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Despite a slight decline since 2014, tuberculosis (TB) remains the major deadly infectious disease worldwide with about 1.5 million deaths each year and with about one-third of the population being latently infected with Mycobacterium tuberculosis, the etiologic agent of TB. During primo-infection, the recruitment of immune cells leads to the formation of highly organized granulomas. Among the different cells, one outstanding subpopulation is the foamy macrophage (FM), characterized by the abundance of triacylglycerol-rich lipid bodies (LB). M. tuberculosis can reside in FM, where it acquires, from host LB, the neutral lipids which are subsequently processed and stored by the bacilli in the form of intracytosolic lipid inclusions (ILI). Although host LB can be viewed as a reservoir of nutrients for the pathogen during latency, the molecular mechanisms whereby intraphagosomal mycobacteria interact with LB and assimilate the LB-derived lipids are only beginning to be understood. Past studies have emphasized that these physiological processes are critical to the M. tuberculosis infectious-life cycle, for propagation of the infection, establishment of the dormancy state and reactivation of the disease. In recent years, several animal and cellular models have been developed with the aim of dissecting these complex processes and of determining the nature and contribution of their key players. Herein, we review some of the in vitro and in vivo models which allowed to gain significant insight into lipid accumulation and consumption in M. tuberculosis, two important events that are directly linked to pathogenicity, granuloma formation/maintenance and survival of the tubercle bacillus under non-replicative conditions. We also discuss the advantages and limitations of each model, hoping that this will serve as a guide for future investigations dedicated to persistence and innovative therapeutic approaches against TB.
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INTRODUCTION

With 9.6 million new cases and 1.5 million deaths in 2014, tuberculosis (TB) ranks alongside with HIV as the major cause of deadly infectious diseases (WHO, 2015). It is estimated that about one-third of the world population is infected with the etiological agent of TB, Mycobacterium tuberculosis, but only 5 to 10% of the infected individuals are at risk of developing active disease within a few years. Most individuals remain asymptomatic after the primary infection. In such individuals, bacilli do not divide but may persist for decades in a dormant state until reactivation of bacilli leads to active disease (WHO, 2015).

Infection with M. tuberculosis follows a relatively well-defined sequence of events (Russell, 2001; Russell et al., 2009a). After inhalation of contaminated aerosols, M. tuberculosis reaches the lungs, where the bacilli are phagocytosed by alveolar macrophages. Prognosis of the disease, viz, active or dormant, will depend on the host's ability to contain the bacilli at the site of infection. In most cases, the bacilli induce a local pro-inflammatory response which leads to the recruitment of other immune cells (macrophages, dendritic cells and lymphocytes) from neighboring blood vessels. The latter accumulate around the alveolar macrophages, at the site of infection, to form a granuloma which is the hallmark of TB (Russell, 2007; Peyron et al., 2008; Gideon and Flynn, 2011; Galagan, 2014).

The tuberculous granuloma is a highly elaborate host protective structure, which represents an essential immune mechanism for containing the bacilli inside the lungs without fully eradicating them (Kaufmann, 2001; Russell, 2001). The formation process, the composition and maintenance of this well-organized system have been extensively investigated and reviewed over the last decade (Russell et al., 2009a; Ramakrishnan, 2012; Guirado and Schlesinger, 2013). Briefly, macrophages differentiate into epithelioid cells or become highly vacuolated or even fuse to form multi-nucleated giant cells (Puissegur et al., 2007; Russell et al., 2009a; Feng et al., 2014). Other macrophages, which are the focus of intense research, differentiate into foam cells characterized by the intracytosolic accumulation of neutral lipids in the form of lipid bodies (LB) also known as lipid droplets or lipid vacuoles (Daniel et al., 2004; Deb et al., 2006; Russell et al., 2009a). These specific foamy macrophages (FM) are found in the interface region flanking the central necrotic center of the granuloma (Peyron et al., 2008).

Traditionally, FM were qualified as passive organelles involved in lipid storage. More recently, it became clear that these organelles play a central role in several inflammatory diseases, such as atherosclerosis, or in chronic infectious diseases (Russell et al., 2009b). Different myeloid cell types have been used to generate lipid-loaded foam cells and to provide insights into their contribution in chronic inflammatory conditions. In the context of TB, pathologists have described the presence of FM within granulomatous structures in both experimentally-infected animals and patients (Ridley and Ridley, 1987; Cardona et al., 2000), especially in individuals developing secondary TB (Pagel, 1925; Florey, 1958; Hunter et al., 2007), thereby suggesting that FM may play a central role in mycobacterial persistence and reactivation.

Since M. tuberculosis is facing important physiological changes as TB progresses toward containment of the bacilli within granulomas, it is assumed that this involves adaptive requirements that are distinct from those encountered during the initial phase of infection (Hingley-Wilson et al., 2003; Mckinney and Gomez, 2003; Sassetti and Rubin, 2003). Among these, accumulation of neutral lipids, essentially triacylglycerol (TAG), within intracytosolic lipid inclusions (ILI) (Dhouib et al., 2011), has been proposed to serve as a source of carbon and energy, and represents a hallmark of persistent and non-dividing mycobacteria (Garton et al., 2002; Daniel et al., 2011). Therefore, residing within specialized lipid-rich cells, rather than in conventional macrophages, would be beneficial and even promote M. tuberculosis persistence within granulomatous lesions. This also implies that bacilli must produce lipolytic enzymes and/or activate host hydrolytic enzymes in order to degrade the host neutral lipids into free fatty acids (FFA) and then re-synthesize TAG for subsequent ILI formation. Clearly, the abundance of genes encoding enzymes involved in lipid metabolism (Cole et al., 1998) strongly suggests that M. tuberculosis uses host-derived lipids while persisting in vivo (Höner Zu Bentrup and Russell, 2001).

The purpose of the present review is firstly to recall how host cells become foamy, by accumulating neutral lipids in the form of LB and, second, to describe and compare different foam cell models and approaches that have served to delineate lipid accumulation and consumption processes developed by M. tuberculosis and other mycobacteria within their host cells. Advantages and drawbacks of each model are also discussed.

LIPID BODIES IN FOAM CELLS: A RESERVOIR OF LIPIDS FOR PERSISTENT M. TUBERCULOSIS

The presence of neutral lipid storage organelles in the cytoplasm of most eukaryotes (named LB) and prokaryotes (named ILI) has been known for a long time. In all cases, these ubiquitous structures are composed of a core of neutral lipids, such as sterol esters and TAG, surrounded by a monolayer of phospholipids, in which cholesterol ester and proteins are inserted (Figure 1A; Murphy, 2001; Martin and Parton, 2005; Pol et al., 2014). A large number of associated proteins have been discovered in recent studies devoted to the composition and dynamics of LB formation (Brasaemle et al., 2004; Yang et al., 2012). Furthermore, it is now clear that, beyond neutral lipid storage, the functions of LB are multiple, and this knowledge has given rise to new hypotheses concerning the role of these organelles in several physiological processes (Saka and Valdivia, 2012).
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FIGURE 1. Composition and biogenesis of lipid bodies (LB) in mammalian cells. (A) The LB is composed of a core of TAG and sterol esters surrounded by a phospholipid monolayer and associated proteins. (B) TAG synthesis occurs between the two membrane leaflets of the endoplasmic reticulum (ER) (inner leaflet in blue and outer leaflet in red). The prevailing model suggests that host LB originate at the ER, where fatty acids (FA) are resynthesized to form triacylglycerol (TAG) and sterol esters. These compounds accumulate in the hydrophobic space between the two leaflets (in red: outer leaflet; in blue: inner leaflet) of the ER bilayer membrane. The final step is catalyzed by the diacylglycerol acyltransferases DGAT1 and DGAT2. The conversion of diacylglycerol (DAG) and Acyl-CoA into TAG leads to the formation of a lipid globule which will expand dynamically and finally be released into the cytosol as a mature LB surrounded by phospholipids of the cytosolic leaflet of the ER bilayer membrane. Adapted from (Murphy, 2001; Kassan et al., 2013; Pol et al., 2014).



The current models of LB biogenesis have been reviewed extensively (Murphy and Vance, 1999; Ohsaki et al., 2009; Saka and Valdivia, 2012). The prevailing model suggests that host LB originate at the endoplasmic reticulum (ER), where fatty acids are used to re-synthesize TAG and sterol esters. The de novo anabolic process leading to TAG synthesis relies on multiple enzymatic steps, the final one being catalyzed by diacylglycerol acyltransferases (DGAT) (Harris et al., 2011; Pol et al., 2014). Among these, DGAT1 and DGAT2 are located in the ER where they can synthesize TAG from diacylglycerol (DAG) and acyl-CoA. TAG and sterol esters then accumulate in the hydrophobic space between the leaflets of the ER bilayer membrane, where they are subsequently engulfed by phospholipids of the cytosolic leaflet and pinched off the ER membrane into the cytosol (Figure 1B; Murphy, 2001; Kassan et al., 2013; Pol et al., 2014).

Over one decade ago, Garton et al. established that M. tuberculosis could accumulate neutral lipids in the form of ILI in vitro and in sputum of TB patients (Garton et al., 2002). Since then, ILI formation has been extensively described and analyzed in several mycobacterial species, including M. tuberculosis (Mckinney et al., 2000; Daniel et al., 2004, 2011; Deb et al., 2006), M. bovis BCG (Low et al., 2009, 2010), M. leprae (Mattos et al., 2010, 2011), M. abscessus (Viljoen et al., 2016), and M. smegmatis (Dhouib et al., 2011). It has been proposed, but not yet proven, that storage of fatty acids in the form of TAG within ILI could serve as a source of carbon and energy during dormancy and reactivation of M. tuberculosis (Peyron et al., 2008; Low et al., 2009; Daniel et al., 2011; Dhouib et al., 2011).

Currently, almost nothing is known concerning the biological mechanism by which the storage of fatty acids may promote mycobacterial intracellular survival. Several hypotheses have been raised over the years, suggesting that ILI do not only serve as carbon source during infection, but could also reduce a wide range of oxido-reductive and metabolic stress (Kumar et al., 2011; Lee et al., 2013) It has also been proposed that the TAG accumulation can function in metabolic coupling to balance changes in metabolism of other M. tuberculosis lipids (Jain et al., 2007).

Accumulation of neutral lipids in the form of ILI has also been demonstrated in vitro or in vivo for a wide range of micro-organisms including Rhodoccoccus, Hepatitis C, and Dengue viruses, or Chlamydia (Saka and Valdivia, 2012; Alvarez, 2016) where they may serve other purposes.

Stimulated by these observations, several investigators have focused their activity on the search of external stimuli that may promote the accumulation of LB in macrophages and in other cells, with the aim of addressing the following key questions: (i) How do mycobacteria gain access to lipids from FM? (ii) How do they translocate the cellular lipids into their own cytoplasm? (iii) How are ILI formed and what is their composition? (iv) What are the lipolytic enzymes (from the host and mycobacteria) involved in these mechanisms? and (v) Is the arrest/resumption of mycobacterial division occurring during persistence and reactivation, respectively, linked to LB and ILI formation/consumption? At least some of these questions have been addressed thanks to the recent development of a panel of experimental models.

EXPERIMENTAL MODELS AND APPROACHES FOR STUDYING MYCOBACTERIAL LIPID METABOLISM DURING THE DORMANCY AND REACTIVATION STAGES OF TB

Several stimuli were tested for designing foam cell models that rest upon the following observations. Firstly, the granuloma is considered to be a hypoxic environment. The high cell density and poor vascularization seems to be responsible for this low oxygen content which has been shown to promote foam cell formation (Bostrom et al., 2006; Cardoso et al., 2015; Datta et al., 2016). Secondly, most FM are localized in the close vicinity of the caseous center (Cáceres et al., 2009) where decaying cells may provide neutral lipids or phospholipids (Kim et al., 2010). Such external nutrients are known to play a major role on macrophage lipid metabolism (Shashkin et al., 2005) and may lead to a foamy phenotype in vivo. Finally, specific cell wall-associated components, such as mycolic acids from pathogenic mycobacteria, might be involved in the formation of lipid-loaded cells inside the granuloma (Peyron et al., 2008; Russell et al., 2009a).

Animal Models

Several models have been developed in mice to analyze different aspects of granuloma formation and the interactions between M. tuberculosis and the granulomatous environment. Karakousis et al. (2004) induced artificial granuloma formation in mice in order to mimic the caseous granuloma by physical containment of extracellular M. tuberculosis. This was achieved by inoculating liquid cultures of M. tuberculosis into the lumen of polyvinylidene fluoride (PVDF) hollow fibers with a syringe and a 20 gauge needle. The ends of the fibers were heat-sealed and individual fibers were prepared by heat-sealing at 2 cm intervals. Mice were anesthetized and the dorsal skin surface was sterilized with 70% ethanol. A small incision was made at the nape of the neck, and one fiber was deposited into the subcutaneous space of each flank. Incisions were closed with a surgical clip. The PVDF fibers have a molecular mass cut-off of 500 kDa, which allows diffusion of small soluble molecules but prevents the entry of host immune cells and the exit of bacilli. This model is particularly suitable for studying the behavior of extracellular M. tuberculosis within the host. Granulomatous lesions developed around the hollow fibers. In this micro-environment, the bacilli demonstrated an altered physiological state reminiscent of that of persistent bacilli which are characterized by stationary-state CFU counts, decreased metabolic activity and antimicrobial susceptibility. The accumulation of neutral lipids in the form of ILI within these bacilli was, however, not analyzed.

Another mouse model was developed by Geisel et al. (2005) and Rhoades et al. (2005) based on polystyrene beads coated with trehalose dimycolate (TDM) from M. tuberculosis. Following subcutaneous injection in mice of the TDM-loaded beads in a Matrigel matrix, the murine cells started to invade the matrix and remodeled the site under the influence of the mycobacterial lipid. Histological examination of the tissue sections revealed the abundance of adipophilin (ADRP or Plin2)-expressing foam cells around the inoculated beads and cryosections of TDM-induced granulomas showed an abundance of LB in foam cells (Kim et al., 2010).

One of the hallmarks of human TB is the development of granulomatous inflammatory lesions with central caseous necrosis and encapsulation of lesions by a fibrous connective tissue. In order to study interactions that occurs into granulomatous lesions, infection mouse models have been established allowing researchers to obtain crucial information concerning macrophages immune status, such as polarization, proliferation but also focusing onto cells differentiation during mycobacterial infection (Ordway et al., 2005, 2006). Based on that, few signaling networks have been proven to be associated to pathogen recognition response, macrophages immune and metabolic reprogramming, such as lipid metabolism and foamy appearance (Ordway et al., 2005; Schaale et al., 2013).

However, most commonly used mouse strains, such as BALB/c and C57BL/6, fail to develop well-organized granulomas with central necrosis (Kramnik et al., 2000; Keller et al., 2004). This prompted Kramnik and collaborators to developed another mouse strain, C3HeB/FeJ, referred to as the “Kramnik mouse model” (Kramnik et al., 1998) which, following infection with M. tuberculosis, develops highly organized and encapsulated necrotic lesions in the lungs resembling human pulmonary lesions (Pichugin et al., 2009). C3HeB/FeJ mice are highly susceptible to M. tuberculosis infection but possess an otherwise an intact and functional immune system. By combining immunohistochemical staining approaches with advanced imaging techniques, Driver et al. were able to follow disease progression in real time and localize bacilli and responsiveness to monotherapy within several days after exposure to low dose aerosol (Driver et al., 2012). More recently, Irwin et al. identified three distinct lesion types, arbitrarily called type I, II, and III, that vary in cell composition and organization in the granulomas resulting from aerosol infection (Irwin et al., 2015). Type I lesions most closely resembled classical human TB granulomas in that they are solid, encapsulated and caseous necrotic. They contain also large amounts of FM, of major interest for studying lipid accumulation and consumption during the persistence and reactivation phases of TB. However, to our knowledge, the “Kramnik mouse model” has not been used yet for such studies.

This model presents major advantages over other mouse models as the lesions, upon aerosol infection with M. tuberculosis, most closely resemble classical human TB granulomas. This model is a real asset for studying the progress of infection because the lesions contain all the immune cells involved in granuloma formation. In this context, in situ EM analysis of granulomas during the differentiation of infected macrophages into FM would be quite informative in terms of transfer to and accumulation of host cell neutral lipids in the form of ILI within the bacilli. These animal models are certainly attractive tools for in vivo drug assessments and monitoring the effect of drugs that can penetrate M. tuberculosis-containing granulomas. However, the complexity of the granulomatous lesions causes some experimental limitations. For instance, it is difficult to obtain homogenous preparations of pure FM or to isolate, in sufficient amounts, either FM or persistent bacilli confined within these cells, to undertake thorough studies to monitor physiological events, including lipid accumulation/consumption.

In vitro Model of Human Mycobacterial Granulomas

This model was first developed by Puissegur et al. to decipher the cellular and molecular events corresponding to the very first steps of granuloma formation in the M. tuberculosis-infected host (Puissegur et al., 2004). Peripheral blood mononuclear cells (PBMC), isolated from the blood of healthy donors, were exposed to either live M. bovis BCG or to mycobacterial antigen-coated sepharose beads within a cell culture dish. This led to the progressive recruitment of macrophages around the live bacilli or coated beads which were then phagocytosed by macrophages. This event was followed by the differentiation of macrophages into multi-nucleated giant cells and epithelioid cells and finally, the recruitment of a ring of activated lymphocytes around the newly-formed structure. All in all, the formation and spatial organization of this in vitro-grown structure mimicked that of natural mycobacterial granulomas found in M. tuberculosis-infected patients.

This model was subsequently used by Peyron et al. to analyze the formation of FM and to study their interaction with M. tuberculosis or M. smegmatis (Peyron et al., 2008). In this context, 1 × 106 PBMC freshly isolated from healthy donors were purified by Ficoll density gradient separation and exposed to very low concentrations of viable M. tuberculosis (1 × 104) or M. smegmatis (1 × 103). The culture medium was RPMI-1640 + Glutamax containing 7.5% human AB serum. Three different imaging approaches were used to study LB formation. Briefly, for light microscopy studies, granuloma cells were collected and plated onto glass coverslips with a cytospin, fixed and stained with Oil red-O. After counterstaining with haematoxilin, cells were observed under an inverted microscope. For fluorescence analyses, granuloma cells were collected in PBS and LB were stained with Nile Red and observed under a confocal microscope. For electron microscopy (EM) studies, whole granulomas were fixed and processed for EM. Thin sections were prepared at different depths through the granulomas. The combination of these approaches at selected time points during granuloma formation allowed to visualize the morphological appearance of the different cell types, the presence or absence of bacilli within the different cells and the interaction between the bacilli and LB within FM. Of major interest was the differentiation of about 50% of the population of macrophages into FM within the in vitro granulomas obtained by exposure to M. tuberculosis but not to M. smegmatis. Within FM, as opposed to non-FM, bacilli were unable to divide. EM analyses of FM showed that LB, initially distributed randomly throughout the host cytosol, migrated toward M. tuberculosis-containing phagosomes with which they progressively made contact. Ultimately, the bacilli were enclosed in a compartment filled with lipids in which they accumulated, in turn, host cell lipids in the form of ILI (Peyron et al., 2008). These results showed, for the first time, that bacilli could use host-derived TAG as a potential source of nutrients to persist within granuloma FM. The process by which LB interacted with, and delivered their contents to, phagosomes remained, however, unclear until the advent of other models (see section Cells Exposed to Lipoproteins below).

Interestingly, this model allowed to identify mycobacterial factors involved in the differentiation of macrophages into FM within tuberculous granulomas (Figure 2A). Past work by Korf et al. had shown that mycolic acid (MA), a major lipid component of the cell wall of M. tuberculosis, administered to the peritoneal cavity or to the airways of mice could induce a unique macrophage morphotype, similar to the FM observed in human tuberculous granulomas (Korf et al., 2005). Following the above discovery, Peyron et al. compared FM formation in model granulomas obtained by exposure of PBMC either to M. tuberculosis, which synthesizes keto MA (kMA) or to M. smegmatis, which is devoid of kMA because the hma gene (Rv0642c, mmaA4) required for the production of oxygenated mycolic acid in pathogenic species, is not present in the non-pathogenic strain, M. smegmatis. FM were found only in granulomas prepared with M. tuberculosis or with recombinant strains of M. smegmatis over-expressing the hma gene product (Peyron et al., 2008).
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FIGURE 2. Ex vivo-induced mechanisms promoting LB formation in macrophage models. (A) Phagocytic uptake of mycobacteria through scavenger (SR), C-type lectin (CLR), and Toll-like receptors (TLR). Lipid-containing moeities of the mycobacterial cell wall, such as keto-mycolic acids (kMA), are actively trafficked out of mycobacterium-containing phagosomes via fission vesicles (Beatty et al., 2000). At some point during or after vesicle trafficking through early and late endosomes, kMA, or their degradation products, are recognized by the testicular-receptor 4 (TR4) transcriptional factor which then translocates inside the nucleus and triggers a transcriptional response that promotes LB formation (Korf et al., 2005; Mahajan et al., 2012; Dkhar et al., 2014). (B) Cell culturing under conditions of hypoxia (1% O2) induces several transcriptional changes which act upon lipid metabolism and promote LB formation (Bostrom et al., 2006; Daniel et al., 2011). (C) Cell exposure to externally added free fatty acids (FFA). Internalization of FFA may occur via three main pathways: (i) diffusion through the plasma membrane, (ii) binding to the fatty acid transporter protein (FATP) or (iii) binding to SR, such as CD36. Once inside the cytosol, FFA are activated by an Acyl-CoA synthase and transported into the ER where LB are formed (Listenberger et al., 2003; Glatz et al., 2010). (D) Cell exposure to exogenous TAG-enriched VLDL. Lipids from the lipoproteins (VLDL) that are internalized by scavenger receptor-mediated endocytosis undergo hydrolysis in lysosomes by the lysosomal acid lipase (LAL). This provides the FFA for the subsequent building-up of TAG for LB formation, as mentioned above (Shashkin et al., 2005; Caire-Brändli et al., 2014).



Two recent studies confirmed that in vitro-grown human granulomas could be obtained by exposing PBMC to M. tuberculosis (Kapoor et al., 2013; Guirado et al., 2015). Using fluorescence microscopy approaches, Kapoor et al. confirmed that M. tuberculosis could accumulate lipids in the form of ILI within macrophages of the granulomatous structure. In addition, M. tuberculosis acquired other characteristics of dormant bacilli, such as loss of acid-fastness and tolerance to rifampicin (Kapoor et al., 2013). Treatment of such granulomas with monoclonal antibodies raised against tumor necrosis factor-alpha (TNFα), lead to resuscitation of bacilli and concurrent ILI consumption, suggestive of events resembling reactivation of TB. Guirado et al. identified the FM by staining the structures with Nile red (Guirado et al., 2015). They also showed that the amount of LB within FM was significantly higher when the PBMC used to construct the artificial human granulomas had been isolated from the blood of individuals with latent TB as opposed to that of healthy donors, thereby suggesting that differentiation of macrophages into FM is dependent on the host's immune status (Guirado et al., 2015).

A major advantage of the in vitro-grown human granuloma model, over in vivo animal models or ex vivo human biopsies, is the availability of live granuloma cells for analysis of their specific features and interactions with M. tuberculosis during persistence and reactivation. However, its complexity further restricts the panel of experimentations. For example, it is difficult to obtain preparations of either pure FM or of pure non-foamy macrophages and to undertake detailed kinetic studies of cellular events during transition from one to the other. In addition, this type of model adds limited clues with respect to lipid accumulation/consumption in mycobacteria, thus prompting several investigators to develop simpler, better defined and easier-to-handle foam cell models.

Foam Cell Models

Cells Cultured under Conditions of Hypoxia

In recent work, Daniel et al. (2011) analyzed the acquisition of dormancy characteristics by M. tuberculosis residing in cells cultured under conditions of hypoxia (Figure 2B). Their model was based on several observations among which: (i) caseous granulomas in the lungs of humans with untreated pulmonary TB contain lipid-loaded FM which harbor acid-fast bacilli (Hunter et al., 2007); (ii) such FM, which are found inside the hypoxic environment of TB granulomas, contain abundant stores of TAG and are thought to provide a lipid-rich environment for M. tuberculosis (Russell, 2007; Peyron et al., 2008); (iii) human macrophages cultured under conditions of hypoxia (1% O2) accumulate TAG in LB (Bostrom et al., 2006); and (iv) tuberculous granulomas in guinea pigs, rabbits and non-human primates are hypoxic (Via et al., 2008).

Two different types of macrophages were used in their study. In the first case, THP-1 monocytes were cultured in RPMI-1640 containing 10% fetal calf serum in a 5% CO2 incubator atmosphere at 37°C and differentiated into THP-M (THP-1 Macrophages), a frequently used macrophage-like cell line, obtained by stimulation with 100 nM phorbol 12-myristate 13-acetate (PMA) for 3 days. In the second case, the buffy coat obtained from Blood Centers after separation of other blood components was used for isolation of PBMC by density gradient centrifugation on Ficoll-Paque PLUS. PBMC were resuspended in RPMI-1640 and allowed to adhere onto plastic Petri dishes. Two hours later, non-adherent cells were removed and the adherent cells (mostly monocytes) were allowed to differentiate into macrophages over a period of 7 days under a 21% O2, 5% CO2 atmosphere in RPMI-1640 containing 10% human serum AB and 10 ng/ml granulocyte-macrophage colony stimulating factor (GM-CSF). Both types of macrophages were then infected with M. tuberculosis H37Rv at a MOI of either 0.1 or 5 bacilli per cell, and then incubated under hypoxia (1% O2, 5% CO2) for up to 5 days. Identical cells cultured in a normal environment (21% O2, 5% CO2) served as a control.

Under hypoxia conditions, both types of infected macrophages became foamy as shown by the accumulation of TAG-rich Oil-Red O-stained lipid droplets (Daniel et al., 2011). Inside such hypoxic FM, about half of the M. tuberculosis population developed tolerance to isoniazid, lost acid-fast staining and accumulated ILI. Moreover by disrupting the Tgs1 gene, which is involved in TAG synthesis (Daniel et al., 2004; Sirakova et al., 2006; Viljoen et al., 2016), ILI formation and tolerance against antibiotics are reduced, suggesting that the lipid accumulation and drug tolerance are closely related (Baek et al., 2011). Subsequently, radioisotope and fluorescent fatty acid labeling of host TAG provided evidence for the utilization of the fatty acids from host TAG for lipid metabolism inside M. tuberculosis. Furthermore, reverse transcription PCR measurement revealed that several genes, known to be associated with dormancy and lipid metabolism, were upregulated in M. tuberculosis within the hypoxic lipid-loaded macrophages. Finally, M. tuberculosis was shown to replicate more slowly, thereby suggesting that the accumulation of TAG in mycobacterial ILI may be involved in mycobacterial growth. This latter result should, however, be interpreted with caution since at least 30% of the THP-M cells were no longer adherent by day 3 post-infection.

Cell growth under conditions of hypoxia represents an interesting approach for obtaining FM that closely resemble those formed under the hypoxic environment found in human tuberculous granulomas. However, to the extent that in vitro culturing of cells, and more especially of cell lines, such as THP-M, with or without hypoxia, may lead to cell death and the resulting release of fatty acids, the latter may serve as a source for TAG in both cellular LB and mycobacterial ILI rather than hypoxia itself. Likewise, M. tuberculosis, mostly in human macrophages, perturbs cellular lipid homeostasis, which results in the accumulation of LB in macrophages (Kim et al., 2010; Singh et al., 2012; Podinovskaia et al., 2013).

Cells Exposed to Fatty Acids

Murine bone marrow-derived macrophages (BMDM) exposed to oleic acid

Several teams have shown that M. tuberculosis infection can lead to the retention of lipids and the maintenance of a foamy phenotype, notably when the host cell is a human monocyte-derived macrophages (HMDM) fed with human serum AB during culturing or within human in vitro-grown granulomas (Peyron et al., 2008).

The FM phenotype can also be induced by feeding BMDM with exogeneous fatty acids, such as oleic acid. In this experimental model (Lee et al., 2013; Podinovskaia et al., 2013) BMDM were incubated for 24 h in medium containing 400 μM oleate, complexed with BSA (Figure 2C). Cells were then infected with M. tuberculosis and the retention of the sequestered lipids was monitored for several days. The neutral lipids within LB were stained with the hydrophobic dye BODIPY 493/503 and observed by confocal microscopy. Comparable levels of fluorescent intensity were observed in both uninfected and infected macrophages after 24 h of exposure to oleate. Uninfected cells rapidly lost their LB content upon further culturing while those infected with M. tuberculosis retained the lipids within the LB, presumably due to reduced phagosomal lipolysis albeit many other factors may also be responsible for the decreased degradation/turnover of lipids in the infected cells.

Using the same model system, lipids in the form of ILI were also seen within M. tuberculosis, as reported previously (Peyron et al., 2008). To determine whether M. tuberculosis could have access to the host cell-derived lipids, cells were first infected with M. tuberculosis and incubated for 4 days to allow for the establishment of the infection. Cells were then exposed to oleate overnight and then pulsed with BODIPY FL-C16. This fluorescent dye was incorporated into both the host LB and the ILI within M. tuberculosis, thereby demonstrating that M. tuberculosis has access to lipids initially sequestered in host cell LB. However, how mycobacteria gain access to host lipids remained obscure.

Dictyostelium discoideum exposed to palmitic acid

The amoeba, Dictyostelium discoideum, widely used to characterize a variety of cellular processes, has been used recently to characterize the intracellular lipid metabolism and identify new proteins involved in lipid storage (Du et al., 2013).

In order to induce the accumulation of lipid droplets in D. discoideum, the axenic growth medium was supplemented with 200 μM non-esterified palmitic acid C16 prepared from a 100 mM stock solution stored at −20°C. After 3 h of incubation in the presence of free-fatty acid (FFA), cells were re-incubated in fat-free medium. At selected time points thereafter, LB formation/degradation was monitored with Nile red, that serves to stain neutral lipids within LB, and further analyzed by thin layer chromatography (Du et al., 2013). Following exposure to palmitic acid for 3 h, the cells contained large amounts of LB and the TAG concentration had increased approximately 23-fold (Figure 3A; Du et al., 2013).
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FIGURE 3. Neutral lipid accumulation in Mycobacterium marinum-infected D. discoideum. (A) Prior to infection, amoebae are incubated with palmitic acid, corresponding to the High Fat Diet (HFD). This triggers the rapid formation of LB which leads to a foamy appearance. (B) Within 10 min post-infection with M. marinum, LB are gathered around the mycobacteria-containing vacuoles. (C) Infection with amikacin-killed mycobacteria fails to induce LB movement/relocation to the mycobacteria-containing vacuoles. (D) At 3 h post-infection, intact LB are found within the lumen of M. marinum—containing vacuoles. At this stage, a few ILI are already detectable inside the bacteria. (E) At later stages (19 h post-infection), neutral lipids are homogenously distributed inside the mycobacterial cytosol where they accumulate in the form of large ILI.



Based on these observations, Barisch et al. made use of this new foam cell model to characterize both the host and mycobacterial lipid metabolism upon M. marinum infection (Barisch et al., 2015). D. discoideum was first grown in axenic medium supplemented with 200 μM palmitic acid for 3 h. In some cases, BODIPY 558/568 C12 was added at a final concentration of 2 μM to label host TAG. After re-incubation in medium devoid of FFA, the cells were infected with M. marinum. Interactions between host LB and the M. marinum-containing vacuole were monitored by fluorescence microscopy and electron microscopy and time-lapse movies taken with a spinning disc confocal system. Strikingly, and within only 10 min post-infection, BODIPY-labeled LB, initially scattered in the host cell cytosol, started to cluster around M. marinum-containing vacuoles, and this process continued until significant depletion of LB in the host cell cytosol (Figure 3B; Barisch et al., 2015). When similar experiments were performed with amikacin-killed bacteria, LB were not recruited to the M. marinum-containing vacuoles (Figure 3C). That lipid droplets accumulate in the close vicinity of vacuoles containing live, but not dead, mycobacteria suggests an active recruitment of the LB. Mycobacterial factors secreted into the host cytosol may participate in this process. The authors reported that the amount of LB-associated BODIPY fluorescence in the cytoplasm of cells exposed to amikacin-killed M. marinum was not significantly different from that observed in uninfected cells (Barisch et al., 2015). Therefore, the absence of visible lipid droplets in the close vicinity of vacuoles containing dead bacilli could be related to the induction of a lower number of lipid droplets.

At 3 h post-infection, an accumulation of BODIPY-stained neutral lipids was observed in the lumen of the bacterium-containing vacuole (Figures 3D,E). EM analysis revealed also the presence of lipid and membrane-related structures within the M. marinum-containing vacuoles and, at later stages, ILI could be visualized inside the bacilli. These data suggest that the neutral lipids contained in host LB are delivered into the bacilli-containing vacuole from where they are transferred to mycobacteria where they accumulate in the form of ILI. In D. discoideum infected with M. marinum, it appears that the TAG-rich LB are engulfed by phagocytic vacuoles via a process that is reminiscent of autophagy (Peyron et al., 2008) rather than by direct fusion of LB with mycobacterium-containing phagosomes. The latter mechanism has been proven by EM approaches in another foam cell model (Caire-Brändli et al., 2014), described under section Cells Exposed to Lipoproteins.

Although the well-established model D. discoideum presents major assets for studying host-pathogen interplay, its main limitations reside in its growth conditions which are clearly different from those used to grow pathogenic mycobacteria. Whereas amoeba are grown at 22°C, M. tuberculosis has an optimal growth temperature of 37°C. Therefore, infections in Dictyostelium can only be performed with mycobacterial species growing at low temperatures, such as M. marinum, a species genetically related to M. tuberculosis and causing TB-like diseases in frogs and fish.

Cells Exposed to Lipoproteins

It has been suggested that the use of lipoprotein, rather than FFA, as an external source of lipids allows a lower lipid diffusion rate inside the host cell, a critical step for studying lipid metabolism of intracellular mycobacteria (Figure 2C; Dhouib et al., 2011; Caire-Brändli et al., 2014). Several investigators have, therefore, opted to expose mycobacterium-infected macrophages to lipoproteins, a choice guided by the fact that lipoproteins would provide lipids for the development of FM located close to the necrotic center of the granulomas (Peyron et al., 2008) where the caseum contains large amounts of cholesterol esters, cholesterol, TAG, and phospholipids from damaged/decaying cells (Kim et al., 2010). Lipids in lipoproteins that are internalized by scavenger receptor-mediated endocytosis undergo hydrolysis in lysosomes and provide the fatty acids for the subsequent biosynthesis of TAG in LB (Figure 2D).

It is well known that when mycobacteria reside in phagosomes of foam cells, both the LB that give the cells their foamy appearance and the ILI accumulating in persistent bacilli, contain TAG as the major lipid component (Christensen et al., 1999; Tauchi-Sato et al., 2002; Wältermann and Steinbüchel, 2005). For this reason, a new experimental model of FM was developed (Caire-Brändli et al., 2014). In this model VLDL was preferred to low-density lipoprotein (LDL) or high-density lipoprotein (HDL) as an external source of lipid, because of its high TAG content (Mori et al., 2001). In contrast, LDL has a high sterol content and a low TAG content and HDL has a low content of both TAG and sterol. The experimental set-up consisted in first infecting BMDM with M. avium and, after active replication for 6 days, exposing the cells to VLDL as a lipid source (Caire-Brändli et al., 2014). Quantitative analysis of detailed EM observations combined with scoring of the number of CFU showed the following results: (i) macrophages became foamy (Figure 4A), and mycobacteria formed ILI (Figure 4C), for which host TAG, rather than cholesterol, was essential; (ii) host lipid transfer occurred via mycobacterium-induced fusion between LB and phagosomes (Figure 4B); (iii) mycobacteria displayed a thinned cell wall and became elongated but mycobacterial division was arrested; (iv) upon removal of VLDL, both the macrophage LB and the mycobacterial ILI declined within hours, and simultaneous resumption of mycobacterial division restored the number of bacteria to the same level as that found in untreated control macrophages (Caire-Brändli et al., 2014). From these data, the authors proposed that VLDL-driven FM constitute a well-defined cellular system in which to study changed metabolic states of intracellular mycobacteria that may relate to persistence and reactivation of TB.
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FIGURE 4. Exposure of BMDM to VLDL induces foam cell formation, transfer of host TAG to mycobacterium-containing phagosomes by fusion of LB with phagosomes and accumulation of TAG in the form of ILI. BMDM were infected with M. avium or M. bovis BCG. At day 6 post-infection., cells were exposed to VLDL for 24 h, fixed and processed for EM. (A) M. avium-infected cell displaying large amounts of LB, typical of FM. (B) BCG-containing phagosome in direct contact with an LB showing deformation of the phagosome membrane (arrows). (C) Intraphagosomal M. avium displaying several large ILI, 0.4 to 0.5 μm in width, and extending across the full width of the M. avium cytoplasm.



The strength of this experimental system resides in its ability to generate defined conditions for triggering the formation or removal of LB, which induces ILI formation or consumption, respectively, and, in turn, leads to the reversible arrest of mycobacterial division without affecting bacterial growth. Furthermore, the use of EM approaches has allowed to studying major events at the subcellular level that cannot be observed by confocal microscopy, such as fusion of LB with mycobacterium-containing phagosomes or the alteration of the mycobacterial cell wall by thinning out of the electron-translucent outermost layer. The latter might result from an altered mycolic acid synthesis that might be responsible for loss of acid fastness and resistance to antibiotics (Bhatt et al., 2007; Vilchèze et al., 2014). Moreover, this approach allowed the authors to qualitatively demonstrate (i) incremental stages of ILI formation and, (ii) the presence or absence of septum formation in elongated cells. Importantly, these observations were sufficiently reliable and reproducible for quantitative analysis that allowed the authors to characterize the relationship between fluctuations of the ILI status and the arrest of mycobacterial division.

One may argue that under physiological conditions, neither monocytes nor lipoproteins will be found in the interstitium where a granuloma develops. Monocyte recruitment at such an inflammatory site may, however, be accompanied by an increased vascular permeability that would allow lipoproteins to leave the intravascular compartment, whereafter chemical modification enhances their uptake through scavenger receptors on macrophages.

In any case, this experimental model could be extremely beneficial for delineating the molecular mechanism responsible for the fusion of host LB with mycobacterium-containing phagosomes which leads to the translocation of host lipids to mycobacterium-containing phagosomes and for identifying the mycobacterial lipases involved in TAG accumulation and consumption during persistence and reactivation of TB.

Adipocytes

About 15% of the reactivation cases of TB occur at extrapulmonary sites without an apparent pathology in the lungs (Wares et al., 2005; WHO, 2015). Many different organs and tissues are likely to host persistent M. tuberculosis during latency. Infection of non-immune cells with M. tuberculosis was, therefore, explored (Neyrolles et al., 2006; Randall et al., 2015). The adipose tissue, which is broadly distributed throughout the body, was likely to be a haven of choice for M. tuberculosis firstly because adipocytes display macrophage-like properties, such as the ability to phagocytose inert particles or living microorganisms, and, more especially because they could provide a natural lipid-rich environment for persistent bacilli (Cousin et al., 1999; Charrière et al., 2003; Neyrolles et al., 2006; Agarwal et al., 2014; Rastogi et al., 2016).

In this context, both the 3T3-L1 murine adipose cell line and human primary adipocytes were used as models to investigate interactions with M. tuberculosis. The immortalized 3T3-L1 murine cell line, derived from embryonic fibroblasts, has been widely used to obtain mature adipocytes by a chemically-induced differentiation process (Agarwal et al., 2014). The differentiation process of 3T3-L1 cells leads to the increased synthesis and huge accumulation of TAG in the form of LB (Figure 5A). Likewise, primary human adipocytes extracted from plastic surgery wastes can also be differentiated in vitro (Agarwal et al., 2014). During the infection process, M. tuberculosis is taken up by adipocytes of murine or human origin, after binding to scavenger receptors, and persists in a non-replicating state (Neyrolles et al., 2006). EM observations performed at 24 h post-infection, showed intracellular bacilli within membrane-bound vacuoles. A few bacilli were observed inside vacuoles whose electron translucent lumen was similar to that of LB. This observation added to the fact that the membrane of such vacuoles stained positively for perilipin, a specific surface marker of lipid droplets in adipocytes (Blanchette-Mackie et al., 1995), suggests that they most likely resulted from the fusion of adipocyte lipid droplets with the M. tuberculosis-containing vacuoles. Strikingly, bacilli within these vacuoles were heavily loaded with intracytosolic electron-translucent lipid inclusions, suggestive of a possible persistent phenotype (Figure 5B; Neyrolles et al., 2006). In agreement with these results, a more recent study proved that both M. tuberculosis H37Rv and H37Ra strains persist in a non-replicating state within adipocytes for up to 10 days post-infection (Kim et al., 2011). Interestingly, in this work observations of infected cells by confocal microscopy clearly showed intracellular bacilli in the close vicinity of LB, as demonstrated before with EM approaches (Neyrolles et al., 2006).
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FIGURE 5. Schematic representation of the adipocyte model. (A) The differentiation procedure of precursor cells, such as mesenchymal stem cells (MSCs) or 3T3-L1, into mature adipocytes includes treatment with 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), and insulin (INS). (B) Mature adipocytes, filled with LB, are infected with pathogenic mycobacteria which are phagocytosed after binding to scavenger receptors (Neyrolles et al., 2006). Ultimately, mycobacteria accumulate lipids in the form of ILI.



Finally, experimental infection of mature adipocytes directly isolated from the inguinal foot pads of mice or differentiated ex vivo from murine stromal vascular cells confirmed that M. tuberculosis infects natural murine adipocytes and pre-adipocytes (Agarwal et al., 2014). The fact that intra-adipocyte bacilli accumulate ILI starting from the third day post-infection, as assessed by a Nile red staining of neutral lipids (Agarwal et al., 2014), strengthens the validity of the 3T3-L1 murine cell model for studying lipid accumulation mechanisms leading to the persistence of M. tuberculosis outside the lungs. They also present the technical advantage of physiologically storing fat, thereby providing a natural lipid-rich environment, without additional induction steps to provide a foamy phenotype. However, once differentiated into mature adipocytes, filled with LB, the cells cannot revert back to a non-foamy phenotype. Therefore, this model is suitable for studying the accumulation of mycobacterial lipids but the fact that the cellular lipid-rich environment is non-reversible make this system inappropriate for investigating lipid consumption within mycobacteria.

CONCLUDING REMARKS AND FUTURE PROSPECTS

The different models presented in the present review have allowed to obtain relevant information on lipid metabolism in the context of M. tuberculosis persistence and reactivation. The use of animal models and ex vivo experimental systems have led to breakthrough information regarding cellular and molecular aspects related to (i) the acquisition of a foam cell phenotype where cells can be induced to store fat within LB under specific stimuli; (ii) the transfer of host LB contents to the lumen of the mycobacterium-containing phagosome following fusion events between LB and phagosomes, and (iii) the accumulation of neutral lipids in the form of ILI within mycobacteria.

Indeed, this large number of well-established host-pathogens systems, has allowed, recently the identification of a wide range of macrophages genes which are directly involved into pro-inflammatory response, energetic metabolism, such as glucose and lipid anabolism/catabolism leading to a foamy phenotype (Singh et al., 2015; Bhagyaraj et al., 2016; Holla et al., 2016).

In addition to those host factors, several mycobacterial proteins are likely to be involved in these various processes and identified (Deb et al., 2006; Kim et al., 2010; Low et al., 2010; Daniel et al., 2016).

As pointed out by Höner Zu Bentrup and Russell (2001), many genes of the M. tuberculosis genome encode enzymes involved in lipid metabolism (Cole et al., 1998). Among these, several might play important roles in the above-mentioned processes, particularly in the fusion events between LB and mycobacterium-containing phagosomes and the release of host lipids. As proposed by Caire-Brändli et al. (2014), these events can be viewed as the reverse steps involved in the transfer of lipids from the ER into the cytosol in the form of LB. The phospholipid monolayer leaflet covering the entire LB could merge with the outer leaflet of the phagosome membrane bilayer. This would leave the lipid contents between the two leaflets of the phagosomal membrane bilayer, where they remain separated from the mycobacterial surface by the inner leaflet. Because this remaining phospholipid barrier would present a different molecular arrangement than the otherwise intact phagosome membrane bilayer, it might be more vulnerable to the attack by mycobacterial lipolytic enzymes. Several mycobacteria, like M. avium, M. tuberculosis, and M. bovis BCG, seem to use essentially the neutral lipids contained within LB as a source of carbon during persistence, by secreting their own lipolytic enzymes and by activating host lipolytic enzymes (Daniel et al., 2011; Singh et al., 2012). In this context, M. tuberculosis genes encoding lipid/ester hydrolases, with a wide range of hydrolytic activities (Dedieu et al., 2013), deserve special attention. These enzymes display specific properties, such as the ability to be secreted and the capacity to hydrolyze phospholipid membrane layers. Cytotoxic effects have also been associated with some of these enzymes (Bakala N'goma et al., 2010; Schué et al., 2010). We propose that these enzymes attack the inner leaflet of the phagosome membrane bilayer. As a consequence, the LB content is released inside the phagosomal lumen, in the immediate vicinity of the mycobacterial surface. EM analyses also revealed that TAG from LB are rapidly re-used to form ILI, indicating that these molecules are first hydrolyzed to produce FFA and then imported inside the bacterial cytosol (Caire-Brändli et al., 2014). This implies the contribution of mycobacterial lipases exposed at the cell wall surface. The HSL-homologe LipY (Rv3097c), which hydrolyses long fatty acyl chains, is secreted by a type VII secretion system (ESX-5). LipY remains one of the most studied lipase of M. tuberculosis (Deb et al., 2006; Mishra et al., 2008; Delorme et al., 2012). Deletion of the lipY gene is accompanied by a significant decrease in the amount of ILI, indicating that LipY participates in TAG hydrolysis (Deb et al., 2006), although additional lipolytic activities are likely to be involved (Côtes et al., 2007; Dhouib et al., 2010; Schué et al., 2010). Recent transcriptomic studies in adipocytes infected with M. tuberculosis also favored the potential involvement of various M. tuberculosis lipases, cutinases, and esterases in lipid accumulation/consumption processes (Rastogi et al., 2016).

How the major lipolysis products derived from host TAG (DAG, MAG, and FFA) are formed and how they gain access to the mycobacterial cytosol is not fully understood. Over the past few years, several membrane proteins have been identified as potential actors of nutrient uptake and/or lipid mobilization in mycobacteria (Daniel et al., 2014; Ates et al., 2015; Martinot et al., 2016). Interestingly, a specific class of fatty acid transporter proteins (FATP), conserved in mycobacteria and humans, has been identified as a potential actor in the mobilization and activation of FFA (Hirsch et al., 1998; Daniel et al., 2014) leading to TAG synthesis by bacterial di and triacylglycerol synthases (Daniel et al., 2004; Sirakova et al., 2006; Viljoen et al., 2016).

We anticipate that the use of these various and complementary models and approaches described in the present review will undoubtedly facilitate the discovery of new cellular events and/or mycobacterial factors that will help to further delineate the intricate mechanisms involved in mycobacterial lipid acquisition and assimilation during the intracellular lifestyle of M. tuberculosis.
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