time zero and at 24 h after addition to HEp-

2 epithelial cells. The results indicate that although there was a very small increase in 

bacterial counts, it cannot account for the total amount of bacteria in aggregates (Fig. 

2.1F). These data agree with previously published data showing that M. avium subsp. 

hominissuis replicates poorly in RPMI 1640 medium (Bermudez and Goodman 

1996). In addition, M. avium subsp. hominissuis has a long doubling time in medium 

(~12 to 18 h), which supports the conclusion that bacteria are binding together to 

form the microaggregates, independent of replication. 
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Identification of differentially expressed genes during microaggregate formation. 

To examine the gene expression of M. avium subsp. hominissuis during 

microaggregate formation, a genome-wide custom microarray (Affymetrix) was used. 

The transcriptome of M. avium subsp. hominissuis microaggregates was compared to 

that of planktonic M. avium subsp. hominissuis (bacteria incubated in cell culture 

medium) at 24 h. Gene expression with a 2-fold difference or greater was considered 

relevant. Genes differentially expressed included 137 genes that had their expression 

level increased and 186 genes that were less expressed in microaggregates compared 

to planktonic M. avium subsp. hominissuis, and genes upregulated in microaggregates 

are listed in Table S2.1 in the supplemental material. Many genes encoding small 

hypothetical proteins were highly expressed (see Table S2.1 in the supplemental 

material). Mce genes, which have been shown to be correlated with virulence in 

mycobacteria, were upregulated as well (see Fig. S2.1 in the supplemental material). 

Ten percent of the genes that were upregulated 3- to 4-fold encode cell envelope 

proteins (see Fig. S2.1). MAV_3013 (henceforth called MBP-1), a hypothetical 

protein, with the greatest change in expression upon aggregate formation, was 

selected for further characterization. To examine whether MBP-1 was upregulated in 

a lung isolate of M. avium subsp. hominissuis, MBP-1 gene expression in strain 

MAC3388 was quantified during microaggregate formation. Consistent with MBP-1 

expression in MAC104, there was a 2.8-fold upregulation of MBP-1 in strain 

MAC3388 during microaggregate formation. The microarray results were confirmed 

by carrying out quantitative real-time PCR (RT-PCR) for four genes, and the results 

showed fold changes similar to those obtained with the DNA microarray (see Table 

S2.2 in the supplemental material).  

In silico characterization of MBP-1.Due to the high expression profile during 

microaggregate formation, microaggregate-binding protein 1 (MBP-1) was selected 

for further characterization. Because this protein has been classified as a hypothetical 

protein, we initially looked for conserved domains or motifs that would suggest 

possible function. By analyzing the gene sequence using the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) database, we determined that MBP-1, a 77-amino-acid 
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protein, shared sequence similarity with the human cytoskeletal afadin- and alpha-

actinin-binding protein (ADIP) and the ATP synthase E chain (see Fig. S2 in the 

supplemental material). MBP-1 also has four paralogs, MAV_3734, MAV_4077, 

MAV_1589, and MAV_1300. MAV_3734 and MAV_4077, which share the most 

sequence identity with MBP-1, were also upregulated during microaggregate 

formation. MBP-1 does not seem to be part of an operon, based on the orientation of 

the gene and because the genes surrounding MBP-1 are also not upregulated in the 

microarray. The bioinformatic program Softberry suggests that MBP-1 is located in 

the outer membrane of the bacteria by combining several methods of protein 

localization prediction, such as direct comparison with bases of homologous proteins 

of known localization, signal peptides, and transmembrane segments.  

Functional characterization of MBP-1.To gain insight into the function of MBP-1, 

the protein was overexpressed in Mycobacterium smegmatis mc2155, a fast-growing 

mycobacterium that is not able to invade epithelial cells. Although a knockout of the 

MBP-1 gene would be a definitive test to investigate the role of this protein during 

microaggregate formation, we were unable to construct a knockout due to the 

technical difficulty of creating a targeted mutant of a small gene without having a 

polarizing effect on neighboring genes. We felt that nonpathogenic Mycobacterium 

smegmatis overexpressing the full-length and mutated version of MBP-1 would serve 

as an adequate substitute. Mycobacterium smegmatis also encodes a protein, 

MSEMG_1170, that has 67% protein similarity to MBP-1; these two proteins do not 

share the ADIP and ATP synthase A protein domains when analyzed by using 

KEGG. In addition, the Msmeg-empty control negates any contribution of the 

endogenous MSMEG_1170 protein to the assays performed in this study. The ability 

of M. smegmatis overexpressing MBP-1 (Msmeg-3013) to bind or invade epithelial 

cells was assessed. For the binding assay, Msmeg-3013 was added to a confluent 

monolayer of HEp-2 cells and left for 2 h at 4°C (to prevent internalization of the 

bacterium). Msmeg-3013 binding to the host cells was significantly increased 

compared to that of M. smegmatis containing the empty vector (Msmeg-empty) (Fig. 

2A). To determine which sequence of MBP-1 was important for binding during 
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infection, we selected a region in the ADIP domain in MBP-1 that was conserved 

among human, rat, and mouse and overexpressed a dominant-negative deletion 

mutant of MBP-1 with deletions in this conserved region corresponding to amino 

acids 45 to 63 in M. smegmatis (Msmeg-3013Δ45-63) (see Fig. S2 in the 

supplemental material). Expression of Msmeg-3013Δ45-63 impaired the ability of M. 

smegmatis to bind to epithelial cells (Fig. 2A) compared with that of Msmeg-3013. 

To identify whether this protein plays an additional role in subsequent invasion of 

epithelial cells, an invasion assay was performed, but no significant differences were 

noted (data not shown).  

 Due to its role in binding to epithelial cells, we hypothesized that MBP-1 may 

either be transported extracellularly or be membrane bound on the surface of the 

bacterium. In order to determine if purified MBP-1 binds to the bacterial surface, 

purified MBP-1 protein was incubated with M. avium subsp. hominissuis 

microaggregates and with planktonic bacteria for 1 h and washed, and the binding to 

epithelial cells was assessed. After 2 h, microaggregates incubated with MBP-1 were 

able to bind to HEp-2 cells significantly better than the microaggregates treated with 

nonspecific protein or HBSS (Fig. 2.2B). Regardless of their treatment, planktonic 

bacteria did not show any significant differences in binding to HEp-2 cells (data not 

shown). These data suggest that MBP-1 probably binds to another bacterial protein, 

increasing the ability of microaggregates to bind the surface of epithelial cells.  

To further define the role of MBP-1 during binding, we produced an antibody 

specifically against MBP-1 in mice (see Fig. S2.3 in the supplemental material). Anti-

MBP-1 immune serum was used to assess the ability of the MBP-1 immune serum to 

block binding of microaggregates to epithelial cells. Preimmunization serum was 

used as a serum control. Microaggregates were incubated with anti-MBP-1 immune 

serum for 1 h, and the binding to HEp-2 cells was assessed. Incubation with anti-

MBP-1 immune serum inhibited 40% of M. avium subsp. hominissuis binding to the 

host, showing the importance of MBP-1 during infection (Fig. 2.2C).  
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To demonstrate that the effect of the anti-MBP-1 immune serum was due to 

anti-MBP-1 antibody, IgGs were purified using protein G affinity chromatography 

and the antibody concentration was measured. A 0.26-mg amount of purified 

antibody was incubated with microaggregates for 1 h, and binding was assessed. 

When microaggregates were incubated with anti-MBP-1 purified antibody, 

microaggregate binding was significantly reduced, whereas the antibody had no effect 

on planktonic MAC104 binding to HEp-2 cells, similarly to the anti-MBP-1 immune 

serum (data not shown).  

MBP-1 interacts with mycobacterial proteins MAV_4504 and 

MAV_0623.To identify whether MBP-1 interacts with other mycobacterial proteins 

on the bacterial surface during microaggregate formation, we performed a pulldown 

using purified MBP-1 protein as bait and M. avium subsp. hominissuis bacterial lysate 

as prey. Proteins recovered from the pulldown were sequenced, identified by mass 

spectrometry, and analyzed using the KEGG database. We found MAV_4504, an 

ABC transporter ATP-binding protein, and MAV_0623, a MaoC-like domain-

containing protein, and confirmed the results using the mycobacterial 2-hybrid system 

(Table 2.1; Fig. 2.3). MAV_4504 was previously identified to be surface exposed 

during exponential growth phase in 7H9 medium, suggesting that MAV_4504 in its 

role as a transporter may be responsible for translocating or anchoring MBP-1 protein 

to the surface of the bacterium during microaggregate formation (29). MAV_4504 

has homology to Mycobacterium tuberculosis H37Rv protein Rv0655, an ABC 

transporter, which has been shown to be present on the membrane fraction of M. 

tuberculosis and required for growth in C57BL/6J mice, suggesting that this protein 

plays an important role in virulence (31, 32). MAV_0623 is a probable 

dehydrogenase with homology to Rv3538. This protein is predicted to be involved in 

lipid catabolism in Mycobacterium tuberculosis. Rv3538 was identified by mass 

spectrometry to be present in whole-cell lysates but not in the culture filtrate or 

membrane protein fraction, indicating that MAV_0623 may interact with MBP-1 

prior to being exported to the surface of the bacterium. Upon microaggregate 
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formation, the MAV_4504 and MAV_0623 genes were not upregulated, suggesting 

that these proteins may be already present in the bacteria.  

MBP-1 utilizes the host cytoskeletal protein vimentin during 

microaggregate formation. Because MBP-1 has homology to the eukaryotic protein 

ADIP, we hypothesized that it might interact with host cell proteins. To identify them, 

HEp-2 cell lysate was collected and far-Western blotting was carried out with purified 

MBP-1 protein and purified MAV_0831 protein as a nonspecific negative control. 

Vimentin (P08670) was identified (Fig. 2.4A), and MBP-1–vimentin interaction was 

further confirmed through coimmunoprecipitation (Fig. 2.4B). 

Vimentin has been used as a receptor for binding and invasion by various 

pathogens, such as cowpea mosaic virus (CPMV), poliovirus, Theiler's murine 

encephalomyelitis virus (TMEV), porcine reproductive and respiratory syndrome 

virus (PRRSV), Escherichia coli K9, group A streptococci (GAS), and Salmonella 

(Nedellec, Vicart et al. 1998, Murli, Watson et al. 2001, Bryant, Bayer et al. 2006, 

Kim, Fahad et al. 2006, Zou, He et al. 2006, Koudelka, Destito et al. 2009). To study 

the role of vimentin during microaggregate binding, we examined whether bacterial 

binding would be inhibited by blocking surface vimentin. Anti-vimentin monoclonal 

antibody V9 was incubated with bacteria and host cells to prevent bacterial access to 

HEp-2 surface vimentin. Treatment with anti-vimentin antibody significantly 

inhibited binding of microaggregates to HEp-2 cells, confirming the importance of 

MBP-1 and vimentin during microaggregate binding on epithelial cells (Fig. 2.4C).  

MBP-1 overexpression and microaggregate formation induce changes in the 

host protein vimentin. Vimentin has proven to be important for invasion and binding 

of viruses and bacteria to epithelial cells, and for several of these pathogens, there is a 

notable clustering or polymerization of vimentin at the site of entry (Nedellec, Vicart 

et al. 1998, Murli, Watson et al. 2001, Bryant, Bayer et al. 2006, Kim, Fahad et al. 

2006, Zou, He et al. 2006, Koudelka, Destito et al. 2009, Chi, Jong et al. 2010). Since 

MBP-1 binds to vimentin, we examined the ability of MBP-1 and M. avium subsp. 

hominissuis microaggregates to induce vimentin polymerization using confocal 
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microscopy. During Msmeg-3013 infection of HEp-2 cells, a significant number of 

bacteria colocalized with polymerized vimentin, which was absent during infection 

with Msmeg-empty (Fig. 2.5A and B). M. avium subsp. hominissuis microaggregates 

also induced polymerization of vimentin adjacent to the bacteria, in contrast to the 

planktonic bacteria (Fig. 2.5A and B).  

The phosphorylation state of proteins is very important in the function of 

cytoskeletal proteins such as intermediate filaments. Previous studies have illustrated 

that during infection, African swine fever virus (ASFV) infection and E. coli K9 

infection induce phosphorylation of the N-terminal domain of vimentin on Ser82 

(Stefanovic, Windsor et al. 2005, Chi, Jong et al. 2010). Since overexpression of 

MBP-1 induced polymerization of vimentin, we examined whether vimentin (Ser82) 

phosphorylation was induced during Msmeg-3013 infection of epithelial cells. 

Infection of HEp-2 cells with Msmeg-3013 increased the amount of phosphorylated 

vimentin compared to that with Msmeg-empty, (Fig. 2.5C and D).  

In vivo antibody inhibition assay. The in vitro data suggest that MBP-1 

protein is a major component of microaggregate binding to epithelial cells, and 

binding was inhibited by anti-MBP-1 immune serum in vitro. To test the importance 

of MBP-1 in vivo, two groups of 10 female C57BL/6 mice were infected intranasally 

with microaggregates that had been incubated with 50 µl of anti-MBP-1 immune 

serum or preimmunization serum for 1 h at 37°C. Mice were sacrificed after 24 h, and 

lungs were plated to enumerate bacterial colonization. Mice that were infected with 

microaggregates incubated with anti-MBP-1 immune serum provided significant 

protection against colonization compared to microaggregates incubated with 

preimmunization serum, suggesting that MBP-1 antibody plays an important role 

during infection in vivo (Fig. 2.6).  
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DISCUSSION 

In comparison to disease caused by other lung pathogens, such as 

Mycobacterium tuberculosis, nontuberculous mycobacterial lung disease has not been 

extensively studied. Previous studies have shown that M. avium subsp. hominissuis 

can successfully cross the bronchial airway mucosa after preexposure to host cells for 

24 h, which is coupled with microaggregate formation on the surface of the epithelial 

cells. We have identified and characterized MBP-1, a protein differentially expressed 

upon microaggregate formation that plays a role in binding to the respiratory mucosa 

and is potentially a good candidate for prophylactic therapy.  

MBP-1, the most highly expressed hypothetical protein, is associated with 

increased ability to bind respiratory epithelial cells, and serum against MBP-1 

provided significant protection against infection in vitro and in vivo. The robustness 

of the microarray was confirmed by finding similar bacterial gene expression changes 

with various other pathogenic bacteria under comparable conditions (La, Raoult et al. 

2008). Studies on Neisseria meningitidis and Shigella flexneri have shown that at the 

onset of infection, the bacteria undergo extensive surface remodeling that is similar to 

what is observed during microaggregate formation, where 10% of 3- and 4-fold-

upregulated genes are associated with the cellular envelope (Grifantini, Bartolini et al. 

2002, Lucchini, Liu et al. 2005). Six mce (mammalian cell entry) genes, which were 

shown to confer on nonpathogenic Escherichia coli the ability to invade and survive 

inside host cells, were also upregulated during microaggregate formation. Similarly to 

what has been described with Burkholderia infection, M. avium subsp. hominissuis 

microaggregate genes involved in bacterial growth and proliferation were 

downregulated (Tuanyok, Tom et al. 2006). “Housekeeping” genes involved in 

protein synthesis and transcription in Vibrio, Shigella, and Listeria during infection of 

host cells were downregulated in a manner similar to that for M. avium subsp. 

hominissuis microaggregates (Lucchini, Liu et al. 2005, Joseph, Przybilla et al. 2006).  

The ability of bacteria to shift metabolically in response to different 

environmental cues is very important for survival, due to limited availability of 
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nutrients for growth inside the host. From the microarray, we can also gain insights 

about the metabolism of M. avium subsp. hominissuis during microaggregate 

formation. Although controversial, emerging evidence suggests that M. tuberculosis 

utilizes fatty acids rather than carbohydrates in the phagosome, which contrasts from 

other pathogenic bacteria (Graham and Clark-Curtiss 1999, Dubnau and Smith 2003, 

Munoz-Elias, Upton et al. 2006). Catabolic beta-oxidation of fatty acid chains yields 

both acetyl coenzyme A (acetyl-CoA) and propionyl-CoA, where propionyl-CoA is 

then assimilated via the methylcitrate cycle and acetyl-CoA continues on to the citric 

acid cycle for energy. Furthermore, the upregulation of the methlyisocitrate lyase 

(prpB), methylcitrate synthase (prpC), and methylcitrate dehydratase (prpD) genes 

during microaggregate formation suggests that beta-oxidation also occurs 

extracellularly with the breakdown of host cell surface fatty acids.  

MBP-1 has conserved domains matching the human afadin- and alpha-actinin-

binding protein (ADIP). ADIP is involved in the organization of the actin 

cytoskeleton (Asada, Irie et al. 2003). It is located at cell-cell junctions and serves to 

connect the nectin-afadin and E-cadherin-catenin systems through the protein α-

actinin in the host cell. Listeria monocytogenes expresses ActA, a bacterial protein 

with strong homology to the cytoskeletal protein vinculin that is involved in moving 

and spreading intracellularly by interacting with actin (Domann, Wehland et al. 

1992). By containing the ADIP domain that recognizes afadin and α-actinin, one can 

speculate that MBP-1 could be a product of the coevolution of mycobacteria with 

eukaryotic cells.  

MBP-1 binds to vimentin, a type III intermediate filament that is part of the 

cytoskeleton, and has important roles in cell wall integrity, attachment, migration, and 

cell signaling (Ivaska, Pallari et al. 2007). Bacteria and viruses can both exploit 

surface-exposed and cytoplasmic vimentin for adhesion and invasion of 

nonphagocytic cells (Murli, Watson et al. 2001, Stefanovic, Windsor et al. 2005, 

Koudelka, Destito et al. 2009). The Salmonella virulence protein SptP recruits 

vimentin to the membrane ruffles at the host cell wall (Murli, Watson et al. 2001). 

Cowpea mosaic virus (CPMV) is able to specifically invade endothelial cells via 
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surface vimentin (Koudelka, Destito et al. 2009). African swine fever virus (ASFV) 

infection leads to vimentin-mediated cages surrounding viral particles, which are 

regulated by phosphorylation of the head domain Ser82 of vimentin (Stefanovic, 

Windsor et al. 2005). Similarly to cowpea mosaic virus and other pathogens, MBP-1 

can induce the polymerization and phosphorylation of vimentin, demonstrating that 

M. avium subsp. hominissuis microaggregates can directly modulate the host 

cytoskeleton. The abrogation of the ability of microaggregates to bind to host cells 

when treated with anti-vimentin antibody strongly suggests that vimentin is a major 

pathway for microaggregate binding. We currently have no evidence to suggest that 

other mycobacterial binding proteins (FAP, Hlp, and HBHA) play an additional role 

in binding of microaggregates to host cells, but our results seem to indicate that 

binding via vimentin is a specific and major route for microaggregates. Also, since 

microaggregates bind more efficiently to epithelial cells than Msmeg-3013 and 

vimentin is the predominant route of microaggregate binding, one may infer that 

microaggregates express MBP-1 at higher concentrations than M. smegmatis 

overexpressing MBP-1. There is now increasing evidence suggesting that utilization 

of vimentin by pathogens is a conserved mechanism for bacterial adhesion and entry 

into nonphagocytic host cells.  

Mycobacterial lung infections appear preferentially in late-term infections in 

patients with cystic fibrosis, when lungs are severely damaged, and is coupled with 

high expression of vimentin, which plays an important role in wound healing (Rogel, 

Soni et al. 2011). Blocking or inhibiting the interaction between vimentin and MBP-1 

through prophylactic treatment with anti-MBP-1 antibody may provide significant 

protection against M. avium subsp. hominissuis lung infection. Our study suggests 

that overexpression of vimentin present in compromised lungs such as those of 

patients with cystic fibrosis or bronchiectasis may serve as a likely receptor for M. 

avium subsp. hominissuis adhesion and subsequent lung disease.  

Microaggregate and biofilm formation has been described in various other 

pathogens and is a key component in establishing infection as well as persistence in 

the host (Menozzi, Boucher et al. 1994, Frick, Morgelin et al. 2000, Sherlock, 
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Schembri et al. 2004, Helaine, Carbonnelle et al. 2005, Lepanto, Bryant et al. 2011, 

Barnes, Ballering et al. 2012). M. avium subsp. hominissuis can form robust, complex 

biofilms in the environment, including urban water systems (Carson, Petersen et al. 

1978). When M. avium subsp. hominissuis first comes into contact with the airway 

epithelium, the bacteria initiate the process of microaggregation, which can lead to 

biofilm formation. It is unknown whether the bacterium receives signs from the host 

epithelial cells that stimulate microaggregation. The high frequency of reoccurrences 

in the lungs may indicate that biofilms play an active role during infection in patients 

with mycobacterial lung infections (Carter, Young et al. 2004). Preliminary analysis 

of gene expression during a 7-day biofilm shows that 78/137 genes upregulated and 

65/186 genes downregulated during the biofilm are correspondingly expressed during 

microaggregate formation (data not published). The expression of common genes has 

significant implications on how antibiotics are administered to patients with NTM 

lung infections. By identifying and blocking the crucial proteins necessary for the 

initiation of biofilm formation, we can reduce the bacterial burden and potentially 

interfere with infection.  

In summary, we have identified differentially expressed proteins during 

microaggregate formation by M. avium subsp. hominissuis. We uncovered a novel 

mycobacterial binding mechanism in which MBP-1, a protein highly expressed 

during microaggregate formation, is used to adhere to the host epithelium by 

interacting with the host cytoskeletal protein vimentin. The observations described in 

this paper begin to define important steps of M. avium subsp. hominissuis 

pathogenesis in the respiratory mucosa.  
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Figure 2.1 In vivo and in vitro characterization of microaggregates. (A) C57BL/6 

mice were infected intranasally with equal concentrations of microaggregate and 

planktonic MAC104 for 1 day. Mice were sacrificed, and lungs were homogenized 

and plated on 7H10 plates for enumeration. (B to E) Micrographs taken with no 

infection (B) and at 4 h (C), 24 h (D), and 48 h (E) postinfection. At 48 h 

postinfection, bacteria are surrounded by filopodium-like protrusions on the surface 

of the epithelial cell. (F) Bacterial counts were taken prior to and 24 h after incubation 

with HEp-2 cells. *, P  0.05. 
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Figure 2.2 (A) MBP-1-overexpressing M. smegmatis (Msmeg-3013) has increased 

binding to HEp-2 cells compared to M. smegmatis overexpressing vector alone 

(Msmeg-empty). Msmeg-3013Δ45-63 has abrogated binding to host cells. The 

bacteria were allowed to bind to HEp-2 cells for 30 min at 4°C. Nonbound bacteria 

were washed, and HEp-2 cells were lysed and plated for CFU. CFU recovered were 

divided by the inoculum to calculate percent binding. M. avium subsp. hominissuis 

microaggregates were used as a positive control (n = 9). (B) M. avium subsp. 

hominissuis microaggregates pretreated with recombinant MBP-1 protein bound 

significantly better to HEp-2 cells than microaggregates treated with nonspecific 

protein or HBSS. M. avium subsp. hominissuis microaggregates were incubated with 

the treatment for 1 h, washed, and allowed to bind to HEp-2 cells for 2 h at 4°C. The 

nonspecific protein was purified Rv3354, a mycobacterial protein. Nonbound bacteria 

were washed, and HEp-2 cells were lysed and plated for CFU (n = 3). (C) Anti-MBP-

1 serum significantly decreased microaggregate binding to HEp-2 cells compared to 

preimmunization serum. Microaggregates were incubated with anti-MBP-1 serum or 

preimmunization serum (negative control) for 1 h at room temperature and allowed to 

bind to HEp-2 cells for 2 h at 4°C (n = 3). For all experiments, CFU recovered were 

divided by the inoculum to calculate percent binding. *, P < 0.05. 
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Figure 2.3 Interaction between MBP-1 and MAV_4504 or MAV_0623 in a 

mycobacterial 2-hybrid system. Growth of M. smegmatis harboring dual plasmids 

pUAB400 and pUAB300 (negative control) (A), MAV_2921-pUAB400 and 

MAV_2922-pUAB300 (positive control) (B), MBP-1-pUAB400 and MAV_0623-

pUAB300 (C), or MBP-1-pUAB400 and MAV_4504-pUAB300 (D) on triple-

selective medium (kanamycin, hygromycin, and trimethoprim) is shown. Positive 

protein interactions encode trimethoprim resistance. Resistant colonies were 

restreaked onto fresh triple-selective plates to eliminate false-positive results. 
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Figure 2.4 MBP-1 interacts with the host protein vimentin. (A) Identification of 

potential MBP-1 host binding partner(s) by far-Western blotting. HEp-2 protein 
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lysate was transferred to a nitrocellulose membrane and then incubated with 

recombinant MBP-1 (2 mg) (lane 1), positive-control vimentin protein (lane 2), or 

nonspecific protein MAV_0831 (lane 3) overnight at 4°C. After washing, bound 

recombinant protein was detected with anti-6xHN rabbit antibody or anti-vimentin 

V9 antibody. Four bands were selected for mass spectrometry identification. *, 

vimentin protein band. (B) Confirmation of MBP-1 and vimentin binding through 

coimmunoprecipitation. Lane 1, E. coli lysate (13 µl) overexpressing 6xHN-tagged 

MBP-1 interacting with vimentin protein and antibody-conjugated agarose beads. 

Lanes 2 to 5, negative control (lane 2), purified MBP-1 recombinant protein (lane 3), 

6xHN-tagged MBP-1 (13 µl) that was added to pull down with vimentin protein 

(loading control) (lane 4), and 6xHN-tagged MBP-1 (13 µl) that was added to pull 

down without vimentin protein (loading control) (lane 5). Beads were washed three 

times in 150 mM NaCl–0.1% Triton X-100 buffer and run on an SDS-polyacrylamide 

gel. The Western blot was then probed with anti-6xHN recombinant antibody. As a 

negative control, no vimentin protein was added to the vimentin antibody-conjugated 

agarose beads to exclude nonspecific binding. (C) M. avium subsp. hominissuis 

microaggregate binding to HEp-2 cells is inhibited by anti-vimentin antibody (V9). 

For antibody blocking assay, microaggregates were incubated with 40 µg of anti-

vimentin (V9) antibody or 40 µg of nonspecific mouse IgG and host cells at the onset 

of infection for 2 h. *, P < 0.05. 
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Figure 2.5 MBP-1 protein and M. avium subsp. hominissuis microaggregate 

formation stimulate vimentin polymerization in HEp-2 cells. (A) 

Immunofluorescence microscopy was used to examine the colocalization between 

vimentin polymerization, Msmeg-3013, and MAC104 microaggregates. HEp-2 cells 

were infected with Msmeg-RFP, Msmeg-3013, MAC104 microaggregates, or 

MAC104-planktonic bacteria for 2 h. Vimentin is labeled in green with mouse anti-

vimentin (V9) antibody. Bacteria were labeled in red with TAMRA-SE prior to 

infection. Arrowheads indicate areas where bacteria and vimentin are colocalized. 

Scale bar = 20 µm. (B) Average levels of vimentin clustering were calculated from 

the visualization of 10 randomly selected fields for each treatment. Percentages 

shown represent the number of total bacteria associated with vimentin polymerization 

divided by the total number of bacteria. *, P < 0.05. (C) HEp-2 protein lysate was 

isolated at 45 min postinfection from uninfected cells (lane 1) or cells infected with 

Msmeg-empty (lane 2) or Msmeg-3013 (lane 3). Proteins were run on an SDS-PAGE 
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protein gel and stained with antiphosphovimentin Ser82 antibody and β-actin. (D) 

Band intensities were quantified using ImageJ software. The ratio of phosphorylated 

vimentin to total protein loaded (β-actin) was determined and expressed as a 

proportion of the result for the mock-infected sample (set to 1). These data are for one 

representative of two independent replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

61 

 
Figure 2.6 Anti-MBP-1 immune serum provides protection in the lungs against 

microaggregate infection in vivo. C57BL/6 mice were intranasally infected with 

microaggregates incubated with anti-MBP-1 immune serum or preimmunization 

immune serum for 1 day. Lungs were homogenized and plated on 7H10 Middlebrook 

agar for enumeration. *, P < 0.05. 
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Table 2.1 Neg: No growth; Pos: Growth on triple selection plates.  

pUAB300 pUAB400 
Empty 

MBP-1-pUAB400 MAV_2921-
pUAB400 

pUAB300 Empty Neg - - 

MAV_4505 - Pos - 

MAV_0623 - Pos - 

MAV_2922 - - Pos 
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Figure S2.1 Differentially expressed genes during MAH microaggregate 

formation categorized based on the known or predicted functions of the encoded 

proteins. Only genes with a 2-fold change or greater were included 
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Figure S2.2 Multiple seuqnce alignment of MBP-1 protein with human, rat and 

mouse ADIP protein produced by UniProt KB. Square box indicates amino acids 

that were deleted to create the MBP-1 dominant negative construct, Msmeg-

3013Δ45-63. 

[*] denotes identical residues in all sequences. [:] denotes conserved substitutions 
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Figure S2.3 Confirmation of anti-MBP-1 immune serum. (1) BL21 E. coli lysate, 

(2) non-specific protein (Rv3345) (3) MBP-1 overexpressed in BL21 E. coli lysate 
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Table S2.1 Gene expression of MAC104 microaggregates by microarray analysis 

in comparison to planktonic bacteria.  

Locus Taga Accession no. Putative Identification Fold Change 
MAV_3013 YP_882199 hypothetical protein 6.47 
MAV_5199 YP_884315 hypothetical protein 5.97 
MAV_0345 YP_879632 methylisocitrate lyase 5.56 
MAV_2086 YP_881301 ornithine--oxo-acid transaminase 5.07 
MAV_4089 -- pseudogene 4.91 
MAV_2085 YP_881300 amidinotransferase superfamily protein 4.78 
MAV_4081 YP_883231 transferase 4.75 
MAV_4088 YP_883238 phosphoheptose isomerase 4.72 
MAV_4082 YP_883232 transferase 4.59 
MAV_4086 YP_883236  transferase 4.57 
MAV_0291 YP_879580 hypothetical protein 4.48 
MAV_4074 YP_883225 GlcNAc-PI de-N-acetylase family 

protein 
4.25 

MAV_4087 YP_883237 transferase 4.17 
MAV_1799 YP_881023 hypothetical protein 4.12 
MAV_4070 YP_883221 hypothetical protein 4.09 
MAV_0831 YP_880104 hypothetical protein 4.06 
MAV_4085 YP_883235 transferase 3.91 
MAV_1331 YP_880576 1-pyrroline-5-carboxylate 

dehydrogenase 
3.91 

MAV_4092 YP_883241 UDP-glucose 6-dehydrogenase 3.88 
MAV_1332 YP_880577 proline dehydrogenase 3.84 
MAV_4086 YP_883236 transferase 3.83 
MAV_2107 YP_881318 hypothetical protein 3.82 
MAV_3093 YP_882277 glucose-methanol-choline 

oxidoreductase 
3.76 

MAV_3159 YP_882343 hypothetical protein 3.70 
MAV_2087 YP_881302 amino acid transporter 3.68 
MAV_3092 YP_882276 hypothetical protein 3.65 
MAV_4090 YP_883239 oxidoreductase, short chain 

dehydrogenase/reductase family 
protein 

3.62 

MAV_4091 YP_883240 transferase 3.59 
MAV_4063 YP_883215 transcriptional regulator, AraC family 

protein 
3.51 

MAV_0439 -- pseudogene 3.50 
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MAV_3734 YP_882908 hypothetical protein 3.49 
MAV_0787 YP_880060 gp50 protein 3.43 
MAV_3735 YP_882909 transcriptional regulator GlnR 3.42 
MAV_3201 -- pseudogene 3.33 
MAV_2581 YP_881772.1 hypothetical protein 3.31 
MAV_3091 YP_882275 hypothetical protein 3.29 
MAV_0675 YP_879954 hypothetical protein 3.24 
MAV_4064 YP_883216 glycosyl transferase, group 1 family 

protein 
3.20 

MAV_3202 YP_882384 transmembrane protein 3.20 
MAV_4100 YP_883249 glycogen debranching enzyme GlgX 3.18 
MAV_4093 YP_883242 pyruvate decarboxylase 3.16 
MAV_1854 YP_881076 transposase Integrase core domain  3.13 
MAV_4069 YP_883220 catalase HPII 3.12 
MAV_2749 YP_881938 FAD dependent oxidoreductase 

domain-containing protein 
3.11 

MAV_3882 YP_883044 hypothetical protein 3.01 
MAV_3511 YP_882693 dihydrodiol dehydrogenase 2.96 
MAV_2386 YP_881586 virulence factor Mce family protein 2.95 
MAV_1736 YP_880963 isochorismatase family protein 2.95 
MAV_4073 YP_883224 dehydrogenase 2.94 
MAV_3281 YP_882463 hypothetical protein 2.90 
MAV_2381 YP_881582 hypothetical protein 2.90 
MAV_0789 YP_880062 hypothetical protein 2.89 
MAV_3930 YP_883092 hypothetical protein 2.88 
MAV_3656 YP_882833 hypothetical protein 2.87 
MAV_4536 YP_883667 hypothetical protein 2.87 
MAV_2387 YP_881587 virulence factor Mce family protein 2.79 
MAV_2277 YP_881481 hypothetical protein 2.77 
MAV_3617 YP_882793 hypothetical protein 2.70 
MAV_3310 YP_882492 27 kDa lipoprotein antigen 2.68 
MAV_2707 -- pseudogene 2.68 
MAV_0427 YP_879711 methylase, putative 2.67 
MAV_3347 YP_882530 transposaseIclR helix-turn-helix 

domain 
2.66 

MAV_2751 YP_881940 ErfK/YbiS/YcfS/YnhG family protein 2.65 
MAV_2471 YP_881663 DoxX subfamily protein, putative 2.65 
MAV_3982 YP_883138 hemerythrin HHE cation binding 

domain-containing protein 
2.62 

MAV_2383 YP_881583 mce related protein 2.62 



 

 

68 

MAV_2112 -- psedogene 2.61 
MAV_3094 YP_882278 glycosyl hydrolase, family protein 15 2.58 
MAV_3739 -- pseudogene 2.57 
MAV_1565 YP_880799 hypothetical protein 2.57 
MAV_2384 YP_881584 mce related protein 2.56 
MAV_1978 YP_881197 hypothetical protein 2.54 
MAV_2390 YP_881590 hypothetical protein 2.54 
MAV_4076 YP_883226 endonuclease/exonuclease/phosphotase 2.54 
MAV_2072 YP_881288 hypothetical protein 2.53 
MAV_2780 YP_881968 hypothetical protein 2.52 
MAV_1856 YP_881078 transposase 2.51 
MAV_2380 YP_881581 transposase 2.49 
MAV_0752 YP_880027 transposase 2.47 
MAV_3737 YP_882911 hypothetical protein 2.47 
MAV_0438 YP_879722 hypothetical protein 2.45 
MAV_4078 YP_883229 hypothetical protein 2.45 
MAV_0344 YP_879631 methylcitrate synthase 2.44 
MAV_4067 YP_883219 stas domain-containing protein 2.43 
MAV_1660 YP_880893 hypothetical protein 2.43 
MAV_3095 YP_882279 short chain dehydrogenase 2.41 
MAV_0244 YP_879535 hypothetical protein 2.39 
MAV_3505 YP_882687 protocatechuate 3,4-dioxygenase, 

alpha subunit 
2.39 

MAV_2429 YP_881625 PPE family protein 2.37 
MAV_2760 YP_881949 hypothetical protein 2.36 
MAV_4072 YP_883223 hypothetical protein 2.35 
MAV_2372 YP_881574 hypothetical protein 2.33 
MAV_2002 YP_881221 transposase 2.30 
MAV_0426 YP_879710 intracellular protease, PfpI family 

protein 
2.30 

MAV_5176 YP_884293 hypothetical protein 2.29 
MAV_0957 YP_880217 hypothetical protein 2.28 
MAV_2388 YP_881588 mce related protein 2.24 
MAV_3663 YP_882840 hypothetical protein 2.23 
MAV_5222 -- pseudogene 2.22 
MAV_0440 YP_879723 restriction endonuclease family protein 2.21 
MAV_4256 YP_883398 RNA polymerase sigma factor SigF 2.21 
MAV_3011 YP_882197 alpha/beta hydrolase domain-

containing protein 
2.20 

MAV_2702 YP_881893 acetyl-CoA acetyltransferase 2.20 
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MAV_3978 YP_883134 hypothetical protein 2.19 
MAV_2701 YP_881892 putative acyl-CoA dehydrogenase 2.19 
MAV_0122 YP_879418 hypothetical protein 2.18 
MAV_3892 YP_883054 hypothetical protein 2.18 
MAV_4982 YP_884103 short-chain dehydrogenase/reductase 

SDR 
2.17 

MAV_4077 YP_883228 hypothetical protein 2.16 
MAV_0302 YP_879591 hypothetical protein 2.16 
MAV_0346 YP_879633 2-methylcitrate dehydratase 2 2.16 
MAV_2077 YP_881293 hypothetical protein 2.16 
MAV_4095 YP_883244 hemerythrin HHE cation binding 

domain-containing protein 
2.15 

MAV_1412 YP_880653 hypothetical protein 2.13 
MAV_4141 YP_883289 ABC1 family protein 2.13 
MAV_3407 YP_882589 hypothetical protein 2.12 
MAV_1735 YP_880962 NAD-dependent deacetylase 1 2.11 
MAV_3940  psedogene 2.10 
MAV_1340 YP_880584 aldehyde dehydrogenase 2.09 
MAV_3103 YP_882287 ANTAR domain-containing protein 2.09 
MAV_2170 YP_881380 acyl carrier protein 2.08 
MAV_1624 YP_880857 hypothetical protein 2.07 
MAV_2706 YP_881897 hydrolase, alpha/beta fold family 

protein, putative 
2.07 

MAV_4101 YP_883250 S-(hydroxymethyl)glutathione 
dehydrogenase 

2.07 

MAV_3096 YP_882280 mandelate racemase/muconate 
lactonizing enzyme 

2.07 

MAV_2704 YP_881895 L-carnitine dehydratase/bile acid-
inducible protein F 

2.07 

MAV_1040 YP_880296 hypothetical protein 2.04 
MAV_3881 YP_883043 hypothetical protein 2.03 
MAV_2385 YP_881585 virulence factor Mce family protein 2.03 
MAV_2587 YP_881778 AMP-dependent synthetase and ligase 2.02 
MAV_0806 YP_880079 hypothetical protein 2.02 
MAV_2955 YP_882141 hypothetical protein 2.02 
MAV_3891 YP_883053 methylesterase 2.02 
MAV_0811 YP_880084 hypothetical protein 2.01 
MAV_0788 YP_880061 hypothetical protein 2.01 
MAV_3929 YP_883091 hypothetical protein 2.01 
MAV_1513 YP_880753 hypothetical protein 2.00 
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a Locus tags were obtained from the MAC104 genome as deposited in the National 

Center for Biotechnology Information (NCBI) database. 
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Table S2.2 Confirmation of microarray gene expression by real-time PCR.  

  
Fold difference (microaggregate vs planktonic 

cells) 

Locus taga 
Putative 

identification Microarray RT-PCR 
MAV_3013 Hypothetical Protein 6.47 1.8 ± 0.12 
MAV_1799 Hypothetical Protein 4.12 3.0 ± 1.3 
MAV_5199 Hypothetical Protein 5.97 1.5 ± 0.3 
MAV_0831 Hypothetical Protein 4.06 2.4 ± 0.9 

 

a Locus tags were obtained from the MAC104 genome as deposited in the National 

Center for Biotechnology Information (NCBI) database. 
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ABSTRACT.  

 The environmental opportunistic pathogen Mycobacterium avium subsp. 

hominissuis (MAH), a member of the nontuberculous mycobacteria (NTM) cluster, 

causes respiratory disease in patients such as those with chronic respiratory illnesses 

or AIDS. Currently, there is no effective method to prevent NTM respiratory 

infections. The formation of mycobacterial microaggregates comprises of phenotypic 

changes that lead to efficient adherence and invasion of the respiratory mucosa in 

vitro and in vivo. Microaggregate adhesion to the respiratory epithelium is mediated 

in part through the mycobacterial protein MBP-1. Through DNA microarray analysis, 

the small hypothetical gene MAV_0831 (Microaggregate Invasion Protein-1, MIP-1) 

was identified as being upregulated during microaggregate formation. When MIP-1 

was overexpressed in poorly-invasive Mycobacterium smegmatis, it provided the 

bacterium the ability to bind and enter epithelial cells. In addition, incubating 

microaggregates with recombinant MIP-1 protein enhanced the ability of 

microaggregates to invade HEp-2 cells, and exposure to anti-MIP-1 immune serum 

reduced the invasion of the host epithelium. Through protein-protein interaction 

assays, MIP-1 was found to bind to the host protein filamin A, a cytoskeletal actin-

binding protein integral to the modulation of host cell shape and migration. As 

visualized by immunofluorescence, filamin A was able to co-localize with 

microaggregates and to a lesser extent planktonic bacteria. Invasion of HEp-2 cells by 

microaggregates and planktonic bacteria was also inhibited by the addition of anti-

filamin A antibody suggesting that filamin A plays an important role during infection. 

In addition, at earlier time points binding and invasion assay results suggest that 

MBP-1 participates significantly during the first interactions with the host cell while 

MIP-1 becomes important once the bacteria adhere to the host epithelium. In 

summary, we have unveiled one more step associated with MAH crossing the 

respiratory mucosa. 
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INTRODUCTION 

 Mycobacterium avium subspecies hominissuis (MAH) is an opportunistic 

pathogen commonly found in the environment, such as water and soil. It has been 

also identified in hospital water tanks, showerhead biofilms, and hot tubs, which may 

serve as possible reservoirs of contamination (Covert, Rodgers et al. 1999, 

Falkinham, Norton et al. 2001, Lumb, Stapledon et al. 2004, Feazel, Baumgartner et 

al. 2009). MAH commonly infects patients who are immunocompromised, such as 

those with chronic obstructive pulmonary disease, with AIDS, or individuals with 

cystic fibrosis. In addition, the frequency of persons with no predisposing illnesses 

diagnosed with MAH infection is on the rise (Falkinham 2003, Mirsaeidi, 

Farshidpour et al. 2014). MAH infections are thought to be acquired through the 

respiratory or gastrointestinal tract often leading to disseminated disease. 

Nontuberculous mycobacterial (NTM) infections in cystic fibrosis patients are an 

emerging problem with an overall prevalence ranging from 3.8% to 22.6% of lung 

infections (Levy, Grisaru-Soen et al. 2008, Mirsaeidi, Farshidpour et al. 2014). A 

critical step in the pathogenesis of this infection is the initial adherence and 

subsequent invasion of the respiratory mucosa.  

 The formation of bacterial aggregates has been reported to be employed by 

various pathogens as the initial step to bind and invade the respiratory mucosa 

(Menozzi, Boucher et al. 1994, Frick, Morgelin et al. 2000, Sherlock, Schembri et al. 

2004, Helaine, Carbonnelle et al. 2005, Chi, Jong et al. 2010, Lepanto, Bryant et al. 

2011, Barnes, Ballering et al. 2012). Aggregation is usually associated with various 

extracellular bacterial structures such as fimbriae and pili. In addition, other 

aggregate-inducing proteins have also been described (Menozzi, Boucher et al. 1994, 

Frick, Morgelin et al. 2000, Sherlock, Schembri et al. 2004, Helaine, Carbonnelle et 

al. 2005). Neisseria meningitides utilizes the protein PilX, a pilus-associated protein 

to aggregate and attach to the host cell (Helaine, Carbonnelle et al. 2005). 

Pseudomonas aeruginosa has been shown to interact with epithelial cells by forming 

aggregates using the type IV pili (Lepanto, Bryant et al. 2011, Bucior, Pielage et al. 

2012). Conversely, virulent Streptococcus pyogenes microaggregate formation is 

mediated through homophilic protein-protein interactions between neighboring 
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bacteria and is important for adherence, resistance to phagocytosis and virulence 

(Frick, 2000). MAH have no known fimbriae or pili that could mediate either 

adherence or microaggregate formation although pili have been reported in the 

closely related bacterium Mycobacterium tuberculosis (Alteri, Xicohtencatl-Cortes et 

al. 2007). 

  After adhering to the respiratory mucosa, there are several mechanisms in 

which the bacteria can form microaggregates: bacteria can replicate forming clonal 

microaggregates or bacteria can secrete extracellular signals to initiate recruitment of 

bacteria to the site of microaggregate formation. MAH microaggregates consist of 

actively recruited planktonic bacteria, although a chemotactic substance or protein 

responsible for aggregation has not been elucidated.  

 Yoshitaka, et al and Babrak, et al examined the initial interaction between 

MAH and respiratory epithelial cells and identified an invasive phenotype coupled 

with microaggregate formation when the bacteria were incubated with respiratory 

BEAS-2B bronchial epithelial cells for 24 hours as well as in vivo in a mouse model 

(Yamazaki, Danelishvili et al. 2006, Babrak, Danelishvili et al. 2015). Subsequently, 

we genetically characterized the invasive microaggregate phenotype through DNA 

microarray, identifying highly regulated genes during microaggregate formation 

(Babrak, Danelishvili et al. 2015). The protein MBP-1 was identified as a surface-

exposed small protein, responsible for microaggregate attachment to the host 

epithelium through the interaction with the host intermediate protein, vimentin. MBP-

1 utilizes the host protein vimentin as a surface exposed receptor for microaggregate 

binding to the epithelial cell wall. Inhibition of MBP-1 significantly inhibited 

microaggregate binding in vitro and when tested in vivo, the bacterial burden in the 

mouse lung during infection was significantly reduced.  

 In this study, we characterized another novel hypothetical gene MAV_0831 

that is highly expressed during microaggregate formation. Using an array of 

molecular and biochemical techniques as well as microscopy, MAV-0831 

(microaggregate associated protein-1) (MIP-1) was shown to be associated with the 

recognition as well as the invasion of respiratory epithelial cells in part through its 

interaction with the host protein filamin A. In brief, we have gained further insight 
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into bacterial determinants required for efficient invasion of the respiratory mucosa 

by mycobacterial microaggregates.  
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METHODS AND MATERIALS 

Bacterial cultures. Mycobacterium avium strain 104 (serovar 1) was isolated from 

the blood of an AIDS patient. Mycobacterium smegmatis mc2 155 was kindly 

provided by W. Jacobs, Jr (Albert Einstein School of Medicine, Bronx, NY). 

Mycobacterial strains were cultured on Middlebrook 7H10 supplemented with 10% 

oleic acid, albumin, dextrose, and catalase to log-phase at 37°C (Hardy Diagnostics, 

Santa Maria, CA). As previously described in (Babrak, 2015), prior to assays, the 

bacteria were passed through a 20-gauge needle 5 times to break cell aggregates and 

the obtained bacterial suspension was allowed to rest for 2 min and only the top 1 ml 

was ultimately used. An optical density of 0.084 at 600 nm (7 x 10^7 cfu/ml) was 

used to quantify bacterial concentrations.  

Cell Culture. HEp-2 cells (CCL-23) were obtained from the American Type Culture 

Collection (Manassas, VA) and grown in in RPMI-1640 (Lonza, Allendale, NJ) 

supplemented with 10% fetal bovine serum (FBS), (Gemini Products, Sacramento 

CA) at 37°C and with 5% CO2. For all of the assays described, epithelial cells were 

used at 80% confluence.  

Microscopy. For immunofluorescence microscopy studies, HEp-2 cells were seeded 

and infected in 8-well chamber slides at an MOI of 10. The infected monolayer was 

washed and fixed in ice-cold methanol for 15 min at -20°C. Monolayers were then 

blocked with 2% skim milk powder and incubated with an antibody overnight at 4°C, 

washed and subsequently incubated with the appropriate secondary antibody for 1 h. 

A Leica DM4000B microscope was used and all images were acquired with the same 

optimized parameters for all experiments. At least 3 replicates addressing greater than 

10 fields and over 50 bacteria were counted in immunofluorecence assays.  

Formation and Isolation of Microaggregates. The protocol for the formation and 

isolation of microaggregates is described in greater detail in (Babrak, 2015). Briefly, 

HEp-2 cells were grown to confluence in T75 flasks (BD Biosciences, San Jose, CA) 

and then treated with 5 ug/ml of cytochalasin B (Sigma, St. Louis, MO) for 2 h. The 

monolayer was then infected with a single cell suspension of MAH, as described 

above, at an MOI of 100 and incubated with the HEp-2 cells for 24 h at 37°C and 

with 5% CO2. As a planktonic bacterial control, a single cell suspension of MAH was 
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also incubated with cell culture media in the absence of HEp-2 cells. After 24 h, the 

supernatant was recovered and immediately placed on ice. Additionally, HEp-2 cells 

were washed three times with ice-cold HBSS to obtain the remaining 

microaggregates. The microaggregate suspension was then observed under a 

microscope for confirmation of the structure. Differential centrifugation was used to 

remove any contaminating HEp-2 cells and the resulting bacterial pellet was 

resuspended in 2 ml of HBSS and the bacterial concentration was determined using 

optical density. To establish colony forming units (CFU), the bacterial inoculum was 

serially diluted and plated onto Middlebrook 7H10 agar plates.   

Antibodies. We used the following antibodies for the assays in this study: filamin A, 

clone PM6/317 (MAB1678) (EMD Millepore, Billerica, MA), his-probe antibody (H-

15) (Santa Cruz Biotechnology, Dallas, TX), 6XHN polyclonal antibody (Clontech, 

Mountain View, CA), or non-specific mouse IgG antibody (Santa Crux 

Biotechnology).   

Overexpression & Purification of MIP-1. To create the MIP-1 wildtype, and 

dominant-negative overexpression constructs, genes were amplified using FideliTaq 

PCR Master Mix (Affymetrix, Santa Clara, CA) with the following primers: Smeg-

0831: 5’-TTTTTAAGCTTCCGACGAAGACGAATGGC-3’ and 5’-

TTTTTAAGCTTTCACTCATAGCGTGCGTC-3’; Smeg-0831Δ1-10 5’-

TTTTAAGCTTTGGCCGACATGTCC-3’ and 5’- 

GACGCACGCTATGAGTGAGTTAACAAAA-3’; Smeg-0831 Δ12-21: 5’-

TTTTAAGCTTTGACCGACGAAGACG-3’, 5’-CCGCGCGGTATTATGCGGCG-

3’, 5’-CGTATTCCGTCACCGCGGCG-3’ and 5’-

GACGCACGCTATGAGTGAGTTAACAAAA-3’; Smeg-0831Δ22-31: 5’-

TTTTAAGCTTTGACCGACGAAGACG-3’, 

5’-CCGCGCGGTATTATGCGGCG-3’, 5’-CGCCGCATAATACCGCGCGG-3’ and 

5’-GACGCACGCTATGAGTGAGTTAACAAAA-3’; Smeg-0831Δ31-42 5’-

TTTTAAGCTTTGGCCGACATGTCC-3’ and 5’-

TTTTTAAGCTTTCAGCCGCATAAAC-3’. 

 The PCR-generated fragments were fused to a red fluorescent protein (RFP) and 

cloned into Escherichia coli-Mycobacterium shuttle vector pMV261-5HRFP 
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encoding kanamycin resistance (Danelishvili, 2004). Splicing by Overlapping 

Extension PCR was utilized to create Smeg-0831Δ12-21 and Smeg-0831Δ22-31. The 

resulting plasmid was propagated in DH10B E. coli and then electroporated into 

Mycobacterium smegmatis mc2155. Transformants were selected on Middlebrook 

7H10 agar plates containing 50 µg/ml of kanamycin and screened by PCR using 

primers originally used to PCR the fragment.  

MIP-1 protein was expressed and purified using pET Express & Purify Kit-

His60 (Clontech, Mountain View, CA) and purified using His60 Ni Gravity Column 

Purification kit (Clontech) as per manufacturer’s instructions. Overexpression of 

genes in M. smegmatis and purification of proteins was confirmed by Western blot 

using the anti-his probe and anti-6XHN antibody, respectively. 

Real-time PCR. MIP-1 mRNA copy number was determined using quantitative real-

time PCR with the following primers: 5’ -GTGACCGACGAAGACGAAT- 3’ and 

5’-CACTCATAGCGTGCGTCCT-3’. A Biorad iCycler and SYBR green technology 

was used (Biorad, Hercules, CA), as previously described (Danelishvili, Poort et al. 

2004). Briefly, bacterial RNA was transcribed to cDNA using SuperScript III 

Supermix (Invitrogen, Carlsbad, CA), according to manufacturer protocol. 

Afterwards, cDNA was denatured for 5 minutes at 95°C, followed by 40 cycles of 

amplification. Each cycle had a denaturation step of 95°C for 30 seconds, annealing 

at 60°C for 30 seconds, and primer extension at 68°C for 1 minute. 

Production and purification of MIP-1 antibody. As previously described (Babrak 

2015), the production of the MIP-1 antibody was adapted from Thermoscientific 

Mouse Antibody Production Protocols (http://www.pierce-antibodies.com/custom-

antibodies/mouse-antibody-production-protocols.cfm) with the following 

modifications. Briefly, MIP-1 protein was produced and purified as described above. 

Ten female C57BL/6 mice were immunized with three subcutaneous injections of 0.1 

mg MIP-1 protein with incomplete Freund’s adjuvant as per manufacturer’s 

instructions (Sigma). Boosters were given 21 and 42 days afterwards with one 

injection of 0.05 µg MIP-1 protein. Blood was collected at 50 days after initial 

injection. Blood was centrifuged at 1,000 x g for 10 min and the resulting immune 

serum was collected and used for experiments. Pre-immunized serum was also 



 

 

85 

obtained from mice and used as experimental control. The serum was tested against 

MIP-1 protein at 1:5,000 dilution by Western blot to verify specificity (data not 

shown). Pre-immunization immune serum was also examined for reactivity against 

MIP-1 protein. In addition, mouse anti-MIP-1 antibody and pre-immunization 

immune serum were purified on Protein G HP Spintrap (Thermoscienfitic). The  

Bradford protein assay (Biorad) was used to determine the concentration of the 

purified antibody. This study was performed according to the guidelines of and 

approved by the institutional animal care and use committee at Oregon State 

University (Animal Care and Use Proposal 4490). 

Invasion Assay. The invasion assays were carried out as previously reported 

(Bermudez and Young 1994). Briefly, HEp-2 cells were infected with M. smegmatis 

overexpressing a protein of interest at an MOI of 100 for 3 h at 37°C and the infection 

was synchronized by centrifugation for 5 min at 232 x g after the addition of bacteria. 

Wells were then washed 3 times with HBSS and incubated with 200 µg/ml amikasin 

in media for 2 h to kill extracellular bacteria and lysed with 0.1% triton X-100 for 15 

min. Cell lysates were plated onto Middlebrook 7H10 agar plates supplemented with 

50 µg/ml kanamycin. After growth, CFUs were quantified.  

For filamin A antibody or anti-MIP-1 immune serum inhibition invasion 

assay, microaggregates and planktonic MAH were isolated as described above and 

respectively, microaggregates and planktonic MAH were incubated with either 50 µg 

of mouse anti-filamin A antibody or non-specific mouse IgG antibody (control) or 

1:1000 dilution of anti-MIP-1 immune serum or pre-immunization serum (control) for 

1 h at 37°C. HEp-2 cells were infected at an MOI of 10. The infection proceeded as 

described in the first invasion assay. 

For MIP-1-treated microaggregate invasion assay, microaggregates were 

isolated as described previously and incubated with 50 µg of purified MIP-1 or non-

specific protein for 1 h at room temperature at an MOI of 10. Microaggregates were 

then washed 3 times with HBSS and the infection proceeded as described in the 

invasion assay. 

For M. smegmatis overexpression binding and invasion time-series assay, 

Smeg-3013 and Smeg-0831 were incubated with HEp-2 cells at an MOI of 100 for 1, 
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5, and 15 min at 4°C. For the binding assay, and for the invasion assay, plates were 

incubated for 1, 5, and 15 min at 37°C (giving the media 10 min to warm up before 

beginning the invasion time). Also, instead of an amikasin treatment for the invasion 

assay, wells were washed thoroughly 3 times with HBSS to remove extracellular 

bacteria as described in (Early and Bermudez 2011). Smeg-empty was used as a 

control.  

Western blots. For the Far-Western blot, HEp-2 cells were grown in T75 flask and 

washed twice with HBSS. HEp-2 cells were then lysed with CelLytic M (Sigma) in 

the presence of protease inhibitor cocktail (Sigma), scraped off the flask, and 

centrifuged for 15 min at 12,000 x g. HEp-2 cell lysate was run on 4-20% Mini-

PROTEAN precast SDS-PAGE protein gel (Biorad, Hercules, CA) under reducing 

conditions and transferred to a nitrocellulose membrane (Biorad). After 1 h in 5% 

blocking buffer, the membrane was further incubated with 2 mg/ml of MIP-1 or non-

specific protein, MAV_3013 (control) in protein binding buffer (100 mM NaCl, 20 

mM Tris (pH 7.6), 0.5 mM EDTA, 10% glycerol, 0.1% tween-20, 2% skim milk 

powder, 1 mM DTT) overnight at 4°C with gentle shaking. Bound recombinant 

protein was detected with 6xHN polyclonal antibody (Clontech, Mountain View, CA) 

followed by the corresponding Li-Cor IR Dye secondary antibody. The host protein 

that interacted with MIP-1 the strongest was subsequently excised from protein gel 

using Pierce In-gel Tryptic Digestion kit (Rockford, IL), and identified by mass 

spectrometry at the Mass Spectrometry Facility at Oregon State University.  

Pull down assay. MIP-1 protein (bait) was overexpressed and washed extensively 

using pET Express & Purify Kit-His60 column, isolating only MIP-1 protein on the 

column. A confluent T75 flask of HEp-2 cells (prey) were washed twice with chilled 

HBSS and incubated with 100 µl of CelLytic Lysis Buffer (Sigma) with protease 

inhibitor cocktail (Sigma) and immediately scraped out of the well and put on ice. 

One mg of HEp-2 lysate was incubated in the Ni column containing MIP-1 protein 

overnight at 4°C with rotation. After 24 h, the protein mix was passed through the 

Clontech Ni-resin column. The column was washed with 5 ml of equilibration buffer 

followed by 5 ml of wash buffer and eluted in 5 ml of elution buffer. The eluate was 

concentrated to 100 µl using Microsep centrifugal device (Pall, Port Washington, 
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NY). Proteins were run on SDS-page gel and blotted onto a nitrocellulose membrane.  

The membrane was probed with an anti-filamin A antibody as well as a anti-6xHN 

antibody. HEp-2 cell lysate incubated with E. coli lysate was used as a negative 

control.   

Mouse study. Female C57BL/6 mice, 6 weeks old, were infected intranasally with 20 

µl of 2x1010 cfu per ml of microaggregates incubated with 50 µl anti-MIP-1 immune 

serum or pre-immunization serum (control) for 1 h at 37°C. After 24 h, the mice were 

sacrificed and lungs were homogenized and plated onto Middlebrook 7H10 agar 

plates for determination of colony counts. Ten mice were used in each experimental 

group. This study was performed according to the guidelines of and approved by the 

institutional animal care and use committee at Oregon State University (Animal Care 

and Use Proposal 4396).  

Statistical Analysis. Experiments in this paper were repeated at least two times and 

data shown are means of those replicates ± standard error. When comparing two 

groups, the Student’s t-test was used and when analyzing more than two groups, an 

ANOVA analysis was carried out. Differences between experimental groups and 

control were considered significant when p < 0.05. Graph Pad Prism version 5.0 

software was used for statistical analysis. 
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RESULTS 

In silico characterization of MIP-1. Using DNA microarray, we identified 

highly regulated genes during microaggregate formation and further characterized the 

highly expressed, small, hypothetical gene, MBP-1 (MAV_3013) (Babrak, 

Danelishvili et al. 2015). In this study, we characterize another highly expressed 

small hypothetical gene, MAV_0831 from that study which we named  

microaggregate invasion protein-1 (MIP-1).  

MIP-1 is a 42 amino acid hypothetical protein whose function has not been 

reported in the literature. For the initial analysis of the possible function of the 

protein, bioinformatic programs were utilized to identify conserved domains or motifs 

that may suggest a function. Using the Kyoto Encyclopedia of Genes and Genomes 

(KEGG), a UBA/TS-N domain was identified. The UBA (ubiquitin-associated) 

domain is novel motif that has some associations with the ubiquitin and ubiquitination 

pathway while the TS-N domain has been implicated as interacting with the EF-TU 

protein.  This domain encompasses 26 amino acids in the central portion of the 

protein. Currently, there are no paralogs in MAC104 or orthologs in other 

mycobacteria or other bacteria described.  

Functional characterization of MIP-1. In order to determine the function of 

MIP-1 during microaggregate formation, MIP-1 was overexpressed in the 

Mycobacterium smegmatis mc2155 strain, a fast growing mycobacterium that invades 

epithelial cells poorly and does not contain MIP-1 in the genome. The Msmeg-empty 

control also negates any contribution any endogenous protein would contribute to the 

assays performed in this study. Although knocking out MIP-1 would be the optimum 

action to determine the function of the protein, we were unable to construct a 

knockout due to the technical difficulty of creating a targeted knock out without polar 

effects on neighboring genes. The ability of M. smegmatis overexpressing MIP-1 

(Msmeg-0831) to bind and invade epithelial cells was assessed. Msmeg-0831 was 

able to bind significantly better to HEp-2 cells than Msmeg-empty (Fig. 3.1B). 

Likewise, in an invasion assay, Msmeg-0831 was able to invade HEp-2 cells 

significantly better than the Msmeg-empty (Fig. 3.1C). To determine which portion of 

the protein was responsible for the ability of Msmeg-0831 to invade, we constructed 
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four dominant-negative constructs to assess the various regions of MIP-1, which are 

depicted in Fig. 3.1A. While all of the dominant-negative proteins reduce some 

ability of the bacteria to invade epithelial cells, only Msmeg-0831Δ1-9 and Msmeg-

0831Δ11-20 reduce the ability to bind to the epithelial cell at the same level as the 

control (Smeg-empty) suggesting that the N-terminal portion of this protein is 

important for invasion (Fig. 3.1C). 

 Due to the ability of non-invasive M. smegmatis to gain the ability to enter 

cells, we hypothesized that MIP-1 may be exported to the surface of the bacterium 

facilitating invasion of the epithelial cell. To determine whether the expression of 

MIP-1 on the surface of the bacterium would correlate with the ability to invade, we 

incubated MAH microaggregates or planktonic bacteria with purified recombinant 

MIP-1 protein and assessed the ability of the bacteria to invade epithelial cells. After 

two hours, microaggregates were able to invade HEp-2 cells significantly better than 

microaggregates treated with non-specific protein or HBSS (Fig. 3.1D). Regardless of 

their treatment, planktonic bacteria did not show significant differences in the 

invasion of HEp-2 cells (data not shown). This suggests that MIP-1 may be binding to 

another bacterial protein on the surface of the bacterium only present during 

microaggregate formation increasing the ability of microaggregates to invade 

epithelial cells.  

To further investigate the role of MIP-1 during invasion, we produced a 

specific antibody against MIP-1 protein in mice. We assessed the ability of anti-MIP-

1 immune serum to inhibit microaggregate invasion of epithelial cells. Pre-

immunization immune serum was used as a control. Microaggregates were incubated 

with anti-MIP-1 immune serum for 1 h and the invasion of HEp-2 cells was assessed. 

Incubation with anti-MBP-1 immune serum inhibited approximately 35% of 

microaggregate invasion of host cells showing the importance of MIP-1 during 

infection (Fig. 3.1E). To confirm that anti-MIP antibody was specifically inhibiting 

invasion, total IgGs were purified from the anti-MIP-1 immune serum using protein 

G affinity chromatography and the concentration was measured. The resulting eluate 

contained .096 mg of purified antibody and was incubated with microaggregates and 
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invasion was assessed. Purified anti-MIP-1 was also able to significantly inhibit 51% 

of microaggregate invasion (data not shown).  

MIP-1 interacts with host cytoskeletal protein filamin A. Since MIP-1 is involved 

in the invasion of epithelial cells and may be surface associated, we hypothesized that 

MIP-1 may directly interact with a surface-associated host protein. To identify MIP-1 

host-associated proteins, we utilized two methods. Initially, we employed a Far-

western blot to identify host binding partners using purified MIP-1 protein, and 

through mass spectrometry analysis, filamin A was identified as interacting with 

MIP-1 (Fig. 3.2A). The interaction was further confirmed through a pull-down assay 

(Fig. 3.2B).  

Filamin A plays a role during invasion by Ureaplasma parvum during urinary 

tract infections and by the HIV protein Gag during cell to cell transmission by acting 

as an adapter protein that links HIV-1 receptors to the actin cytoskeleton remodeling 

machinery, which facilitates virus infection (Jimenez-Baranda, Gomez-Mouton et al. 

2007, Allam, Alvarez et al. 2011). Additionally, filamin A has also been shown to be 

surface exposed in a variety of host cells such as Lan-1, NM cells, Hela cells and 

SKOV-3 cells (Bachmann, 2006). To investigate if filamin A was utilized by 

microaggregates during infection, we examined if bacterial invasion would be 

inhibited by blocking surface-associated filamin A. Anti-filamin A antibody was 

incubated with microaggregates and planktonic bacteria with host cells and invasion 

was assessed. Incubation with anti-filamin A antibody significantly inhibited invasion 

of microaggregates and planktonic bacteria, confirming the role of filamin A during 

invasion. The data suggest filamin A plays a non-specific role during invasion or 

MIP-1 protein may be expressed at lower levels by planktonic bacteria while also 

being utilized for invasion. To determine if MIP-1 is expressed during planktonic 

bacterial infection, real-time PCR was performed. The results indicated that MIP-1 

has on average 2.06 x10^6 mRNA copies of MIP-1 during planktonic infection 

explaining why filamin A was able to significantly inhibit the invasion of planktonic 

bacteria.   

To identify if MIP-1 co-localized with filamin A as it has been observed with 

HIV-Gag protein, by immunofluorescence we examined if MAH microaggregates, 
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planktonic bacteria or M. smegmatis overexpressing MIP-1 co-localized with filamin 

A during infection. Filamin A strongly co-localized at the sites of bacterial infection 

with microaggregates 30% of the time, while planktonic MAH co-localized only 15% 

of the time further suggesting that filamin A may be used for infection at a lesser 

extent during planktonic MAH infection (Fig. 3.3).  

Previously, we identified MBP-1 as overexpressed during microaggregate 

formation and facilitating microaggregate binding to the host epithelium. In this 

work, we have characterized MIP-1, which has demonstrated a role during binding 

and invasion during microaggregate formation. To identify whether MBP-1 and MIP-

1 work in conjunction or separately during microaggregate formation, we analyzed 

binding and invasion efficiencies of M. smegmatis overexpressing these proteins at 

different time points during infection. M. smegmatis overexpressing MBP-1 (Smeg-

3013) was able to bind more efficiently than Msmeg-0831 or Msmeg-empty at all 

time points tested. Smeg-3013 was only able to invade more significantly than 

Msmeg-empty and Msmeg-0831 at 1 m post-infection (Table 3.1). When compared to 

results previously published, Msmeg-3013 was unable to efficiently invade at 3 h 

post-infection while Msmeg-0831 is able to invade more efficiently at the same time-

point suggesting that MBP-1 may play an important early role in microaggregate 

binding whereas MIP-1 plays a more important role afterwards by facilitating 

efficient invasion of the respiratory mucosa (Fig. 3.4).  

In vivo antibody inhibition assay. Our data suggests that MIP-1 plays a role during 

microaggregate infection of epithelial cells through the interaction of MIP-1 with the 

host cell protein filamin A and invasion could be inhibited by anti-MIP-1 antibody 

immune serum. To test the relevance of MIP-1 in vivo, two groups of ten female 

C57BL/6 mice were infected with microaggregates that had been incubated with 50 

µl of anti-MBP-1 immune serum or pre-immunization serum for 1 h at 37°C. Mice 

were sacrificed after 24 h and lungs were homogenized and plated to enumerate 

bacterial colonization. Mice that were infected with microaggregates incubated with 

anti-MIP-1 immune serum provided significant protection against colonization than 

microaggregates incubated with pre-immunization serum suggesting that MBP-1 

antibody plays an important role during infection in vivo (Fig. 3.5).  
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DISCUSSION 

As with many pathogenic bacteria, MAH is able to adhere and invade the host 

respiratory epithelium through an intricate interaction with the host epithelium 

resulting with efficient invasion and the formation of microaggregates. Some 

evidence suggests that microaggregate formation is a precursor to biofilm formation, 

which helps explain why NTM respiratory infections have a high rate of reoccurrence 

and antibiotic resistance. Bacterial aggregates have been found in clinical cases of 

lung infections (Parsek and Singh 2003). In Pseudomonas aeruginosa, bacterial 

aggregates encased in extracellular matrix have been isolated from the sputum of a 

cystic fibrosis patient (Parsek and Singh 2003). In addition, in previous mycobacteria 

studies, biofilm mutants were also attenuated in their ability to colonize the 

respiratory tract in mice illustrating the importance of studying microaggregate 

formation (Yamazaki, Danelishvili et al. 2006). 

Our data clearly show that MAH adhere to human epithelial cells, form 

microaggregates within 24 h and efficiently invade respiratory epithelial cells through 

the upregulation of MIP-1. The invasive microaggregate phenotype is abrogated by 

blocking either MIP-1 protein through an anti-MIP-1 immune serum or by inhibiting 

the MIP-1 host protein receptor, filamin A. Interestingly, there is no complete 

abrogation of microaggregate invasion indicating that there are other unexplored 

mechanisms that participate in the invasion by microaggregates. Also, as seen from 

the Far-western blot, MIP-1 very likely interacts with other host proteins possibly 

playing other roles during its course of infection perhaps by modulating the 

ubiquitination pathway. Our studies only focused on the initiation of binding and 

invasion but it would be worthwhile to investigate other roles MIP-1 may play in in 

the ubiquitination pathway.  

While we have shown the importance of MIP-1 expression during microaggregate 

formation, a knockout mutant of MIP-1 tested in vitro and in vivo would solidly 

assign a biological significance to these findings. To address this issue, we 

overexpressed MIP-1 in non-invasive M. smegmatis, which has no known homologs 

to MIP-1 and assessed for binding and invasion. We also tested the ability of anti-

MIP-1 immune serum to inhibit microaggregate invasion during infection in the 
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mouse respiratory infection model. Our data indicate that MIP-1 is a relevant protein 

expressed in microaggregates that is important during initial colonization of the 

airways.  

The utilization of filamin A by mycobacteria is not unprecedented since it has 

been reported that MAH utilizes actin polymerization to invade host cells through the 

activation of Cdc42 (Harriff, Wu et al. 2008).  In addition, there is extensive 

filopodia-like protrusions, extending from the host cell during invasion resulting from 

the manipulation of cytoskeletal proteins during microaggregate invasion illustrating 

the important role cytoskeletal proteins play during microaggregate invasion (Babrak, 

Danelishvili et al. 2015).  

Microaggregate formation is a complex and multifactorial mechanism that 

employs many proteins to accomplish the bacterial goal of invasion and survival. We 

have established a model that characterizes the transition from planktonic to host cell-

associated, which is integral to respiratory infection. First, a single bacterium attaches 

to the surface of the host mediated through the surface-exposed mycobacterial 

protein, MBP-1 using the host protein vimentin as an adhesion receptor. This is 

followed by relatively rapid recruitment of planktonic bacteria and resulting in the 

formation of microaggregates within 24 h. We have preliminary evidence to suggest 

that this rapid recruitment may be mediated by MAV_1799, which is also highly 

upregulated during microaggregate formation (unpublished data). Escherichia coli 

and Samonella typhimurinum have been shown to excrete chemotactic molecules that 

attract other bacteria leading to the formation of clusters (Budrene and Berg 1991, 

Budrene and Berg). Alternatively, this protein may stimulate the host cell to secrete a 

chemotactic substance that results in the attraction of other bacteria. Once the 

microaggregate is formed on the surface of the cell, it is able to efficiently invade the 

host epithelium through MIP-1 by further manipulating the host cytoskeleton through 

interaction with filamin A.  

In conclusion, our data indicate that MAH is able to adhere, form 

microaggregates, and subsequently invade epithelial cells through the utilization of 

the MIP-1 protein. We hypothesize that the ability to form microaggregates may also 

offer MAH an advantage to counteract host immune defenses but further studies are 
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necessary. The characterization of MIP-1 offers an opportunity to uncover novel 

antimycobacterial therapies that can target virulence factors. 
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Figure 3.1 Functional characterization of MIP-1 protein (A) Schematic of MIP-1 

protein and UBA/TS-N domain (gray). Dashed lines indicate where there has been a 

deletion in the dominant negative proteins. (B) Msmeg-0831 was able to bind 

significantly better than the control. The ability of Msmeg-0831 to bind to HEp-2 

cells was assessed. (n=3) (C) Smeg-0831Δ1-10 and Smeg-0831Δ12-21 invaded 

epithelial cells at levels similar to the control. The ability of Msmeg-0831 and 

dominant negatives to invade HEp-2 cells was examined. The bacteria were allowed 

to invade for 3 h at 37°C. MAH microaggregate invasion was used as a positive 

control (n=3). (D) Incubation with MIP-1 purified protein significantly increased the 

ability of microaggregates to invade. MAH microaggregates were incubated with 50 

µg of purified MIP-1 for 1 h at 37°C and invasion was assessed. Non-specific protein 

and HBSS were used as negative controls. This is one representative with three 

technical replicates of three biological replicates.  (E) Incubation with anti-MIP-1 

immune serum abrogated microaggregate invasion of HEp-2 cells. Microaggregates 

were incubated with 1:1000 dilution of anti-MIP-1 immune serum for 1 h prior to 

invasion at 37°C. Pre-immunization serum was used as a negative control. This is one 

representative with three technical replicates of three biological replicates. * p < 0.05. 
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Figure 3.2 MIP-1 interacts with host protein filamin A. (A) Identification of MIP-1 

host binding partners by Far-western blot. Lane (1) MIP-1 protein (2) Filamin A (3) 

non-specific protein, MAV_3013 (B) Confirmation of MIP-1-filamin A interaction by 

pull down. Lane (1) E. coli lysate incubated with HEP-2 lysate (negative control) (2) 

MIP-1 incubated with HEp-2 lysate (3) loading control. (C) Anti-filamin A antibody 

incubation with microaggregates and planktonic bacteria inhibits invasion into HEp-2 

cells. Bacteria were incubated with 10 or 50 ug of anti-filamin A antibody or non-

specific mouse IgG at the onset of infection. This is one representative with three 

technical replicates of three biological replicates.  * p < 0.05 
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Figure 3.3 Microaggregates and planktonic MAH colocalize with host protein 

filamin A during infection of Hep-2 cells. Immunofluoresnce microscopy was used to 

examine the colocalization between filamin A and MAC104 microaggregates and 

planktonic bacteria. White arrows indicate bacteria. White bar = 20 µm. (B) Average 

levels of filamin A colocalization with MAC104 were calculated from the 

visualization of ten randomly selected fields for each bacterial phenotype from two 

independent experiments. Percentages shown represent the number of total bacteria 

associated with filamin A divided by the total number of bacteria. 
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Figure 3.4 Schematic representation of mycobacterial microaggregate formation in 

the respiratory tract. Mycobacteria are inhaled from aerosolized contaminated 

material such as water or soil. The bacteria encounter and penetrate past the mucosal 

layer and where they adhere to the apical surface of the respiratory epithelium, which 

is facilitated by the MBP-1 protein. Once adherent, the bacteria actively recruit 

neighboring bacteria and begin to form microaggregates. Facilitated by MIP-1, 

microaggregates proceed to invade the epithelial cells.  
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Figure 3.5 Anti-MIP-1 immune serum significantly protects mice against MAH 

respiratory infection. C57BL/6 mice were intranasally infected with microaggregates 

incubated with anti-MIP-1 immune serum or pre-immunization immune serum for 24 

h. * p < 0.05 
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Table 3.1 Early binding and invasion assays for Msmeg-3013 and Msmeg-0831  

 
% Binding % Invasion 

Minutes 
Msmeg-
empty 

Msmeg-
0831 

Msmeg-
3013 

Msmeg-
empty 

Msmeg-
0831 

Msmeg-
3013 

1 3.08 ± .13  5.79 ± .68 
9.14 

± .86* 0.71 ± .10 0.68 ± .11 
2.64 

± .01* 

5 2.38 ± .21 1.34 ± .17 
8.29 

± .35* 1.03 ± .10 0.55 ± .10  2.03 ± .40 

15 3.37 ± .23 1.41 ± .29 
9.05 

± .92* 0.89 ± .08 0.29 ± .04  2.88 ± .52 
* denotes significance compared to Msmeg-empty 
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ABSTRACT 

  Mycobacterium avium subsp. hominissuis is an opportunistic pathogen that 

commonly infects immunocompromised individuals. Recently, we described an 

invasive phenotypic change MAH undergoes when incubated with lung airway 

epithelial host cells for 24 h, which is accompanied with microaggregate formation in 

vitro. The microaggregate phenotype also resulted in higher colonization in the lungs 

of mice early during infection. Previously, we identified genes highly regulated 

during microaggregate formation and further characterized the function of two highly 

upregulated bacterial proteins, MBP-1 and MIP-1, which were found to be involved 

in binding and invasion of the respiratory mucosa. While these studies are valuable in 

understanding the pathogenesis of MAH, they primarily investigated the bacteria 

during microaggregate infection without commenting on the differences in the host 

response to microaggregate and planktonic infection. The bacteria-host interaction 

between microaggregates and epithelial cells was examined in a variety of assays. 

Using a transwell polarized epithelial cell model, there was a trend towards 

microaggregates translocating through the monolayer more efficiently than planktonic 

bacteria. In addition, during infection with microaggregate and planktonic bacteria, 

host phosphorylated proteins were identified revealing differences in immune 

response, glutathione synthesis, and apoptosis. The host immune response was further 

investigated by measuring pro-inflammatory cytokine secretion during 

microaggregate and planktonic infection of BEAS-2B bronchial epithelial cells. The 

epithelial cells secreted more CCL5 during infection with microaggregates suggesting 

that this chemokine may play an important role during microaggregate invasion. 

Collectively, this study establishes the different nature of infection by planktonic 

bacteria and microaggregates.  
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INTRODUCTION 

 Mycobacterium avium subsp hominissuis (MAH) is an opportunistic pathogen 

that is ubiquitously found in the environment and has been recently identified in 

showerheads, hospital water sources, and hot tubs (Covert, Rodgers et al. 1999, 

Falkinham, Norton et al. 2001, Lumb, Stapledon et al. 2004, Feazel, Baumgartner et 

al. 2009). MAH infections are thought to be acquired through infection of the 

respiratory or gastrointestinal tract, often leading to disseminated disease in 

immunocompromised individuals (Falkinham 2003). From recent studies, it is 

estimated that non-tuberculous mycobacterial (NTM) infections make up 3.8% to 

22.6% of respiratory infections in cystic fibrosis patients (Levy, Grisaru-Soen et al. , 

Esther, Esserman et al. 2010). However, there has also been a significant increase of 

respiratory infections by MAH with people with no predisposing illnesses (Mirsaeidi, 

Farshidpour et al. 2014).  

 MAH is inhaled into the respiratory tract establishing infection in the 

peribronchial regions of the lungs. Although MAH is known to primarily infect 

macrophages, it has been shown by various groups that MAH is also able to adhere 

and invade epithelial cells in the respiratory tract (Rao, Ogata et al. 1993, Bermudez 

and Young 1994). Formation of granulomas in close proximity to the main bronchi 

may be preceded by MAH translocation through the respiratory epithelium 

(Yamazaki, Danelishvili et al. 2006).  

 Studies by Yamazaki et al demonstrated that microaggregates form on 

respiratory epithelial cells after several hours of incubation (Yamazaki, Danelishvili 

et al. 2006). The hypothetical proteins, MBP-1 and MIP-1 were characterized as 

participating in adhesion and invasion of the host epithelial cells by microaggregates 

through interactions with host cytoskeletal proteins (Babrak, Danelishvili et al. 2015). 

While the host receptors for these bacterial proteins were characterized, further efforts 

are necessary to characterize the host pathogen interaction during microaggregate 

infection. 

 By forming a polarized epithelial monolayer, the transwell system provides 

physiologically relevant conditions to assess the ability of bacteria to translocate 

through the respiratory mucosa. The transwell system consists of an upper chamber 
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for growing a monolayer of cells on a filter and a basolateral chamber, which contains 

cell culture media. Bacteria can be added to the apical surface of the epithelial cells in 

the upper chamber. After 24 hours post-infection, the basolaterol media was removed 

and plated to quantify translocated bacteria. Transepithelial electrical resistance and 

modified trypan blue permeability assay were used as indicators of the development 

of tight junctions and monolayer integrity (Sangari, Goodman et al. 2000, Bermudez, 

Sangari et al. 2002). Although most transcytosis assays have primarily focused on the 

intestinal epithelium (Finlay and Falkow 1990, Ring, Weiser et al. 1998, Bras and 

Ketley 1999, Burns, Griffith et al. 2001), previous work in our laboratory, have 

utilized the transwell system to model bacterial translocation across the alveolar and 

bronchial polarized epithelia (Bermudez, Sangari et al. 2002, Yamazaki, Danelishvili 

et al. 2006). Mycobacterium tuberculosis has been shown to translocate across a 

polarized alveolar A549 cell monolayer (Bermudez, Sangari et al. 2002) whereas in 

another study, MAH was shown to translocate across a polarized layer of bronchial 

BEAS-2B cells (Yamazaki, Danelishvili et al. 2006).  

 Pathogen-driven manipulations to the host signaling network results in 

altering the host cell response to support bacterial survival and intracellular growth. 

Changes in the host response result from the transduction of signals through kinase 

activation which is mediated through phosphorylation. Other cellular processes such 

as metabolic proteins and protein breakdown through the proteasome are also 

regulated by phosphorylation. Johnson and colleagues, has estimated that one-third of 

cellular proteins can be phosphorylated and thus change their activity (Johnson and 

Hunter 2005). Previous findings have shown that invasion of mycobacteria by host 

cells is dependent on the phenotype of the bacteria and that protein kinase inhibitors 

such as staurosporine and H7 can inhibit internalization of MAH in epithelial cells 

(Bermudez and Young 1994, Bermudez, Petrofsky et al. 2004). In addition, Sangari et 

al demonstrated that in intestinal cells, activation of the GTPase Rho was necessary 

for invasion but not Rac or Cdc42 GTPases (Sangari, Goodman et al. 2000). Prior 

studies have also identified host proteins and pathways that are targeted by 

mycobacteria such as the MAPK signaling pathway, JAK-STAT signaling pathway, 

and Ca2+ signaling, NF-κB signaling during infection of macrophages (Chan, Fan et 
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al. 1991, Hussain, Zwilling et al. 1999, Roach and Schorey 2002, Tse, Josephy et al. 

2002).  

 There are a few studies that have examined the respiratory epithelial cell 

immune response following infection with MAH. Sangari and colleagues 

demonstrated that MAH inhibited or delayed the release of IL-8 and CCL5 during 

infection (Sangari, Petrofsky et al. 1999). In addition, A549, human type II alveolar 

epithelial cells, infected with MAH were shown to secret monocyte chemoattractant 

protein-1 (MCP-1) (Rao, Hayashi et al. 2000). IL-32, a pro-inflammatory cytokine, 

was also significantly expressed in the respiratory epithelium of patients with MAH 

infections (Rao, Hayashi et al. 2000, Bai, Ovrutsky et al. 2011). Up until now, the 

majority of the studies have focused on macrophage immune response to 

mycobacterial infection which involves the secretion of several cytokines such as 

TNF-α, IL-1β, TGF- β, GM-CSF, and IL-6 (Hsu, Young et al. 1995, Huttunen, Jussila 

et al. 2001, Danelishvili, McGarvey et al. 2003).  

 Previous studies indicate that microaggregates interact with the epithelial 

mucosal differently than planktonic bacteria, therefore we attempted to identify the 

host epithelial cell response to microaggregate infection. We investigated the ability 

of microaggregates to translocate across a polarized epithelial monolayer and 

identified unique host phosphorylated proteins during microaggregate infection. In 

addition, the secretion of pro-inflammatory cytokines during microaggregate 

infection was examined. It was observed that although planktonic and 

microaggregates translocate across the polarized epithelial monolayer similarly to 

planktonic MAH, the pattern of protein phosphorylation upon invasion was quite 

different.  
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METHODS AND MATERIALS 

Bacterial cultures. Mycobacterium avium strain 104 (serovar 1) was isolated from 

the blood of an AIDS patient. Mycobacterium smegmatis mc2 155 was kindly 

provided by W. Jacobs, Jr (Albert Einstein School of Medicine, Bronx, NY). 

Mycobacterial strains were cultured to log-phase at 37°C on Middlebrook 7H10 

supplemented with 10% oleic acid, albumin, dextrose, and catalase (Hardy 

Diagnostics, Santa Maria, CA). As in previously described (Babrak, Danelishvili et 

al. 2015), log-phase bacteria were passed through a 20-gauge needle five times to 

break cell aggregates and the final bacterial suspension was then allowed to rest for 2 

minutes. Only the top 1 ml of the suspension was ultimately used and microscopic 

observation was used to confirm the absence of clumps in the suspension. An optical 

density of 0.084 at 600 nm (7 x 10^7 cfu/ml) was used to quantify bacterial 

concentrations.  

Cell Culture. HEp-2 cells (CCL-23), and BEAS-2B (CRL-9609) were obtained from 

the American Type Culture Collection (Manassas, VA). HEp-2 cells were grown in in 

RPMI-1640 (Lonza, Allendale, NJ) and supplemented with 10% fetal bovine serum 

(FBS), (Gemini Products, Sacramento CA). BEAS-2B, human bronchial cells were 

grown in BEBM media supplemented with BEGM supplement which contains bovine 

pituitary extract [BPE], hydrocortisone, human epidermal growth factor [hEGF], 

epinephrine, transferrin, insulin, retinoic acid, and triiodothyronine 

 (Lonza). All cell lines were grown at 37°C and an atmosphere of 5% CO2. For all of 

the assays described, epithelial cells were used at 80% confluence.  

Formation and Isolation of Microaggregates. The protocol for the formation and 

isolation of microaggregates is described in greater detail in (Babrak, Danelishvili et 

al. 2015). Briefly, HEp-2 cells were grown to confluence in T75 flasks (BD 

Biosciences, San Jose, CA) and then treated with 5 µg/ml of cytochalasin B for 2 h. 

The monolayer was then infected with a single cell suspension of MAH, as described 

above, at an MOI of 100 and incubated with the HEp-2 cells for 24 h at 37°C at an 

atmosphere of 5% CO2. As a control, a single cell suspension of planktonic MAH was 

also incubated with cell culture medium in the absence of HEp-2 cells. After 24 h, the 

supernatant was recovered and immediately placed on ice. The HEp-2 cells were then 
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washed three times with ice-cold HBSS to obtain the remaining microaggregates. The 

suspension was then observed under a microscope for confirmation of microaggregate 

structure. Differential centrifugation was used to remove any contaminating HEp-2 

cells by centrifuging for 5 min at 150 × g. The supernatant was then transferred to a 

new 50-ml conical tube and centrifuged again for 15 min at 16,000 × g at 4°C and the 

resulting bacterial pellet was resuspended in 2 ml of HBSS. The bacterial 

concentration was established using optical density measurement at 600 nm. For 

colony forming units (CFU), the bacterial inoculum was serially diluted and plated 

onto Middlebrook 7H10 agar plates.   

Polarized Transwell Assay. BEAS-2B cells grown in BEBM supplemented with 

BEGM SingleQuot kit supplement and growth factors were seeded at 2x10^5 cells per 

well on a 6.5mm filter membrane of the transwell insert (Corning, Tewksbury, MA). 

The polarized monolayer was achieved after 5 days at 37°C and an atmosphere of 5% 

CO2. Transepithelial resistance was measured using Millicell-ESR apparatus as per 

manufacturers instructions (Millipore) just prior to infection and at the conclusion of 

infection. Final values were obtained by subtracting the blank value, and the results 

were expressed as ohms/cm2. A modified Trypan blue test was also used to monitor 

the integrity of the monolayer (Mukherjee, Squillantea et al. 2004). To determine 

bacterial translocation through the monolayer, either microaggregates or planktonic 

bacteria were placed in the upper chamber and the supernatant of the basal chamber 

was plated at 24 h post-infection on Middlebrook 7H10 agar for enumeration. In 

BEAS-2B cell monolayers, an MOI of 10 was used.  

ELISA. BEAS-2B cells were infected with MAH microaggregates or planktonic cells 

at an MOI of 10 for both 2 h and 24 h at 37°C in an atmosphere of 5% CO2.  The 

supernatants were collected and passed through a 2 µM filter to remove bacteria and 

immediately put at -20°C. IL-6, IL-8, TNF-α, and CCL5 ELISAs were performed and 

analyzed as per manufacturer’s instructions (eBiosciences, San Diego, CA).  

Host Phosphorylated Proteins. Microaggregate and planktonic MAC104 were 

prepared and isolated as described above. BEAS-2B cells in T75 flasks were infected 

at an MOI of 10 with either microaggregates or planktonic bacteria at 37°C and with 

5% CO2. The infection was synchronized by centifugation. At 45 min post-infection, 
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the media was removed and cells were washed two times with ice-cold 50 mM 

HEPES. Host cells were then lysed with 5 ml Sigma Cellytic M (Sigma) and protease 

inhibitor cocktail (Sigma). The host cells were scraped and passed through a needle 5 

times to ensure that all cells were lysed. Cells were then centrifuged at 10,000 x g for 

20 min at 4°C to pellet cellular debris. The supernatant was collected and the 

Bradford assay was performed to measure protein concentration as per 

manufacturer’s instructions (Biorad). Phosphorylated proteins were then isolated 

using the Phosphoprotein Enrichment Kit as per manufacturers instructions (Pierce, 

Rockford, IL). The eluate was then concentrated using the Microsep centrifugal 

device (Pall, Port Washington, NY). Proteins were resolved on a SDS-PAGE gel for 5 

min at 160 V and subsequently excised and purified from the SDS-PAGE protein gel 

using the Pierce In-gel Tryptic Digestion kit (Rockford, IL), and identified by mass 

spectrometry at the Mass Spectrometry Facility at Oregon State University. 

Statistical Analysis. Experiments in this paper were repeated at least two times and 

data shown are means of those replicates ± standard error. When comparing two 

groups, the Student’s t-test was used and when analyzing more than two groups, an 

ANOVA analysis was carried out. Differences between experimental groups and 

controls were considered significant when p < 0.05. Graph Pad Prism version 5.0 

software was used for statistical analysis. 
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RESULTS 

 Translocation of microaggregates across a polarized monolayer. 

Yamazaki et al demonstrated that microaggregates were able to efficiently invade 

epithelial cells compared to planktonic bacteria (Yamazaki, Danelishvili et al. 2006). 

To determine if microaggregates or planktonic MAH were able to translocate across a 

polarized monolayer, we utilized a polarized monolayer established in a transwell 

using bronchial BEAS-2B cells. Once a polarized monolayer was attained, 

microaggregates or planktonic MAH were added to the apical side of the transwell. 

At 24 h after infection, the basolateral cell culture medium was removed and plated. 

With polarized BEAS-2B cells, microaggregates tended to translocate across the 

polarized monolayer more efficiently than planktonic cells but was not yet 

statistically significant with the number of replicates performed (Figure 4.1A). Over 

the course of the infection, resistance did not change suggesting that the bacteria did 

not alter the integrity of the tight junctions (Figure 4.1B).  

  Differential phosphorylated host protein response to microaggregate and 

planktonic infections. Babrak et al demonstrated that both microaggregates and 

planktonic bacteria had differing phenotypes that allowed the microaggregates to 

invade epithelial cells more efficiently (Babrak, Danelishvili et al. 2015). To 

determine if the host cell response differed between microaggregate and planktonic 

infection, the phosphorylation of host proteins was analyzed. Briefly, BEAS-2B cells 

were infected with either microaggregate or planktonic bacteria for 45 min and host 

cell lysates were obtained. Phosphorylated host proteins were enriched and submitted 

to mass spectrometry for identification. Proteins that were exclusive for each the 

different challenges were identified (Tables 4.1A and 1B). Following microaggregate 

infection, 62 unique proteins were observed as being phosphorylated which were 

absent during planktonic infection, whereas 44 proteins were identified as exclusively 

present following planktonic infection (Tables 4.1A and 1B). Bioinformatic analysis 

using the Reactome Pathway database assigned biological categories to each of the 

proteins (Figures 4.3A and 3B). Infection with both microaggregates and planktonic 

bacteria, elicited the phosphorylation of large numbers of proteins involved in 

metabolism (Figures 4.3A, 3B). During microaggregate infection, three host proteins 
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involved in the intrinsic apoptosis pathway (NMT1, PSME3 and IMB1) were 

phosphorylated suggesting that the apoptosis may play a role during microaggregate 

invasion (Table 4.1A). During planktonic infection, protein phosphatase 2 (PP2AA), 

a protein important in signaling the toll-like receptor pathway, was identified, 

suggesting that the host immune response may differ during microaggregate and 

planktonic infections (Table 4.1B). In addition, during planktonic infection a E3 

ubiquitin-protein ligase (HUWE1) and various proteasome components were 

phosphorylated indicating that ubiquitination and protein degradation may also play a 

role during planktonic infection (Table 4.1B).  

 The host immune response to infection can be characterized by the secretion 

of various cytokines. Pro-inflammatory cytokines such as TNF-α, IL-8, IL-6 and 

CCL5 have been shown to play important roles during mycobacterial infections 

(Champsi, Young et al. 1995, Sangari, Petrofsky et al. 1999). Since many immune-

related proteins were observed to be differentially phosphorylated between 

microaggregates and planktonic infections, we further explored the immune response 

by measuring pro-inflammatory cytokine production after microaggregate and 

planktonic infection. TNF-α, IL-8, IL-6 were secreted by the host cells at similar 

concentrations during microaggregate and planktonic MAH infections suggesting that 

microaggregates and planktonic similarly dampen the host pro-inflammatory response 

but may accomplish this by different host recognition pathways. BEAS-2B cells 

infected with microaggregates produced a significantly higher amount of CCL5 at 24 

h post-infection than host cells infected with planktonic MAH or uninfected cells 

(Figure 4.2). CCL5 is a chemokine that attracts T-cells, eosinophils, and basophils to 

locations of inflammation. It has also been shown to play an important role during 

granuloma formation during M. tuberculosis infection (Vesosky, Rottinghaus et al. 

2010).  
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DISCUSSION 

Initiation of mycobacterial infection in the respiratory tract involves 

attachment to the surface of the host epithelium, internalization, transepithelial 

migration, and exit by the basolateral membrane of the respiratory epithelium. The 

process of adhesion and invasion is in part mediated by the formation of 

microaggregates on the apical surface of the respiratory mucosa during infection. The 

bacterial determinants of microaggregate formation and invasion have been studied 

thoroughly, but there has been a lack of attention on how the host cell responds to 

microaggregates. In this study, we aimed to investigate potentially different host 

responsesf to microaggregate infection by analyzing translocation efficiency, 

differential host protein phosphorylation and cytokine response.  

The polarized epithelial cell monolayer in the respiratory mucosa provides a 

physical barrier against microorganisms and secrets antimicrobial molecules, but 

pathogenic respiratory pathogens, in turn, have developed strategies to overcome 

these obstacles. A previous study visualized intracellular microaggregates in 

polarized BEAS-2B cells illustrating that microaggregates can invade epithelial cells 

(Yamazaki, Danelishvili et al. 2006). Once inside the cell the trend demonstrated that 

microaggregates tended to translocate more efficiently across polarized BEAS-2B 

cells than planktonic MAH (Figure 1A). It remains to be seen if microaggregates exit 

the cell as an aggregate or as individual bacterium.  

During infection with microaggregates or planktonic MAH, host cell 

resistance did not change, which is consistent with previous studies of mycobacterial 

infections of polarized cell lines (Yamazaki, Danelishvili et al. 2006) further 

verifying that the microaggregates are actually translocating through the epithelial 

monolayer rather than through disrupted tight junctions. Other microaggregate 

forming bacteria such as Neisseria meningitidis and Pseudomonas aeruginosa, have 

also been shown to translocate through the epithelial layer without disturbing the 

membrane integrity (Kierbel, Gassama-Diagne et al. 2007, Lecuyer, Nassif et al. 

2012). 

Only during microaggregate infection of BEAS-2B epithelial cells was the 

glutathione synthetase protein found to be phosphorylated. The host cell produces 
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glutathione in the cytosol to serve as an antioxidant that protects the cell from damage 

caused by unstable reactive oxygen species (ROS), which are produced during 

infection. During M. tuberculosis infection of macrophages, glutathione is an 

important antimicrobial molecule, notably for its ability to react with nitric oxide and 

form a more stable S-nitrosglutathione (GSNO), which can then release NO, leading 

to mycobacterial death (Morris, Khurasany et al. 2013). Although glutathione is 

mostly known for being an antioxidant and antimicrobial, a recent study demonstrated 

that during Listeria monocytogenes infection, bacteria and host synthesized 

glutathione contributed to the expression of bacterial virulence genes (Reniere, 

Whiteley et al. 2015). Other pathogens, such as Francisella tularensis, also import 

glutathione to serve as a source of cysteine (Alkhuder, Meibom et al. 2009). Based on 

these studies, it would be interesting to evaluate the role of glutathione during 

microaggregate infection of the epithelial cell.  

 During planktonic MAH infection, the protein serine/threonine-protein 

phosphatase 2A catalytic subunit alpha isoform (PPP2A) is phosphorylated. PPP2A is 

involved in various host pathways such as metabolism, signal transduction, cell cycle 

and the immune system. In the immune system, when phosphorylated, PPP2CA 

triggers various TLR pathways including TLR10, TLR3, TLR5, TLR7/8, TLR9, 

TLR4, TLR4. Only TLR2, TLR4 and TLR9 have been demonstrated to be important 

in mycobacterial infections (Heldwein and Fenton 2002, Krutzik and Modlin 2004). 

Absence of PPP2A during microaggregate infection suggests that microaggregates 

may also elicit or display an altered bacterial cell surface, which can dampen or 

inhibit a strong host cell response compared to planktonic bacteria.  During 

Mycobacterium paratuberculosis infections, mutations in TLR system are associated 

with increased infection (Mucha, Bhide et al. 2009). Another study found that there 

are altered levels of TLR expression during natural infection in M. paratuberculosis 

suggesting that the bacterium can influence TLR signaling as part of its strategy to 

facilitate infection (Taylor, Zhong et al. 2008).  M. tuberculosis evade the immune 

system by using cell-surface-associated phthiocerol dimycoceroserate (PDIM) lipids 

to mask underlying pathogen-associated molecular patterns (PAMPS) (Cambier, 

Falkow et al. 2014). This results in the recruitment of permissive rather than activated 
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macrophages (Cambier, Falkow et al. 2014). Further experiments are necessary to 

confirm that host phosphatase 2A is playing a role in immune response during 

mycobacterial infections.  

 The staphylococcal nuclease containing protein-1 (SND1) was 

phoshphorylated exclusively during microaggregate infection and contained the 

highest spectra of peptides identified by mass spectrometry. SND1 is an important 

component of the RNA-induced silencing (RISC) complex, which is integral for the 

regulation of host gene expression at both the transcriptional and posttranscriptional 

levels through direct binding of RNA to complementary strands (Caudy, Ketting et al. 

2003). Additionally, RISC has been shown to repress interferon-stimulated genes 

associated with cell death maintaining homeostasis in the cell, but when intracellular 

pathogen-associated molecular patterns (PAMPs) are detected, RISC activity 

decreases which results in increased expression of interferon-stimulated genes 

eliciting a robust defense against infection (Seo, Kincaid et al. 2013). Activation of 

RISC through the phosphorylation of SND1 suggests that microaggregates may evade 

detection by the host cell by masking cell surface PAMPs or actively promoting the 

expression of the RISC complex in order to suppress gene expression of interferon-

stimulated genes. Further examination the role of the RISC complex and expression 

of various interferon-stimulated genes would be worthwhile.  

Ubiquitination of proteins is an important mechanism in regulating eukaryotic 

cellular processes, and during infection, pathogens have developed strategies to 

exploit the ubiquitination system. During planktonic infection, many proteasome 

subunits and the host protein HUWE1, a E3 ubiquitin protein ligase were identified. 

These proteins are involved and required for ubiquitination and subsequent 

degradation of the anti-apoptotic protein Mcl1 and protein phosphatase 5 (Kurokawa, 

Kim et al. 2013) suggesting that planktonic bacteria may induce apoptosis. In 

previous studies, apoptosis has been reported to occur after 4 days post-infection in 

epithelial cells (Kabara and Coussens 2012) and during M. tuberculosis infection 

apoptosis is inhibited all together (Velmurugan, Chen et al. 2007). These unexpected 

results may be due to a cell-specific response to epithelial infection and further 
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studies need to be made to assess the relevancy of apoptosis with planktonic 

infection.  

  CCL5 is a small chemotactic cytokine that mediates the recruitment of 

various lymphocytes from the blood to the sites of inflammation. Previously, it was 

observed that during MAH infection on intestinal and laryngeal epithelial cell lines, 

CCL5 secretion was suppressed or inhibited early during infection (Sangari, 

Petrofsky et al. 1999). CCL5 secretion was also found suppressed by M. 

paratuberculosis in peripheral blood of infected animals (Buza, Mori et al. 2003). 

Conversely, during M. tuberculosis infection, expression of CCL5 has been detected 

primarily in macrophages and endothelial cells in granulomas of tuberculosis patients 

suggesting that CCL5 may play an important role in granuloma formation (Devergne, 

Marfaing-Koka et al. 1994). Granulomas form at the site of infection during M. 

tuberculosis infection and limit bacterial growth, through the secretion of various 

cytokines such as CCL5 and also protects nearby tissue from damage by the 

inflammatory response (Chan, Xing et al. 1992, Cooper, Dalton et al. 1993, Flynn, 

Goldstein et al. 1995, Vesosky, Rottinghaus et al. 2010). Additionally, granulomas 

may play a role in M. tuberculosis persistence (Ehlers 2009). Mice with CCL5 

knockout and infected with M. tuberculosis had fewer antigen presenting cells and 

chemokine-receptor positive T cells in the lungs (Vesosky, Rottinghaus et al. 2010). 

Microaggregates elicited a stronger CCL5 immune response from BEAS-2B cells at 

24 h post-infection, suggesting that microaggregates may signal the host cell to begin 

developing granulomas and may play an additional role in MAH persistence in the 

lungs.  

In conclusion, we have described the host cell response to microaggregate 

formation by analyzing bacterial translocation through a monolayer, identifying 

microaggregate-specific host phosphorylated proteins, and measuring pro-

inflammatory cytokine secretion to infection. This study will help elucidate host cell 

mechanisms that control or are manipulated due to MAH microaggregate infection. 
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Figure 4.1 Translocation of MAH planktonic and microaggregates through 

polarized epithelial cells. A) Polarized BEAS-2B cells were infected with planktonic 

or microaggregate for 24 h. Microaggregates tended to translocate at more efficiently 

than planktonic bacteria but this was not significant. The basal medium was plated for 

colony forming units and percent translocation was calculated. (n=4) B) Resistance of 

polarized BEAS-2B cells was measured prior to infection and 24 h after infection 

(n=4).  
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Figure 4.2 Host cytokine secretion during 2 and 24 h infection by MAH 

microaggregates and planktonic bacteria. BEAS-2B cells were infected with MAH 

microaggregates for 2 or 24 h. At 24 h post-infection, host cells secreted significantly 

high amounts of CCL5 than planktonic infected cells. The supernatants were filtered 

to remove bacteria. ELISA was then utilized to measure cytokine concentration. 

(n=3) 

  

IL-6

IL
-6

 (p
g/

m
l)

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic
0

200

400

600

800
2 hr Post-Infection
24 hr Post-Infection

IL-8

IL
-8

 (p
g/

m
l)

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic
0

1000

2000

3000

4000
2 hr Post-Infection
24 hr Post-Infection

TNF-α

T
N

F-
al

pa
h 

(p
g/

m
l)

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic
0

50

100

150
2 hr Post-Infection
24 hr Post-Infection

CCL-5

C
C

L
-5

 (p
g/

m
l)

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic

No i
nfec

tio
n

M
icr

oa
gg

re
ga

te

Plan
kton

ic
0

10

20

30

40
2 hr Post-Infection
24 hr Post-Infection

*

A



 

 

124 

A.  

 
B. 

 
Figure 4.3 Functional categorization of differentially phosphorylated host 

proteins when infected with MAH microaggregates or planktonic bacteria. (A) 

Functional categorization of proteins present during host infection of microaggregates 

for 45 min. (B). Functional categorization of proteins present during host infection of 

planktonic MAH for 45 min.  
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Table 1A: Host phosphorylated proteins present after 45 min infection with 

MAH microaggregates that are absent during planktonic infection. 

Protein Name Entry Name Spetral 
Counts 

Staphylococcal nuclease domain-containing protein 1  SND1_HUMAN 5 

NAD(P)H dehydrogenase B4DLR8_HUMA
N  4 

Serine--tRNA ligase, cytoplasmic  Q5T5C7_HUMAN  2 
Nascent polypeptide-associated complex subunit alpha  E9PAV3_HUMAN  2 
Probable ATP-dependent RNA helicase DDX6  DDX6_HUMAN 2 
Uridine 5'-monophosphate synthase  UMPS_HUMAN 2 
Carbonyl reductase [NADPH] 1 OS=Homo sapiens  CBR1_HUMAN 2 

Eukaryotic translation initiation factor 4 gamma 1  D3DNT2_HUMA
N  2 

Importin subunit beta-1 IMB1_HUMAN 2 
Phenylalanine--tRNA ligase beta subunit  SYFB_HUMAN 1 
Exportin-5  XPO5_HUMAN 1 
Isoform Short of Glycylpeptide N-tetradecanoyltransferase 1 NMT1_HUMAN  1 
Cytosolic non-specific dipeptidase  CNDP2_HUMAN 1 
Dynamin-1-like protein  G8JLD5_HUMAN  1 
Aflatoxin B1 aldehyde reductase member 2  ARK72_HUMAN  1 
NADP-dependent malic enzyme MAOX_HUMAN 1 
Glutathione synthetase  GSHB_HUMAN 1 
Protein transport protein Sec24C E7EP00_HUMAN  1 
Sorbitol dehydrogenase  DHSO_HUMAN  1 

Polyadenylate-binding protein-interacting protein 1  A6NKV8_HUMA
N  1 

RuvB-like 1  E7ETR0_HUMAN  1 
Aminoacylase-1  ACY1_HUMAN  1 

Archain 1, isoform CRA_a  B0YIW6_HUMA
N  1 

Septin-7  B4DNE4_HUMA
N  1 

Histidine triad nucleotide-binding protein 1  D6RD60_HUMAN  1 
Isoform 2 of Heterogeneous nuclear ribonucleoprotein L  HNRPL_HUMAN  1 

Isoform Short of Heterogeneous nuclear ribonucleoprotein U HNRPU_HUMAN 
1 1 

40S ribosomal protein S5  RS5_HUMAN 1 
Eukaryotic translation initiation factor 5  IF5_HUMAN 1 

NIF3-like protein 1 E7EXA3_HUMA
N  1 

26S proteasome non-ATPase regulatory subunit 1 H7C378_HUMAN  1 
10 kDa heat shock protein, mitochondrial  B8ZZL8_HUMAN  1 
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High mobility group protein B2  D6R9A6_HUMAN  1 
Translation initiation factor eIF-2B subunit epsilon  E9PC74_HUMAN  1 
Protein transport protein Sec23A  F5H365_HUMAN  1 
Ribosome maturation protein SBDS  SBDS_HUMAN 1 
Pyridoxal kinase  F2Z2Y4_HUMAN  1 
Deoxythymidylate kinase (Thymidylate kinase), isoform 
CRA_d  G5E9E9_HUMAN  1 

L-xylulose reductase  DCXR_HUMAN  1 
COP9 signalosome complex subunit 5 CSN5_HUMAN 1 
Amidophosphoribosyltransferase  PUR1_HUMAN 1 
BRO1 domain-containing protein BROX  B7Z9G5_HUMAN  1 
Serine/threonine-protein phosphatase 2A 55 kDa regulatory 
subunit B alpha isoform  2ABA_HUMAN  1 

cAMP-dependent protein kinase catalytic subunit alpha  KAPCA_HUMAN  1 
Insulin-degrading enzyme IDE_HUMAN 1 

26S proteasome non-ATPase regulatory subunit 7 H3BNT7_HUMA
N  1 

Proteasome activator complex subunit 3  PSME3_HUMAN  1 
Activator of 90 kDa heat shock protein ATPase homolog 1  AHSA1_HUMAN  1 

Eukaryotic translation initiation factor 3 subunit F  B3KSH1_HUMA
N  1 

COP9 signalosome complex subunit 2 B4DIH5_HUMAN  1 
Translin-associated protein X TSNAX_HUMAN 1 
Barrier-to-autointegration factor  BAF_HUMAN 1 
Rho GTPase-activating protein 1 E9PNR6_HUMAN  1 
Ubiquitin-associated protein 2-like  F8W726_HUMAN  1 
BRCA1-A complex subunit BRE  F8W733_HUMAN  1 
Golgi resident protein GCP60  GCP60_HUMAN 1 
Nuclear protein localization protein 4 homolog I3L4U9_HUMAN  1 
Ribosyldihydronicotinamide dehydrogenase  NQO2_HUMAN  1 
Platelet-activating factor acetylhydrolase IB subunit gamma  PA1B3_HUMAN 1 

Heterogeneous nuclear ribonucleoprotein K  Q5T6W1_HUMA
N  1 

Importin-9  IPO9_HUMAN 1 

Cytosolic acyl coenzyme A thioester hydrolase  B4DUX0_HUMA
N  1 
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Table 1B: Host phosphorylated proteins present after 45 min infection with 

MAH planktonic bacteria that are absent during microaggregate infection. 

Protein Name Entry Name Spetral 
Counts 

Isoform 2 of Multifunctional protein ADE2  PUR6_HUMAN  7 
Proteasome subunit alpha type-5 PSA5_HUMAN 3 
Proteasome subunit beta type-4 PSB4_HUMAN 2 
Activated RNA polymerase II transcriptional coactivator 
p15  TCP4_HUMAN 2 

Endoplasmic reticulum resident protein 29 ERP29_HUMAN 2 
Mitotic checkpoint protein BUB3 (Fragment)  J3QT28_HUMAN  2 
Deoxyuridine 5'-triphosphate nucleotidohydrolase, 
mitochondrial H0YKC5_HUMAN  2 

Peptidyl-prolyl cis-trans isomerase D  PPID_HUMAN 2 
X-ray repair complementing defective repair in Chinese 
hamster cells 6  B1AHC8_HUMAN  1 

COP9 signalosome complex subunit 6  CSN6_HUMAN  1 
Calnexin  B4DGP8_HUMAN  1 
N-alpha-acetyltransferase 50 E7EQ69_HUMAN  1 
26S protease regulatory subunit 10B  PRS10_HUMAN 1 
Isoform A2 of Heterogeneous nuclear ribonucleoproteins 
A2/B1  ROA2_HUMAN  1 

Crk-like protein  CRKL_HUMAN 1 
Serine/threonine-protein phosphatase 2A catalytic subunit 
alpha isoform   PP2AA_HUMAN 1 

Sorting nexin 6, isoform CRA_e  B4DJS7_HUMAN  1 
UPF0600 protein C5orf51 CE051_HUMAN 1 
Mitochondrial import receptor subunit TOM34  TOM34_HUMAN 1 
Proteasome subunit beta type-7  PSB7_HUMAN 1 
Inorganic pyrophosphatase  IPYR_HUMAN 1 
HCG1811539, isoform CRA_b  B2RDM2_HUMAN  1 
Phosphoribosyl pyrophosphate synthetase 1  B1ALA9_HUMAN  1 
WD repeat-containing protein 1  D6RD66_HUMAN  1 
Cluster of Actin-related protein 2/3 complex subunit 1A  ARC1A_HUMAN  1 
Actin-related protein 2/3 complex subunit 1A  ARC1A_HUMAN  1 
Lactoferroxin-C  E7EQB2_HUMAN  1 
Vacuolar protein sorting-associated protein 4B  VPS4B_HUMAN 1 
Isoform 2 of E3 ubiquitin-protein ligase HUWE1  HUWE1_HUMAN 1 
Isoform 2 of Beta-2-syntrophin  SNTB2_HUMAN  1 
Sorting nexin-2  B4DEK4_HUMAN  1 
Isoform 2 of Alpha-aminoadipic semialdehyde 
dehydrogenase AL7A1_HUMAN  1 

Isoform 2 of Niban-like protein 1  NIBL1_HUMAN  1 
Alcohol dehydrogenase [NADP(+)]  AK1A1_HUMAN 1 
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Acidic leucine-rich nuclear phosphoprotein 32 family 
member A  AN32A_HUMAN  1 

Selenide, water dikinase 1 B4DWK0_HUMAN  1 
Serine/threonine-protein kinase MST4  B4E0Y9_HUMAN  1 
Succinate-semialdehyde dehydrogenase, mitochondrial  C9J8Q5_HUMAN  1 
Ran-specific GTPase-activating protein (Fragment)  C9JDM3_HUMAN  1 
Non-specific cytotoxic cell receptor protein 1 homolog NCRP1_HUMAN 1 
Replication protein A 32 kDa subunit (Fragment) Q5TEJ7_HUMAN  1 
ARF GTPase-activating protein GIT1 GIT1_HUMAN 1 
Isopentenyl-diphosphate Delta-isomerase 1  C9JD53_HUMAN  1 
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Mycobacterium avium subsp hominissuis is an opportunistic pathogen that 

resides predominantly in the environment (Falkinham, Norton et al. 2001). The 

frequency of mycobacterial infections is expected to grow due to an aging baby 

boomer population and longer lifespans of CF patients (Griffith, Aksamit et al. 2007). 

Currently, treatment of mycobacterial infections is often challenging due to the thick 

mycobacterial cell wall, and development of spontaneous antibiotic resistance. Drug 

therapy can last for up to a year after the first negative sputum sample and 

encompasses the use of various antibiotics leading to toxicity issues (Griffith, 

Aksamit et al. 2007, Egelund, Fennelly et al. 2015). These facts illustrate the 

necessity of having better therapeutic or prophylactic treatments for NTM respiratory 

infections. 

Mycobacteria utilize many mechanisms and strategies to invade the lungs, but 

the majority of studies on mycobacterial respiratory infections have primarily focused 

on mycobacteria-infected macrophages, but it is very likely that mycobacteria also 

interact with the respiratory epithelium. Unfortunately, only a few studies have 

investigated the interactions between mycobacteria and the respiratory epithelium. 

Furthermore, the formation of granulomas adjacent to the bronchi provides additional 

evidence that mycobacteria must first cross the respiratory mucosa to colonize the 

lungs (Yamazaki, Danelishvili et al. 2006).  

The respiratory mucosa provides the first barrier against respiratory pathogens 

by providing a physical obstacle and immunological function responding with several 

innate and adaptive immune responses necessary for counteracting respiratory 

infections (Marini, Soloperto et al. 1992, Mendez-Samperio, Miranda et al. 2006, 

Cao, Zhang et al. 2012). Only recently have studies on M. tuberculosis begun to 

investigate the pathogen’s interaction with the respiratory mucosa (Dobos, Spotts et 

al. 2000, Reddy and Hayworth 2002, Middleton, Chadwick et al. 2004, Li, Wang et 

al. 2012). M. tuberculosis has been shown to invade alveolar type II cells where they 

replicate and subsequently disseminate through the induction of necrosis (Bermudez 

and Goodman 1996, Mehta, King et al. 1996, Dobos, Spotts et al. 2000). In addition, 

various studies have also examined the contribution of epithelial cells to the immune 

response during M. tuberculosis infection, but to date only a couple of studies have 
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examined the epithelial immune response to MAH infections (Marini, Soloperto et al. 

1992, Lin, Zhang et al. 1998, Mendez-Samperio, Miranda et al. 2006, Cao, Zhang et 

al. 2012, Rao, Hayashi et al. 2000, Lin, Zhang et al. 1998). Additional in depth 

studies on MAH interactions with the respiratory mucosa are necessary to further 

elucidate the molecular mechanisms involved with mycobacterial invasion of the host 

respiratory mucosa. 

Previous in vitro work has demonstrated that when MAH interacts with 

respiratory epithelial cells for 24 hours, the bacteria exhibit an invasive phenotype 

coupled with the formation of microaggregates on top of cells (Yamazaki, 

Danelishvili et al. 2006). We validated this phenotype by examining the ability of 

microaggregates to colonize the respiratory mucosa in mice (Babrak, Danelishvili et 

al. 2015). Identification and characterization of two, small, highly expressed, 

hypothetical proteins during microaggregate formation have added invaluable 

information about the process of binding and invasion of the host respiratory 

epithelium by MAH (Babrak, Danelishvili et al. 2015). In addition, the DNA 

microarray results provide many new avenues of inquiry into mycobacterial 

infections and that should be further examined.  

The molecular mechanisms of mycobacterial infections of the respiratory 

mucosa are understudied in comparison to macrophage-pathogen interactions. To 

better address this lack in knowledge, we elucidated important mechanisms necessary 

for colonization particularly in the respiratory tract. We found that many of the genes 

highly upregulated were small hypothetical proteins including: MAV_3013, 

MAV_5199, MAV_1799 and MAV_0831, which were all upregulated greater than 4 

fold during microaggregate formation. These genes were initially chosen for further 

investigation. These proteins are between 4 and 8 k Da in size and because of the lack 

of focus on MAH, many of the genes identified are uncharacterized or have no known 

function. In this dissertation, we extensively characterized two, highly upregulated, 

hypothetical genes during microaggregate formation. MAV_3013 was shown to be 

important for binding to host epithelial cells by interacting with the host protein 

vimentin. MAV_0831 was shown to be important for binding and invasion of 

epithelial cells in part through the host protein filamin A. In addition, we were able to 
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significantly reduce the bacterial burden of microaggregates in the lungs of mice by 

blocking the surface exposed bacterial proteins demonstrating that targeting 

microaggregate-associated proteins may be valuable in the prevention of 

mycobacterial respiratory infection. In addition to what I have shown in the 

dissertation, we have also performed preliminary studies on various other small 

hypothetical proteins highly upregulated during microaggregate formation. 

Microaggregates incubated with MAV_5199 recombinant protein were able to invade 

significantly better than the control suggesting a possible role during invasion 

(unpublished). Overexpression of MAV_5199 in M. smegmatis did not alter the 

bacteria’s ability to bind or invade cells indicating that this protein may require MAH 

specific proteins in order to participate during invasion (unpublished).  Additionally, 

overexpression of MAV_1799 in M. smegmatis resulted in microaggregates forming 

more quickly on host cells than the control suggesting the protein may be involved in 

signaling microaggregate formation or autoaggregation (bacteria to bacteria binding) 

(unpublished). We can now develop a schematic of the initial stages of mycobacterial 

infection of the respiratory mucosa where small, microaggregate-associated proteins 

participate in bacterial communication, adhesion and invasion of the host respiratory 

mucosa elucidating novel mycobacterial mechanisms of infection and providing 

possible targets for antimycobacterial therapies (Figure 5.1).  

Over time bacterial pathogens have coevolved with their hosts often resulting 

in bacterial mimicry of host proteins in order to modulate host cell signaling. One 

example is the Salmonella effector SptP  which mimics the host cell tyrosine 

phosphatase in order to deactivate Rho GTPases and reverse cytoskeletal changes 

after invasion (Humphreys, 2009; Murli, 2001). Using KEGG, we found that MBP-1 

has similar domain to the human ADIP protein which connects afadin and alpha-

actinin at adheren junctions suggesting that MBP-1 may interact with the host 

cytoskeleton. Through protein-protein interaction assays, we found that MBP-1 did 

interact with the intermediate filament protein, vimentin also signifying that ADIP 

may also interact with vimentin.   

The identification of differentially phosphorylated host proteins during 

microaggregate and planktonic infections is particularly interesting since it clearly 
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illustrates potentially activated proteins during infection. We identified several 

pathways that are exclusively activated such as apoptosis, TLR signaling, and 

glutathione synthesis. This data may give us a glimpse on how microaggregates are 

able to efficiently invade epithelial cells compared to planktonic MAH. Silencing the 

phosphorylated genes that have been previously implicated to be important during 

infection such as septin-7 or IQGAP1 and investigate how microaggregate binding or 

invasions were affected would be worthwhile. Identification of differentially 

phosphorylated host proteins is a potentially valuable angle to further explore that has 

not been previously described. The data also provides possible indications to which 

host-specific therapies may be effective against mycobacterial infections.  

Microaggregates play an essential role during infection as procurers to biofilm 

formation. Mycobacterial biofilms, which develop from microaggregates, have been 

previously characterized by various groups and have been shown to be important 

during infection in the lungs of mice (Carter, Young et al. 2004, Yamazaki, 

Danelishvili et al. 2006). Biofilm formation has serious implications for treatment of 

patients since it is well known that biofilms are often resistant to antibiotics 

(Wolinsky 1979, Falkinham, Norton et al. 2001, Carter, Young et al. 2004). In order 

to develop better therapies against mycobacterial biofilms, we need to better 

understand the molecular mechanisms of microaggregate and subsequent biofilm 

formation.  

Our findings on mycobacterial microaggregate formation are very consistent 

to what has been found in the literature for other aggregate-forming bacteria 

(Menozzi, Boucher et al. 1994, Frick, Morgelin et al. 2000, Sherlock, Schembri et al. 

2004, Lepanto, Bryant et al. 2011, Barnes, Ballering et al. 2012). As seen in previous 

studies, many genes involved in microaggregate formation have also been implicated 

with adherence and invasion to the host epithelium and have also been found essential 

for in vivo infections (Menozzi, Boucher et al. 1994, Frick, Morgelin et al. 2000, 

Sherlock, Schembri et al. 2004, Lepanto, Bryant et al. 2011, Barnes, Ballering et al. 

2012). Unlike many of the pathogens that form microaggregates during infection, 

MAH does not have extracellular appendages such as pili or flagella to facilitate 

microaggregate formation. Only Streptococcous pyogenes, has been shown to utilize 
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non-pili proteins to form microaggregates (Frick, 2000). MAH have been shown to be 

motile through a mechanism called “swarming.” Kolter and colleagues have shown 

that MAH can move or “swarm” through media and glycopeptidolipids (GPL) found 

on the surface of the bacteria are necessary (Martinez, 1999). We have shown that the 

GPL mutant, 4B2, in MAC A5 were unable to form microaggregates suggesting that 

swarming may be the mechanism in which mycobacteria may form microaggregates 

(unpublished). 

There are many advantages to forming microaggregates during infection such 

as protection from antibiotics, forming biofilms and evading the immune system. 

During mycobacterial microaggregate formation, we found that CCL5 is secreted at 

higher amounts during microaggregate formation than planktonic suggesting that the 

bacteria may stop repressing the host cell from secreting CCL5. CCL5, a chemokine 

that attracts lymphocytes to the site of infection has been shown to be integral for 

granuloma formation suggesting that microaggregate formation may lead to 

granuloma formation but more experiments are necessary (Champsi, Young et al. 

1995, Sangari, Petrofsky et al. 1999). Also, our data suggest that there is extensive 

cell surface remodeling during microaggregate formation, which may function to 

dampen or inhibit a strong host cell response.  

There are many challenges with studying MAH due to a long doubling time, 

thick cell wall, spontaneous development of antibiotic resistance, and high rate of 

recombination. As a result, creative experiments are necessary to study mycobacterial 

pathogenesis particularly host-pathogen interactions. The utilization of mutant 

libraries, dominant-negative clones, use of the surrogate bacterium, M. smegmatis, 

purification of mycobacterial proteins, production of mycobacterial antibodies and 

overexpression of proteins are important to further characterize mycobacterial 

molecular mechanisms utilized during infection. Collectively, these tools allow us to 

examine host-pathogen interactions.  

The ability to mutate or knockout specific genes in MAH is problematic due 

to inefficient transformation, high native recombination rates and spontaneous 

antibiotic resistance (Otero, Jacobs et al. 2003). The ability to do site-directed 

mutagenesis, up to this point, has been very difficult. While some groups have been 
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able to accomplish this in M. tuberculosis through allelic exchange, transposon 

mutagenesis and specialized transduction (Rouse, DeVito et al. 1996, Chauhan and 

Mande 2002), few groups have had much success in employing these methods in 

MAH (Otero, Jacobs et al. 2003). An allelic exchange assay was employed in one 

publication, but no further papers have arisen from this group, leading to speculation 

that this technique may not be robust (Otero, Jacobs et al. 2003). A new method 

utilizing recombinase genes from mycobacteriophages to accomplish site directed 

mutagenesis has been very successful for M. smegmatis and M. tuberculosis (van 

Kessel and Hatfull 2008). In our lab, we are currently trying to optimize this system 

to produce a robust and easy tool to create site-directed knockout mutants in MAH 

and M. abscessus. The ability to create and then test gene knock outs would be 

invaluable, especially when screening for particular mutant in a transposon library is 

difficult, time intensive or expensive. Additionally, a clean knock out would be 

beneficial in assessing the importance of the gene in an animal model. 

In conclusion, the work completed in my dissertation contributes to the 

general knowledge of bacterial pathogenesis and mycobacteria research. We have 

identified genes associated with invasive microaggregate phenotype, characterized 

previously uncharacterized genes and to my knowledge, we are first to target 

microaggregate specific proteins using antibodies resulting in lower the bacterial 

counts in the lungs in mice early during respiratory infection. It is with high hopes 

that my research ends up helping millions afflicted with or susceptible to 

mycobacterial infections.  
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Figure 5.1 Schematic of MAH infection of the respiratory mucosa. In panel 

1, MAH enters the respiratory tract and pass through the mucous layer to adhere to 

the respiratory mucosa by expressing the bacterial protein, MBP-1. In panel 2, the 

adhered bacteria begin to secrete the MAV_1799 protein, which participates in 

bacterial aggregation, while MBP-1 continues to facilitate adhesion to the host 

epithelial cell. In panel 3, the microaggregate has been fully formed and adhere to the 

host cell by MBP-1 and MIP-1 and MAV_1799 are now expressed to begin invasion 

of the host cell. In panel 4, MAV_5199 and MIP-1 participate in microaggregate 

invasion of the host respiratory mucosa.   
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Appendix 1: Abstracts of Additional Publications 

Appendix 1.1 Mycobacterium tuberculosis alters the metalloprotease activity of 

the COP9 signalosome 

 

Authors: Danelishvili L, Babrak L, Rose SJ, Everman J, Bermudez LE. 

 

Journal: mBio 2014 Aug 19;5(4) 

 

Abstract: Inhibition of apoptotic death of macrophages by Mycobacterium 

tuberculosis represents an important mechanism of virulence that results in pathogen 

survival both in vitro and in vivo. To identify M. tuberculosis virulence determinants 

involved in the modulation of apoptosis, we previously screened a transposon bank of 

mutants in human macrophages, and an M. tuberculosis clone with a nonfunctional 

Rv3354 gene was identified as incompetent to suppress apoptosis. Here, we show that 

the Rv3354 gene encodes a protein kinase that is secreted within mononuclear 

phagocytic cells and is required for M. tuberculosis virulence. The Rv3354 effector 

targets the metalloprotease (JAMM) domain within subunit 5 of the COP9 

signalosome (CSN5), resulting in suppression of apoptosis and in the destabilization 

of CSN function and regulatory cullin-RING ubiquitin E3 enzymatic activity. Our 

observation suggests that alteration of the metalloprotease activity of CSN by Rv3354 

possibly prevents the ubiquitin-dependent proteolysis of M. tuberculosis-secreted 

proteins. IMPORTANCE : Macrophage protein degradation is regulated by a protein 

complex called a signalosome. One of the signalosomes associated with activation of 

ubiquitin and protein labeling for degradation was found to interact with a secreted 

protein from M. tuberculosis, which binds to the complex and inactivates it. The 

interference with the ability to inactivate bacterial proteins secreted in the phagocyte 

cytosol may have crucial importance for bacterial survival within the phagocyte. 
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Appendix 1.2 Evaluation of eight live attenuated vaccine candidates for 

protection against challenge with virulent Mycobacterium avium subspecies 

paratuberculosis in mice.  

 

Authors: Bannantine JP, Everman JL, Rose SJ, Babrak L, Katani R, Barletta RG, 

Talaat AM, Gröhn YT, Chang YF, Kapur V, Bermudez LE. 

 

Journal: Front Cell Infect Microbiol. 2014 Jul 1;4:88. 

 

Abstract: Johne's disease is caused by Mycobacterium avium subsp. paratuberculosis 

(MAP), which results in serious economic losses worldwide in farmed livestock such 

as cattle, sheep, and goats. To control this disease, an effective vaccine with minimal 

adverse effects is needed. In order to identify a live vaccine for Johne's disease, we 

evaluated eight attenuated mutant strains of MAP using a C57BL/6 mouse model. 

The persistence of the vaccine candidates was measured at 6, 12, and 18 weeks post 

vaccination. Only strains 320, 321, and 329 colonized both the liver and spleens up 

until the 12-week time point. The remaining five mutants showed no survival in those 

tissues, indicating their complete attenuation in the mouse model. The candidate 

vaccine strains demonstrated different levels of protection based on colonization of 

the challenge strain in liver and spleen tissues at 12 and 18 weeks post vaccination. 

Based on total MAP burden in both tissues at both time points, strain 315 

(MAP1566::Tn5370) was the most protective whereas strain 318 (intergenic Tn5367 

insertion between MAP0282c and MAP0283c) had the most colonization. Mice 

vaccinated with an undiluted commercial vaccine preparation displayed the highest 

bacterial burden as well as enlarged spleens indicative of a strong infection. Selected 

vaccine strains that showed promise in the mouse model were moved forward into a 

goat challenge model. The results suggest that the mouse trial, as conducted, may 

have a relatively poor predictive value for protection in a ruminant host such as goats. 
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Appendix 1.3 Presence of virulence-associated genes and ability to form biofilm 

among clinical isolates of Escherichia coli causing urinary infection in domestic 

animals. 

 

Authors: Cherise Hill, Marianne Pan, Lmar Babrak, Lia Danelishvili, Helio 

deMorais and Luiz Bermudez 

 

Journal: Veterinary Medicine International (submitted) 

 

Abstract: Background: Urinary tract infection caused by Escherichia coli is a 

frequently observed condition both in humans and animals. Uropathogenic E. coli 

(UPEC) has been shown to have a pathogenicity island that enables them to infect the 

urinary tract. Because there is little information about the presence of UPEC-

associated virulent genes in animal isolates this work was carried out with the intent 

to enhance the understand about the strains of E.coli that cause infections in animals.,  

Results: We screened 21 E. coli strains isolated causing urinary tract infection in 

domestic animals. Primers were designed to amplify urinary infection-associated 

genes. Nine genes, papA, tcpC, fyuA, tpbA, Lma, hylA, picU, tonB, and flicC were 

then amplified and sequenced. Differently from the human isolate CFT073, all the 

animals E. coli lack some of the pathogenesis-associated genes. Genes encoding for 

proteins used to scavenge iron appear not to be so necessary during animal infections 

as they are in human infection. Further investigation of phenotypic properties, it was 

observed that animal UPECs have significantly impaired ability to form biofilms than 

human UPEC strain. 

Conclusions: This study identified significant differences between human and animal 

UPECs. This may have its roots in the fact that it is difficult to determine if an animal 

has symptoms. Future studies will focus on some of the observations. 
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Appendix 1.4 Mycobacterium avium Biofilms Possess Extracellular DNA that 

contributes to formation, persistence, and tolerance to antibiotics 

 

Authors: Sasha Rose, Lmar Babrak, Luiz Bermudez 

 

Journal: Plos One (submitted) 

 

Abstract: Mycobacterium avium subsp. hominissuis is an opportunistic pathogen that 

is associated with biofilm-related infections of the respiratory tract and is difficult to 

treat. In recent years, extracellular DNA (eDNA) has been found to be a major 

component of bacterial biofilms, including many pathogens involved in biofilm-

associated infections. To date, eDNA has not been described as a component of 

mycobacterial biofilms. In this study, we identified and characterized eDNA in a high 

biofilm-producing strain of Mycobacterium avium subsp. hominissuis (MAH). In 

addition, we surveyed for presence of eDNA in various MAH strains and other 

nontuberculous mycobacteria. Biofilms of MAH A5 (the high biofilm-producing 

strain) and MAH 104 (reference strain) were established at 22°C and 37°C on abiotic 

surfaces. Acellular biofilm matrix and supernatant from MAH A5 7 day-old biofilms 

both possess abundant eDNA, however very little eDNA was found in MAH 104 

biofilms. A survey of MAH clinical isolates and other clinically relevant 

nontuberculous mycobacterial species revealed many species and strains that also 

produce eDNA. eDNA resembles genomic DNA; however lack of lysed cells in 

electron micrographs and recovered bacteria from the biofilms suggested no apparent 

signs of massive cell lysis. Treatment with DNase I reduced the biomass of MAH A5 

biofilms when added upon biofilm formation or to an already established biofilm both 

on abiotic surfaces and on top of human pharyngeal epithelial cells. Furthermore, co-

treatment of an established biofilm with DNase 1 and either moxifloxacin or 

clarithromycin significantly reduced its tolerance to these clinically used 

antimicrobials. Collectively, our results suggest a potential new target to help treat 

biofilm-associated nontuberculous mycobacterial infections. 




