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Cases of pulmonary diseases caused by Mycobacterium avium complex 

(MAC) have increased over the years and have become a major health concern in 

Europe, Asia, and the United States. MAC, comprised of M. avium species and M. 

intracellulare, are found everywhere in the environment: in water sources and the soil. 

Their abilities to form biofilm in municipal water sources and their resistance to 

antimicrobial agents increase the risk of being exposed to this environmental pathogen 

and render treatment to MAC infections difficult, respectively. Upon ingestion or 

inhalation of contaminated water droplets, these opportunistic pathogens colonize the 

host and might cause nontuberculous mycobacterial (NTM) lung infection in patients 

with pre-existing lung pathology and disseminated disease in individuals with severe 

immunosuppression.  

Like Mycobacterium tuberculosis, M. avium survives and replicates within 

phagosomes. It has evolved different mechanisms to evade host immune responses 

like blocking phagosome-lysosome fusion, and altering the uptake of iron inside 

phagosomes. Iron and other metals like copper are required for bacterial growth and 

protein synthesis. One defense mechanism that host cells use to block the replication 

of intracellular pathogens inside phagosomes is to restrict the availability of nutrients, 

iron and other metal ions inside the vacuole or to accumulate certain metal that 



becomes toxic to the microorganisms. Sensing host environmental changes is key for 

the pathogen intracellular survival.  

Many environmental cues including the single metal element are factors 

known to influence bacterial gene expression and virulence gene in pathogenic 

microorganisms like Salmonella, Shigella, or Yersinia. In Yersinia, calcium modulates 

the expression of the type III secretion system, which is responsible for the delivery of 

Yop effector proteins directly into the host cell cytosol. It is well known that bacterial 

secreted proteins have the ability to manipulate or modify host cells signaling 

pathways. Here, we were interested in identifying M. avium secreted protein inside the 

phagosome. Yet studying protein secretion inside host cells can be technically 

challenging and complex.  

For these reasons, an in vitro acellular system, established by Early and 

colleagues, which mimics the vacuole environment (metal element concentration and 

pH) of the phagosome at 24 hours post-infection (24 hrs elemental mixture), was used 

to identify M. avium secreted proteins. Fifty-five secreted proteins were identified 

from the M. avium culture supernatant. In this work, we aim (1) to confirm the 

secretion of 10 out of 55 secreted proteins identified from the M. avium culture 

supernatant using the beta-lactamase assay, and (2) to determine whether M. avium 

exposure to the elemental mixture induced gene expression or just triggered a 

secretory mechanism. By confirming the secretion of these 10 selected proteins inside 

macrophages, we will establish an in vitro system in studying M. avium protein 

secretion. Moreover, knowing whether the elemental mixture induces the gene 

expression of these 10 selected proteins or is just triggering a secretory mechanism 

will provide a better understanding on the effect the elemental mixture may have on 

M. avium. 
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Chapter 1: Introduction 

General overview of the Mycobacterium avium complex 

In recent years, the prevalence of acquiring non-tuberculous mycobacteria 

(NTM) lung infections caused by the Mycobacterium avium complex (MAC) has 

increased substantially across the world. In Ontario, Canada, Japan, and the United 

States, the prevalence of NTM pulmonary infection has increased from 9.1 to 14.1 per 

100,000 population between 1997 and 2003; from 0.82 to 5.9 per 100,000 population 

between 1971 to 2001, and 8.2% annually between 1997 to 2007, respectively (Weiss 

and Glassroth, 2012; Uchiya et al., 2013). In England, Wales, and Northern Ireland, an 

increase from 0.9 to 2.9 per 100,000 population between 1995 to 2006 was recorded 

(Kendall and Winthrop, 2013). Such increases are alarming and underline a major and 

growing health concern.  

M. intracellulare and M. avium species, which encompasses 4 subspecies: M. 

avium subsp. avium (MAA), M. avium subsp. paratuberculosis (MAP), M. avium 

subsp. hominissuis (MAH), and M. avium subsp. silvaticum (MAS) (Figure 1), are the 

two mycobacterial species composing the Mycobacterium avium complex (Uchiya et 

al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

	  

Figure 1.1: A phylogenetic tree illustrating the 
relationship among M. avium subspecies (Ogawa, 2013) 
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Non-tuberculous mycobacteria (NTM) are environmental organisms found in soil and 

water sources such as indoor water systems, pools, hot tubs, and natural water sources 

(Griffith et al., 2007; MacGarvey and Bermudez, 2002). They are gram positive, acid 

fast, and slow growing bacilli that infect mammalian hosts (Thegerström et al, 2012; 

Inderlied et al., 1993). M. avium subsp. avium and M. avium subsp. silvaticum infect 

and cause tuberculosis like lesions in birds; M. avium subsp. paratuberculosis, the 

causative agent of Johne’s disease, infects ruminants livestock and wildlife; both M. 

avium subsp. hominissuis and M. intracelluare form biofilm and infect animals and 

humans (Turenne et al., 2007; McGarvey and Bermudez, 2002). These biofilms are 

found in showerheads, household plumbing, bathrooms, and municipal water sources 

(Aksamit et al., 2014).  

The ubiquitous presence of MAC in water sources has increased the risk for 

immunocompetent and immunocompromised individuals to be exposed to the 

pathogen and develop MAC infection. M. avium infections are acquired either via the 

gastrointestinal or respiratory route (McGarvey and Bermudez, 2002). Upon the 

ingestion of contaminated water and food or inhalation of contaminated water droplets 

or dust, healthy individuals rarely develop focal or disseminated disease (Inderlied et 

al., 1993). Patients with pre-existing bronchiectasis, cystic fibrosis, and AIDS are 

more prone to get NTM respiratory infections (Aksamit et al., 2014). AIDS patients 

acquire M. avium infection most likely via the gastrointestinal route which usually 

results in disseminated disease whereas non-AIDS patients acquire the infection via 

the respiratory tract by inhaling aerosolized contaminated water droplets (Sangari et 

al., 1999; Johnson and Odell, 2014).  

Patients with MAC pulmonary disease show either no or minimal symptom 

like chronic cough with sputum (Zheng and Fanta, 2013). Patients with chronic 

infection show severe symptoms ranging from generalized weakness, malaise, fever, 

and weight loss to recurrent pneumonia and the formation of nodules in the lung 

(Zheng and Fanta, 2013). Treatment includes a combination of antibiotics (macrolides, 

like clarithromycin and azithromycin; rifamycins, like rifampicin and rifabutin;  



	  

	  

3	  
 

aminoglycosides like amikacin; and ethambutol) taken over a time period depending 

on the disease status and severity seen in individual patient (Griffith et al., 2007).  

 

Host immune responses to M. avium infection 

As M. avium enters the gastrointestinal tract, it invades intestinal epithelial 

cells by activating GTPases RhoA and cdc42, which induces cytoskeletal 

rearrangement (Danelishvilli and Bermudez, 2003). After crossing the intestinal 

epithelial layer and now being in the lamina propria, the pathogen is uptaken by 

macrophages which secrete different cytokines like tumor necrosis factor- α (TNF-α), 

tumor growth factor-β (TGF-β), granulocyte-macrophage colony-stimulating factor 

(GM-CSF), interleukin-18 (IL-18), interleukin-6 (IL-6), and interleukin-12 (IL-12) in 

response to M. avium infection (Sangari et al., 1999; Danelishvilli and Bermudez, 

2003). These cytokines are key players in controlling the infection, and some of them, 

TNF-α and GM-CSF, have been shown to activate infected macrophages to destroy 

the microorganism (Hayashi et al., 1999; Danelishvilli and Bermudez, 2003). 

TNF-α is one of the crucial cytokine that induces apoptosis, increases 

antimicrobial mechanisms in infected cells, and participates in the formation of 

granuloma, which prevents the spreading of the pathogen into other regions of the 

body (Danelishvilli and Bermudez, 2003). GM-CSF is another important cytokine that 

regulates the proliferation, differentiation, and function of granulocytes and 

macrophages, and increases phagocytosis and intracellular killing by murine, alveolar 

macrophages, and uninfected human monocyte-derived macrophages against M. 

avium infection (Kedzierska et al., 2000).  

IL-12 stimulates the production of interferon-γ (IFN- γ) from T-helper type 1 

(Th1) cells and natural killer (NK) cells and induces the differentiation of naïve T cell 

to Th1 cells and their proliferation in the T-cell mediated response (Kobayashi et al., 

1995). IFN- γ and TNF-α synergistically stimulate more oxygen radical productions in 

macrophages; IFN- γ prevents M. avium growth in human macrophages but not in 

murine macrophages (Reddy, 1998). Many murine model studies have shown the  
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importance of Th1 immunity against M. avium infection. Mice, that were deficient in 

IL-12, were not able to control the bacterial replication and stimulate Th1 recall 

immune response (Silva et al., 2001). So far, the roles of CD8+ T cells, γδ T cells, and 

Th2 immunity involving IL-4, Il-13, and IL-10 in M. avium infection have not been 

fully determined yet (Danelishvilli and Bermudez, 2003; Appelberg, 2006). 

 

M. avium host immune evasion mechanisms 

To evade host innate immunity, M. avium has evolved different strategies 

against macrophage killing mechanism. One of the strategies used by the pathogen is 

the synthesis of superoxide dismutase and catalase that work against the action of 

superoxide anion and other reactive oxygen species (Uchiya et al., 2013). Blocking 

phagosome maturation is another strategy used by this opportunistic bacterium. As it 

prevents the recruitment of the vesicular proton adenosine triphosphatase (ATPase) to 

the phagosome, phagosome acidification does not occur and leads to intracellular 

survival and replication (Sturgill-Koszychi et al., 1994). Changing iron uptake to the 

vacuole and the production of cytokines by infected macrophages are other strategies 

used by M. avium. Previous studies have shown that the infected macrophages 

produce less TNF-α and IL-12 during the course of the infection (Danelishvilli and 

Bermudez, 2003). Other mechanisms might be employed by this intracellular 

pathogen; however, they have not been fully characterized yet (Bermudez et al., 

2000).  

 

The effect of environmental cues on bacterial gene expression 

Upon entry into the mammalian host, bacterial pathogens are often exposed to 

different host environmental cues. Sensing these cues is key for the bacteria 

intracellular adaptation and survival. Many environmental signals like pH, nutrient 

and oxygen levels, osmolarity, temperature, and metal ion have been identified and are 

known to control or influence bacterial gene expression and the expression of their 

virulence factors (Mekalanos, 1992). In Vibrio cholerae, temperature, pH, and  
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osmolarity affect the regulation of the ToxR regulon, which encodes genes associated 

with toxin production, intestinal colonization, and intracellular survival (Skorupski 

and Taylor, 1997). In Yersinia, temperature and the calcium level in the environment 

control the transcription of yop genes associated with Yop protein synthesis and 

secretion (Cornelis et al., 1998). In Salmonella enterica spp. Typhimurium, the 

magnesium level inside the vacuole controls the expression of the PhoP/PhoQ system. 

 PhoP/PhoQ is a two-component system composed of the sensor kinase, PhoQ, 

that senses the presence of cationic antimicrobial peptides, acidic pH, and the low 

magnesium level inside the vacuole, and the regulator, PhoP (Ernst et al., 2001; Tang 

et al., 2013). Upon sensing these environmental signals, PhoQ is autophosphorylated 

and undergoes a conformational change which leads to the transfer of the phosphoryl 

group to the PhoP regulator and the activation of more than 120 genes known as PhoP-

activated genes (pags) and PhoP-repressed genes (prgs) (Chamnongpol et al., 2003; 

Bishop and Finlay, 2006; Tang et al., 2013; Soncini et al., 1996).  

Some of the PhoP-activated genes, pagP, lpxO (also known as pagQ), and 

pagL, are responsible for the modification of Salmonella lipid A lipopolysaccharide 

(LPS) structure (Prost et al., 2007). PagP, PagL, and lpxO each encode the following 

and respective enzymes, a serine hydrolase, a 3-O-deacylase, and an aspartyl/ 

asparaginly beta-hydroxylase, that are responsible for the following and respective 

modifications, the transfer of palmitate to the outer membrane of lipid A, the removal 

of the 3-hydroxymyristate from lipid A, and the addition of a hydroxyl group into 2-

hydroxymyristate lipid A (Ernst et al., 2001; Peschel, 2002). Such modifications 

increase the membrane structure stability and reduce its permeability to CAMPs, small 

positively charged peptides, that bind to specific regions of the negatively charged 

bacterial cell wall, form pores, cause the leakage of bacterial cytosolic components, 

and ultimately lead to cell lysis (Bishop and Finlay, 2006).  

In conclusion, low magnesium level inside the vacuole activates the expression 

of the PhoP/PhoQ two-component system, which in turn modifies the bacterial cell 

envelope rendering the pathogen to become resistant to CAMPs.  
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Secretion systems 

Bacteria are classified either as gram-positive or gram-negative organisms, and 

such distinction is based commonly on their cell wall structure and composition. 

Gram-negative microorganisms possess a thin peptidoglycan layer flanked by an inner 

and outer membrane. On the other hand, gram-positive microorganisms possess a 

thick peptidoglycan layer and only the inner membrane. Since the cell wall structures 

differ greatly between gram-positive and gram-negative bacteria, secreting proteins 

across the bacterial envelope or into the host cytosol requires the usage and design of 

different secretion apparatus. So far, seven secretion apparatus have been 

characterized and have the type I through type VII secretion system nomemclature. 

Gram-positive bacteria use the type II, type IV, and VII secretion apparatus for protein 

secretion whereas gram-negative bacteria use all secretion apparatus except the type 

VII one (Tseng et al., 2009; Wallden et al., 2010).  

Some secretion apparatus like the type 3 (T3SS) and type 5 (T5SS) secretion 

systems selectively regulate the toxin that will be injected into the host cell cytosol 

(Blanke, 2006). Other secretion systems like the type IV secretion systems (T4SS) are 

involved in the conjugation process between bacterial species and have been described 

to be essential for Legionella pneumophila, Helicobacter pylori, and Bordetella 

pertussis pathogenicity and to be responsible for the secretion of large 

macromolecules like protein-DNA complexes, DNA, or protein across the cell wall 

(Wallden et al., 2006). The type 6 secretion system (T6SS) secretes enzymes that 

target nucleic acid; moreover, its expression is regulated by environmental factors like 

temperature, pH, or the iron concentration (Russell et al., 2014). In Pseudomonas 

aeruginosa and V. cholerae, this secretion system secretes bacteria-targeted effector to 

kill competitors present in their habitat (Russell et al., 2014).  

In Salmonella enterica serovar Typhimurium, the type III secretion system 

(T3SS) secretes effector proteins that manipulate the signaling and regulatory 

pathways of the targeted host cells, and such alterations are needed for the 

establishment of its intracellular niche and for immune evasion (Radics et al., 2014;  
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Vorwerk et al., 2015). L. pneumophila and Yersinia are other examples of successful 

intracellular pathogens that use different secretion systems to translocate proteins that 

will change host signaling pathways and lead to phagosomal escape. 

Legionella pneumophila, the causative agent of Legionnaires’ disease in 

humans, possess multiple secretion systems, like the Dot/Icm type IV, the lsp type II,  

the lvh type IV, and the lss type I systems, that are associated with the translocation of 

enzymes like lipase, acid phosphatase, or phospholipase C or effector proteins like 

Ralf, LidA, LepA and LepB (Brüggemann et al., 2006). According to Brüggermann 

and colleagues, the function and mechanism of the tra-like type V and lss type I 

secretion systems and the role of their respective effector proteins have not be 

determined yet (Brüggemann et al., 2006). So far, only the Dot/Icm type IV secretion 

system and the Lsp type II secretion system have been described to be associated with 

L. pneumophila pathogenicity and virulence (Steinert et al., 2007). In addition, several 

Dot/Icm effector proteins like Ralf, LidA, VipA, and VipD play important roles in the 

pathogen immune escape by targeting specific steps in the formation or maturation of 

the phagosome like recruiting the ADP ribosylation factor-1, interfering endoplasmic 

reticulum (ER)-derived vesicles recruitment, inhibiting lysosomal protein trafficking, 

and interfering the late endosome formation (Derré and Isberg, 2005; Nagai et al., 

2002; Brüggemann et al., 2006).  

Yersinia uses the T3SS to secrete a set of Yops intracellular effectors that 

interfere with multiple innate immunity mechanisms like phagocytosis, inflammatory 

response, and apoptosis (Bleves and Cornelis, 2000; Coburn et al., 2007). So far, 

twelve secreted proteins have been identified and associated either with the 

modification of host signaling pathways or with the assembly of the secretion 

apparatus (Bleves and Cornelis, 2000). The ones secreted inside host cells cytosol are 

YopH, YopO, YopT, YopP, YopE, and YopM (Navarro et al., 2005). YopH plays 

different roles in the innate and adaptive immune escape processes. For instance, it 

inhibits phagocytosis by disrupting the interaction between focal adhesions and actin 

cytoskeleton, suppresses the PI3K/Akt pathway associated with the inflammatory  
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responses, impedes the recruitment of more macrophages to the site of infection, 

downregulates the respiratory burst in macrophages and neutrophils, blocks the 

production of cytokine by T-cells and their proliferation, and decreases the expression 

of the co-stimulatory receptor B7.2 on B-cells (Navarro et al., 2005). YopE and YopT 

both disrupt host actin cytoskeleton by inhibiting the small GTPases of the Rho family 

responsible in actin polymerization (Bleves and Cornelis, 2000). Like Salmonella 

effector proteins, Yersinia effector proteins also target steps in the formation of the 

phagosome and other important host signaling pathways that allow the establishment 

of an intracellular niche and escape of immune responses. 

Unlike gram-positive and gram-negative bacteria cell wall, Mycobacteria 

possess a unique and complex cell wall consisted of peptidoglycan, arabinogalactan, 

lipoarabinomannan, and mycolic acid; such composition renders mycobacteria cell 

wall to be highly hydrophobic and impermeable to many molecules (Hett and Rubin, 

2008). To secrete molecules across the cell envelope, Mycobacteria employs a type 

VII secretion system that secretes proteins lacking the classical signal peptides 

(Daleke et al., 2011). The mechanism in which these non-classical proteins are 

secreted inside host cells is not fully understood yet. Nevertheless, to evade host 

immunity, M. tuberculosis as well as Salmonella, Shigella, Yersinia, or Legionella 

secretes proteins into the host cytosol to modify host signaling pathways. Five type 

VII secretion systems (T7SS) named ESX-1 through ESX-5 are found in M. 

tuberculosis (Houben et al., 2014).  

The ESX-1 system was the first T7SS discovered in M. tuberculosis (Houben 

et al., 2014). This system secretes two small proteins, the 6 kDa early secreted 

antigenic target (ESAT-6) and the 10 kDa culture filtrate protein (CFP-10), described 

to be essential for virulence (Abdallah et al., 2007). Such role has been confirmed after 

complementing two attenuated mycobacterial species, Mycobacterium bovis bacilli 

Calmette-Guérin (GCG) and Mycobacterium microti, which originally lack the ESX-1 

system located in the region of difference 1 (RD1), with the ESX-1 locus that restored 

their virulent phenotype in immunocompetent mice (Simeone et al., 2009).  
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Although little is known regarding the function of the ESX-2 and ESX-4 

systems in mycobacteria, the ESX-3 system has been suggested to be associated with 

iron and zinc regulation (Feltcher et al., 2010; Abdallah et al., 2007). It was not until 

recently that Serafini and colleagues confirmed the role of ESX-3 in the uptake of iron 

and adaptation in low zinc environment; in addition, they discovered that ESX-3 

system was essential for M. tuberculosis viability (Serafini et al., 2013). These 

findings were coherent with previous high-densities transposon mutagenesis studies 

data, which revealed the absence of bacterial growth upon the disruption of genes 

from the ESX-3 and ESX-5 systems (Abdallah et al., 2007). The secretion of PE and 

PPE proteins is mainly related with the ESX-5 system (Houben et al., 2014). These 

secreted proteins were named PE and PPE based on the highly conserved Proline-

Glutamate and Proline-Proline-Glutamate residues located at the start of their encoded 

proteins; in addition, they have been shown to be highly immunogenic and to 

influence macrophage function (Sampson, 2010). For example, the interaction 

between M. tuberculosis PE_PGRS33 protein and TLR-2 triggers host cell apoptosis 

and increases TNF-α production and TNF receptor I expression (Basu et al, 2007). 

Recently, Bottai and colleagues investigated the role of ESX-5 in M. tuberculosis by 

knocking out different regions of the ESX-5 locus (Bottai et al., 2012). They 

discovered that ESX-5 was important not only in the secretion of PPE proteins 

secretion but also in the maintenance of its cell wall integrity (Bottai et al., 2012). 

On top of having five ESX systems, M. tuberculosis also possesses two general 

secretion pathways (SecA1 and SecA2) which are not homologous and not an allele 

duplication of one another; their specific roles in pathogenesis have not been defined 

yet; however, it is known that the translocation of folded proteins across the plasma 

membrane happens via the twin-arginine transporter (Tat) pathway (Braunstein et al., 

2001; DiGiuseppe Champion and Cox, 2007).   

M. avium and Mycobacterium ulcerans do not possess the ESX-1 system; 

nevertheless they may express specific genes, which are absent in other 

Mycobacterium species, to compensate for it (Houben et al., 2014). Four ESX  
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systems, the ESX-2 through ESX-5 systems, are present in M. avium (McNamara et 

al., 2012). Nevertheless, their exact functions and participations in M. avium 

pathogenicity have yet to be fully determined. In M. avium, the general secretory 

pathway (SecA) was characterized and was expressed after uptake of the pathogen by 

macrophages (Limia et al., 2001).  

 

Scope of the Master thesis work 

To understand better host-pathogen interaction, the identification of 

environmental signals responsible for M. avium pathogenesis is essential. As 

mentioned earlier, metal ions concentrations present in the host environment affect 

and activate the expression of genes associated with intracellular adaptation and 

survival. Recently, Wagner and colleagues described the intra-vacuole metals 

elements concentrations of virulent (M. tuberculosis and M. avium) and avirulent (M. 

smegmatis) mycobacterial species using hard X-ray microscopy (Wagner et al., 2005). 

They observed changes in iron, chlorine, calcium, potassium, manganese, copper, and 

zinc concentrations inside the phagosome of macrophages infected either with M. 

smegmatis, M. avium, or M. tuberculosis. Less iron was detected in the vacuoles of 

macrophages infected with M. smegmatis whereas increased iron concentration was 

observed inside the phagosome after the uptake of pathogenic mycobacteria.  

 Following the discovery of M. avium intra-vacuole elemental metal 

composition, Early and colleagues developed an in vitro system mimicking the 

intracellular environment of the phagosome (Early et al., 2011). The authors created a 

metal mixture reproducing the metal ion concentrations and pH of the phagosome and 

exposed M. avium into the metal mixture for 24 hours. It was seen that gene 

expression pattern between genes known to be upregulated in intracellular 

mycobacteria was similar to mycobacteria gene expression after metal mixture 

exposure for 24 hours. In addition, it was noticed that exposure to potassium chloride, 

calcium chloride, and manganese chloride were sufficient to induce intracellular 

mycobacteria phenotype. By inducing comparable M. avium phenotype following  
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exposure to single elements in vitro to the phenotype seen within macrophages, this in 

vitro system has become useful laboratory tool to understand host-pathogen 

interaction.  

This in vitro system was used to identify protein secreted by M. avium after 

exposure to the 24 hours metal mixture and the control Middlebrook 7H9 broth. A 

total of 55 secreted proteins were identified from the 24 hrs elemental mixture and 

Middlebrook 7H9 broth M. avium culture supernatants (unpublished data). Out of the 

55 identified proteins, 46 secreted proteins were identified uniquely in the 24 hrs 

elemental mixture of M. avium culture supernatant and absent in the control 

Middlebrook 7H9 M. avium culture supernatant (unpublished data). Out of the 46 

secreted proteins, 10 proteins were selected and cloned into the Escherichia coli-

Mycobacterium shuttle vector pMV261 containing beta-lactamase lacking the signal 

sequence. This selection was based on the knowledge that some of these proteins had 

M. tuberculosis homologs identified to be secreted and present in M. tuberculosis 

culture supernatant whereas others were not.   

The aims of this Master thesis work are to confirm the secretion of these10 

proteins in infected macrophages and to determine whether or not the exposure to the 

24 hrs metal mixture is responsible for the gene expression of these 10 selected 

proteins or triggering an unknown secretory mechanism responsible for protein 

secretion. 
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Abstract 

 Mycobacteria like many other intracellular pathogens, Salmonella, Legionella, 

and Listeria secrete proteins inside host cells to evade host immune response.  

Studying protein secretion inside host cells can be technically challenging and 

complex. Consequently, to identify Mycobacterium avium secreted proteins inside 

macrophages, we used an in vitro system, which mimicked the metal ion 

concentrations and pH of the phagosome at 24 hrs post-infection (24 hrs elemental 

mixture). We produced a 24 hrs elemental mixture and exposed the bacteria to the 

control Middlebrook 7H9 broth and the elemental mixture for 4 and 24 hrs. Using a 

proteomic-based approach, 55 unique secreted proteins were identified from the 24 hrs 

elemental M. avium culture supernatant in which increasing protein abundance was 

observed during longer elemental mixture exposure. Ten proteins were selected and 

confirmed to be secreted inside macrophages using a beta-lactamase reporter system. 

Then to determine whether M. avium exposure to the elemental mixture induced gene 

expression or would just trigger a secretory mechanism, reverse-transcription PCR 

analysis was done after M. avium exposure to the control 7H9 broth, the 1 and 24 hrs 

elemental mixtures. Surprisingly, the elemental mixtures did not induce gene 

expression; thus, the ten selected secreted proteins were already pre-synthesized. In 

this study, we established an in vitro system for studying Mycobacterium avium 

protein secretion and revealed that the elemental mixture triggered a protein secretion 

process in which the mechanism had yet to be determined.  
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Introduction 

Mycobacterium avium, a gram positive bacterium found ubiquitously in the 

environment, is known to infect different mammalian hosts. Its transmission to 

humans occurs either through the gastrointestinal or respiratory route (MacGarvey and 

Bermudez, 2002). Upon ingestion of contaminated water sources, this bacterium is 

capable to infect different cell types, yet it preferentially infects macrophages 

(Motamedi et al., 2014). Like Mycobacterium tuberculosis, M. avium survives and 

replicates within macrophages by blocking phagosome maturation and fusion between 

the phagosome and lysosome. Although, to escape host immune responses, it might 

also use other mechanisms that had not yet been determined, it is well known that 

environmental cues including metal ions can influence or control bacterial gene 

expression and the expression of virulence factors. 

In Salmonella enterica spp. Typhimurium, the activation of the PhoP/PhoQ 

system, a two-component system, is dependent on the magnesium level inside the 

vacuole. In Shigella dysenteriae, Pseudomonas, and Corynobacterium diphtheriae, 

toxin production is dependent on the level of iron available in the environment (Litwin 

and Calderwood, 1993). It is most likely that environmental cues including the 

vacuole metal composition can also affect Mycobacteria gene expression. In recent 

years, Wagner and colleagues were the first group to describe the vacuole metal 

composition of virulent (M. tuberculosis and M. avium) and avirulent (M. smegmatis) 

mycobacterial species inside macrophages (Wagner et al., 2005). Using hard X-ray 

microprobe, they observed changes in iron, chlorine, calcium, potassium, manganese, 

copper, and zinc concentrations inside the phagosome of macrophages infected either 

with M. smegmatis, M. avium, or M. tuberculosis. Less iron was detected in the 

vacuoles of macrophages infected with M. smegmatis whereas increased iron 

concentration was observed inside the phagosome after the uptake of pathogenic 

mycobacteria.  
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Following the discovery of Mycobacteria vacuole metal composition, Early et 

al developed an in vitro system mimicking the intracellular environment of the 

phagosome (Early et al., 2011). The authors created an elemental mixture reproducing 

the metal ion concentrations and pH of the phagosome at 24 hrs post-infection (24hrs 

elemental mixture). Upon M. avium exposure to the 24 hrs elemental mixture, similar 

gene expression pattern between genes known to be upregulated in intracellular 

mycobacteria and gene expression after M. avium exposure to the 24 hrs elemental 

mixture was observed. In addition, the authors noticed that exposures to potassium 

chloride, calcium chloride, and manganese chloride were sufficient to induce 

intracellular mycobacteria phenotype. These results showed that this in vitro system 

had become useful laboratory tool to understand host-pathogen interaction. Here, 

using the in vitro system, we established an in vitro system for studying 

Mycobacterium avium protein secretion and revealed that the elemental mixture 

triggered a protein secretion process in which the mechanism had yet to be 

determined. 
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Materials and Methods 

 

One and twenty-four hrs elemental mixture preparations. To mimic the intra-

vacuole environment of the phagosome at 1 and 24 hours post-infections, five hundred 

milliliters of  Middlebrook 7H9 broth (Difco, Becton-Dickinson, Sparks, MD) was 

supplemented with different metals listed in Table 2.1. The solutions were adjusted to 

their respective pH, autoclaved, and stored at 4°C until use. 

 

M. avium exposure to the 24 hrs elemental mixture. Mycobacterium avium 

subspecies hominissuis 104 (M. avium 104) was isolated from the blood of an AIDS 

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

albumin, dextrose, and catalase (OADC, Hardy Diagnostics, Santa Maria, CA) at 37°C 

for 7 days. Next, the bacteria was resuspended in 1xPBS buffer solution, inoculated 

into Middlebrook 7H9 broth supplemented with OADC, and incubated at 37°C for 5 

days. After centrifugation at 2000x g for 20 minutes, the bacterial pellet was washed, 

and then resuspended in Middlebrook 7H9 broth (without OADC). After passing the 

bacterial suspension through a syringe to disperse any bacterial clumps, the optical 

density (OD) was measured and adjusted to McFarland standard #1 (3x108 cells/ml). 

M. avium (~107 cells/ml) were inoculated, exposed to Middlebrook 7H9 broth and 

24hr elemental mixture, and incubated in the 37°C shaker for either 4 hrs or 24 hrs. 

The original inoculum was determined after performing a serial dilution and plating 

the diluted culture on Middlebrook 7H10 agar.  

  At time 4 and 24 hrs, a viability assay was performed, according to the 

manufacturer’s instruction (Molecular probes, Eugene, OR), to ensure that the proteins 

present in the supernatant were intracellular proteins. After 4 hr or 24 hr incubation, 

the cultures were centrifuged at 2000x g for 30 minutes at 4°C. The supernatants were 

filtered sterilized with a 0.2 µm syringe filter, and size fractionated using 300KDa and 

3kDa nano filters (PALL, Ann Harbor, MI). The protein samples were electrophoresed 

on a 12% SDS-PAGE gel.  
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Mass spectrometry analysis. An in-gel trypsin digestion was done following the 

Promega trypsin enhancer kit manual. Peptides samples were sent to the Mass 

Spectrometry Facilities at Oregon State University for analysis. Secreted proteins and 

their corresponding abundances were identified from 24 hrs elemental and 

Middlebrook 7H9 M. avium culture supernatants. From the list of identified peptides, a 

small subset of unique secreted proteins (10 genes) in the M. avium 24 hrs culture 

supernatant was selected and cloned in the Escherichia coli-Mycobacterium shuttle 

vector pMV261containing beta-lactamase missing the signal sequence (pMV261-

BlaC) for further in vitro work.  

 

Cloning of M. avium genes into pMV261-BlaC. M. avium 104 genomic DNA was 

extracted as previously described (van Soolingen et al., 1994; MacGarvey and 

Bermudez, 2001). Primers specific to 10 M. avium 104 genes were designed and used 

for PCR amplification of the M. avium 104 genomic DNA. After running the amplicon 

on a 1% agarose gel electrophoresis, it was purified with the QIAquick PCR 

purification kit (QIAGEN, Valencia, CA) following the manufacturer’s instructions. 

The insert and vector, pMV261-BlaC containing the beta-lactamase gene lacking the 

signal sequence, were digested simultaneously overnight or for 3 hours at 37°C with 

restriction enzymes recognizing the BamHI and EcoRI restriction sites and then 

electrophoresed through a 1% agarose gel. The digested products were ligated with the 

T4 DNA ligase (Invitrogen, Carlsbad, CA) overnight or for 2 hours at 16°C. The 

ligation mixture was electroporated in ElectroMAXTM DH10BTM cells (Invitrogen) 

and incubated for 30 minutes in S.O.C medium (Invitrogen) at 37°C before being 

plated on Luria Bertani (LB) agar containing 50 µg/ml of kanamycin. Colonies were 

PCR screened then inoculated in Luria Bertani broth containing 50 µg/ml of 

kanamycin prior to plasmid DNA extraction. Following the manufacturer’s 

instructions for the QIAprep Miniprep Kit (QIAGEN, Valencia, CA), plasmid DNA 

was isolated from E.coli, digested with BamHI and EcoRI restriction enzymes, and 

electrophoresed through a 1% agarose gel electrophoresis prior to sequencing. 
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Nucleotide sequence analysis. Primer specific to pMV261 and plasmid DNA samples 

were sent to the Central Service Laboratory (CSL), Center for Gene Research and 

Biotechnology (CGRB), Oregon State University, Corvallis, for DNA sequencing 

analysis. BLAST network service was used to compare the nucleotide sequences with 

the National Center for Biotechnology Information database. Percent identity was used 

to confirm the successful cloned gene into the pMV261-BlaC vector. 

 

M. avium transformation and colony screening. M. avium competent cells were 

prepared as followed: washed 3 times with a chilled buffer constituted of 10% 

glycerol, 0.1% Tween-20, and water, centrifuged at 2000x g for 15 min, and 

resuspended in a chilled 10% glycerol solution. Cells were electroporated with 

plasmid DNA and recovered for 1 hour at 37°C in Middlebrook 7H9 broth 

supplemented with OADC before being plated on Middlebrook 7H10 agar 

supplemented with OADC containing 400 µg/ml of kanamycin. After 10 days 

incubation at 37°C, colonies were screened for the presence of the entire kanamycin 

gene (800 bp length) using the following kanamycin primers: Full_Kan_For 5’ 

ATATTCAACGGGAAACGTCTTG 3’ and Full_Kan_Rev 

5’CATCGAGCATCAAATGAAACTG 3’, and the following PCR settings: 95°C for 

5 min., 95°C for 30 sec., 60°C for 30 sec., 68°C for 1 min., for 41 cycles. An agarose 

gel electrophoresis analysis was performed prior to the selection of colonies 

possessing the insert and their inoculation in Middlebrook 7H9 broth with OADC 

containing 400 µg/ml of kanamycin. After 5 days incubation at 37°C, the bacterial 

cultures were used for uptake, survival, and beta-lactamase (BlaC) assays. Prior to 

experiments, the bacterial cultures were briefly vortexed, passed through a 22-gauge 

needle to disperse clumps, and allowed to sediment for 5 minutes. Only the top half of 

the suspension was used as inoculum.  

 

Uptake and survival assay. Human THP-1 cells were obtained from the American 

Type Culture Collection (Manassas, VA), cultivated in RPMI-1640 medium (Lonza,  
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Allendale, NJ) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 

mM L-glutamine, and 25 mM HEPES (Cellgro, Manassas, VA), and incubated at 

37°C and in 5% CO2. Cells at 80% confluence were seeded in 96-well plates and 

activated with 100 ng/ml of phorbol-12-myristate-13-acetate (PMA). Activated THP-1 

cells were infected with ten different M. avium (MAH) constructs and controls 

(negative control: pMV261 with the beta-lactamase gene lacking the signal sequence 

[pMV261-BlaC (-)]; positive control: pMV261 with the beta-lactamase gene 

containing the signal sequence [pMV261-BlaC (+)] at a MOI of 10:1 for 2 hrs. After 2 

hrs infection, cells were washed three times with Hanks’ balanced salt solution 

(HBSS, Cellgro, Manassas, VA), lysed, and plated on Middlebrook 7H10 agar 

supplemented with OADC to determine the uptake percentage. To determine the role 

of the different construct in M. avium survival within THP-1 cells, cells were infected 

for 2 hours and washed three times with HBSS. Intracellular infection was carried out 

up to 3 days before lysing and plating the bacteria on Middlebrook 7H10 agar 

supplemented with OADC. After 10 days incubation at 37°C, CFU numbers were 

obtained.  

 

Beta-lactamase reporter system. To study protein secretion in vitro, activated human 

THP-1 cells were seeded into wells of a black wall 96 well plate (Greiner Bio-One, 

Monroe, North Carolina) and infected with different M. avium constructs and controls 

for 2 hrs. Infected cells were washed three times with HBSS, and fresh RPMI-1640 

with 10% FBS was added into the wells. After carrying out intracellular infection up 

to 72 hrs, the medium was replaced with fresh RPMI-1640 with 10% FBS. 

Meanwhile, a beta-lactamase substrate, CCF2-AM, was prepared according the 

manufacturer’s instructions (Invitrogen) and added to the cells. Fluorescent reading 

measurements were taken every 15 min. for 2 hours using the Tecan Infinity 200 

cytofluorometer (Tecan Group Ltd, Männedorf, Switzerland) and two filter sets: 

excitation 405±10 nm/ emission 460 ±20 nm and excitation 405±10 nm/ emission 530 

± 15 nm.  
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Inverted fluorescent microscopy. After 2 hours of fluorescent readings, the CCF2-

AM substrate uptake by the infected THP-1 cells was examined using an inverted  

fluorescent microscope (Leica Microsystems, Wetzlar, Germany) with the proper 

CCF2-AM filter sets. After confirming the uptake of the substrate of the cells, two 

more fluorescent readings were taken. The black wall 96 well plate was incubated for 

15 min. at 37°C and in 5% CO2 in between readings. At the end of each reading, 

fluorescent microscopy observations were performed to detect the CCF2-AM substrate 

cleavage, which would result in cells changing from a green to blue color.  

 

Fluorescent reading measurement data analysis. Two fluorescent reading 

measurements were obtained by using the two filter sets stated above. The filter with 

an excitation 405± 10 nm/ emission 530 ± 15 nm recorded the emission of green 

fluorescent wavelength (green filter) whereas the filter with an excitation 405± 10 nm/ 

emission 460 ± 20 nm recorded the emission of blue fluorescent wavelength (blue 

filter). To determine the amount of beta-lactamase secreted by each MAH clone and 

the positive control, pMV261-BlaC (+), fluorescent readings recorded from the blue 

filter were normalized to the negative control, pMV261-BlaC (-), fluorescent readings.   

 

RNA extraction and purification. After exposing M. avium to the 1 hr or 24 hrs 

elemental mixtures and the control Middlebrook 7H9 broth for 1 hour and 24 hours, a 

two-step centrifugation was performed. The first centrifugation, at 55 x g for 15 

minutes at 4°C, separated the metals from the bacterial suspension. The second 

centrifugation, at 2000 x g for 20 minutes at 4°C, pelleted down the bacterial samples 

which were resuspended later on in a 500 mM of sodium acetate (pH=4), HPLC water, 

1% triton X-100, and 0.6% sodium dodecyl sulfate buffer. The bacterial RNA was 

extracted as previously described (Babrak et al, 2015). In brief, multiple sequential 

extraction steps, using chilled phenol: chloroform (5:1), chilled chloroform: isoamyl 

alcohol (24:1), chilled Trizol reagent, chilled chloroform, chilled 75% ethanol, and 

chilled 95% ethanol, and two DNase treatments were performed prior to 
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the resuspension of the bacterial RNA into nuclease-free water. The concentration and 

purity of bacterial RNA was determining using the NanoDrop 2000 instrument  

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

Two biological replicates were performed for this experiment. 

 

Reverse-transcription PCR analysis. Following the manufacturer’ instruction for the 

iScriptTM Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA), 

RNA was reverse-transcribed into complementary DNA (cDNA) and amplified using 

the primers listed in Table 2.2 and the following PCR settings: 95°C for 5 min., 95°C 

for 30 sec., 59°C for 30 sec., 68°C for 30 sec., for 31 cycles. The following primers, 

23S_F 5’ GTAGCGAAATTCCTTGTCGG 3’ and 23_R 5’ 

TTCCCGCTTAGATGCTTTCAG 3’, recognizing the housekeeping gene, 23S rRNA, 

and the following PCR settings, 95°C for 5 min., 95°C for 30 sec., 59°C for 30 sec., 

68°C for 1 min., for 31 cycles, were used to amplify the 23S rRNA gene, which acted 

as a control in this experiment. A 1% agarose gel electrophoresis was performed to 

look at M. avium gene expression after exposure to the control Middlebrook 7H9 

broth, 1hr and 24 hrs elemental mixtures for 1 hr and 24 hrs.   

 

Bioinformatics. The Kyoto Encyclopedia of Genes and Genomes (KEGG), SignalP 

4.1 Server, TubercuList, Pfam, and UniProt databases were used to determine the 

biological function, the motif, the protein homology with M. tuberculosis, and the 

presence of secretion signal peptide. 

 

Statistical analysis. The experiments were repeated at least two times with sets of 

triplicates. The results were expressed as mean ± SD. A Student’s t test was carried 

out comparing the control group with the experimental group. An ANOVA test 

(analysis of variance) was done when a comparison between several groups was made. 

P-value of <0.05 was considered significant. GraphPad Prism version 6.0 software 

was used for statistical analysis and graph creation. 
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Results 

 

Mass spectrometry data 

Studying protein secretion inside host cells can be technically challenging and 

complex. For these reasons, an in vitro acellular system mimicking the intra-vacuole 

environment of the phagosome and a proteomic-based approach were used to identify 

M. avium secreted proteins. A total of 55 secreted proteins were identified from the 24 

hrs elemental mixture and Middlebrook 7H9 M. avium culture supernatants (Table 

2.3). Out of the 55 identified proteins, 46 secreted proteins were uniquely identified 

from the 24 hr elemental mixture of M. avium culture supernatant and absent in the 

control Middlebrook 7H9 M. avium culture supernatant. These unique identified 

secreted proteins were more abundant after being exposed the 24 hrs elemental 

mixture for 24 hours than for 4 hours. Some proteins were secreted in equal amounts 

regardless of the metal element exposure time, and few of them were only secreted 

and present after exposure to the 24 hrs elemental mixture for 4 hours (Table 2.4).  

In general, few secreted proteins were identified after exposure to the control 

7H9 broth for either 4 or 24 hours. Most of the secreted proteins were identified after 

exposure to the 24 hr elemental mixture.  Known secreted proteins including 

MAV_2816 and MAV_0214, which represented antigen 85-B and antigen 85-A 

respectively, were identified from the 24 hrs elemental mixture M. avium culture 

supernatants at both time points (4 hrs and 24 hrs metal exposure). One third of the 

identified secreted proteins (17/55) were putative uncharacterized proteins. Other 

identified secreted proteins are involved in metabolic pathways and transcription. 

Nevertheless, out of the 55 identified secreted proteins from the 24 hrs elemental 

mixture M. avium culture supernatant, 10 genes were selected for further in vitro work 

(Table 2.5).  
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Uptake and survival assays  

  To determine the role of all constructs in M. avium uptake and survival within 

THP-1 cells, we infected cells for 2 hours and then either lysed and plated the bacteria 

to know the uptake percentages or carried out the intracellular infection for up to 72 

hours to know their survival within cells. Comparing the percent uptake value of the 

positive control to the percent uptake values of all other constructs, the overexpression 

of pMV261-BlaC(-), MAV_1177-BlaC,  MAV_4394-BlaC, MAV_0628-BlaC, 

MAV_1356-BlaC, MAV_4077-BlaC, and MAV_0398-BlaC in M. avium did not 

impair its viability and ability to invade THP-1 cells (Figure 2.1). However, the 

expression of MAV_1178-BlaC, MAV_0502-BlaC, and MAV_1419-BlaC in M. 

avium impaired significantly its ability to invade THP-1 cells. On the other hand, 

overexpressing MAV_0516-BlaC in M. avium increased significantly the bacteria 

ability to invade phagocytic cells. All constructs were uptaken by THP-1 cells at 

different uptake percentages. Most uptake percentages values ranged from 10 to 18 % 

with the exception of MAV_0516-BlaC, which had an uptake percentage value greater 

than 20%. Regardless of the difference in percent uptake, most M. avium constructs 

were able to survive up to 72 hours post-infection with the exception of MAV_0398-

BlaC that showed a decrease in survival at 72 hours (Figure 2.2). In general, these 

results showed that overexpressing most of the 10 constructs in M. avium did not 

impair pathogen ability to survive within THP-1 cells, yet overexpressing some 

construct decreased M. avium ability to invade host cells.  

 

Beta-lactamase reporter system  

To know whether the secretion of these 10 selected proteins occurred within 

host cells, we infected THP-1 cells with the different M. avium constructs, used a beta-

lactamase reporter system and fluorescent microscopy to observe protein secretion. 

THP-1 cells infected with the negative control, pMV261-BlaC(-), remained green in 

the absence of beta-lactamase secretion inside host cells (Figure 2.3A) whereas THP-1 

cells infected with pMV261-BlaC (+) turned blue as the enzyme was produced,  
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secreted, and cleaving the beta-lactamase substrate (Figure 2.3B). Using this reporter 

system, we showed the secretion of all 10 selected proteins inside THP-1 cells. 

Since the fluorescent microscopy pictures looked similar, we randomly selected to 

show in Figure 2.3C-D THP-1 cells infected with MAV_4077-BlaC and MAV_0516-

BlaC, respectively. 

Using a fluorescent plate reader, we recorded the amount of secreted proteins 

inside host cells. We observed that each bacterial clone secreted different amount of 

protein (Figure 2.4). MAV_0516 and MAV_1356 proteins were secreted less whereas 

MAV_4077 protein was secreted more compared with the positive control and the 

other proteins. Knowing the amount of proteins secreted and the colony forming units 

at 72 hrs post-infection, we calculated the amount of protein a single bacterium would 

secrete (Figure 2.5). We observed that a single bacterium would secrete more of 

MAV_4077 and MAV_0398 proteins than MAV_0502. Other proteins such as 

MAV_1178, MAV_1177, MAV_4394, MAV_0516, MAV_0628, MAV_1356, and 

MAV_1419 were secreted at similar level.  

 

Reverse-transcription PCR analysis 

To know whether M. avium exposure to the elemental mixture would induce 

gene expression or would just trigger a secretory mechanism, we performed a reverse-

transcription PCR analysis (RT-PCR analysis). We produced the 1 hr and 24 hrs 

elemental mixtures (Table 2.1), which mimicked the vacuole environment at 1 hr and 

24 hrs post-infections. After exposing M. avium to the elemental mixtures and control 

Middlebrook 7H9 broth, for either 1 or 24 hrs, and performing RT-PCR analysis, we 

observed the gene expression of all 10 selected genes to occur already when M. avium 

was exposed to the control 7H9 broth (Figure 2.6). Since M. avium exposure to the 

elemental mixtures for 1 hr or 24 hours did not induced gene expression for 

MAV_1177, MAV_1178, MAV_0502, MAV_0516, MAV_0628, MAV_1356, 

MAV_1419, MAV-4077, MAV_1356, and MAV_0398, these proteins were already  
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pre-synthesized. Thus, the elemental mixture triggered a protein secretion process in 

which the mechanism had yet to be defined.  

 

Bioinformatics and literature search 

The fact that a bacterium would spend energy to make a specific protein and 

secrete such protein at a high amount compared to other protein might imply the 

important role and function that this protein might have in the bacterial survival, 

adaptation, or virulence. Since many of these secreted proteins were classified as 

hypothetical proteins with hypothetical function, we performed a literature search and 

used different bioinformatics tools and database to investigate the protein functions. 

MAV_1177 and MAV_1178 are hypothetical proteins possessing a WXG 

motif. These two proteins are ESAT-6-like proteins and are homologous to Rv2346c 

and Rv2347c respectively in M. tuberculosis. Rv2346c (esxO) and Rv2347c (esxP) are 

associated with the CFP-10/ ESAT-6 complex (Lightbody et al., 2008). Rv2347c, an 

ESAT-6-like protein, in M. tuberculosis H37Rv shares more than 70% of the predicted 

protein homology with other pathogenic Mycobacterium strains like Mycobacterium 

leprae, Mycobacterium marinum, and M. avium (Marmiesse et al., 2004). The 

presence of this well conserved protein across the board of pathogenic Mycobacterium 

strains emphasizes its important role in virulence. In M. tuberculosis, the secreted 

ESAT-6 protein induces THP-1 human macrophages apoptosis (Derrick and Morris, 

2007). The CFP-10/ESAT-6 complex has been studied extensively since it has been 

shown to participate in M. tuberculosis pathogenicity and stimulate strong human B- 

and T-cell responses (Renshaw et al., 2005; Brodin et al., 2004).  

MAV_4077, MAV_0502, MAV_4394, MAV_1419, and MAV_0628 are also 

hypothetical proteins with no M. tuberculosis protein homolog (unpublished data). 

Fortunately, some of them have motifs that can provide some information about their 

protein functions. For instance, MAV_4394 is a protein with a signal sequence and a 

cutinase motif. Seven cutinase-like proteins have been identified in M. tuberculosis, 

yet they elicit different immunological responses (West et al., 2008). Two cutinase- 
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like proteins, Rv1984c and Rv3452, have been identified to be secreted by M. 

tuberculosis to lyse macrophages (Schué et al., 2010). Next, MAV_4077 has a CsbD 

motif that is associated with stress response protein. MAV_1419 has a DUF732 

(unknown) domain that is found and has uncharacterized protein function in M. 

tuberculosis and M. leprae.  

MAV_0516 possesses a cold shock domain with Rv3648c as its M. 

tuberculosis protein homolog. Rv3648c is a secreted protein identified from M. 

tuberculosis culture filtrate (Weldingh et al., 2000). This protein stimulates T-cell 

response in mice and a delayed-type hypersensitivity (DTH) response in infected 

guinea pigs (Bahk et al., 2004). Cold shock proteins are known to counteract harmful 

effects such as temperature changes and lack of nutrients. Nevertheless, its exact role 

in M. avium has yet to be determined.  MAV_1356 is a small hypothetical protein with 

Rv1211, a calmodulin-like protein, as its M. tuberculosis homolog. This protein has a 

DUF3117 (unknown) domain that is well conserved and restricted to Actinobacteria. 
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Discussion 

Many pathogenic microorganisms like Mycobacteria as well as Salmonella, 

Shigella, and Yersinia rely on environmental cues to regulate the expression of 

virulence genes and phenotype (Wagner et al., 2005). In Salmonella typhimurium, the 

expression of two-component systems like the PhoP/PhoQ and the PmrA/PmrB 

systems is controlled by single elements in the environment. For instance, the 

PhoP/PhoQ system responds to the magnesium concentrations inside phagosomes 

whereas the PmrA/PmrB system responds to the extracellular iron level (Wösten et al, 

2000). Upon sensing environmental factors such as the presence of antimicrobial 

peptides and different cations level in the environment, both systems promote the 

expressions of different genes like pagP, lpxO, pagL, pbgP and ugd that cause 

different modifications on the lipopolysaccharide structure and the resistance to 

polymyxin (Prost et al, 2007; Wösten et al, 2000).  

In Yersinia, the activation of the type III secretion system (T3SS) and the 

secretion of Yop effector proteins are dependent on the calcium element. In low 

calcium concentration, Yersinia T3SS delivers different Yop proteins, like YopH and 

YopE which prevent phagocytosis by disrupting actin cytoskeleton, into the host 

cytosol (Hueck, 1998). Many pathogenic microorganisms use a secretory mechanism 

to deliver proteins inside host cells. Shigella also uses the T3SS to deliver proteins, 

like IpaA, IpaB, IpaC, and IpaD that are involved in invasion and apoptosis, directly 

into the host cell cytosol (Hueck, 1998).  

Studying protein secretion inside host cells can be technically challenging and 

complex. Consequently, an in vitro system was used to identify M. avium protein 

secretion. Early et al. were the first group to establish an in vitro system reproducing 

the metal concentration and pH of the intra-vacuole environment at 24 hrs post-

infection (24hrs elemental mixture) following Wagner and colleagues discovery of 

Mycobacterium intra-vacuole metal elements composition in 2005 (Wagner et al, 

2005). Early and colleagues noticed that the incubation of M. avium in the 24 hrs 

elemental mixture elicited similar intracellular bacteria phenotype such as the  
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upregulation of genes like Mav1365, Mav2409, Mav4487, and Mav0996 known to be 

upregulated inside the phagosome. In addition, they noticed that exposure to 

potassium chloride, calcium chloride, and manganese chloride were sufficient to 

induce intracellular mycobacteria phenotype. These findings not only validated this in 

vitro system as a powerful laboratory tool to improve the understanding of pathogen 

interaction with macrophages, but it also opened the door to many applications such as 

the study of M. avium protein secretion.  

 In this study, we decided to use this in vitro system and a proteomics-based 

approach to identify M. avium secreted proteins. After producing the 24 hrs elemental 

mixture mimicking the phagosome environment at 24 hrs post-infection, exposing the 

bacteria to the control Middlebrook 7H9 broth and the 24 hrs elemental mixture for 4 

and 24 hrs, and sending the peptide sample for mass spectrometry analysis, a list of 55 

identified secreted proteins was obtained. It is important to remember that this is an 

acellular system; thus, just a fraction of secreted proteins is identified here. If secreted 

proteins were extracted from infected cells, more proteins might have been identified. 

From our list of 55 identified secreted proteins, 9 proteins were found in both the 

control Middlebrook 7H9 broth and 24 hrs elemental mixture, and 46 secreted proteins 

were uniquely identified in the elemental mixture. The possibility that these 55 

proteins were the result of bacterial lysis would be unlikely since a much larger list of 

proteins would be expected if bacterial lysis had occurred during exposure to the 

elemental mixture.  

To confirm that these identified proteins were truly secreted inside 

macrophages and were not due to cell lysis, we selected 10 proteins. These proteins 

were chosen based on (1) their small size, (2) motif, (3) the knowledge that some M. 

avium proteins (like MAV_0398 and MAV_1177) had M. tuberculosis proteins 

homologs known to be secreted inside host cells, and (4) the knowledge that other M. 

avium proteins (like MAV_1419, MAV_4077, MAV_0628, MAV_0502, or 

MAV_1356) had not been shown to be secreted inside macrophages. With the  
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knowledge that M. avium did not possess the beta-lactamase gene, we fused these 10 

M. avium genes with the beta-lactamase gene lacking the signal sequence. Without the 

signal sequence, the enzyme was unable to be translocated outside of the cells unless 

these 10 selected proteins were secreted inside host cells through the bacteria' own 

secretory mechanism. We infected THP-1 cells with the 10 M. avium constructs 

containing beta-lactamase lacking the signal sequence for 72 hours, and then we tested 

protein secretion using a beta-lactamase reporter system. All 10 proteins were secreted 

inside host cells. Yet, this result should not exclude the possibility that other proteins 

from our protein list might be secreted at different time point during the infection. 

Some proteins might be secreted early during infection, yet they might be quickly 

degraded due to their unstable state and shorter half-life inside host cells. Other 

proteins might be secreted early during the infection and remain present at later time 

during the infection due to their important functions inside the phagosome.  

Our proteomics data showed that more proteins counts were detected at longer 

(24 hrs) than at shorter (4 hrs) elemental mixture exposure. Based on our reverse-

transcription analysis, these 10 proteins were already pre-synthesized prior to M. 

avium exposure to the control Middlebrook 7H9 broth, the 1 and 24 hrs elemental 

mixtures for 1 and 24 hrs. Such difference detected in the mass spectrometry protein 

counts might be due to the proteins having later functions during infection and having 

different protein translocation rate inside macrophages. Recently, Schlumberger and 

colleagues used real-time imaging to capture the delivery of the Salmonella type III 

effector protein SipA inside the host cell cytosol (Schlumberger et al, 2005). SipA 

delivery inside host cell cytosol began around 10 sec after docking, and within 16-25 

sec remodeling of host cell actin cytoskeleton was observed in vitro and in vivo 

(Schlumberger et al, 2005). The authors found that 6 ± 3x103 SipA molecules were 

delivered inside the host cytosol within100-600 sec (Schlumberger et al, 2005). 
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Considering that SipA is an important bacterial protein in inducing host actin 

cytoskeleton remodeling, it is not surprising that this protein will be secreted at an 

early time point during infection and at a large quantity to help create an intracellular 

niche. As a result, knowing the function and the host target of secreted proteins 

provides a better understanding to why certain proteins are secreted more abundantly 

than other inside host cells, and also why some proteins are secreted early or later 

during infection. Unfortunately, many M. avium proteins are classified as hypothetical 

proteins and have unknown functions. One third of our identified proteins (17/55) 

were listed as uncharacterized proteins including our 10 selected proteins. 

Here, we showed that M. avium overexpressing the different constructs did not 

impair its ability to survive inside macrophages. Interestingly, M. avium expressing 

MAV_1178-BlaC, MAV_1419-BlaC, and MAV_0502-BlaC were not able to invade 

THP-1 cells as efficiently as M. avium containing pMV261-BlaC (+) (wild type), 

MAV_1177-BlaC, MAV_4394-BlaC, MAV_0628-BlaC, MAV_1356-BlaC, 

MAV_4077-BlaC, and MAV_0398-BlaC; however, the amount of protein secreted by 

M. avium expressing MAV_1178-BlaC and MAV_1419-BlaC was slightly higher than 

wild type whereas the amount of protein secreted by M. avium containing 

MAV_0502-BlaC remained low. Knowing that these 10 selected proteins were already 

pre-synthesized, it was most likely that the elemental mixture triggered the secretion 

of these proteins inside host cells. However, the fact that MAV_0502 was secreted less 

compared to MAV_1178 and MAV_1419 might suggest that other environmental cues 

or the interaction with host proteins was needed for this protein to be secreted at 

higher amount inside macrophages. Another possibility would be that M. avium 

originally produced little amount of MAV_0502 protein whereas it produced more of 

MAV_1178 and MAV_1419 proteins. Such difference in protein production might be 

related to the protein function and its role during infection. For instance, MAV_1178, 

an ESAT-6-like protein known to be important in M. tuberculosis virulence, might 

also be important in M. avium virulence. 
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M. avium containing MAV_0516-BlaC was capable to invade THP-1 cells 

more efficiently than wild type. Surprisingly, the amount of secreted protein was 

similar to wild type. Such result might imply that this protein was secreted at a low 

amount and might not have an important role in M. avium virulence. On the other 

hand, M. avium containing MAV_4077 was capable to invade macrophages as 

efficiently as wild type, yet more proteins were secreted. Again, this difference might 

be due to the important function and role different proteins might have during later 

stage of infection. Yet, more work need to be done to determine its function and host 

target. 

Our laboratory is currently investigating the role of MAV_1356, a small 

hypothetical protein proven to be secreted inside macrophages. Its M. tuberculosis 

protein homolog is Rv1211, a calmodulin-like protein. Calmodulin is a calcium-

binding protein with 4 calcium (Ca2+) high affinity binding domains (Racioppi and 

Means, 2008). Upon binding to high intracellular Ca2+ level present inside the 

cytoplasm, it forms the calcium-calmodulin (Ca2+- CaM) complex essential for 

endosome-endosome fusion, receptor recycling, exocytosis, and transcytosis (Malik et 

al., 2001). Recently, a new signaling pathway involving Ca2+- CaM, the effector Ca2+- 

CaM kinase II, and hVPS34 has been discovered to produce PI3P 

(phosphatidylinositol 3 phosphate), an important molecule participating in phagosome 

maturation (Vergne et al., 2003).  

To evade host immunity, M. tuberculosis has evolved mechanisms to block 

phagosome-lysosome fusion. One way of stopping phagolysosome formation is by 

inhibiting the entry of cytosolic Ca2+ inside the phagosome leading to the disruption of 

downstream signals mediated by Ca2+- CaM (Vergne et al., 2003). Another way to 

evade host immunity would be to mimic eukaryotic proteins function. M. tuberculosis 

expresses Rv1211, a calmodulin-like protein, which functions similarly to the 

eukaryotic calmodulin and might be involved in M. tuberculosis latency and 

adaptation to different environmental stresses (Advani et al., 2014). In M. avium, 

MAV_1356 might have similar function as Rv1211 in blocking phagosome 
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maturation and might have other unknown function. Thus, it is essential to carry out 

further work to understand its mechanism since this protein might become a potential 

and good candidate when designing treatments against M. avium infection.  

 In conclusion, we established an in vitro system for studying M. avium protein 

secretion. A total of 55 secreted proteins were identified using this in vitro system; 46 

secreted proteins were uniquely identified in the 24 hrs elemental mixture M. avium 

culture supernatant. We also showed that the elemental mixture did not induce the 

gene expression of these 10 secreted proteins since proteins were already pre-

synthesized prior exposure to the control Middlebrook 7H9 broth and elemental 

mixtures. Thus, the elemental mixture was triggering a secretory mechanism in which 

the mechanism had yet to be determined.  
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Table 2.1: One and twenty-four hrs elemental mixtures composition 

To mimic the intra-vacuole environments of the phagosome at 1 and 24 hours post- 

infections, Middlebrook 7H9 broths (without OADC) (Difco, Becton-Dickinson, Sparks, 

MD) supplemented with different metals listed above. 
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Table 2.2: List of primers used for reverse-transcription PCR analysis. 

M. avium was exposed to the 1 and 24 hrs metal mixtures and the control 

Middlebrook 7H9 broth for 1 hr and 24 hrs. Following exposure to the elemental 

mixtures or Middlebrook 7H9, bacterial RNA was extracted, and complementary 

DNA was synthesized. These primers were used during reverse-transcription PCR 

analysis. 
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Table 2.3: A list of 55 proteins identified from the 24 hrs elemental mixture and 
the control Middlebrook 7H9 broth M. avium culture supernatants. 
 
M. avium was exposed to the 24 hrs elemental mixture and the control Middlebrook 

7H9 broth for 4 hours and 24 hours. Peptide samples were prepared and sent for mass 

spectrometry analysis. Few secreted proteins were identified in the control 

Middlebrook 7H9 M. avium culture supernatant compared to the 24 hrs elemental 

mixture M. avium culture supernatant. 

(Continued) 
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Table 2.4: A list of 46 unique proteins identified from the 24 hrs elemental 
mixture M. avium culture supernatant 
 
M. avium was exposed to the 24 hrs elemental mixture for 4 hours and 24 hours. More 

proteins counts were recorded from the 24 hrs elemental mixture M. avium culture 

supernatant during longer metal mixture exposure time. 

(Continued) 
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Table 2.5: List of M. avium genes studied for protein secretion using a beta-
lactamase reporter system 
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Figure 2.1: Role of pMV261-Blac(-), pMV261-BlaC(+), MAV_1178-BlaC, 
MAV_1177BlaC, MAV_4394-BlaC, MAV_0502-BlaC, MAV_0516-BlaC, 
MAV_1356-BlaC, MAV_0628-BlaC, MAV_1419-BlaC, MAV_4077-BlaC, 
and MAV_0398-BlaC in M. avium uptake by THP-1 cells.  
 
M. avium containing pMV261-Blac(-), pMV261-BlaC(+), MAV_1178-BlaC, 

MAV_1177BlaC, MAV_4394-BlaC, MAV_0502-BlaC, MAV_0516-BlaC, 

MAV_1356-BlaC, MAV_0628-BlaC, MAV_1419-BlaC, MAV_4077-BlaC, 

and MAV_0398-BlaC were used to determine the ability of the bacteria to 

invade THP-1 cells after 2 hours infection. Bars represent the mean ± standard 

deviation.  *, P <0.05; **, P <0.01 as determined by a Student’s t-test.  
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Figure 2.2: Role of pMV261-Blac(-), pMV261-BlaC(+), MAV_1178-BlaC, 
MAV_1177BlaC, MAV_4394-BlaC, MAV_0502-BlaC, MAV_0516-BlaC, 
MAV_1356-BlaC, MAV_0628-BlaC, MAV_1419-BlaC, MAV_4077-BlaC, 
and MAV_0398-BlaC in M. avium survival within THP-1 cells.  
 
M. avium containing pMV261-Blac(-), pMV261-BlaC(+), MAV_1178-BlaC, 

MAV_1177BlaC, MAV_4394-BlaC, MAV_0502-BlaC, MAV_0516-BlaC, 

MAV_1356-BlaC, MAV_0628-BlaC, MAV_1419-BlaC, MAV_4077-BlaC, 

and MAV_0398-BlaC were used to infect THP-1 cells for 2 hours (t=0). To 

determine the bacteria ability to survive within host cells, intracellular 

infection was carried out up to 72 hours (t= 3 days). Bars represents the mean 

± standard deviation.  
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Figure 2.3: Inverted fluorescent microscope pictures of THP-1 cells infected  
with different M. avium (MAH) clones.  
 
After infecting cells for 2 hours and carrying out the intracellular infection up to 

72 hrs, the beta-lactamase substrate, CCF2-AM, was added onto the cells. 

Fluorescent measurements were taken for 2.5 hrs using the Tecan Infinity 200 

cytofluorometer with the following filter sets: excitation 405±10 nm/ emission 460 

±20 nm and excitation 405±10 nm/ emission 530 ± 15 nm. (A) THP-1 cells 

infected with pMV261-BlaC (-) (negative control). (B) THP-1 cells infected with 

pMV261-BlaC (+) (positive control). (C) THP-1 cells infected with MAV_4077-

BlaC. (D) THP-1 cells infected with MAV_0516-BlaC. Using a beta-lactamase 

reporter system, the secretion of the 10 selected proteins inside macrophages were 

confirmed. The assay was independently repeated three times in triplicate. 

A B 

C D 
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Figure 2.4: Amount of beta-lactamase secreted by different MAH clones. 
After adding the CCF2-AM substrate onto the infected cells, fluorescent 

reading measurements were taken for 2.5 hrs. The fluorescent values obtained 

from the filter of an excitation 405± 10 nm/ emission 460 ± 20 nm (blue filter) 

were used to determine the amount of beta-lactamase secreted by each M. 

avium construct. Fluorescent reading values obtained from the positive control 

and from each MAH clones were subtracted with the fluorescent reading 

values of the negative control, pMV261-BlaC (-) and plotted on a graph. 
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Figure 2.5: Amount of beta-lactamase secreted per bacterium.  

To determine how much beta-lactamase was secreted per bacterium, the amount of 

beta-lactamase secreted by each M. avium (MAH) construct was divided by its 

corresponding CFU values obtained at 72 hrs post-infection.  
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Figure 2.6: Reverse-transcription PCR analysis of M. avium 104 gene 
expression after exposure to control Middlebrook 7H9 broth, the 1 hr and 
24 hrs elemental mixtures for 1 hr or 24 hrs.  
 
After exposure to the 1 hr and 24 hrs metal elemental mixtures for 1 hr or 24 hrs, 

metals were removed first prior to bacterial RNA extraction. Complementary 

DNA was synthesized and used for reverse-transcription PCR analysis. RNA 

extractions were performed two times. Results of two biological replicates were 

shown side-by-side on this agarose gel. 
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In recent years, cases of pulmonary diseases caused by Mycobacterium avium 

complex (MAC) have increased and have become a major health concerns across the 

world: in Europe, Asia, and the United States. MAC, comprised of M. avium 

subspecies and M. intracellulare, are found everywhere in the environment: in water 

sources and the soil. Their abilities to form biofilm in municipal water sources and 

their resistance to antimicrobial agents like antibiotics have increased the risk of being 

exposed to this environmental pathogen and have rendered treatment to MAC 

infections difficult, respectively. Upon inhalation of contaminated water droplets, 

these opportunistic pathogens might cause nontuberculous mycobacterial (NMT) lung 

infection in patients with pre-existing lung pathology. Individuals with severe 

immunosuppression, such as AIDS patients, acquire M. avium infection most likely 

via the ingestion of contaminated water sources and develop disseminated disease.  

M. avium is a facultative intracellular pathogen capable of infecting different 

cell types like epithelia cells or macrophages, yet it preferentially infects the latter. 

Like Mycobacterium tuberculosis, M. avium survives and replicates within 

macrophages phagosomes by blocking phagosome maturation. The phagosome is an 

extremely harsh environment that is poor in nutrients but rich in toxic compounds like 

reactive oxygen and nitrogen species or cationic antimicrobial peptides, and enzymes 

like proteases or lysozyme. Most non-pathogenic microorganisms are killed within the 

phagosomes. However, successful intracellular pathogens like Listeria and Legionella 

have evolved ways to either escape or modify the phagosome. Listeria escapes the 

phagosome by expressing the listeriolysin O and phospholipase A; Legionella 

modifies the vacuole by secreting DrrA and RalF effector proteins, through the 

Dot/Icm Type IV secretion system, which recruit endoplasmic reticulum vesicles to 

the Legionella-containing vacuole. To survive within phagosomes, M. avium 

synthesizes superoxide dismutase and catalase against the action of superoxide anions 

and reactive oxygen species, respectively, and changes the uptake of iron inside the 

vacuole. Other mechanisms might be used by the pathogen; however, they have not  
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been fully characterized yet. So far, none of the antimicrobial killing mechanisms used 

by macrophages are effective against M. avium, and more works need to be done to 

determine how macrophages clear the pathogen.  

Sensing environmental changes occurring within host cells is essential for 

pathogen intracellular survival. Many environmental cues like pH, nutrient and 

oxygen levels, osmolarity, temperature, metal ions like iron and calcium, are well 

known to control or influence bacterial gene expression. In Salmonella, the 

magnesium level in the environment controls the PhoP/PhoQ system, a two-

component system, which is essential for intracellular survival and sensing the 

presence of cationic antimicrobial peptides, acid pH, and low magnesium level inside 

phagosomes. In Group A Streptococcus, the magnesium level in the environment 

controls the CsrR/CsrS system, a two-component system, which directs the synthesis 

of the bacterial capsule, the expression of secreted proteins and cell-associated 

proteins like streptokinase, streptolysin S, and streptodornase. In Yersinia, temperature 

and the calcium level in the environment control the transcription of yop genes 

associated with Yop proteins synthesis and secretion  

In Yersinia, temperature and the calcium level in the environment control the 

transcription of yop genes associated with Yop proteins synthesis and secretion. In the 

absence of host cell contact, at 37°C and low calcium level, Yersinia T3SS is activated 

and secretes Yop effector proteins that modulate host cell signaling pathways. For 

example, YopH and YopE effector proteins prevent phagocytosis to occur and disrupt 

actin cytoskeleton. Studying the function of secreted proteins inside host cells and 

identifying their host target are essential in understanding host-pathogen interaction. 

YopE effector proteins prevent phagocytosis to occur and disrupt actin cytoskeleton. 

Studying the function of secreted proteins inside host cells and identifying their host 

target are essential in understanding host-pathogen interaction.  

Studying protein secretion inside host cells can be technically challenging and 

complex. For these reasons, an in vitro acellular system was used to identify M. avium 
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protein secretion. Such work was possible because of Wagner and colleagues’	  recent 

findings on the vacuole metal composition of virulent and avirulent mycobacterial  

species inside macrophages. The authors used hard X-ray microscopy to describe the 

intra-vacuole metals elements concentration of virulent (M. tuberculosis and M. 

avium) and avirulent (M. smegmatis) mycobacterial vacuole. They observed changes 

in iron, chlorine, calcium, potassium, manganese, copper, and zinc concentrations 

inside the phagosome of macrophages infected either with M. smegmatis, M. avium, or 

M. tuberculosis. Less iron was detected in the vacuoles of macrophages infected with 

M. smegmatis whereas increased iron concentration was observed inside the 

phagosome after the uptake of pathogenic mycobacteria. Following this discovery, 

Early et al developed an in vitro system mimicking the intracellular environment of 

the phagosome. The authors created a metal mixture reproducing the metal ion 

concentrations and pH of the phagosome and exposed M. avium into the metal mixture 

for 24 hours. It was seen that gene expression pattern between genes known to be 

upregulated in intracellular mycobacteria was similar to mycobacteria gene expression 

after metal mixture exposure for 24 hours. In addition, it was noticed that exposure to 

potassium chloride, calcium chloride, and manganese chloride were sufficient to 

induce intracellular mycobacteria phenotype. By inducing comparable M. avium 

phenotype following exposure to single elements in vitro to the phenotype seen within 

macrophages, this in vitro system has become useful laboratory tool to understand 

host-pathogen interaction. 

 Next, we were interested to know if any proteins would be secreted after M. 

avium exposure to the elemental mixture. In this work, we used this in vitro acellular 

system and a proteomics-based approach to identify M. avium secreted proteins. After 

producing the 24 hrs elemental mixture mimicking the phagosome environment at 24 

hrs post-infection, exposing the bacteria to the control 7H9 broth and the 24 hrs 

elemental mixture for 4 and 24 hrs, and sending the peptide sample for mass 

spectrometry analysis, a list of 55 identified secreted proteins was obtained. Out of 55 

secreted proteins, 9 proteins were similar in the control 7H9 broth and the 24 hrs  
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elemental mixture samples; 46 proteins were uniquely identified in the elemental 

mixture. The possibility that these 55 proteins were the result of bacterial lysis would  

not be possible. If M. avium was lysed due to elemental mixture exposure, a much 

larger list of proteins would be obtained. Such a list of proteins would incorporate 

secreted and non-secreted proteins.  

 To confirm that these identified proteins were truly secreted inside host cells 

and were not due to cell lysis, we used a beta-lactamase reporter system to test protein 

secretion for 10 selected proteins inside macrophages. These proteins were chosen 

based on (1) their small size, (2) motif, (3) the knowledge that some M. avium proteins 

had M. tuberculosis proteins homologs known to be secreted inside host cells, and (4) 

the knowledge that other M. avium proteins had not been shown to be secreted inside 

macrophages. With the knowledge that M. avium does not have the beta-lactamase 

gene, we fused these 10 M. avium genes with the beta-lactamase gene lacking the 

signal sequence. Without the signal sequence, the enzyme is unable to translocate 

outside of the cells unless these 10 selected proteins are secreted inside host cells 

through the bacteria' own secretory mechanism. This secretory mechanism has not 

been defined yet.  

After cloning these genes in an expression vector, pMV261, we transformed 

M. avium cells and used the different bacterial clones in the beta-lactamase assay for 

protein secretion. As mentioned previously, M. avium can infect different cell types 

like epithelial cells and macrophages, yet they preferentially infect the latter. For this 

reason, we decided to use RAW 264.7 macrophages for the infection assay. The 

problems that we encountered in using RAW 264.7 macrophages were that (1) cells 

would keep on replicating after being seeded on a 96 wells plate, and (2) ongoing cells 

replication would dilute the original FRET- fluorescent based substrate concentration 

added per well since the final amount of cells per well would be different from the 

initial amount seeded. To solve these problems, we used THP-1 monocytes that would 

not replicate after being seeded on the 96 well plate and were precursor cells of 

macrophages. We differentiated THP-1 monocytes into macrophages using phorbol  
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myristate acetate (PMA). After 5 days, cells were differentiated into macrophages and 

infected with the different MAH constructs. 

Not knowing when the proteins would be secreted during the infection (if they 

were secreted at an early or later time point during the infection) and how many 

proteins would be secreted, we infected THP-1 cells for 24, 48, or 72 hours, in order to 

capture the correct moment in which proteins would be secreted, prior to the addition 

of the FRET-based loading substrate (CCF2-AM), a molecule composed of a 

cephalosporin core linked with a 7-hydroxycoumarin and a fluorescein, that can 

penetrate host cells. When the substrate is excited and beta-lactamase is absent, a 

fluorescent resonance energy transfer (FRET) occurs leading to cells fluorescing 

green. However, in the presence of beta-lactamase, the enzyme cleaves the substrate 

lactam ring structure resulting in cells to turn blue. By using this FRET- based 

fluorescent substrate and fluorescent microscopy, we would be able to determine the 

secretion of these 10 selected proteins inside macrophages.  

Using fluorescent microscopy, we observed the secretion of these proteins 

inside host cells based on host cells color change from green to blue. The amount of 

protein secreted by each M. avium construct were determined using a fluorescent plate 

reader which recorded fluorescent readings measurements from both the green and 

blue signals. If proteins were secreted inside macrophages, beta-lactamase would 

cleave the CCF2-AM substrate resulting in cells to fluoresce blue. On the other hand, 

if proteins were not secreted and in the absence of beta-lactamase, cells would remain 

green. None of the 10 proteins selected were secreted after 24 and 48 hours infection. 

This result does not mean that no proteins are secreted at an early time point during 

the infection. Not knowing how many beta-lactamase enzymes were needed to cleave 

the substrate, how long it would take for the enzyme to cleave the substrate, and how 

many cleaved substrates would cause cells to turn from green to blue, these 10 

proteins could have been secreted early during the infection. However, not enough 

beta-lactamase was secreted to cleave the substrate, and not enough cleaved substrate 

was accumulated to cause cells to turn from green to blue. These proteins might be 
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secreted early during the infection, yet they might play a role only later during the 

infection. Another possibility could be that the protein translocation rate early in the  

infection was slow. The secretion system might not be fully active because of not 

having or reaching an optimal environment for protein secretion to happen. It is 

important to remember that only 10 proteins were tested out of 55. Other proteins 

might be secreted at 24 and 48 hours post-infection, yet they were not part of the pool 

of proteins tested here.  

Some proteins might be secreted early, yet they might be quickly degraded due 

to their unstable state or shorter half-life inside host cells. Other proteins might be 

secreted early and remain present at later time during the infection due to their 

important functions inside macrophages. Again, these 55 proteins were identified in an 

acellular system. If secreted proteins were extracted from infected cells, more proteins 

might be detected. Some proteins might be secreted only when the bacteria are inside 

host cells or interacting with other host proteins. In this work, we observed the 

secretion of all 10 proteins inside macrophages at 72 hours post-infection. 

Environmental cues play important role in bacterial gene expression. It could be 

possible that, at 72 hours post-infection, the bacteria had modified the metal 

composition of the vacuole allowing the secretion of proteins that had later functions 

during infection. Knowing protein functions is important in understanding why some 

proteins might be secreted early or later during the infection. Unfortunately, many M. 

avium proteins are classified as hypothetical proteins and have unknown functions. 

One third of our identified proteins (17/55) were listed as uncharacterized proteins.  

 Our proteomics data showed that more proteins counts were detected at longer 

(24 hrs) than at shorter (4 hrs) elemental mixture exposure time. Such difference 

detected in the mass spectrometry protein counts might be due to the different rate of 

protein translocation. Recently, Schlumberger and colleagues used real-time imaging 

to capture the delivery of the Salmonella type III effector protein SipA inside the host 

cell cytosol. SipA delivery inside host cell cytosol began around 10 sec after docking, 

and within 16-25 sec the remodeling of host cell actin cytoskeleton was observed in  
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vitro and in vivo. The authors found that 6 ±	  3x103 SipA molecules were delivered  

inside the host cytosol within100-600 sec. Considering that SipA is important in host 

actin cytoskeleton remodeling, it is not surprising that this protein will be secreted at 

an early time point of the infection and at a large quantity. As a result, knowing the 

function and the host target of secreted proteins will provide a better understanding to 

why certain proteins are secreted more abundantly than other inside host cells, and 

also why some proteins are secreted early or later during the infection. The difference 

in protein counts at 4 and 24 hrs and the difference in the amount of secreted protein 

per bacterium might be due to the different and specific functions these proteins have 

inside host cells.  

 As mentioned earlier, many M. avium proteins have unknown functions. Most 

of the 10 proteins tested for protein secretion using the beta-lactamase assay are also 

classified as hypothetical proteins. MAV_0516 is a hypothetical protein possessing a 

cold shock domain. MAV_1177 and MAV_1178 are also hypothetical proteins 

possessing a WXG motif. These two proteins are ESAT-6 like proteins and are 

homologous to Rv2346c and Rv2347c, which are associated with the CFP-10/ ESAT-

6 complex, in M. tuberculosis. MAV_1356 is a small hypothetical protein with 

Rv1211, a calmodulin-like protein with a really conserved unknown domain in 

Actinobacteria genera, as its M. tuberculosis homolog. In M. tuberculosis, Rv1211 

might be involved in latency and adaptation to different environmental stresses. 

Considering that MAV_1356 is a small 6 kDa secreted protein with Rv1211 as its M. 

tuberculosis protein homolog, we are currently working on determining its function 

and host target. The fact that this protein is secreted and found inside host cell cytosol 

might imply that it has order undefined function. It might compete with other host 

protein in binding calcium. It might also bind to calcium and interact with other host 

protein in order to modify or block its function. 

Knowing that these 10 proteins were secreted inside the phagosomes, we were 

interested in determining whether M. avium exposure to the elemental mixture would 

induce gene expression of these 10 selected secreted proteins or just trigger a secretory  
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mechanism. Not knowing (1) when gene expression was induced during infection, and 

(2) if gene expression was activated at an early time point during infection or at a later  

time point, we produced the elemental mixtures mimicking the phagosome at 1and 24 

hrs post-infection. We exposed M. avium in 7H9 broth (control) and different 

elemental mixtures (experimental treatment) for 1 or 24 hrs. Prior to M. avium RNA 

extraction, it was important to know how to separate the metals from the bacterial 

sample since the metals could interfere with the reverse-transcription PCR analysis. 

To separate the metals from the bacterial sample, a two-steps centrifugation was 

performed. The first centrifugation was done at low speed to remove the metals from 

the bacterial suspension. The second centrifugation was done at high speed to separate 

the bacterial pellet from the supernatant. During bacterial RNA extraction, we had 

genomic DNA contaminations in the sample. To fully eliminate any genomic DNA 

contaminations, it was essential to perform two DNase treatments prior to the 

synthesis of complementary DNA.  

We performed a reverse-transcription PCR analysis in order to know whether 

M. avium exposure to the elemental mixture would induce gene expression. 

Surprisingly, the elemental mixture did not induce the gene expression of the 10 

selected genes. Since gene expression was already observed in both the control and 

experimental treatments, we concluded that the proteins were already pre-synthesized. 

Again, we only looked at the gene expression of these 10 selected genes. This result 

does not mean that no gene expression can occur inside host cells. It is possible that 

the interaction between host and bacterial proteins is need for other bacterial gene 

expression to be active. It is also probable other environmental cues besides the 

vacuole metal composition might be needed for the activation of bacterial gene 

expression. 

In conclusion, we established an in vitro system that mimics the intra-vacuole 

environment of the phagosome to study MAH protein secretion. A total of 55 secreted 

proteins were identified using this in vitro system; 46 secreted proteins were uniquely 

identified after M. avium exposure to the 24 hrs elemental mixture from which the  
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protein counts increased during longer metal exposure time. We showed that the 10 

secreted proteins had their proteins already pre-made prior to the exposure to the  

control 7H9 broth and the elemental mixtures. Since the elemental mixture does not 

trigger gene expression, it induces a secretory mechanism. Yet, more works need to be 

done to determine the mechanism of this secretion system.  
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