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Mycobacterium avium subsp. hominissuis (MAH) is a nontuberculous mycobacterium 

which commonly infects patients with underlying lung pathology. MAH infections are 

difficult to treat and require lengthy courses of multiple antibiotics. MAH infects 

macrophages and evade the immune system by altering host cell cytokine production. 

The hypothesis is that intracellular MAH may influence communication between infected 

and surrounding uninfected macrophages, acting to impair macrophage killing 

mechanisms and increase the chance of bacterial survival. Our results confirm that MAH-

infected macrophages secrete regulatory molecules that suppress the bacterial killing-

ability of neighboring, uninfected macrophages. Evidence indicates that the molecules of 

interest are likely small, labile proteins in the 10-30 kDa size range. The molecules 

showed no influence in the uptake of E. coli or MAH by macrophages. Understanding the 

underlying mechanisms is of great importance and will help improve the management of 

MAH infections in humans.  
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Introduction  

Mycobacteria avium subsp. hominissuis (MAH), a ubiquitous, opportunistic 

environmental pathogen, is a member of the M. avium complex (MAC)¸ a grouping of 

subspecies that are collectively responsible for most non-tuberculous mycobacterial 

infections in human patients (1). MAH causes opportunistic infections in 

immunosuppressed patients with underlying lung pathology (1). These infections are 

difficult to treat and current therapies involve extended courses of multiple antibiotics, 

which carry significant risk of adverse effects (1). In the United States, MAC bacteria are 

responsible for more NTM infections than any other species of mycobacteria (1).  

Environmental sources of MAC include water, soil, and animals. It is also known to 

colonize showerheads, swimming pools, and hot tubs (2-4). MAC-infections can be 

acquired via ingestion or inhalation (5, 6). Following invasion and crossing of the 

intestinal or respiratory mucosa, bacteria enter macrophages via phagocytosis (7, 8). To 

improve survivability, MAH bacteria alter host cell function, often preventing 

acidification of the phagosome (9). In this way, bacteria survive and replicate inside 

phagosomes in host macrophages (9, Figure 1). Eventually, intracellular bacteria are 

released by apoptosis or necrosis of host macrophages (Figure 1). These newly released 

bacteria can invade other macrophages by complement-receptor independent pathways 

(7, Figure 1). In the infection model used in this study, like the in vivo infection, both 

MAH-infected and uninfected macrophages are present (Figure 2).  

The mechanisms by which MAH survives intracellularly and infects new host 

macrophages are not fully understood. The aim of this study is to characterize the process 

by which intracellular Mycobacterium avium subsp. hominissuis influences 
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communication between infected and uninfected host macrophages. Our results show that 

MAH-infected macrophages secrete signal molecule(s) that suppress the bacterial killing-

ability of neighboring uninfected macrophages (Figure 5a). Understanding how this 

happens will help develop better treatments for MAH infections in human patients.  

MAC has been shown to alter patterns of cytokine production in infected 

macrophages (10). Past work demonstrated that MAC infections induce the production of 

tumor growth factor-beta (TGF-β), which inhibits macrophage activation and increases 

intracellular MAC survival (10). One study demonstrated that infection of macrophages 

with MAH led to the progressive reduction of IL-12 production by the infected 

macrophages (11). The suppression of IL-12 production is a common strategy among 

intracellular pathogens.  It has been shown that Legionella pneumophila (L. 

pneumophila) selectively suppresses IL-12 production by macrophages (12). This 

phenomenon is also exhibited by the intracellular protozoan Leishmania major (L. 

major), which selectively and completely inhibits IL-12 production by host macrophages 

(13). IL-12 promotes IFN-γ production, NK cell proliferation, and stimulates T-cell 

differentiation (14, 15). In another study it has been shown that IL-12-stimulated NK 

cells can activate macrophages to prevent intracellular MAH growth (16). In addition, 

Xing and co-authors showed that IL-12 functions in macrophage activation during 

intracellular MAH infection (17). Thus, the progressive suppression of IL-12 production 

by MAH-infections creates a more hospitable environment for intracellular survival and 

growth of MAH bacteria. These data support the hypothesis that MAH infection changes 

macrophage-macrophage communication, which forms the basis of this thesis. 
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Methods and Materials 

Bacterial strains and growth. MAH strain 104 was originally isolated from the blood of 

an AIDS patient. MAH 104 was grown on Middlebrook 7H10 agar supplemented with 

10% w/v oleic acid-albumin-dextrose-catalase (OADC; Hardy Diagnostics; Santa Maria, 

CA) for 7-14 days prior to use in experiments. Plasmid pJDC60-tdTomato, containing a 

tomato red fluorescent protein, was inserted into MAH 104 and controlled by a 

constitutive mycobacterial L5 promoter (18). MAH 104 Tomato was grown on 

Middlebrook 7H10 agar supplemented with 10% OADC and kanamycin sulfate (400 

μg/ml) for 7-14 days at 37°C. Escherichia coli strain OP50 from Dee Denver (OSU, 

Corvallis) was grown on Luria-Bertani agar (LB) for 24hr prior to infection of THP-1 

monolayers. Bacterial suspensions were made in 1X Hank’s Balanced Salt Solution 

(HBSS, Cellgro, Manassas, VA) and adjusted to 108 bacteria using the McFarland 

turbidity standard, the suspensions were allowed to settle for 10 minutes, and the top 1 ml 

of suspensions was collected and used for experiments. All strains were grown at 37 ˚C. 

Host Cells. Human-derived THP-1 monocytes were obtained from the American Type 

Culture Collection (ATCC; Manassas, VA). Cells were grown in RPMI 1640 medium 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gemini Bio-Products; 

West Sacramento, CA) at 37°C with 5% CO2. Cells were centrifuged for 10 minutes at 

150 x g, resuspended in fresh media, counted with a hemocytometer, activated with 50 

ng/ml PMA (Sigma Aldrich, St. Louis, MO), and seeded into 48-well plates. Cells were 

incubated with PMA for 24 hours, followed by an additional 24 hours of incubation in 

fresh media without PMA, prior to experiments. Confluent THP-1 monolayers were used 

for all experiments.  
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Supernatant Preparation. Confluent monolayers of THP-1 cells were infected with 

MAH 104 at an MOI of 10:1. After synchronization for 10 minutes at 150 x g, the 

infection was allowed to progress for 2 hours, extracellular bacteria were then removed 

by washing with HBSS followed by treatment with gentamicin (200μg/ml) for 1 hour at 

37°C. All wells were incubated in RPMI with 10% FBS and gentamicin (50μg/ml) to 

each time point. The inhibitory activity of gentamicin against MAC has been shown to be 

5.0 µg/ml at pH 7.4 (19). Liposome-encapsulated gentamicin reduced MAC colony 

counts by 75% in the blood of AIDS patients with MAC bacteremia (20). Select 

monolayers were then lysed with 0.1% Triton-X100 (Sigma Aldrich, St. Louis, MO) and 

plated on 7H10 agar (described above) to determine the number of viable intracellular 

bacteria at right after infection. Supernatants from MAH-infected THP-1 cells (MAH 

supernatant) were collected at 48 hours and centrifuged at 234 x g for 10 minutes to pellet 

any bacteria/cellular debris (Figure 3). Supernatants were stored at -20°C before use in 

experiments. Control supernatants were collected from uninfected THP-1 cells that were 

incubated alongside MAH 104-infected monolayers (Figure 3). 

Supernatant Fractionation. MAH supernatants were fractionated sequentially through 

100, 30, and 10kDa Nanosep spin columns (Pall Corporation; Ann Arbor, MI) at 15000 x 

g into >100kDa, 30-100kDa, 10-30kDa, and <10kDa fractions. Fractions were 

resuspended in RPMI supplemented with 10% FBS to the original concentration of whole 

supernatant and stored in the freezer for use in experiments.  

Survival Assay. Confluent monolayers of THP-1 cells were infected with E. coli OP50 at 

an MOI of 1:1. After synchronization for 10 minutes at 150 x g, the infection progressed 

for 30 minutes and extracellular bacteria were then removed by washing with 1X HBSS 
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followed by treatment with gentamicin (200μg/ml) for 1 hour at 37°C. 20% (vol/vol) of 

MAH and THP-1 (control) supernatants in 80% (vol/vol) of RPMI supplemented with 

10% FBS were added directly after infection, and infected cells were incubated with 

supernatants for 15 minutes or 2 hours at 37°C. Control wells were incubated in RPMI 

supplemented with 10 % FBS and 50μg/ml gentamicin at 37°C. In some experiments, 

MAH-infection and THP-1 (control) supernatants at were added (to the same wells) at 

both 0 hours and 2 hours after infection. Wells were lysed at 15 minutes, and 2 hours or 

at 15 minutes, 2 hours, 4 hours, and 24 hours after infection to determine the number of 

viable intracellular bacteria. Lysis was carried out by incubation in sterile deionized 

water for 20 minutes followed by pipetting. Lysates and relevant dilutions were plated on 

Luria‐Bertani agar and counted after 24 hours.   

E. coli Infection of Host Cells. Confluent monolayers of THP-1 cells were infected with 

E. coli OP50 at an MOI of 1:1. After synchronization for 10 minutes at 150 x g, the 

infection progressed for 30 minutes at 37°C. Extracellular bacteria were then removed by 

washing with 1X HBSS followed by treatment with gentamicin (200μg/ml) for 1 hour at 

37°C. Wells were incubated in RPMI supplemented with 10% FBS and 50μg/ml 

gentamicin and lysed at 15 minutes, and 2 hours or at 15 minutes, 2 hours, 4 hours, and 

24 hours after infection to determine the number of viable intracellular bacteria. Lysis 

was carried out by incubation in sterile deionized water for 20 minutes. Lysates and 

relevant dilutions were plated on Luria‐Bertani agar and counted after 24 hours.   

Uptake Assay. Confluent monolayers of THP-1 cells were incubated with 20% (vol/vol) 

of MAH and THP-1 (control) supernatants in 80% (vol/vol) of RPMI with 10% FBS for 

1 hour at 37°C prior to being infected with MAH 104 at an MOI of 10:1. This 
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concentration of supernatant was selected because the suppressive effect of MAH 

supernatant on macrophage bacterial killing ability was significantly higher with 1/5th the 

original concentration than with the original concentration. After synchronization for 10 

minutes at 150 x g, the infection was allowed to progress for 2 hours at 37°C; then 

extracellular bacteria were removed by washing with HBSS, followed by treatment with 

gentamicin (200μg/ml) for 1 hour at 37°C. Control wells were incubated in RPMI with 

10% FBS and gentamicin (50μg/ml). Wells were lysed right after infection to determine 

the number of viable intracellular bacteria. Lysis was carried out by incubation in 0.1% 

Triton-X100 for 10 minutes and pipetting. Lysates and relevant dilutions were plated on 

7H10 agar (described above) and counted after 10 days. For the E. coli OP50 uptake 

assays, confluent monolayers of THP-1 cells were incubated with 20% (vol/vol) of MAH 

and THP-1 (control) supernatants in 80% (vol/vol) of RPMI with 10% FBS for 1 hour 

prior to infection with E. coli OP50 at an MOI of 1:1. After synchronization for 10 

minutes at 150 x g, the infection was allowed to progress for 30 minutes at 37°C. 

Extracellular bacteria were then removed by washing with HBSS, followed by treatment 

with gentamicin (200μg/ml) for 1 hour at 37°C. Wells were lysed at 0 hours and 2 hours 

to determine the number of intracellular bacteria at each time point. Lysis was carried out 

by incubating wells in sterile deionized water for 20 minutes and pipetting. Lysates and 

relevant dilutions were plated on LB agar (described above) and counted after 24 hours. 

Protease Treatment of Supernatant. MAH supernatants were treated in the following 

ways: with a mammalian protease inhibitor at 4°C, without protease inhibitor at 4°C, and 

without protease inhibitor at -20°C (Figure 4). Controls were THP-1 supernatants stored 

at -20°C and gentamicin (50μg/ml) in RPMI media (no supernatant). All treatments were 
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carried out for 2 weeks at their respective temperatures. The treated supernatants were 

screened with an E. coli survival assay as elaborated above to determine the effect of 

protease treatment on the activity of MAH supernatant.  

Protein Purification and Mass Spectrometry. MAH supernatant fractions 10-30kDa 

and >100kDa, whole MAH supernatant and whole THP-1 supernatant (control) were 

selected for sequencing. An in-gel digestion with Protease Max, following manufacturer 

protocol with a few modifications was performed (21). Reagents were inactivated with 

0.5% trifluoracetic acid (TFA) v/v and centrifuged at 15000 x g to pellet and remove 

protease-Max surfactant. Next, supernatant was transferred to lo-bind protein tube and 

vacuum centrifuged to dry sample. Samples from two batches of THP-1 supernatant, 

whole MAH supernatant, and the 10-30kDa and >100kDa fractions of MAH supernatant 

were sequenced and the results filtered to select proteins unique to MAH supernatants 

and fractions. Samples were sequenced at the Environmental Health & Science Center at 

OSU using standard protocols (21). The website: 

http://bioinformatics.psb.ugent.be/webtools/Venn/ was used to analyze these data. 

Microscopy and Staining. A fluoresent microscope (LEICA DM 4000B) was used to 

observe slides and take pictures of the infection at different time points. A magnification 

of 1000x was used for all images. Confluent monolayers of THP-1 cells seeded on a 

chamber slide were infected with MAH 104-Tomato at an MOI of 10:1. The infection 

was allowed to progress for 2 hours, then extracellular bacteria were then removed by 

washing with HBSS, followed by treatment with gentamicin (200μg/ml) for 1 hour at 

37°C. At 0 hours, 2 hours, 4 hours, and 24 hours after infection chamber slides were 

fixed with 4% paraformaldehyde for 15 minutes and permeabilized with 0.1% Triton-
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X100 for 10 minutes. The cells were then stained, in a darkened room, with 1.0μg/ml 

Hoechst (Life Technologies, Eugene, OR), and 0.165μM Alexa Fluor Phalloidin in 1% 

BSA for 15 minutes each with a wash step using HBSS. The tomato plasmid conferred 

red fluorescence to MAH, Alexa Fluor Phalloidin stained THP-1 cytoskeletons green and 

Hoechst stained nuclei blue.  

E. coli Growth Curves. Bacterial suspensions of E. coli OP50 were made in HBSS and 

adjusted to 108 bacteria/ml using the McFarland turbidity standard. The suspensions were 

allowed to settle for 10 minutes before the top 1ml was collected and serially diluted to a 

starting concentration of 105 CFU/ml. To match survival assay supernatant 

concentrations, bacteria were incubated in 20% (vol/vol) of MAH supernatant in 80% 

(vol/vol) LB broth. Control conditions included LB broth, 20% (vol/vol) RPMI with 10% 

FBS in 80% (vol/vol) LB broth, and 20% (vol/vol) of THP-1 (control) supernatant in 

80% (vol/vol) LB broth. Cultures were incubated in a laboratory shaker at 37°C and 210 

rpm. Optical density at 595nm was measured with an EPOCH plate reader (Biotek, 

Winooski, VA) at 0, 4, 8, and 24 hour.  

Statistical Analysis. Results are representative of three replicates unless otherwise noted. 

Significance and standard deviation were calculated for a single technical replicate.  

Microsoft Excel was used for all statistical analyses. Comparisons between experimental 

and control groups were determined using the Student’s t-test (two-tailed) with p<0.05 

denoting significance unless otherwise noted. Graphs were created using GraphPad Prism 

6.0 and diagrams were created on Microsoft PowerPoint.  
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Results 

Visualization of MAH infection  

THP-1 cells were infected with MAH 104-Tomato. Fluoresent microscopy was 

used to take pictures of the infection model at a magnification of 1000x. MAH-Tomato 

bacteria contain a plasmid that confers red fluorescence. Visualization of the MAH 

infection model shows that the monolayer contains both infected and uninfected THP-1 

cells and that the number of bacteria per cell ranges from 1-3 of those infected (Figure 2).  

E. coli OP50 is killed in macrophages over 24hr. 

The E. coli OP50 strain was selected in order to develop a quick, reliable assay to 

measure the effect of MAH supernatant on macrophage killing ability. E. coli OP50 is a 

non-virulent strain that is ill-equipped to survive inside of macrophages. To establish the 

survival of E. coli OP50 in macrophages over a 24 hour period, THP-1 cells were 

infected with E. coli OP50 and a survival curve obtained. The number of intracellular E. 

coli dropped significantly over a 24 hour period (Figure 7). Thus, E. coli OP50 dies in 

macrophages and is appropriate for use in a model that measure effects on macrophage 

killing-ability. 

Effect of MAH supernatant on macrophage killing-ability.  

To determine the effect of MAH supernatant on macrophage killing ability, 

bactericidal activity of macrophages was examined. Phagocytic monolayers were infected 

with E. coli OP50 in the presence of MAH and control supernatant. Although incubation 

of macrophages with supernatant prior to infection did not affect E. coli uptake, after 2 

hours of incubation with supernatant, E. coli survival in macrophages exposed to MAH 
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supernatant after infection was significantly higher (p<0.05) than in macrophages 

exposed to THP-1 (control) supernatant (Figure 12, Figure 5a). The difference between 

MAH, THP-1 (control) supernatant and control groups was not significant at 15 minutes, 

4 hours or 24 hours after infection (Figure 5b). Different concentrations of supernatants 

were screened to determine if dilution could clarify the suppressive effect on macrophage 

killing-ability (Figure 6). While both concentrations of MAH supernatants showed 

significantly greater E. coli survival than their control supernatant counterparts, the 20% 

(vol/vol) MAH supernatant in 80% RPMI showed significantly greater E. coli survival 

than the 100% (vol/vol) MAH supernatant. Therefore, the 20% (vol/vol) supernatants in 

80% media were used in all experiments (Figure 6). 

E. coli growth curve in supernatant 

To determine if MAH supernatant contains any positive growth factors for E. coli 

OP50, a growth curve experiment was conducted in LB broth. E. coli OP50, at a starting 

concentration of 105 CFU/ml, was incubated in 20% (vol/vol) of MAH supernatant in 

80% (vol/vol) LB broth. The control treatments were LB broth, 20% (vol/vol) RPMI with 

10% FBS in 80% (vol/vol) LB broth, and 20% (vol/vol) of THP-1 (control) supernatant 

in 80% (vol/vol) LB broth. The concentration of supernatant was selected to match 

survival assay concentrations. Optical density was measured at 0, 4, 8 and 24 hours. 

Incubation with the MAH supernatant did not result in measurable growth over 24 hours. 

The THP-1 supernatant, LB broth and LB broth with part RPMI growth curves were not 

significantly different from each other (Figure 8). These data indicate that MAH 

supernatant does not contain any significant positive growth factors for E. coli. 
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Therefore, survival and growth of E. coli in macrophages is probably due to some other 

process, that likely originates from macrophages. 

Need for continued secretion of a suppressive factor  

Suppression of macrophage killing-ability by MAH supernatant is observed at 2 

hours, but is not visible at 4 hours after infection. To determine whether the suppression 

of macrophage killing-ability observed at 2 hours could be extended to 4 hours with a 

second dose of MAH supernatant added at 2 hours, an E. coli survival assay was carried 

out to measure E. coli killing.  At both 2 hours and 4 hours, E. coli survival in MAH 

supernatant-treated wells was visibly greater than in control supernatant-treated wells 

(Figure 9). The suppressive effect on macrophage killing-ability is re-established with the 

addition of a second dose of MAH supernatant (Figure 9). This suggests that to maintain 

the suppressive effect on macrophage killing-ability, continued secretion of the 

suppressive molecules by macrophages is required.  

Susceptibility of regulatory molecules in MAH supernatant to protease degradation 

Loss of the suppressive effect on macrophage killing-ability by MAH supernatant 

was observed when supernatants were stored for >2 weeks at 4°C (Figure 10a-b). To 

investigate possible causes for this loss of activity, MAH supernatants were treated with 

mammalian protease inhibitor at 4°C for 2 weeks (Figure 11). Control treatments 

included MAH supernatants without protease inhibitor at 4°C, and MAH and THP-1 

supernatants without protease inhibitor at -20°C. All treatments lasted for 2 weeks at their 

respective temperatures, and the resulting supernatants were then evaluated using the E. 

coli survival assay to measure E. coli killing (Figure 4). E. coli survival in the MAH 

supernatant with protease inhibitor at 4°C group was significantly higher than survival in 
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MAH supernatant without protease inhibitor at 4°C group (p-value <0.05) (Figure 11).  

E. coli survival in the MAH supernatant without protease inhibitor at 4°C group was not 

significantly different than survival in the MAH supernatant without protease inhibitor at 

-20°C group (Figure 11). Thus, the suppressive effect of MAH supernatant on 

macrophage killing-ability is restored in the presence of a mammalian protease inhibitor. 

These data indicate that the regulatory molecules of interest in MAH supernatant are 

likely to be labile proteins that are susceptible to degradation by host cell proteases.  

The 10-30kDA and >100 kDa fractions of MAH supernatant show highest levels of 

suppression of macrophage killing-ability. 

To determine the size range of the regulatory molecules, present in MAH 

supernatant that are responsible for the suppressive effect on macrophage killing-ability, 

E. coli survival assays were conducted with MAH supernatant fractions (<10kDa, 10-

30kDa, 30-100kDa and >100kDa) to measure E. coli killing. E. coli survival under the 

>100kDa fraction was not significantly different than whole MAH supernatant survival 

(Figure 12). The >100kDa fraction of MAH supernatant was significantly higher than the 

30-100kDa and <10kDa fractions (p-value <0.005 and p<0.05 respectively) (Figure 12). 

Wells incubated with the 10-30kDa fraction of MAH supernatant exhibit significantly 

higher E. coli survival than the 30-100kDa and <10kDa fractions (p<0.05 and p<0.05 

respectively) (Figure 12).  
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Mass spectrometry analysis of MAH supernatant 

MAH supernatant fractions 10-30kDa and >100kDa were selected for sequencing 

because they show the most significant suppressive effect on macrophage killing-ability 

in previous experiments (Figure 12). Whole MAH supernatant and whole THP-1 

supernatant (control) were sequenced as well. Samples were sequenced at the 

Environmental Health & Science Center at OSU using standard protocols (9). The results 

were filtered to select proteins unique to MAH supernatants and fractions. Bacterial 

proteins in MAH supernatant were insignificant fragments. Possible macrophage-derived 

molecules of interest that are secreted proteins, include Complement 4 (C4a), superoxide 

dismutase, vitamin-D binding protein, Cofilin-1 and chloride intracellular channel protein 

(Figure 13). Further work is needed to determine which of these molecules could be 

responsible for the suppression of macrophage killing-ability. 

Effect of MAH supernatant on uptake of E. coli by macrophages 

To measure the effect of MAH supernatant on the uptake of E. coli OP50 by 

macrophages an uptake assay was performed. At 0 hours, there was no significant 

difference between uptake by MAH supernatant-exposed THP-1 cells and both THP-1 

supernatant and control uptake (Figure 14). Thus, exposure of THP-1 cells to MAH 

supernatant prior to infection does not have an effect on uptake of E. coli OP50 compared 

to controls. 

Effect of MAH supernatant on MAH uptake by macrophages 

To determine the effect of MAH supernatant on the uptake of MAH by 

macrophages an uptake assay was performed. At 0 hour after infection, uptake by MAH 
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supernatant-exposed THP-1 cells was not significantly different than both THP-1 

supernatant and control uptake (Figure 15). Uptake by THP-1 (control) supernatant-

exposed THP-1 cells was not significantly different than uptake by THP-1 cells that were 

incubated with gentamicin (50μg/ml) in media (Figure 15). Exposure of THP-1 cells to 

MAH supernatants prior to infection results does not have an effect on uptake of MAH 

compared to both controls (Figure 15). 

Discussion 

MAH is a nontuberculous mycobacterium that infects macrophages, among other 

types of host cells. After acquisition via ingestion or inhalation of aerosolized bacteria, 

MAH bacteria penetrate the intestinal or respiratory mucosa and infect host macrophages 

(5, 6). MAH is adapted to survive and grow in intracellular vacuoles (7).  After bacteria 

replicate in the first host macrophage, they escape through host cell necrosis or apoptosis 

and infect new host macrophages (9, Figure 1). The mechanism by which MAH bacteria 

evade the immune system is not fully understood. The aim of this study was to 

characterize the process by which intracellular Mycobacterium avium subsp. hominissuis 

influences the killing ability of surrounding macrophages. Our findings point to the 

secretion of signal molecules by MAH-infected macrophages that suppress the bacterial 

killing ability of neighboring uninfected macrophages (Figure 5a). 

We developed a survival assay, using an avirulent strain of E. coli OP50, to measure 

the effect of MAH supernatants on macrophage bacterial killing-ability. The non-

pathogenic nature of E. coli OP50 made it suitable for use the assay to measure effects of 

supernatants taken from a pathogenic bacterial infection. Our results showed that 

exposure to MAH supernatant reduced killing-ability in macrophages that had been pre-
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infected with E. coli OP50. In other words, survival and growth of E. coli OP50 was 

significantly greater in macrophages cells that were exposed to MAH supernatants than in 

control conditions (Figure 5a). This protective effect on E. coli survival was not due to 

positive growth factors in MAH supernatant and was therefore likely due to changes in 

the host cell in response to signal molecules in MAH supernatant (Figure 8). In this way, 

signals from MAH-infected macrophages influence the killing-ability of uninfected-

macrophages. MAC bacteria survive and replicate inside phagosomes of host 

macrophages (9). Previous work has shown that cytokine-activation of macrophages 

reduced intracellular survival of MAC (9). When host macrophages are activated, MAC 

are unable to block phagosome acidification (9). These data indicate that the prevention 

of activation of surrounding uninfected macrophages is favorable for MAC, providing a 

possible explanation for the results of this study 

The increased survival of intracellular E. coli OP50 in the presence of MAH 

supernatant is apparent at 2 hours, but disappears by 4 hours (Figure 9). The effect is re-

established by the administration of a second dose of MAH supernatant at the 2 hour time 

point. Hence, the suppressive effect is dose dependent and can be extended with the 

addition of more supernatant. This result supports the assertion that the regulatory 

molecules of interest are signal molecules; they likely bind to receptors, exert their 

effects, and are diminished. The addition of more signal molecules in the second dose of 

MAH supernatant results in renewed signals which re-establish the suppressive effect on 

macrophage killing-ability. In the proposed model of pathogenesis, MAH-infected 

macrophages secrete a combination of signal molecules that inhibit neighboring 
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uninfected macrophages from killing intracellular bacteria. This is advantageous for 

MAH because it makes it easier to survive inside of new host cells. 

Characterization of the signal molecules of interest proceeded from two angles; 

supernatant fractionation, and mass spectrometry analysis. The 10-30kDa fraction of 

MAH supernatant, in the range of most cytokines (~7-30 kDa), showed the greatest 

suppression of macrophage bacterial killing-ability (22, Figure 12). The size of the 

molecules of interest suggests that they are probably cytokines or cytokine-like proteins. 

Our results showed that the molecules of interest in MAH supernatant are susceptible to 

mammalian protease degradation (Figure 11). This provides even more evidence that they 

are small, labile proteins, much like cytokines. These results agree with previous work 

that demonstrated M. avium’s ability to change the pattern of cytokine production by 

infected macrophages to increase intracellular survival (10).  

Efforts to identify the molecules of interest via mass spectrometry yielded the 

following secreted macrophage-derived proteins that were found exclusively in MAH 

supernatant: Complement 4 (C4a), superoxide dismutase (SOD), Cofilin-1 and 

intracellular chloride channel protein 1 (CLIC1) (Figure 13). No complete bacterial 

proteins were detected in MAH supernatant, which is expected for an intracellular 

pathogen that resides inside of vesicles. Cofilin-1 functions in actin-mediated endocytosis 

(27). Changes in Cofilin-1 levels could alter the uptake pathway used by MAH bacteria 

for entry into the second macrophage (Figure 1). Although the exact mechanism is not 

understood, previous work has shown that significant suppression of superoxide anion 

production is observed in MAH-infected macrophages (7, 26). Considering this, the 

presence of SOD in supernatant from MAH-infected macrophages is conceivable. The 
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presence of CLIC1, an important effector in phagosomal acidification, in MAH 

supernatant collected at 48 hours is consistent with MAH pathogenesis (28). After an 

initial inflammatory response, the production of certain pro-inflammatory cytokines by 

MAH-infected macrophages is progressively suppressed (11). MAH-infected 

macrophages may not produce as much CLIC1 by the fifth day after infection, when 

apoptosis of host cells reaches the greatest level (7). Future work will focus on figuring 

out how potential candidates from the mass spectrometry data of MAH supernatant enter 

uninfected macrophages and exert their influence. In addition, supernatants from later 

time points, such 4 days after infection will be tested to determine if they contain 

suppressive signal molecules.  

Previous work has demonstrated that MAC-infected macrophages promote 

recruitment of new macrophages to perpetuate the infection (23). Exposure to MAH 

supernatant does not make uninfected macrophages more receptive to infection by MAH 

or E. coli OP50 (Figure 14, Figure 15). The mechanism of entry used by MAH to enter 

the first macrophage may be different than the mechanism used by MAH that has escaped 

from a host macrophage. The state of activation of uninfected macrophages may be 

different than the first host macrophage and therefore might require a different uptake 

strategy. According to past research, MAH bacteria that have been released from a host 

macrophage can enter new macrophages via complement receptor-independent pathways 

instead of by complement or mannose receptors (7). Further work is needed to determine 

which mechanism of uptake used by macrophages that have been pre-treated with MAH 

supernatant prior to infection. 
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Future work will establish survival and uptake assays with nonpathogenic 

mycobacteria (M. smegmatis) to determine effects of MAH supernatant on survival and 

uptake of mycobacteria. A possible next step is to collect supernatants from M. 

smegmatis infections of THP-1 cells and observe the effects of nonpathogenic 

mycobacterial supernatants on E. coli survival inside macrophages. Another goal is to 

establish a survival assay with MAH to discover effects of MAH supernatant on 

intracellular survival of MAH in macrophages. These assays will be more suitable to 

answer questions about mycobacterial pathogenesis. Previous experiments ruled out the 

effects of IL-10 and TGF-β on suppression of IL-12 production by MAC-infected 

macrophages (11). To further this project, a similar experiment will be performed to 

determine whether the suppression of macrophage killing-ability by MAH supernatants 

results from the action of IL-10, TGF-β, or some other factor. 

MAH infections are difficult to treat; current therapies include lengthy courses of 

multiple drugs, and exposes patients to the risk of side effects (1). The evasion of MAH 

from the immune system is not fully known. This study has shown that MAH bacteria 

can influence host macrophages to suppress surrounding, uninfected macrophages 

(Figure 5a). Illuminating new aspects of MAH pathogenesis will aid in the development 

of better treatment options.  
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Figures 

Figure 1: Pathogenesis of MAC 

Steps in MAC pathogenesis. Following traversal of the intestinal or respiratory mucosa: 

1. Bacteria (red) enter macrophage (blue) via phagocytosis. 2. Bacteria survive in 

phagosomes. 3. Intracellular bacteria are released by apoptosis or necrosis of host 

macrophage. 4. Bacteria enter a new macrophage (7, 8). 

Figure 2: Visualization of MAH infection 

THP-1 cells were infected with MAH 104-Tomato (red) and stained with Hoechst and 

Alexa Fluor Phalloidin. Fluoresent microscopy was used with a magnification of 1000X. 

The image shows a monolayer of THP-1 cells containing both infected and uninfected 

cells. The cytoskeleton of each macrophage is green and the nucleus is blue.  
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Figure 3: Preparation of Supernatant from MAH-infected Macrophages 

To study how MAH-infected macrophages (light blue) influence uninfected macrophages 

(dark blue), supernatants from MAH-infected THP-1 cells (red) were prepared. THP-1 

cells were infected with MAH for 2hr and supernatants were collected 48hr after 

infection. THP-1 (Control) supernatants were collected from uninfected THP-1 cells that 

were incubated alongside infected monolayers. Resulting supernatants were used in 

experiments. 

Figure 4: Experimental Design for protease inhibition of MAH supernatant 

To determine the susceptibility of regulatory molecules in MAH supernatant, MAH 

supernatant (red) was treated in the following ways: with protease inhibitor at 4°C 

(yellow dots), no protease inhibitor at 4°C (red without yellow dots), and no protease 

inhibitor at -20°C (red). 4°C treatments were stored in the refrigerator and-20°C controls 

were kept in the freezer. All treatments lasted for 2 weeks and the resulting supernatants 

were then screened with an E. coli survival assay.  
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Figure 5: Effect of MAH supernatant on macrophage killing-ability 

(A) To measure the effect of MAH supernatant on E. coli killing by THP-1 cells, survival 

assays were performed. THP-1 cells infected with E. coli were incubated with MAH 

supernatant (red), control supernatant (green) and no supernatant (blue) to 15min and 2hr. 

Data represents survival from one experiment and is representative of at least 3 

independent experiments. (B) The same procedure as (A), with the following time points: 

15min and 2hr, 4hr, and 24hr. Data represents survival from one experiment and is 

representative of at least 3 independent experiments. Statistical comparisons: *, p-

value<0.05. 
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Figure 6: Effect of Supernatant Concentration on Macrophage killing-ability 

To determine the suitable concentration of MAH supernatant for use in experiments, an 

E. coli survival assay was carried out using 20% (vol/vol) MAH supernatant in 80% 

RPMI (red) and 100% (vol/vol) MAH supernatant (pink) to measure E. coli killing. 

Control wells were incubated with 20% (vol/vol) THP-1 (control) supernatant in 80% 

RPMI (green), 100% (vol/vol) THP-1 (control) supernatant (light green) and gentamicin 

(50μg/ml) in RPMI (blue). Wells were lysed at 15min and 2hr after infection. Statistical 

comparisons: *, p-value<0.05. Data represents uptake from one experiment and are 

representative of 2 independent experiments. 

Figure 7: E. coli OP50 survival in macrophages over 24hr 

E. coli OP50 survival in THP-1 cells was measured to establish a survival curve of E. coli 

OP50 in macrophages. THP-1 monolayers were infected with E. coli OP50 and wells 

were lysed at 0, 2, 4, and 24hr.  Data represents survival from one experiment and is 

representative of 3 independent experiments. 
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Figure 8: E. coli growth curve in supernatant 

E. coli OP50 was used to determine the presence of growth factors for E. coli OP50 in 

MAH supernatant. E. coli OP50 was incubated in 4-parts LB broth and 1-part MAH 

supernatant (red), 4-parts LB broth and 1-part THP-1 supernatant (green), LB broth 

(orange), or 4-parts broth & 1-part RPMI (blue). Cultures were incubated at 37°C. O.Ds 

were read at 0, 4, 8, and 24hr. Data represents growth from one experiment and is 

representative of 2 independent experiments. 
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Figure 9: Need for continued secretion of a suppressive factor  

To determine whether the suppressive effect on macrophage killing-ability is dose 

dependent, an E. coli survival assay was conducted to measure E. coli killing, in which a 

second dose of MAH supernatant was added at the 2hr time point (red). Control wells 

were incubated with THP-1 supernatant (green) and gentamicin (50μg/ml) in RPMI 

(blue). Wells were lysed at 15min, 2hr and 4hr. The 2hr data represents survival from a 

single dose of MAH supernatant and the 4hr data represents survival from two doses of 

MAH supernatant given at 0hr and 2hr. Data represents survival from one experiment and 

is representative of at least 3 independent experiments. 

Figure 10: Storage of MAH supernatant at 4°C 

MAH and THP-1 supernatant storage 4°C was compared over 2 weeks. E. coli survival 

assays were conducted to measure E. coli killing at day 1(A) and day 14 (B) to measure 

effects of 4°C storage on MAH supernatant. Each graph represents survival from one 

experiment and is representative of 3 independent experiments. Statistical comparisons: 

*, p-value<0.05. 
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Figure 11: Treatment of MAH supernatant with protease inhibitor 

To determine the susceptibility of regulatory molecules in MAH supernatant, MAH 

supernatant (red) was treated in the following ways: with protease inhibitor at 4°C 

(yellow), no protease inhibitor at 4°C (red), and no protease inhibitor at -20°C (dark red). 

All treatments lasted for 2 weeks and the resulting supernatants were then screened with 

an E. coli survival assay to measure E. coli killing. Control wells without supernatant 

(blue) and THP-1 supernatant (green) were included. Wells were lysed at 15min and 2hr. 

Data represents survival from one experiment and are representative of 3 independent 

experiments. Statistical comparisons: *, p-value<0.05. 
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Figure 12: Effect of supernatant fractions on macrophage killing-ability 

To determine the size range of regulatory molecules in MAH supernatant, MAH 

supernatants were fractionated into <10kDa (horizontal lines), 10-30kDa (diagonal lines), 

30-100kDa (horizontal lines), >100kDa (dots) fractions (pink) and an E. coli survival 

assay performed to measure E. coli killing.  Control wells without supernatant (blue), 

THP-1 supernatant (green) and whole MAH supernatant (red) were included. Wells were 

lysed at 15min and 2hr.  Data represents survival from one experiment and is 

representative of 3 independent experiments. 
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Figure 13: Mass Spectrometry analysis of MAH supernatant  

MAH supernatant, THP-1 supernatant and the 10-30kDa fraction of MAH supernatant 

were sequenced. The blue section of the table contains proteins found only in whole 

MAH supernatant and the 10-30kDa fraction and excludes proteins found in both THP-1 

and MAH supernatants. The green section of the table contains proteins found only in 

whole MAH supernatant from two replicates, and excludes proteins shared by THP-1 and 

MAH supernatants.  
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Figure 14: Effect of MAH supernatant on uptake of E. coli OP50 by macrophages 

To determine the effect of MAH supernatant on THP-1 uptake of E. coli, uptake assays 

were performed. THP-1 cells were exposed to MAH and THP-1 supernatants prior to 

infection with E. coli OP50. Control wells without supernatant (blue), THP-1 

supernatant-exposed cells (green) and MAH supernatant-exposed wells (red) were 

included. Wells were lysed at 0hr & 2hr to determine the number of intracellular bacteria 

at each time point. Data represents uptake from one experiment and is representative of 2 

independent experiments. 

Figure 15: Effect of MAH supernatant on uptake of MAH by macrophages 

To determine the effect of MAH supernatant on THP-1 uptake of MAH, uptake assays 

were performed. THP-1 cells were exposed to MAH and THP-1 supernatants prior to 

infection with MAH. Control wells without supernatant (blue), THP-1 supernatant-

exposed cells (green) and MAH supernatant-exposed wells (red) were included. Wells 

were lysed at 0hr. Data represents uptake from one experiment and are representative of 3 

independent experiments.  
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