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1 Abstract 
 

Microparticles (MP) are small (0.1-1 µm), cell-derived vesicles released by cells under 

physiological conditions. During infections and in many inflammatory diseases, MP release 

increases. These MP have been shown to modulate immune responses by stimulating cytokine 

release and have a well-defined role in coagulation. However, there is no data regarding the 

production or function of MP during tuberculosis (TB) infection. To address this, the release 

of MP by macrophages during Mycobacterium bovis Bacille Calmette-Guérin (M. bovis BCG) 

infection was investigated. Microparticles are formed from plasma membranes and contain 

phosphatidylserine which binds to annexin V. Activation of human macrophages with 

interferon gamma (IFN-γ) decreased their MP production, whereas BCG infection lead to an 

increase in MP release. Interestingly, the combination of IFN-γ pre-stimulation and BCG 

infection further augmented MP release by 20% in the human macrophage THP-1 cell line. 

Approximately 30% of the MP showed MHC-II surface expression and some also contained 

mycobacterial proteins. When added to fresh macrophages, MP derived from BCG-infected 

cells induced increased tumour necrosis factor (TNF) release by these macrophages. Further, 

these MP increased the capacity of macrophages to disrupt the integrity of an epithelial 

monolayer, which is an important mechanism in vivo to facilitate macrophage migration 

through tissue to the site of infection. Both the response to and the effect caused by MP were 

modulated by IFN-γ. Taken together, the results of this study provide insights into a new 

mechanism of host defence against TB, which is still one of the deadliest and widespread 

diseases caused by a bacterial pathogen. These findings link what is already known about MP 

with host defence against mycobacteria and reveal a possible role of MP in extravasion, 

maintenance of sufficient TNF levels in the granuloma and possibly antigen transfer. To the 

knowledge of the author, this is the first study to examine the role of MP in TB infections. 
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3 List of Abbreviations 
 

APC Allophycocyanine 

ATCC American Type Culture Collection 

BCG Bacille Calmette Guérin 

BMM Bone marrow macrophages 

BSA Bovine Serum Albumine 

CFSE 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester 

CMRL Connaught Medical Research Laboratories 

CSF-1 Colony Stimulating Factor-1 

DAPI 4',6-diamidino-2-phenylindole 
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FBS Fetal bovine serum 

FCS Forward scatter 
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IFN-γ Interferon gamma 
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RPMI Roswell Park Memorial Institute 

s.d. Standard deviation 

s.e.m. Standard error of mean 

SM Sphingomyelin 

TB Tuberculosis 

TLR Toll-like receptor 

TNF Tumour necrosis factor 
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4 Introduction 
 
Microparticles (MP) are released by virtually all cell types under normal physiological 

conditions. Very recent findings show an association of increased MP levels in inflammation 

[1]. Since they contain cytoplasm as well as plasma membrane derived from their cell of 

origin, they are also thought to be a form of cell-cell communication. 

 

 

4.1 The Origin of MP 
 

Mammalian cells show asymmetric membrane architectures in phospholipid distribution. In 

resting cells, phosphatidylserine (PS) and phosphatidylethanolamine (PE) are mainly located 

on the inside of the plasma membrane, whereas sphingomyelin (SM) and phosphatidylcholine 

(PC) comprise the majority of phospholipids on the outside of the cell [2, 3]. Upon activation 

of cells by agents such as lipopolysaccharides (LPS), the membrane polarity can be reversed 

by exposition of anionic phospholipids (PS and PE) on the cell surface (Fig. 1) while anionic 

and neutral phospholipids such as SM and PC translocate to the inner side of the cell 

membrane. This change in polarity coincides with a calcium influx into the cytoplasm, which 

activates enzymes such as calpain and gelsolin that catalyse the partial detachment of the 

plasma membrane from the cytoskeleton. The resulting process is termed MP shedding or 

vesicularisation; areas of the cell membrane bud off and form small (0.1 – 1 µm) vesicles with 

a random phospholipid composition on their surface [4]. Due to the presence of negatively 

charged phospholipids on their surface, MP can be identified by their capacity to bind annexin 

V which binds to this class of lipids. Furthermore, MP contain surface molecules derived 

from their cell of origin and can transfer these to other cells. It has been shown that platelet-

derived MP can transfer CXCR4 receptor to CXCR4 negative cells, rendering them 

susceptible for infections with X4-human immunodeficiency virus (X4-HIV) [5]. The surface 

expression allows for a detailed characterisation of annexin V
+
 MP by flow cytometry. 

 

 
Figure 1 Cell activation causes MP release. Upon activation, the intracellular calcium 
concentration increases, influencing the activity of several enzymes associated with MP 
release. Local loss of membrane polarity and degradation of the cytoskeleton facilitate 
membrane budding. PS: Phosphatidylserine, PE: Phosphatidylethanolamine. 
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The common nomenclature groups MP together with other so-called small vesicles, which can 

be distinguished by size, surface expression and compartment of origin. Other small vesicles 

include exosomes, 50 – 100 nm in size and derived from inner cellular compartments [6, 7] 

and apoptotic bodies which are 1 – 4 µm in size, formed during late apoptosis and can act as 

shuttles of cell-derived material [8, 9]. 

 

 

4.2 MP in Diseases 
 

It has been reported that circulating MP can be found in the blood of healthy donors [10] 

indicating their occurrence under normal physiological conditions. Upon activating stimuli 

such as lipopolysaccharides (LPS) however, MP levels have been demonstrated to increase in 

vitro [11]. Moreover, elevated MP levels can be found in the supernatant of nucleated cells 

cultured in media supplemented with tumor necrosis factor (TNF) [12]. Having been mostly 

ignored since their indirect discovery in 1967 [13], recent findings have caused many 

scientists to focus on MP during the last decade, in particular as a potential prognostic marker 

for inflammatory diseases such as arthritis and organ dysfunction [1, 14, 15]. 

Several studies have now identified an increase of MP numbers in the serum of patients 

during infections and inflammatory conditions. Among others, increase in plasma MP has 

been associated with cerebral malaria [16], sepsis [14], stroke [17] and deep venous thrombo-

embolism [18] has been reported, suggesting a possible in vivo role in response to stress 

stimuli and infections. This is also supported by the observation that murine macrophages 

undergo apoptosis after uptake of MP derived from apoptotic cells and may therefore be 

involved in the control of the magnitude of an inflammatory response [19].  

 

 

4.3 The Global Burden of TB 

 
Tuberculosis remains one of the deadliest and most common infections in humans with an 

estimated 2 billion people infected worldwide [20]. The causative agent of this disease is 

Mycobacterium tuberculosis (M. tuberculosis) and its spread causes about 8 million new 

clinical cases every year. The burden of TB remains predominant in developing countries 

which lack medical infrastructure and broad vaccination programmes, in particular in Sub 

Saharan Africa and South East Asia [21]. Within the last two decades, increasing numbers of 

TB-HIV co-infections have further worsened this situation, in Africa alone, there are 2 million 

known cases of TB-HIV co-infection and the number is rising. This has rendered TB as an 

index disease for HIV and increased the mortality due to TB infections dramatically [22, 23]. 

Another growing problem is the increase in multi drug resistant strains of TB (MDR-TB). 

They are characterised as resistant against the first-line drugs isoniazid and rifampicin. Since 

the repertoire of current antibiotics against mycobacterial infections is limited, MDR-TB 

cause a significant problem and their spread has increased recently [24]. Taken together, this 

highlights the growing problem of TB infections worldwide and the need for new and 

efficient therapies. 
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4.4 Tuberculosis - Characteristics and Immune Response 
 

M. tuberculosis belongs to the genus Mycobacteria, which includes small, aerobic, gram 

positive bacteria exposing a unique cell wall, majorly consisting of mycolic acids. This 

compact cell wall does not represent a good substrate for the gram staining, which is why 

mycobacteria are also defined as acid-fast. Unlike related species such as M. leprae, M. 

tuberculosis is a facultative intracellular pathogen. 

 

The pathogen enters the lung after inhalation of bacilli through aerosols. Its primary host are 

alveolar macrophages which, along with dendritic cells (DC), take up M. tuberculosis while 

sampling the lung tissue. This uptake is mediated by a number of receptors including Toll-like 

receptors (TLR-) 2 and 4 [25], mannose binding receptors [26] and complement receptors 1, 3 

and 4 [27]. Mycobacterial antigens are carried by DC to the draining lymph, where they are 

presented and lead to the activation of antigen-specific T-cells. These T-cells then migrate to 

the lung. The extravasion of lymphocytes into the lung is facilitated by cytokine and 

chemokines gradients established by tissue-resident macrophages and concomitant re-

organisation of the extracellular matrix. Antigen-specific CD4
+
 T-cells release cytokines, 

particularly IFN-γ and TNF, which activate macrophages and upregulate their bacteriostatic 

and bactericidal abilities [28]. The importance of IFN-γ in effective killing of mycobacteria is 

well documented. Macrophages from IFN-γ deficient mice are unable to initiate a bactericidal 

defence leading to an increased spread of M. tuberculosis in these mice [29], underpinning the 

crucial role of IFN-γ-producing CD4
+
 T-cells. In humans, impaired IFN-γ signalling has been 

shown to lead to bacille calmette guérin (BCG)-osis upon BCG vaccination due to 

uncontrolled mycobacterial spread [30]. Activated macrophages accumulate at the site of 

infection and contain the bacilli in the granuloma, causing chronic immunopathology. 

Granuloma formation requires TNF and spatially separates the bacilli in caseous lesions 

exhibiting hypoxic and necrotic conditions, which in turn causes M. tuberculosis to enter a 

state of dormancy. This so-called latent period can last for decades and the possibilities for a 

cost-effective diagnosis of these infections are limited.  

 

In knockout mice, the absence of TNF results in decreased survival and increased bacterial 

loads in spleen, liver and lungs upon infection [31]. In the same study, it has been shown that 

the absence of TNF signalling causes delayed granuloma formation and less granulomas in 

total during progression of the disease. When the host’s immune system is suppressed either 

through age or through acquired immunodeficiencies such as anti-TNF therapies, 

immunosuppressants given in connection with organ transplants or AIDS, recrudescence of 

active TB can occur from its dormant state (reviewed in [32]). Since it has been shown 

previously that MP-upregulation modulates inflammation, this mechanism may also play a 

crucial role in TB-infections where there is increased lung-infiltration by T-cells and 

macrophages. Furthermore, MP could provide a means of transporting antigen between cells. 

This is important considering the conditions within the lungs upon infection: Macrophages 

contain mycobacteria in the granuloma, creating a spatial separation between M. tuberculosis-

derived antigens and the classical MHC-II antigen presentation pathway. Previous studies 

indicate that granulomas in mouse and man maintain high levels of IFN-γ and antigen-specific 

CD4
+
 T-cell activation [33, 34]. Macrophages may be able to transfer antigens between each 

other and to DC via MP and thus supply antigen to maintain T cell actication. Moreover, MP 

could be used as a diagnostic marker for latent TB infections if their upregulation could be 

shown under these conditions. 
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4.5 Hypothesis and Aims 
 

Hypothesis: MP play a role in controlling TB infections by mediating cellular crosstalk and 

antigen transfer.  

 

Aims: 

 

1.  To quantify the production of MP by macrophages upon mycobacterial infection. 

 

2.  To characterise the MP released under these conditions and their potential 

immunostimulatory potency. 

 

 

4.6 Experimental Procedure 
 

The number of MP produced was determined from both human and murine macrophages. 

Most experiments were carried out using macrophage cell lines (human THP-1 cells and 

murine RAW 164.7 cells) and confirmed using primary cells (marophages differentiated from 

human peripheral blood mononuclear cells and from murine bone marrow). 

Flow cytometry was used to quantify MP produced and characterise their surface expression. 

To investigate their containment of mycobacterial proteins, cells were infected with BCG 

expressing GFP and the number of MP expressing green fluorescence was determined. 

To quantify the amount of cytokines produced by MP stimulated cells, the cytometric bead 

array (CBA) system was used [35]. This assay works like a multiplex enzyme linked immuno-

sorbent assay (ELISA) in a bead format for flow cytometric analysis. Up to 30 proteins can be 

analysed at the same time using capture beads of a defined fluorescence and size. These 

capture beads are coated with polyclonal capture antibodies with specificity for their 

respective cytokine. They bind the cytokine and a PE-conjugated monoclonal antibody acts as 

the detection reagent. The fluorescence intensity emitted by the fluorophore is proportional to 

the amount of cytokine present in the sample and can be quantified using a standard curve 

based on known cytokine concentrations. 

Confocal microscopy was used to confirm that MP can be taken up by macrophages. The MP 

were labelled with 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE), a 

lipophilic dye that can passively be taken up by cells. Intracellularly, CFSE gets cleaved by 

ersterases, becomes hydrophilic and is trapped inside the cell, resulting in an even staining of 

the cytoplasm. 

In order to investigate the effect of MP on the integrity of an epithelial monolayer, the electric 

cell impedance sensing (ECIS) system was used. Impedance is the decrease in a current due to 

an isolator in the circuit. The ECIS system measures the impedance using 2 electrodes, one 

under the cells at the bottom of the well and one at the side of it, above the cells. Tissue 

culture media acts as the electrolyte. The intact tight junctions between adjacent cells in a 

confluent epithelial monolayer prevent a free ion flux from the bottom of the well to the other 

electrode, since both tight junctions and cell membranes act as isolators. Disrupted 

monolayers and the absence of tight junctions decrease the impedance, because ions can 

travel freely from the bottom electrode through the tissue culture media to the second 

electrode. Thus, impedance is proportional to the integrity of the monolayer [36].  
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The potential of MP to induce proliferation in RAW 164.7 cells was measured by incubating 

the cells in media containing the radioactively labelled nucleotide analogue ³H-thymidine. It 

competes with unlabelled thymidine for uptake by cells. Proliferating cells use it to synthesise 

DNA. The amount of radioactivity expressed as counts per minute (CPM) is proportional to 

the proliferation of the cells. 
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5 Materials and Methods 
 

5.1 Media 
 

All media (DMEM, RPMI and CMRL) used for eukaryotic cell lines were purchased from 

GIBCO, Invitrogen. Complete cell culture media contained 100 U/ml penicillin and 100 

µg/ml streptomycin (GIBCO) and were supplemented with 10% heat-inactivated foetal 

bovine serum (FBS).  

Oleic acid albumin dextrose catalase (OADC) enrichment: In 100 ml of triple distilled water, 

5 g bovine serum albumin (BSA, Bovogen), 2 g dextrose (BDH), 0.85 g NaCl (Merck), 4 mg 

catalase (Sigma) and 50 mg oleic acid (Sigma) were dissolved, filter sterilised (0.2 µm, Pall) 

and stored in the dark at 4 °C. 

Complete 7H9 media was prepared by topping 0.4 ml 50% glycerol, 0.625 ml 10% Tween-80 

and 0.47 g 7H9 media powder up to 90 ml with triple distilled water and sterilising it in an 

autoclave. The broth was allowed to cool to room temperature and 10 ml of OADC 

enrichment were added. 

 

 

5.2 Bacteria 
 

Wild type M. bovis BCG-Pasteur (BCG-P) and M. bovis BCG-NIP48, which is stably 

expressing GFP, were grown in 7H9 media. For the generation of stocks, glycerol was added 

to a final concentration of 30% and the suspensions were kept at -70°C until further use. For 

infections, bacteria were thawed and centrifuged at 3000 x g for 10 minutes. Pelleted bacteria 

were resuspended in 1 ml RPMI medium and sonicated for 10 seconds with an amplitude of 

30% to obtain a single-bacteria suspension. 

 

 

5.3 Cell Lines 
 

Murine monocytic/macrophage RAW 264.7 cells (Balb/c background) were purchased from 

American Type Culture Collection (ATCC) and cultured in complete DMEM. Human 

monocytic THP-1 cells (ATCC) were cultured in complete RPMI and differentiated into 

macrophages by treatment with 100 nM phorbol-12-myristate-13-acetate (PMA, Sigma) for 

48 hours.  Murine airway epithelial C10 cells (Balb/c background, courtesy of Dr Valery 

Combes) were maintained in complete CMRL media (Gibco) supplemented with 2 mM L-

Glutamine. All cell lines were cultured in a humidified incubator at 37°C, 5% CO2.  
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5.4 Mice 
 

Female 6-8 week old mice (C57/Bl6, Balb/c and TNF knockout) were purchased from the 

Animal Resource Centre, Perth and housed under specific pathogen-free conditions at the 

Centenary Institute, Sydney. All procedures involving animal use in this research project were 

approved by the University of Sydney Animal Care and Ethics Committee.  

 

5.5 Generation of Murine Bone Marrow-Derived Macrophages 
 

Mice were sacrificed by asphyxiation with CO2 and femurs and tibia were collected 

immediately in RPMI. Femurs and tibia were cut at both ends, flushed with PBS using a 26½ 

gage needle and bone marrow was collected in a Petri dish. To disrupt the bone marrow 

structure, the liquid was sucked up and down through a needle until all visible cell clusters 

disappeared. The bone marrow cells were pelleted by centrifugation at 400 x g, 4°C for 5 

minutes and resuspended in 1 ml ACK lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM 

EDTA). After 2-3 minutes, 49 ml PBS were added and cells were spun down at 400 x g, 4°C 

for 5 minutes. Pellets were resuspended in complete RPMI supplemented 0.05 mM 2-

mercaptoethanol and 15% L929 cell culture supernatant (cells that stably express colony 

stimulating factor- (CFS-)1) and incubated in a T-175 tissue culture flask. After 48 hours, 

non-adherent cells were removed by swirling the culture flask lightly, discarding the 

supernatant, washing 2 times with 10 ml RPMI and adding fresh complete culture media. The 

cells were then cultured for 3-4 days. Differentiated macrophages were detached using a cell 

scraper, washed and resuspended in complete, antibiotic-free RPMI containing 10% L929 

supernatant. After counting, the cells were diluted to 5x10
6
 cells per 500 µl and seeded on 

plates for the experiments. 

 

 

5.6  Generation of Human Peripheral Blood Mononuclear Cell- 

(PBMC-)Derived Macrophages 
 

Buffy coats were obtained from the Australian Red Cross, Sydney. Buffy coat blood (~ 60 ml) 

was diluted 1 in 3 in PBS, equally distributed between six 50 ml centrifuge tubes, underlayed 

with 15 ml Ficoll Paque Plus (GE Healthcare) and centrifuged at 450 x g for 20 minutes 

without brake. The thin, cloudy intermediate layer containing the PBMC was transferred into 

a fresh tube, topped up to 50 ml with fresh RPMI and centrifuged at 450 x g for 10 minutes. 

The resulting pellet was washed twice with 12.5 ml RPMI underlayed with 5 ml FBS to 

minimise platelet carry-over and resuspended in 30 ml complete RPMI media. The suspension 

was transferred into a T-175 tissue culture flask and incubated at 37°C, 5% CO2. 

After two hours, non-adherent cells were discarded by swirling the flask gently and pouring 

off the culture supernatant. The adherent cells were washed twice with RPMI, then cultured 

for six days in complete culture media. Differentiated macrophages were detached using a cell 

scraper, washed and resuspended in complete, antibiotic-free RPMI. After counting, the cells 

were diluted to 10
6
 cells per 500 µl and seeded on plates for the experiments. 
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5.7 Purification of MP 
 

Supernatants of cells cultured in the presence or absence of IFN-γ and/or BCG-P were 

collected and spun down at 400 x g for 10 minutes. The cell-free supernatants were 

transferred to fresh tubes and centrifuged at 12000 x g for 3 minutes to pellet large cell 

fragments and debris. In a fresh tube, the cleared supernatant was subjected to centrifugation 

at 15000 x g for 90 minutes at 12°C. The pellet was resuspended in 200 µl PBS and the 

amount of MP was determined by flow cytometry and the BCA Protein Assay. Purified MP 

were stored at -70°C until further use. 

 

 

5.8 BCA Assay 
 

To quantify the amount of MP, the BCA Protein Assay Kit (Pierce) was used in the micro 

plate format according to the manufacturer’s protocol with some changes. Briefly, 20 µl of 

purified MP suspension were mixed with 5 µl 1% Triton X-100 in PBS and incubated for 10 

minutes at room temperature to lyse the MP membranes and bring the protein content into 

solution. Consequently, 200 µl working solution (50 parts “solution A” (containing sodium 

carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium 

hydroxide) and 1 part “solution B” (containing 4% cupric sulfate)) were added and incubated 

for 30 minutes at 37 °C. The plate was allowed to cool down to room temperature and the 

absorbance of the samples was measured at 550 nm. The protein concentration of the samples 

was determined using standard curves based on known protein concentrations. 

 

5.9 Infections 
 

Cells were seeded on 6-, 24- or 48-well plates at a density of 10
6
 cells per 500 µl RPMI 

medium containing 10% FBS (and 0.05 mM 2-mercaptoethanol in the case of murine bone 

marrow macrophages (BMM)). To some wells, 100 U IFN-γ per ml were added. After 

overnight incubation, wells were washed three times with serum free RPMI and 2.5 x 10
6
 

colony forming units (cfu) sonicated M. bovis BCG in 500 µl serum free RPMI were added 

per 10
6
 cells (multiplicity of infection (MOI): 2.5). After 3 hours incubation, the wells were 

washed 3 times to remove extracellular bacteria and cells were cultured in 500 µl complete 

RPMI per 10
6 

cells.  

 

5.10  Confocal Microscopy 
 

To investigate if MP are taken up by macrophages, 5 x 10
7
 RAW 164.7 cells were washed 

twice with DMEM and incubated for 15 minutes in DMEM containing 1.1 µM 5-(and-6)-

carboxyfluorescein diacetate succinimidyl ester (CFSE) at 37°C. This dye stains the whole 

cytoplasm of cells, which passively take it up during co-incubation. To stop CFSE uptake, 

ice-cold complete DMEM was added and cells were washed twice. Consequently, cells were 

kept in an incubator for 3 days to allow for MP production. Supernatants were collected and 

MP which contained the CFSE, were purified. For microscopy, 18’000 MP were added to 10
4
 

fresh RAW 264.7 cells and incubated at 37°C for 4 hours. Cells were fixed by incubating 

them for 15 minutes with DMEM containing 2% paraformaldehyde, mounted on slides using 

Antifade Gold (Invitrogen), which was allowed to harden for 30 minutes.  
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Confocal microscopy was performed using a Leica SP5 with LAS AF software. Images were 

processed using Volocity 5.0. 

 

 

 

5.11  Flow Cytometric Analysis of MP 
 

Supernatants from infected and uninfected cells, containing MP, were collected and 80 µl 

used for staining in flat bottom 96-well plates. Stains used included annexin V-APC, annexin 

V-FITC, mouse-anti-human-HLA-DR-PE, mouse-anti-human-HLA-DR-APC (all BD 

Bioscience), rat-anti-mouse-I-A/I-E-PE (BioLegend) and their respective isotype controls 

(BD Bioscience) (Table 1). Stains were added to the wells and incubated for 30 minutes at 

4°C in the dark without agitation. When annexin V was used, staining was performed after 

addition of 9 µl 10x annexin V binding buffer (0.1 M HEPES/NaOH, pH 7.4, 1.4 M NaCl, 25 

mM CaCl2) at room temperature. After incubation, 120 µl PBS (1x annexin V binding buffer 

if this stain was used) was added and analysis was performed within 60 minutes by flow 

cytometry using an FC 500 (Beckman Coulter) for 60 or 90 seconds at a pre-determined flow 

rate of 60 µl per minute. For the gating of MP, latex beads of a defined diameter (0.8 and 1.1 

µm) were used to define the upper threshold for forward scatter (FSC) [37]. The amount of 

MP per ml was calculated using the following formula: 

MP per 106 cells = Count x
200µl

90µl
x

Yµl

80µl
 

 

where 200 µl is the total volume in the well at the time of measurement, 90 µl is the amount 

of liquid which is subjected to analysis (60 µl in some cases), Y is the amount of media in 

which 10
6
 cells had been cultured before the supernatant was harvested and 80 µl is the 

amount of cell culture supernatant that had been originally collected.  

 

 
Table 1: Detailed description of stains used for MP 

              

       

 Stain Amount Specificity Clone Supplier  
              

 PE anti-mouse I-A/I-E 0.4 •g rat-anti-mouse M5/114.15.2 BioLegend  

 APC annexin V 2.5 •l N/A N/A 
BD 
Pharmingen  

 FITC annexin V 1 •l N/A N/A 
BD 
Pharmingen  

 
PE anti-human HLA 
DR 0.4 •g mouse-anti-human TU36 

BD 
Pharmingen  
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5.12  Flow Cytometric Analysis of Cells 
 

Human PBMC, murine BMM, RAW 164.7 and THP-1 cells were incubated on ice for at least 

10 minutes and detached using a cell scraper. After washing twice with Fluorescence 

activated cell sorting (FACS) wash (2% FBS in PBS), 10
6 

cells were incubated for 15 minutes 

on ice in 30 µl FACS wash containing the MHC-II-specific antibodies (Table 2). Unbound 

antibody was removed by washing twice, the cells were resuspended in FACS wash and 

subjected to flow cytometric analysis using a FC 500 (Beckman Coulter). 

 
Table 2: Detailed description of antibodies used for cells 

              

       

 Stain Amount Specificity Clone Supplier  
              

 PE anti-mouse I-A/I-E 6 ng rat-anti-mouse M5/114.15.2 BioLegend  

 APC anti-human HLA-DR 6 ng mouse-anti-human TU36 
BD 
Pharmingen  

       

              

       
 

 

 

5.13  Impedance Measurement 
 

The effect of MP on epithelial integrity was determined using the ECIS system in the 8 well-

plate format. ECIS plates were coated with a 50 mM solution of L-cystein to provide an 

organic layer for the growth of the murine epithelial cell line C10. The wells were rinsed 

twice with water and 2 x 10
4 

C10 cells were added. Three days later, when the C10 cells were 

confluent and showed a plateau in their impedance, they were ready for treatment. For some 

experiments, macrophages were added at a ratio of 1:20 (macrophages to C10) as well as MP 

(30 µg per well).  The impedance was measured every 10 minutes for at least 72 hours. 

 

 

5.14  3H-Thymidine Uptake 
 

On a 96-well plate, 5 x 10
4
 RAW 264.7 cells were cultured for 24 hours in the presence or 

absence of MP. Supernatants were collected and 200 µl complete RPMI media supplemented 

with 50 µCu 
3
H-Thymidine (MP Biosciences) was added. After 6 hours, cells were harvested, 

transferred to a filter membrane and the amount of incorporated 
3
H-Thymidine was 

determined using a Perkin Elmer 1450 LSC scintillation counter.  
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5.15  Cytometric Bead Array (CBA) 
 

To determine the amount of TNF, interleukin- (IL-)1β, Il-12/23p40 and IL-10, a multiplex 

CBA (BD Bioscience) was used according to the manufacturer’s protocol with some changes. 

Briefly, 0.5 µl capture bead solution for each cytokine was mixed with cell culture 

supernatants from cells cultured in the presence or absence of MP. After 1 hour, the beads 

were washed twice and 0.5 µl of detection beads was added for each cytokine. After 

incubation for 1 hour, the beads were washed twice and analysed in an LSR-II flow 

cytometer. Data were evaluated using BCA FACS Array software (BD Bioscience). 

 

 

5.16  Software 
 

Flow cytometric data were acquired using MXP software (for FC 500) and Diva (for LSR-II). 

Data were evaluated using FlowJo. For confocal microscopy image acquisition, LAS-AF 

(Leica) was used. Images were processed using Volocity 5.0.  

Standard curves and normalisations were generally performed using Microsoft Excel unless 

otherwise stated. Graphs were created using GraphPad Prism 4.0. 

 

 

5.17  Statistical analysis 
 

Data are expressed as mean ± standard error of mean (s.e.m.) unless otherwise stated. For 

parametric data, two-way ANOVA, one-way ANOVA with Bonferroni post-tests and 

Student’s t-test were used. For non-parametric data, the Friedman test was used. 
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6 Results 
 

6.1 Infection with BCG Significantly Influences the Release of MP in 

Murine and Human Macrophages 
 

An increase in MP release during a number of infections, such as cerebral malaria [16], has 

been reported, but no reports of MP release during mycobacterial infections have been 

published to date. Initial experiments characterised the release and phenotype of MP from 

macrophages, both human and murine, using both cell lines and primary cells during M. bovis 

BCG infections. Primary human macrophages were infected for 3 hours with an MOI of 2.5 

and their MP production was determined using flow cytometry (Fig. 2). Microparticles are 

defined as small (0.1-1 µm), annexin V
+ 

vesicles [12]. Accordingly, a gating strategy was 

applied using an FSC threshold determined by latex beads of a defined diameter followed by 

staining with annexin V APC (Fig. 2a) to identify residues of membrane origin. The gate for 

annexin V
+ 

events was confirmed in a blocking experiment where MP were pre-incubated 

with FITC-conjugated annexin V to block all binding sites followed by incubation with APC-

conjugated annexin V (Fig. 2b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 MP gating strategy. Events were gated according to size (FCS) as pre-determined 
with latex beads. (a) Shown are representative data from an experiment with human PBMC. 
(b) Annexin V positive events were confirmed using a pre-incubation step with annexin V FITC 
for 30 minutes to block binding sites and consequent staining with annexin V APC. UI: 
Uninfected, IFN-γ: pre-incubation with 100U IFN-γ/ml, BCG: BCG infection for 3 hours with an 
MOI of 2.5, IFN-γ + BCG: pre-incubation with IFN-γ followed by BCG infection, SSC: side scatter 
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As IFN-γ is known to be a prime macrophage-activating cytokine, the influence of prior IFN-

γ stimulation on MP release by macrophages during BCG infections was also assessed. 

Differentiated THP-1 cells (human macrophage-like cell line) were stimulated overnight with 

IFN-γ and then infected with BCG for 3 hours, extracellular bacteria were removed by 

washing and MP release over time was measured (Fig. 3). Stimulation with IFN-γ decreased 

MP expression (p < 0.01 in a t-test for the 144 h time-point UI - IFN-γ), whereas BCG 

infection increased MP release. Interestingly, BCG-infection of IFN-γ primed macrophages 

significantly enhanced MP expression compared to BCG alone (t-test for the 144 h time point: 

p < 0.01 for BCG – BCG + IFN-γ). 

 

 

 

 

 

 

  

 

To assess MP release by primary human macrophages, PBMC were differentiated for 6 days 

prior to IFN-γ stimulation and BCG infection. As seen in THP-1 cells BCG infection 

increased MP production (Fig. 4a). Moreover, BCG infection of IFN-γ pre-stimulated 

macrophages further increased MP release. In order to account for the genetic variances in the 

outbred human population, PBMC from 5 donors were analysed in independent experiments. 

Microparticle production from different donors varied more than 100-fold, but BCG infection 

and IFN-γ treatment induced the same effect as was observed in THP-1 cells on the relative 

MP release in all samples (Fig. 4b).  

 

 

Figure 3 Human PMA-differentiated macrophage THP-1 cells show an increase in MP 
production upon BCG infection. Cells were cultured in the presence or absence of IFN-γ 
and/or BCG. Flow cytometry revealed that BCG infection significantly increases the 
production of MP and has a synergistic effect with IFN-γ. Data are expressed as means of 

triplicate wells ± s.e.m. ***, P<0.001 in a two-way ANOVA with Bonferroni post-test compared 
to UI.  
UI: Uninfected, IFN-γ: pre-incubation with 100U IFN-γ/ml, BCG: BCG infection for 3 hours with 
an MOI of 2.5. IFN-γ + BCG: pre-incubation with IFN-γ followed by BCG infection. 
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TNF has been shown to be an important cytokine in the regulation of MP release in vitro [11]. 

Accordingly, experiments were carried out with primary murine macrophages to assess the 

influence of this cytokine on MP production using gene deficient mice. Interestingly, the 

effects of BCG infection and IFN-γ stimulation differed in murine BMM compared with 

human PBMC. In general, BMM produced less MP than human PBMC. Both IFN-γ pre-

stimulation and BCG infection decreased their release further (Fig. 5a). Primary macrophages 

derived from TNF-deficient mice showed no significant change in MP production following 

BCG infection and/or IFN-γ pre-stimulation (Fig.  5b). 

 

  

 

 

 

 

 

 

Figure 4 Human primary macrophages infected with BCG show a significantly increased 
annexin V+ MP production. (a) Human PBMC were cultured in the presence or absence of 
IFN-γ and/or BCG. Flow cytometry analysis revealed that BCG infection significantly increases 
the production of MP and has a synergistic effect with IFN-γ. Shown is 1 out of 5 independent 
experiments. Data are expressed as mean of quadruplicate wells ± s.e.m. **, P<0.01, ***, 
P<0.001 in a two-way ANOVA with Bonferroni post-test compared to UI. (b) Combined data 
from 5 human blood donors expressed as mean ± s.d., each colour represents one donor 
(n=3 for each donor). *, P < 0.05 determined with a Friedman test compared to UI.  
UI: Uninfected, IFN-γ: pre-incubation with 100U IFN-γ/ml, BCG: BCG infection for 3 hours with 
an MOI of 2.5. IFN-γ + BCG: pre-incubation with IFN-γ followed by BCG infection. 
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Figure 5 BCG infection does not upregulate MP production by murine macrophages (a). 
Macrophages were stimulated overnight with IFN-γ and infected with BCG for 3 hours. MP 

release was assessed at times indicated. (b) Macrophages derived from TNF deficient mice 
show no significant changes in their MP production regardless of the culture conditions. Data 
are expressed as mean ± s.e.m of triplicate cultures of 1 out of 2 representative experiments. 
**, P<0.01, ***, P<0.001 in a two-way ANOVA with Bonferroni post-test compared to UI. UI: 
Uninfected, IFN-γ: pre-incubation with 100U IFN-γ/ml, BCG: BCG infection for 3 hours with an 
MOI of 2.5. . IFN-γ + BCG: pre-incubation with IFN-γ followed by BCG infection. UI: Uninfected, 
IFN-γ: pre-incubation with 100U IFN-γ/ml, BCG: BCG infection for 3 hours with an MOI of 2.5. 
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6.2  Macrophages infected with BCG show altered release of 

MHC II+ MP 
 

 

To characterise the phenotype of the released MP further, murine and human cells were 

stained for MHC-II expression (I-A/I-E and HLA-DR, respectively). The MHC-II
+
 gate for 

annexin V
+
 MP was confirmed using unspecific PE-conjugated controls of the same isotype 

(Fig. 6a).  

Primary human macrophages show an increased release of MHC-II
+
 MP after BCG infection 

over time (Fig. 6b). Pre-treatment with IFN-γ did not significantly affect MP production 

whereas IFN-γ and BCG infection together increased it. Overall, 35-41% of all annexin V
+
 

MP were MHC-II
+
 as well (comparison of data in fig. 6b with fig. 4a).  

For murine BMM, BCG infection decreased the amount of MHC-II
+
 MP released after 48 

hours (Fig. 6c). No significant effect of IFN-γ on MHCII
+
 MP release could be observed. 

Further, it did not act synergistically with BCG infections. 

Murine macrophages show a lower detectable production of MP in total. The amount of 

annexin V
+
 MHC-II

+
 MP was ranged between 8.6 and 13.4 throughout 4 independent 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Human and murine macrophages show different patterns of annexin-V+ MHC-II+ MP 
production. (a) MHC-II+ MP gating strategy. Recorded events were gated according to size and 
annexin-V staining. The MHC-II+ gate was confirmed using matching isotype controls. Shown are 
typical data from an experiment with human PBMC. (b) Human macrophages show a significant 

increase in MHC-II+ MP production upon BCG infection which is more pronounced with IFN-γ pre-
treatment. Shown are means of triplicates ± s.e.m..*, P < 0.05; ***, P < 0.001 determined with a 
two-way ANOVA with Bonferroni post-test compared to UI (c) Murine BMM show levels of MP 
release which are significantly lower than in untreated controls 48 hours post infection. Shown are 
means of triplicates ± s.e.m..***, P < 0.001 determined with a one-way ANOVA for the 48 hours 

time point with a Bonferroni post-test comparing to UI. UI: Uninfected, IFN-γ: pre-incubation with 

100U IFN-γ /ml, BCG: BCG infection for 3 hours with an MOI of 2.5.  
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6.3 Macrophages infected with BCG-NIP48 produce green 

fluorescent MP 
 

 

In the light of the co-stimulatory molecule MHC-II on a subset of MP, the hypothesis was 

tested that MP may contain mycobacterial antigen, which could be transferred between cells. 

Human macrophages were infected with BCG-NIP48 which stably expresses GFP whose 

fluorescence can be visualised by flow cytometry. Annexin V
+
 MP were gated for GFP

bright
 

events and the gate was confirmed using untreated control samples in order to avoid false-

positives due to the high auto fluorescence of macrophages in the 530 nm channel (Fig. 7a).  

In primary human macrophages, 17-19% of all MP were GFP
bright 

after BCG infection or 

infection plus IFN-γ pre-treatment at both 24 and 48 hours in 5 independent experiments (Fig. 

7b). Pre-incubation with IFN-γ significantly increased the production of MP at 48 hours post 

infection by 35%. In order to gain insights into the kinetics of GFP
bright

 MP release over a 

longer period of time, human macrophage THP-1 cells were infected and assessed over 6 

days. The results of these experiments confirmed a significant effect of IFN-γ treatment in 

combination with BCG infection beyond the 48 hours time point (p<0.0001 comparing BCG 

with BCG + IFN- γ at the 144 hours time point (Fig. 7c)). Of all annexin V
+
 MP from THP-1 

cells, 32% were GFP
bright

 after pre-incubation with IFN-γ and BCG infection. Infection with 

BCG alone resulted in 26% GFP
bright 

MP. 
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Figure 7 Human macrophages produce MP containing mycobacterial protein after 
infection with BCG. (a) Gating strategy. Recorded events of MP were gated according to 
size and annexin-V staining. Threshold for BCG-GFP positivity was set by comparison with 
MP derived from uninfected cells which do not contain any green fluorochromes. (b+c) 
Human macrophages (b, mean of triplicate wells, 1 out of 5 representative experiments) 
and human monocytic THP-1 cells (c, mean of quadruplicate wells) show significantly 
higher GFPbright MP production if pre-treated with IFN-γ over time. *, P < 0.05 determined with 

student’s t-test; **, P < 0.01 determined with two-way ANOVA comparing the curve for BCG 
with BCG + IFN-γ. UI: Uninfected, IFN-γ: pre-incubation with 100U IFN-γ/ml, BCG: BCG 
infection for 3 hours with an MOI of 2.5. IFN-γ + BCG: pre-incubation with IFN-γ followed by 
BCG infection. Shown are means ± s.e.m.  
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6.4 Infected macrophages release MP which can be taken up 

and activate RAW 164.7 cells to disrupt an epithelial 

monolayer 
 

 

 

Uptake of endothelial cell-derived MP by RAW 164.7 cells has been shown before [19]. To 

confirm that this is also the case for macrophage-derived MP, confocal microscopy with 

CFSE labelled MP was used. Raw 146.7 cells were labelled with CFSE, which labels the 

cytoplasm, cultured for 72 hours and their produced MP were purified from the supernatants. 

These MP were incubated with fresh RAW cells for 4 hours, fixed, and their nucleus was 

stained with DAPI (blue). After 4 hours, MP could be observed in the cytoplasm of RAW 

164.7 cells (Fig. 8a–e), but not in the nucleus (Fig. 8 b-d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Macrophage-derived MP are taken up by RAW 164.7 cells and can be found in 
the cytosol but not in the nucleus. RAW cells were labelled with 1.1 µM CFSE for 10 
minutes, washed and incubated for 3 days at 37°C. RAW 164.7-derived MP were purified 
and added to fresh RAW cells. Cells were fixed after 4 hours. The outlines of a 
macrophage can be seen with brightfield illumination (a), Green fluorescent MP can be 
seen in the cytoplasm (b) whereas the nucleus (blue) is MP free (c+d). The merged 
imagine of the brightfield and fluorescence channels (e) shows the distribution of MP and 
nucleus within the cell.  
The side views (xy and xz-planes) are chosen in a way to illustrate that the marked MP 
(arrow) is located intracellularly. 
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Having demonstrated that RAW cell-derived MP were taken up by other RAW cells, it was 

sought to determine the influence these MP had on epithelial cells. Cellular recruitment 

leading to granuloma formation is a hallmark of TB infection. Leukocytes respond to 

established cytokine and chemokine gradients and migrate from the blood stream to the site of 

infection. This migration requires re-organisation of the extracellular matrix and recruitment 

over epithelial barriers to facilitate lung-infiltration by lymphocytes. The ability of 

macrophages activated by MP to induce changes in the epithelial monolayer was assessed 

using the ECIS system. Epithelial C10 cells were cultured in ECIS tissue culture slides until 

concurrently confluent. RAW cells were pre-stimulated with IFN- γ and infection with BCG 

before MP were purified. These MP were added to fresh RAW cells and co-incubated with 

monolayers of epithelial cells (C10) (Fig. 9). The integrity of the C10 monolayer was 

monitored for 55-72 hours (Fig. 10a).  

 

 

 
 

 

 

The addition of RAW 164.7 cells to the C10 monolayer had no effect on monolayer integrity 

after 55 hours (Fig. 10). Treatment with MP derived from IFN-γ treated cells had a minimal 

effect on integrity with a decline in resistance seen after 48 hours, whereas MP derived from 

BCG infected cells reduced the monolayer resistance immediately after addition. 

Interestingly, MP from untreated cells had a greater effect on membrane integrity than MP 

from IFN-γ treated ones. All in all, MP from IFN-γ treated cells seemed to dampen the 

activating effect on RAW 164.7 cells. This was also observed with BCG infection preceding 

IFN-γ treatment. The addition of MP alone did not affect the integrity of the C10 monolayer, 

regardless of their origin (Fig. 10, bottom).  

 

Figure 9  Experimental procedure for ECIS assay. MP from RAW 164.7 cells cultured in the 
presence or absence of BCG and/or IFN-γ were purified and added to a confluent 
monolayer of C10 epithelial cells along with fresh RAW 164.7 cells. 
 

± IFN-γ ± BCG 
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Figure 10 MP derived from BCG-infected RAW 164.7 cells activate fresh RAW cells to 
disrupt a C10 epithelial monolayer. (a) Microparticles (30 µg per well) derived from 
RAW 164.7 cells were co-incubated with fresh RAW cells and a monolayer of murine 
epithelial C10 cells. In the case of MP derived from BCG-infected cells, the electric 
resistance markedly decreased in the well. (b) Microparticles alone have no 
substantial effect on the integrity of a C10 monolayer. Shown are relative values 
normalised to the mean of the resistance over 6 hours prior to treatment. MP (UI): MP 
from uninfected RAW cells, MP (IFN-γ): MP from cells pre-incubated with 100U IFN-γ 
/ml, MP (BCG): MP from cells after BCG infection for 3 hours with an MOI of 2.5. MP 
(BCG + IFN-γ): MP derived from cells pre-incubated with IFN-γ and infected with 
BCG. 
 

a 

b 
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6.5 MP released upon BCG-infection cause RAW 164.7 cells to 

produce TNF 
 

To investigate the effect of MP on RAW 164.7 proliferation, RAW 164.7 cells were 

stimulated with IFN-γ and infected with BCG. After 48 hours, MP were purified and added to 

fresh RAW cells. After 24 hours, 
3
H thymidine was added and 6 hours later cell proliferation 

was measured. Incubation with MP from uninfected RAW cells had no marked effect on cell 

proliferation (Fig. 11b). Microparticles from IFN-γ stimulated cells also had minimal effects 

on cell proliferation. Purified MP from BCG-infected cells significantly inhibited cell 

proliferation, with this effect reversed if the infected RAW cells were pre-stimulated with 

IFN-γ. This effect was still seen when the amount of MP added was decreased by 75%, 

indicating that the minimal effective amount of MP is lower than 7.5 µg  (Fig. 11a). To test if 

cytokine release caused the disruption of the C10 monolayer, a CBA assay was conducted 

(Fig. 11b). After BCG-infection and/or IFN-γ treatment, MP originating from those cells 

induced RAW 164.7 cells to release significantly elevated levels of TNF, which could be 

detected in the cell culture supernatant after 24 hours using CBA (Fig 11b). In the same CBA, 

no detectable levels of IL-1β, IL-12/23p40 and IL-4 were found (data not shown). The 

increase in TNF alone is not sufficient for a marked decrease in the electrical resistance of a 

C10 monolayer under the given ECIS conditions, as the addition of TNF concentrations 5-10 

times higher than those measured in the CBA  did not induce such an effect after 24 hours 

(Fig. 11c). In summary, BCG-infected macrophages release MP containing mycobacterial 

proteins and co-stimulatury molecules. The MP induce TNF release in macrophages and can 

modulate the effect of macrophages on epithelial integrity, suggesting that MP released under 

mycobacterial infection modulate inflammatory responses in vitro, and possibly in vivo. 
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Figure 11 Augmented TNF secretion and enhanced proliferation in RAW 164.7 cells 
induced my MP cannot explain the effect of MP and RAW cells co-incubation with C10 
cells. (a) Microparticles derived from BCG-infected cells decrease the proliferation of 
RAW 164.7 cells whereas MP from infected cells which had been exposed to IFN-γ prior 
to infection show increased proliferation compared to media control. *, P < 0.05; **, P < 
0.01 determined in one-way ANOVA for each MP concentration compared to media 
control. Shown are means of sextuplicate wells ± s.e.m.. (b) MP derived from BCG-
infected and/or IFN-γ treated RAW cells increase the release of TNF of fresh RAW 164.7 
cells. Shown are means of triplicate wells; ***, P < 0.001; **, P < 0.01 determined with one 
way ANOVA with Bonferroni multi-comparison post-test comparing with untreated cells 
and cells which received MP from untreated cells, respectively. Shown are means ± 
s.e.m.. (c) TNF alone is not sufficient to activate RAW 164.7 cells in order to disrupt a C10 
epithelial monolayer. Murine epithelial C10 cells were cultured in the presence or 
absence of TNF on ECIS plates and no marked difference in the resistance was 
observed. MP (UI): MP from uninfected RAW cells, MP (IFN-γ): MP from cells pre-
incubated with 100U IFN-γ/ml, MP (BCG): MP from cells after BCG infection for 3 hours 
with an MOI of 2.5, MP (BCG + IFN-γ): MP derived from cells pre-incubated with IFN-γ 
and infected with BCG. CPM: Counts per minute.  
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7 Discussion 
 

The experiments carried out in this study show that infecting macrophages with BCG 

significantly changes their MP production. In human macrophages, BCG infection leads to an 

upregulation of MP release whereas decreased MP release was observed in murine 

macrophages. This discrepancy highlights differences in the response of human and murine 

macrophages to mycobacterial infections. The immune response to TB in the mouse model 

does not mirror that of humans in all aspects [32] and future studies with MP production 

should concentrate on elucidating their significance in humans. The increase of MP release in 

human cells is in accordance with studies carried out for other inflammatory diseases of 

which the majority cause an upregulation of MP shedding [16, 14, 18]. In order to examine 

the reproducibility of this finding and to take the genetic variability of the outbred human 

population into account, macrophages from 5 donors where analysed to examine their MP 

production upon BCG infection. These data can only be considered as preliminary as a donor 

number of at least 12 is required to draw statistically robust conclusions based on the data. 

However, the results clearly suggest that the significant upregulation of MP production seen 

in THP-1 cells is also a hallmark of the response of BCG-infected primary human 

macrophages. 

 

These data also show that 25-30% of the MP express MHC-II and about 20-25% of them also 

express GFP after infection with BCG-NIP48, indicating that they contain mycobacterial 

proteins. These findings are of particular significance as they suggest that MP released by 

infected macrophages and possibly infected DC, though this was not examined in this study, 

carry antigen and MHC-II and thus may be a mechanism to transfer antigen between cells. 

Studies from Rozmyslowicz et al. [5] have shown that MP can transfer proteins from one cell 

to another. In this system MP containing CXCR4 transferred CXCR4 to CXCR4-deficient 

cells thus making them permissive to the CXCR4-binding X4-HIV. In TB infection, MP may 

provide a mechanism to transfer antigen and cytokines across the granuloma, though 

additional studies are required to test this hypothesis.  

 

This study concentrated on the release and uptake of MP by macrophages as they are the 

primary host for M. tuberculosis; it will be crucial to shed light on their possible impact in 

direct antigen transfer between macrophages and T cells as well as MP production and uptake 

by DC, which are known to play a pivotal role in delivering and presenting antigen from the 

lung to the draining lymph nodes in TB infections.  

 

The data presented here also suggest that MP may be important in facilitating extravasion of 

other immune cells by enhancing the capacity of macrophages to modulate an epithelial 

monolayer. To this end, it must be assessed by which means this disruption occurs. The 

performed experiments imply that cytokine production and immortality of RAW 164.7 cells 

can be excluded. The results of the 
3
H-thymidine assay show that only MP derived from 

BCG-infected cells cause a decrease in cell viability whereas pre-treatment with IFN-γ 

increased it. It is well known that BCG infection is a weak inducer of apoptosis [38] and 

Distler’s group reported that MP derived from cells treated with apoptosis-inducing agents 

such as UV-radiation, heat or actinomycin D can induce apoptosis in RAW 164.7 cells [19]. 

To this end, the minimal effective dose of MP on proliferation and TNF release has to be 

determined in future experiments to create experimental conditions which resemble the 

situation in vivo as closely as possible. 
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This project highlights the roles of IFN-γ and TNF as key cytokines in the host defence 

against TB infections. Here it is shown that IFN-γ pre-incubation modulates both the 

production of MP and their effect on recipient cells. This finding may be explained by the 

generally higher state of activation of the IFN-γ stimulated macrophage consequently leading 

to improved killing and presentation of intracellular pathogen [28, 29].  

 

The effect of TNF on the release of MP has been shown previously [12] and the findings in 

this study also confirm that their release is modulated by this cytokine. The release of TNF 

was significantly augmented after uptake of MP, whereas macrophages from TNF-deficient 

mice show no response to IFN-γ and BCG infection with regard to MP production. This 

implies that TNF is required for the signalling pathways that are involved in the regulation of 

MP production upon BCG infection.  Furthermore, it is evident that TNF is also required for a 

successful resolution of TB infections in the long term [39] as it is crucial for granuloma 

formation and successful lung-infiltration by lymphocytes. Whether MP induce the 

production of TNF or increase the release of pre-formed TNF stored in vesicles remains to be 

investigated. Interestingly, TNF increase was not connected to IL-1β increase which is a 

common cytokine released by macrophages upon activation, suggesting that activation 

through TLRs rather than the inflammasome is important in the response to MP uptake. 

 

Taken together, this study represents a first approach to unravelling the role of MP in 

mycobacterial infections. These MP were quantified, their phenotype was characterised and 

their physiological effect was investigated. Further studies will have to be conducted focusing 

on the underlying mechanisms and the uptake and release of MP by and from other cell types. 

The assays that have been developed and optimised for this project (in particular confocal 

microscopy of MP using CFSE-labelled cells and detection of mycobacterial proteins using 

flow cytometry) will provide a helpful basis for these studies. These studies should also 

concentrate on measuring MP levels in the serum of TB patients. A characterisation of 

numbers and phenotype of these circulating MP could lead to novel diagnostic markers for 

TB infections. 
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